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Abstract

Objective

While excessive daytime sleepiness (EDS) can predate the clinical diagnosis of Parkinson
disease (PD), associations with underlying PD pathogenesis are unknown. Our objective is to
determine if EDS is related to brain Lewy pathology (LP), a marker of PD pathogenesis, using
clinical assessments of EDS with postmortem follow-up.

Methods

Identification of LP was based on staining for a-synuclein in multiple brain regions in a sample
of 211 men. Data on EDS were collected at clinical examinations from 1991 to 1999 when
participants were aged 72-97 years.

Results

Although EDS was more common in the presence vs absence of LP (p = 0.034), the association
became stronger in neocortical regions. When LP was limited to the olfactory bulb, brainstem,
and basal forebrain (Braak stages 1-4), frequency of EDS was 10% (4/40) vs 17.5% (20/114)
in decedents without LP (p = 0.258). In contrast, compared to the absence of LP, EDS
frequency doubled (36.7% [11/30], p = 0.023) when LP reached the anterior cingulate gyrus,
insula mesocortex, and midfrontal, midtemporal, and inferior parietal neocortex (Braak stage
S). With further infiltration into the primary motor and sensory neocortices (Braak stage 6),
EDS frequency increased threefold (51.9% [14/27], p < 0.001). Findings were similar across
sleep-related features and persisted after adjustment for age and other covariates, including the
removal of PD and dementia with Lewy bodies.

Conclusions

The association between EDS and PD includes relationships with extensive topographic LP
expansion. The neocortex could be especially vulnerable to adverse relationships between sleep
disorders and aggregation of misfolded a-synuclein and LP formation.
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Glossary

CASI = Cognitive Abilities Screening Instrument; CI = confidence interval; DLB = dementia with Lewy bodies; EDS =
excessive daytime sleepiness; HAAS = Honolulu-Asia Aging Study; HHP = Honolulu Heart Program; LP = Lewy pathology;

PD = Parkinson disease.

Excessive daytime sleepiness (EDS) is known to predate the
clinical diagnosis of Parkinson disease (PD)." Whether EDS is
causally related to PD or is a consequence of an underlying
neuropathologic process that appears before the classic motor
symptoms of PD is unknown. As part of this process, aggre-
gation of misfolded a-synuclein in the form of Lewy pathology
(LP) is a noteworthy benchmark of PD pathogenesis and
progression that can develop decades before the clinical di-
agnosis of PD.” Evidence further suggests that LP pro-
liferation follows a sequence of stages with origins in the
myenteric plexus of the gut and dorsal motor nucleus of the
vagal nerve (Braak stage 1).>” Infiltration continues to
progress into the locus ceruleus (Braak stage 2), the substantia
nigra (Braak stage 3), and finally the cerebral cortex (Braak
stages 4-6). When Braak stage 3 is reached, the classic motor
symptoms of PD begin to appear.” With continued expansion
into Braak stages 5-6, clinical features become fully expressed.
Whether EDS is part of this process or has any relationship
with LP is unknown. The purpose of this report is to de-
termine if EDS is related to LP and its distribution based on
assessments of EDS during clinical examinations of men in the
Honolulu-Asia Aging Study (HAAS) with later postmortem
surveys of LP and their expansion into multiple brain regions.

Methods

Background and study sample

From 1991 to 1993, the HAAS was launched as a continuation
of the ongoing Honolulu Heart Program (HHP) with a ded-
icated focus on neurodegeneration, cognition, and healthy
brain aging.6 As a forerunner to the HAAS, the HHP began as
a broadly focused study of cardiovascular disease in a com-
munity-based sample of 8,006 men of Japanese ancestry.
Participants were aged 45-68 years and longitudinally fol-
lowed since receipt of inaugural examinations from 1965 to
1968.” Following a rigid study protocol, all cohort members
were given physical examinations with careful documentation
of cardiovascular risk factors and related outcomes. During
the course of follow-up, participants received repeat exami-
nations with ongoing review of medical records, hospital-
izations, and autopsy reports.

Among the original HHP sample, 3,734 men aged 71-93
years were later enrolled in the HAAS (approximately 80% of
surviving HHP members). Coinciding with the beginning of
the HAAS, an autopsy study was launched following a rigor-
ous protocol of brain dissection. For this report, microscopic
surveys of LP from multiple brain regions followed a modified
Braak staging protocol in a selected sample of 250 decedents
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among 491 autopsies that were performed from 1992 to 2003.°
Those selected included all participants with known LP as
determined by standardized microscopic evaluation of the
substantia nigra and locus ceruleus (24 decedents had PD, 8
had dementia with Lewy bodies, and 85 had incidental Lewy
bodies). The remaining participants were without LP. After
excluding 39 cases with missing data on the clinical assessment
of EDS, a sample of 211 remained (84.4%). Of the 241 dece-
dents who were not selected for Braak staging, assessments of
EDS were available in 177 (73.4%). Prevalence of EDS in those
selected was 23.2% (49/211). In those not selected, prevalence
was 26.6% (47/177). The difference in EDS prevalence be-
tween the groups was not significant (p = 0.449).

Standard protocol approvals, registrations,
and participant consents

Study methods adhered to institutional guidelines and re-
ceived approval from an institutional review board. Study
participants provided written informed consent.

Assessment of EDS and sleep-related features

Assessment of daily sleep patterns was based on ques-
tionnaires that were given at 3 repeat examinations from 1991
to 1999. Questionnaires were administered by trained re-
search technicians following a standardized protocol.” Similar
questionnaires have been used elsewhere.'®"'* Assessment of
EDS and sleep-related features was based on the most re-
cently available questionnaire prior to death. Here, EDS was
defined as present when a participant reported being sleepy
most of the day. Data on the duration of EDS and when it
began are not available. Other sleep-related features included
the average hours of nighttime sleeping, minutes of napping,
difficulty falling asleep, loud snoring, and pauses in breathing.
Loud snoring and pauses in breathing were considered pres-
ent when participants responded “often” or “always” to the
question “When you are sleeping, how often do you do the
following, or has someone told you do the following:” with
separate replies for loud snoring and pauses in breathing.
Loud snoring was also defined as present when a participant
gave a positive response to the question “Has your spouse or
other housemate(s) complained about your loud snoring?”
Dream enactment behavior was not assessed.

Determination of LP

Standardized gross and microscopic assessment and proce-
dures for identifying LP from hematoxylin & eosin-stained
sections of the substantia nigra and locus ceruleus have been
described previously.*'*'* Immunohistochemical staining for
a-synuclein was completed in the 211 brains available for this
report in sections from the olfactory bulb, medulla, pons,
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midbrain, hippocampus, amygdala, striatum at the level of the
nucleus accumbens, basal forebrain, and 9 cortical regions
(anterior cingulate, anterior temporal mesocortex, entorhinal
cortex, insular cortex, midfrontal, anterior superior and mid-
temporal, inferior parietal, calcarine, and superior precentral
and postcentral gyri).8 Across the regions, modified Braak
staging was undertaken using a semiquantitative pathology
density analysis.” LP was defined as positive by the presence of
Lewy bodies or Lewy neurites. Diagnoses of PD and dementia
with Lewy bodies (DLB) were based on clinical criteria as
described elsewhere and pathologically confirmed by the
presence of LP.'%"”

Other characteristics measured during life

Other characteristics measured during life included age at
EDS assessment, age at death, time from EDS assessment to
death, midlife cigarette smoking and daily coffee intake,
constipation, cognitive function, depressive symptoms, and
the use of antidepressants, antipsychotics, and sedatives.
Prevalence of cardiovascular disease was also recorded. Mid-
life smoking (pack-years) and coffee intake (mL/d) at initi-
ation of the HHP (1965-1968) were used as measures of an
overall lifetime of exposure to these factors. Data on the intake
of coffee at the time of EDS assessment were not collected,
and cigarette smoking in late life was too uncommon to be
a useful marker of typical smoking behavior. Coffee intake was
recorded by a dietician using 24-hour recall methods with
validation in a subset of cohort members based on 7-day food
frequency records.'®*° The most recently available perfor-
mance score from the Cognitive Abilities Screening In-
strument (CASI) prior to death was used as a measure
of cognitive function.”’ CASI scores range from 0 to 100
with higher performance scores reflecting better cognition.
Constipation was measured at initiation of the HAAS
(1991-1993) and defined as <1 bowel movement/d. Data
on depressive symptoms and the use of antidepressants,

antipsychotics, and sedatives were collected at initiation of the
HAAS (1991-1993) and at examinations received from 1999
to 2000. Treatment with antidepressants, antipsychotics, or
sedatives at either examination was defined as the use of such
medications. A definition of depressive symptoms was based
on an 11-item modification of the Center for Epidemiologic
Studies Depression Scale.”” Participants with scores >8 at the
most recent assessment were defined as having depressive
symptoms. Participants with a history of coronary heart dis-
ease or stroke at any time up until EDS assessment were
defined as having prevalent cardiovascular disease.”***

Statistical methods

The percent of decedents with EDS are reported for those
without LP and according to its increasing topographic ex-
pansion (Braak stages 1-6). Frequency of EDS is compared
between each Braak stage vs the absence of LP using standard x>
tests of association. In cases where sample sizes are small, tests
of significance rely on Fisher exact test. To help describe the
association that EDS has with the other characteristics mea-
sured during life, comparisons are made between those with and
without EDS based on standard ¢ tests for continuous variables
and Xz or Fisher exact test for features that are dichotomous.

As a follow-up, the relative odds of EDS (and 95% confidence
interval [CI]) comparing decedents with LP falling within
a range of Braak stage vs decedents without LP are adjusted
for age at the time of EDS assessment using logistic regression
models. While EDS was assessed before autopsy, its proximity
to LP development (before or after) is unknown. As the di-
rection of association is not clear, we chose to model EDS
as a simple binary dependent variable with age and LP as
independent variables. Modeling Braak stage as an ordinal
dependent variable produces similar results. Additional
adjustments were made for age at EDS assessment, the time
from EDS assessment to death, and possible confounding

Table 1 Percent of decedents with excessive daytime sleepiness (EDS) according to expanding Lewy pathology (LP)

(Braak stage)

Braak stage Brain region Percent with EDS? p Value®

No LP — 17.5(20/114) Reference

1 Dorsal motor nucleus, olfactory bulb 11.1(1/9) 1.0

2 Locus ceruleus, caudal raphe nucleus 0.0 (0/3) 1.0

3 Amygdala basolateral nuclear complex, Meynert basal nucleus, 16.7 (3/18) 1.0
substantia nigra

4 Ammon horn 2nd sector, transentorhinal cortex, mesocortex 0.0 (0/10) 0.363

5 Anterior cingulate or insular mesocortex, midfrontal, 36.7 (11/30) 0.023
anterior/middle temporal, or inferior parietal neocortex

6 Calcarine or motor/sensory neocortex 51.9 (14/27) <0.001
Test for trend (p value) <0.001

2 Number with EDS/sample size.
® p Values are for a comparison with the reference.
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effects from other characteristics measured during life, in-
cluding cigarette smoking, coffee intake, and constipation,
with known independent associations with LP or PD.>**°
Analyses are repeated after removing cases of PD and DLB. In
instances when EDS frequency is low, logistic regression
models were estimated using exact testing methods.”” The
association between EDS and LP is also examined within
strata of the other sleep-related features. All reported p values
are based on 2-sided tests of significance.

Data availability

Restricted access and data-sharing agreements prevent the
data from being made publicly available. Data access will be
granted within an approved framework of understanding.

Results

As questionnaires on EDS in the HAAS were not administered
until participants were aged 71-93 years, EDS status earlier in
life, its duration, and its time of onset relative to postmortem
examination are unknown. Among the 211 participants with
postmortem examinations and EDS assessments that were

made at some time from 1991 to 1999, LP was found in 46%
(97/211) of decedent brains. In those with LP, EDS occurred
in 29.9% (29/97) of participants vs 17.5% (20/114) when LP
was absent. Although the overall excess of EDS in the presence
vs absence of LP was statistically significant (p = 0.034), the
association between EDS and LP depended on the extent of LP
expansion. As seen in table 1, EDS frequency was lower when
LP distribution was limited to the olfactory bulb, medulla, and
pons (Braak stages 1-2). Its frequency remained low with
further expansion into the midbrain, hippocampus, amygdala,
and basal forebrain (Braak stages 3-4). Across Braak stages
1-4, EDS occurred in 10.0% (4/40) of decedents. While lower
than the frequency of EDS in the absence of LP (17.5%), the
difference was not significant (p = 0.258).

As LP expansion increased, however, EDS became signifi-
cantly more common (p < 0.001). In comparison to those
without LP, EDS frequency was doubled (36.7% [11/30],
p =0.023) when LP infiltration reached the anterior cingulate
gyrus, insula mesocortex, and midfrontal, midtemporal, and
inferior parietal neocortices (Braak stage S). With further
expansion into the calcarine or primary sensory and motor

Table 2 Sample characteristics and sleep features in decedents with and without excessive daytime sleepiness (EDS)

EDS
Absent (n = 162) Present (n = 49) p Value
Sample characteristic

Age at EDS assessment, y 829+52 84.9 £5.1 0.016
Age at death, y 85.6+5.3 86.9 £ 5.0 0.156
Time to death, y 28+1.8 1.9+1.3 0.002
Midlife cigarette smoking, pack-years 27.6+29.6 29.6+27.5 0.666
Midlife coffee intake, mL/d 436 + 389 280 + 247 0.001
Constipation 8.8 (14/159) 19.6 (9/46) 0.042
Cognitive Abilities Screening Instrument 67.4+253 46.2 +28.9 <0.001
Depressive symptoms 11.9(18/151) 26.8 (11/41) 0.018
On antidepressants, antipsychotics, or sedatives 6.8 (11/162) 6.1 (3/49) 1.0

Cardiovascular disease 33.3(54/162) 30.6 (15/49) 0.722
Parkinson disease 4.3 (7/162) 24.5 (12/49) <0.001
Dementia with Lewy bodies 1.2 (2/162) 2.0 (1/49) 0.549

Sleep feature

Hours of nighttime sleeping 73+19 8321 0.002
Minutes of napping 55.7 £55.8 149.3 £ 134.6 <0.001
Trouble falling asleep 20.4 (33/162) 18.4 (9/49) 0.758
Loud snoring 36.6 (56/153) 23.9(11/46) 0.110
Pauses in breathing 1.5(2/137) 4.7 (2/43) 0.242

Data are averages +SD or % (number with the characteristic/available sample). Data are missing for hours of nighttime sleeping for 3 decedents with EDS and
1 decedent without EDS and minutes of napping for 2 decedents with EDS and 1 decedent without EDS.
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fields of the neocortex (Braak stage 6), frequency increased
threefold (51.9% [14/27], p < 0.001).

Comparison of possible confounders measured during life be-
tween those with and without EDS appear in table 2. In contrast
to those without EDS, those with EDS were 2 years older on
average at the time of EDS assessment (p = 0.016). While age at
death was similar between the groups, the time from EDS as-
sessment to death was longer in those without EDS (2.8 vs 1.9
years, p = 0.002). Midlife pack-years of smoking was also similar
between the groups but the sample without EDS consumed
more coffee during midlife vs those with EDS (436 vs 280 mL/d,
p = 0.001). Those with EDS were twice as likely to have con-
stipation (19.6 vs 8.8%, p = 0.042). Cognitive function between
the groups was also different, with CASI performance lower in
the presence vs the absence of EDS (46.2 vs 67.4, p < 0.001). In
decedents with EDS, frequency of depressive symptoms was
more than doubled (26.8 vs 11.9%, p = 0.018), while prevalence
of PD was S times higher than when EDS was absent (24.5 vs
4.3%, p < 0.001). Use of antidepressants, antipsychotics, and
sedatives was similar between those with and without EDS.
‘While not shown in table 2, only 2 of the 12 patients with PD
with EDS were on antidepressants, antipsychotics, or sedatives.
Among the 7 patients with PD without EDS, none was receiving
these medications. Prevalence of cardiovascular disease was
similar between the EDS groups, while DLB was too uncom-
mon to provide a meaningful comparison.

Among the sleep-related features, hours of nighttime sleeping
in those with EDS was an hour longer on average than in those
without EDS (8.3 vs 7.3 hours, p = 0.002). Participants with
EDS napped an average of 90 minutes longer than those
without EDS (149.3 vs 55.7 minutes, p < 0.001). Associations
with the other sleep-related features were less clear.

Table 3 attempts to account for the role of possible con-
founders in explaining the association between EDS and LP
that was observed in table 1. As shown, after adjusting for age
at the time of EDS assessment, the percent of participants
with EDS is unchanged in decedents without LP, in those
where LP is limited to Braak stages 1-4, and in those where
LP has reached Braak stages 5-6. Creating different groupings
of Braak stage or presenting data separately for each stage
adds little to these findings. With additional adjustments for
time to death and other characteristics measured during life,
the odds of EDS was fourfold higher when LP distribution
reached the neocortex (Braak stages 5-6) as compared to
when LP was absent (95% CI 1.5-11.3, p = 0.002). Findings
persisted after removing cases of PD and DLB.

The association between EDS and LP is further examined
within strata of the other sleep-related features (figure). Here,
EDS frequency is shown for decedents without LP and sep-
arately within Braak stages 1-4 and Braak stages 5-6. Data
on pauses in sleep are not provided since its occurrence is low
(4/180). As can be seen, associations between EDS and LP
are similar across the sleep-related strata. In each instance, the

Neurology.org/N

Table 3 Crude and adjusted percent of decedents with
excessive daytime sleepiness (EDS) across
ranges of expanding Lewy pathology (LP) (Braak
stage)

Percent with EDS (number with
EDS/sample size)

Adjusted odds

Braak stage  Crude Age-adjusted ratio (95% Cl)
No LP 17.5(20/114) 17.7 Reference
1-4 10.0 (4/40) 10.4 0.9(0.2, 3.0)
5-6 43.9% (25/57) 42.7° 4.0°(1.5,11.3)

Excluding cases of Parkinson disease and dementia with Lewy bodies

1-4 7.9 (3/38) 8.2 0.6 (0.1, 2.2)

5-6 35.1°(13/37) 33.7¢ 3.4°(1.1,9.7)

Abbreviation: Cl = confidence interval.

Odds ratios are adjusted for age at EDS assessment, time from EDS as-
sessment to death, midlife cigarette smoking and coffee drinking, con-
stipation, performance on the Cognitive Abilities Screening Instrument, and
depressive symptoms.

2 Significant excess of EDS vs decedents with no LP: p < 0.001.

b Significant excess of EDS vs decedents with no LP: p = 0.002.

¢ Significant excess of EDS vs decedents with no LP: p = 0.025.

9 Significant excess of EDS vs decedents with no LP: p = 0.043.

¢ Significant excess of EDS vs decedents with no LP: p = 0.024.

percent of decedents with EDS is approximately doubled
when LP expansion reaches Braak stages 5-6 vs decedents
without LP. A similar excess of EDS for those with more
limited LP expansion (Braak stages 1-4) is absent. EDS was
the only sleep-related feature having an independent associ-
ation with the distribution of LP in Braak stages 5-6.

Discussion

Evidence suggests that earlier findings of an association be-
tween EDS and PD may be partly explained by a relationship
that EDS has with extensive topographic LP expansion.' As
this is a cross-sectional study, mechanisms that explain the
relationship between EDS and LP are difficult to identify.
While possible explanations include direct or bidirectional
pathways, EDS and LP could also evolve simultaneously
through an underlying initiating cause. Rather than a direct
pathophysiologic link, associations between EDS and LP
could be the result of common neurodegenerative processes
that have broad effects on brain aging.

It might seem reasonable that EDS could be induced by LP in
regions of the brain closely aligned with sleep coordination
(Braak stages 2-3) but evidence in support of such a re-
lationship is lacking. There exists the possibility that when
EDS was reported in the HAAS, LP distribution could have
reached Braak stages 2-3, and with time, it ascended into
stages 5—-6, where it was ultimately identified at the time of
autopsy. Duration of EDS could have been longer in those
with extensive LP expansion as time is needed for LP to
progress through lower regions of the brain.” Although the

duration of EDS cannot be determined, LP was not the cause of
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Figure Excessive daytime sleepiness (EDS) frequency across ranges of expanding Lewy pathology (LP) (Braak stage) within

sleep-related strata

Percent with excessive
daytime sleepiness
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p Values compare the percent of decedents with EDS in the absence of LP vs LP in Braak stages 5-6. There are no significant differences in the frequency of EDS
inthe absence vs the presence of LP in Braak stages 1-4. Numbers above the bars are the number of decedents with EDS/the sample size. Data are missing for
hours of nighttime sleeping for 4 decedents, minutes of napping for 3 decedents, and loud snoring for 10 decedents.

EDS in 41% (20/49) of EDS cases, as LP was absent at the time
of autopsy. For the remaining cases, the order of occurrence of
EDS relative to the development of LP is unknown.

In contrast to the inducement of EDS by LP, EDS could
predate or cause LP through the same mechanisms that
link sleep with enhancements in glymphatic clearance of
B-amyloid.”*>° Similar pathways could augment the clear-
ance of tau and a-synuclein.”* *° Based on PET neuroimaging
in a relatively large sample of humans without dementia,
EDS was longitudinally associated with increased deposition
of B-amyloid.>" Efficiency in glymphatic clearance of toxic
proteins could also have regional variation, possibly contrib-
uting to the association between EDS and LP in neocortical
areas that failed to appear elsewhere in the brain. Specific
regions of the brain also show increased susceptibility to the
accumulation of B-amyloid from EDS.*’ Some of these

Neurology | Volume 93, Number 15 | October 8, 2019

regions are in close proximity to those that correspond with
advanced PD staging (Braak stages 5-6).

While this report provides evidence that the neocortex is es-
pecially vulnerable to potential adverse relationships between
EDS and LP, the available sample size used to address this
issue is small. As is often typical of autopsy studies, general-
izability is uncertain. In spite of these limitations, data from
the HAAS have some positive attributes. The HAAS has the
advantage of having accumulated a large series of PD cases in
a free-living community-based sample. Studies of PD are
generally difficult to undertake because of its low prevalence
compared to Alzheimer disease. Brain surveys of LP in mul-
tiple brain regions are also rare among such samples.

Although EDS is the only sleep feature in the HAAS with
a consistent relationship with PD and LP,' it is also an

Neurology.org/N
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imprecise marker of underlying sleep disorders, with possibly
numerous causes.”’ Whether EDS is secondary to a loss of sleep
or other sleep disorder cannot be addressed in the HAAS.
Regardless of having long or short nighttime sleep durations,
those with EDS could have experienced more frequent episodes
of wakefulness and poorer sleep quality than those without
EDS. It seems interesting that the association between EDS and
LP persists in participants with both short and long nighttime
sleep times and between strata of other sleep-related features
(figure). One might have expected that if sleep is neuro-
protective, the association between EDS and LP should weaken
with increased nighttime sleep duration. Prolonged sleep du-
ration, however, may not be neuroprotective as short and long
sleep time can increase the risk of cognitive impairment, de-
mentia, and death.>*7** EDS that remains unresolved after long
nighttime sleep times could be a marker of a more serious sleep
disturbance where associations with LP seem to persist (figure).

Validation of the questionnaire used to assess EDS is also
uncertain, although EDS in the HAAS has been shown to have
associations with chronic medical conditions that often co-
exist with sleep disruptions.” Earlier reports from the HAAS
also describe associations of EDS with cognitive decline and
3536 Measures of EDS across studies, however, can
vary widely. In the elderly, EDS frequency is likely under-
estimated as it is often poorly recognized in subjective
reporting.®” In our earlier study on incident PD," EDS fre-
quency was 7.9%, markedly lower than the reported preva-
lence of 17% in the Cardiovascular Health Study.'> Others
report frequencies that can range from 1% to 47% in healthy
controls or in participants without PD.'”'"73® For those
with PD, prevalence can vary from 15% to 76%. In our current
autopsy sample, EDS frequency is 23.2% (49/211). Although
variation in EDS assessment is high, it remains the most
common reason for referral to neurology sleep clinics among
all sleep disorders.> Combined with the finding that EDS has
associations with PD and LP, improvements in the mea-
surement of EDS and identifying its cause and relationship
with other sleep disorders are clearly warranted.

dementia.
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