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Abstract

Study Objectives: To determine whether actigraphy-measured sleep was independently associated with risk of frailty and mortality over a 5-year period among
older adults.

Methods: We used data from Waves 2 (W2) and 3 (W3) (2010-2015) of the National Social Life, Health and Aging Project, a prospective cohort of community-dwelling
older adults born between 1920 and 1947. One-third of W2 respondents were randomly selected to participate in a sleep study, of whom N = 727 consented and

N =615 were included in the analytic sample. Participants were instructed to wear a wrist actigraph for 72 h (2.93 + 0.01 nights). Actigraphic sleep parameters

were averaged across nights and included total sleep time, percent sleep, sleep fragmentation index, and wake after sleep onset. Subjective sleep was collected via
questionnaire. Frailty was assessed using modified Fried Frailty Index. Vital status was ascertained at the time of the W3 interview. W3 frailty/mortality status was
analyzed jointly with a four-level variable: robust, pre-frail, frail, and deceased. Associations were modeled per 10-unit increase.

Results: After controlling for baseline frailty (robust and pre-frail categories), age, sex, education, body mass index, and sleep time preference, a higher sleep
fragmentation index was associated with frailty (OR = 1.70, 95% CI: 1.02-2.84) and mortality (OR = 2.12, 95% CI: 1.09-4.09). Greater wake after sleep onset (OR = 1.24,
95% CI: 1.02-1.50) and lower percent sleep (OR = 0.41, 95% CI: 0.17-0.97) were associated with mortality.

Conclusions: Among community-dwelling older adults, actigraphic sleep is associated with frailty and all-cause mortality over a 5-year period. Further investigation

is warranted to elucidate the physiological mechanisms underlying these associations.

Statement of Significance

Few cohort studies have evaluated the associations of sleep with frailty and mortality using objective sleep measures among older adults.
We found that older adults with actigraphic indices of disrupted sleep had an increased risk of becoming frail and dying over a 5-year
period.
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Introduction

Decreases in child mortality and increases in average life ex-
pectancy have contributed to the growing number of older
adults worldwide. By 2050, over a fifth of the world’s popula-
tion (>2 billion people) will be 60 years of age or older, repre-
senting a 9.2% increase in this age group since 1990 [1]. Frailty is
a common age-related, multidimensional condition that often
precipitates negative outcomes, including mortality [2-4]. There
are two distinct, but widely recognized, frailty paradigms [5]: the
Deficit Accumulation Model [6] and the Frailty Phenotype [7].
The Deficit Accumulation Model views frailty in terms of health
deficits, or the number of conditions/diseases present, and is
often used to explain the variability in health status as indi-
viduals age [6]. The Frailty Phenotype considers frailty as a syn-
drome and is characterized by decreased reserve across multiple
physiologic systems. The Frailty Phenotype is often measured by
the Fried Frailty Index, which uses pre-determined symptoms
to assess the presence of frailty (e.g. three or more of the fol-
lowing symptoms indicates frailty: low lean muscle mass, self-
reported exhaustion, muscle weakness, slow walking speed, and
low energy expenditure) [8]. The Frailty Phenotype may be more
useful to interrogate mechanisms of sub-clinical/clinical frailty
because individuals are stratified into distinct risk categories
and shared pathways can be identified for prevention and re-
mediation [6].

Older adults who are frail are more vulnerable to poor health
outcomes (e.g. disability, hospitalization, and mortality) when
faced with stressors due to a decline in function and physio-
logic reserve [8-10]. Frailty may be reversible when treated with
appropriate interventions [9]. Therefore, identifying individuals
at risk for frailty and developing upstream interventions that
promote physiologic recovery may prevent progression to frailty
and lengthen healthspan for older adults. Physiologic restor-
ation and repair for multiple organ systems occur during sleep
[11], and sleep is a modifiable target for behavioral interventions.
Well-described age-related changes in sleep, including decre-
ments in non-rapid eye movement (NREM) sleep and reductions
in sleep quality and quantity [12], may limit sleep-facilitated
recovery and further erode physiologic reserve [11-14]. Half of
older adults report difficulties sleeping and many experience
short sleep duration (<7 h/night) [15], more frequent awaken-
ings, and more fragmented sleep [11, 14, 16-18].

Sleep may impact frailty in several ways, including reduced
energy expenditure, tissue growth and repair, a heightened in-
flammatory response, and disturbed hormonal pathways (e.g.
plasma growth hormones, insulin-like growth factor I, prolactin,
and leptin) [19, 20]. These pathways and others may explain the
associations observed among sleep problems, frail states, and
mortality at advanced ages. In particular, sleep fragmentation
has been associated with decreased energy and increased role
limitations [21]—two symptoms of frailty [8].

Previous studies suggest that poor sleep is a risk factor
for frailty [22-26] and mortality [18, 23, 27-35]. However, find-
ings are inconsistent and many of these studies are based on
self-reported sleep assessments and cross-sectional designs.
Additionally, poor sleep may partially explain the higher preva-
lence of frailty observed among women [36], since women re-
port more sleep problems, including trouble initiating and
maintaining sleep [37, 38], and sex differences through shared
pathways (e.g. inflammatory cytokines and muscle quality) have

been reported [39]. Of the few published prospective studies
using objectively measured sleep, most use sex-specific co-
horts, which limit our understanding of sleep characteristics in
the general population and formal examination of sex differ-
ences. For example, in the Osteoporotic Fractures in Men Study
(MrOS), Ensrud et al. found that greater nighttime wakefulness,
as measured by wake after sleep onset (WASO), was associated
with frailty and mortality over an average follow-up period of
3.4 years [23]. In the Women’s Health Initiative Study, Kripke
et al. found associations of lower baseline actigraphic sleep ef-
ficiency and abnormal sleep duration (i.e. <300 and >390 min)
with reduced survival among postmenopausal women [29, 40].
To the best of our knowledge, there are no published longitudinal
studies of community-dwelling older adults that have used an
actigraphic sleep fragmentation index that integrates the total
sleep time (TST), and the frequency and duration of awaken-
ings during the night [41] to assess the potential link between
sleep fragmentation and frailty/mortality. This is an important
research gap because older adults often experience recurrent
awakenings at night, which is not necessarily captured with
other measures of sleep fragmentation, such as WASO.

The goal of this study was to investigate the association
between objectively measured sleep, quantified using wrist
actigraphy, and 5-year risk of frailty and all-cause mortality
among community-dwelling older adults from the National
Health, Social Life, and Aging Project (NSHAP) ancillary sleep
study [42]. We hypothesized that greater periods of wakefulness
after sleep onset (i.e. WASO), more fragmented sleep, lower per-
cent sleep, and short (<7 h) and long (=8 h) TST (vs. intermediate-
duration sleep) [15], would be associated with an increased risk
of frailty and all-cause mortality over the 5-year follow-up
period. Based on evidence that women experience more sleep
problems [37, 38] and frailty, [39] we hypothesized that the sleep-
frailty/mortality association would differ by sex [43].

Methods
Data source

NSHAP is a prospective cohort of community-dwelling older
adults born between 1920 and 1947 with three waves of data
collection (2005-2015) [44, 45]. At each wave, home interviews
were conducted by trained field interviewers to collect survey,
biometric, and functional data. In wave 2, one-third of respond-
ents were randomly selected to participate in an ancillary sleep
study (n = 1,117) [42]. Of these, 220 refused to participate and 170
could not be re-contacted or did not have usable data. To assess
frailty risk, we excluded individuals who were frail at baseline
(n=112), resulting in a total sample of 615 participants (Figure 1).
The distribution of the analytic sample was comparable to the
distributions of the sociodemographic and sleep variables in the
original sleep study (Supplementary Table 1). Herein, we refer to
the wave 2 sleep study as “baseline” and wave 3 as “follow-up.”
NSHAP data are publicly available and considered exempt from
IRB review.

Outcome: frailty status and mortality

Frailty status was assessed using a modified version of the Fried
Frailty Index, a commonly used measure to discern the frailty
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phenotype with high reliability and validity [8, 46, 47]. A descrip-
tion of the frailty components and their measures are described
in Table 1. One point was assigned for each frailty component
present and scores were summed to create a composite vari-
able using the established cut points: 0 = robust, 1-2 = pre-frail,
>3 = frail (range = 0-5). Mean replacement was used for partici-
pants with missing data on the individual frailty components
(n = 50) prior to creating a composite score, whereby missing
values were replaced by the mean of each particular compo-
nent across the analytic sample [48]. NSHAP investigators con-
firmed mortality status either by speaking with the respondent
(if living), through a proxy interview, or examination of public
records (if deceased). Deceased individuals were defined as
those that died between the baseline and follow-up exams.
Since frailty and mortality are competing risks, we jointly ana-
lyzed frailty and mortality status at follow-up using an ordinal

NSHAP Wave 2 Participants
(n=3,377)

!

Randomly Selected for Sleep
Study

(n=1,117)

Refused Sleep Study

(n=220)

Consented to Participate

(n=2897)

= Could not be recontacted/unusable
data (n=170)

Baseline Actigraphy Data
(n=727)

Excluded:

= Frail at baseline (n = 112)

Final Sample
(n=615)

Figure 1. Derivation of the analytic sample.
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outcome variable with four levels: robust, pre-frail, frail, and de-
ceased [23].

Actigraphic parameters of sleep-wake patterns

Data collection for the NSHAP Sleep Study has been described
elsewhere [42, 49]. Briefly, participants were asked to wear an
actigraph (Actiwatch Spectrum; Philips Respironics, Murrysville,
Pennsylvania) for 72 h (mean = 2.93 + 0.01 nights). Data were
analyzed using the validated settings in the Philips Respironics
software (version 5.59). Actigraphic data were scored by NSHAP
investigators blinded to the other data collected for the partici-
pant. Rest intervals were set according to data from the light
sensor on the actigraph and the time stamp on the participant-
initiated event marker at each bed and waking time and were
cross-checked with the participants’ sleep diary. The software
scores each 15-s epoch as either sleep or non-sleep based on ac-
tivity counts within each epoch and adjacent counterparts. The
sleep interval is defined as the period within each rest interval
beginning with the first epoch scored as sleep and ending with
the last epoch scored as sleep [42].

Sleep measures derived from the software included
nighttime TST, WASO, percent sleep, and sleep fragmentation.
TST and WASO are the summed duration of all epochs scored
as sleep and wake after sleep inception, respectively. Percent
sleep is the percentage of the sleep interval spent asleep and is
measured as the TST divided by the length of the sleep interval.
The sleep fragmentation index measures restless sleep and is
defined by the manufacturer’s software as the sum of two per-
centages: (1) the percentage of epochs in the sleep period spent
moving; and (2) the percentage of immobile periods that last for
only one minute in duration. Fragmentation is a useful metric
because it is an indicator of sleep disruption or disturbance
[50, 51]. Additionally, sleep fragmentation attempts to estimate
microarousals [52], which have been associated with poor health
outcomes [53]. Sleep parameters were averaged over the total
number of nights the actigraph was worn and were analyzed as
continuous variables per 10-unit increase. TST was categorized
as <7 h, 27 to <8 h [reference], and >8 h based on the recom-
mendations of the National Sleep Foundation for older adults

Table 1. Frailty Measurement in the National Social Life, Health and Aging Project (NSHAP) Cohort

Fried frailty index NSHAP measure

Allocation of points

One point was assigned if the following criteria were
met:

1.Slowness Timed 3-m walk tests were conducted by a trained
field interviewer during the home visit.
2.Weakness Timed chair stands were conducted by a trained

3.Exhaustion

4.Shrinking

5.Low physical activity

field interviewer during the home visit.

Self-reported on the questionnaire Centers for
Epidemiologic Studies and Depression Scale items
“everything was an effort” or “they could not get
going.”

Weight assessments taken by the field interviewer
were used to derive weight loss between waves.

Self-reported exercise on the questionnaire

The test was completed in >5.7 s, or if the participant
was wheelchair bound or could not complete it inde-
pendently.

The test was completed in >16.7 s, or if the participant
was wheelchair bound or could not complete it inde-
pendently.

Participants reported that “everything was an effort” or
“they could not get going” occasionally or most of the
time.

Calculated weight loss of 10% or more.

Participant reported exercising <3 times per month.

Scores were summed to create a composite variable based on established cut points (range 0-5): 0 = robust, 1-2 = pre-frail, > 3 = frail.
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[15] and analyzed as a categorical variable to account for the
non-linear relationship with frailty/mortality status.

Self-reported sleep characteristics

Participants were asked to report the time they tried to start
falling asleep and the time they awoke on weekdays and week-
ends during the in-home interview. The duration of sleep was
calculated as the average between wake and sleep times for
weekdays and weekends separately. The average number of
hours slept per week was calculated as: [((weekday sleep hours
x 5) + (weekend sleep hours x 2))/7] and was categorized similar
to the TST (<7 h, 7 to <8 h, [reference], and =8 h). Participants
were asked to report their sleep quality with the following ques-
tions: “how often do you feel really rested when you wake up in
the morning?” and “during the past week, how often was your
sleep restless?” Response options for both questions were rarely,
never, sometimes, and most of the time, and were dichotom-
ized for analyses (rarely/never vs. sometimes/most of the time).
Napping was assessed by the question “during the past week, on
how many days did you nap for an hour or two?” Based on the
distribution, responses were collapsed into none vs. any nap-
ping. Participants were also surveyed on the use of sleep medi-
cations or other sleep aides (yes/no).

Covariates

A number of covariates were selected as potential confounders
based on their known associations with sleep and frailty/mor-
tality in the literature, including age (62-65,66-75, 76+ years), race
(white/non-white), sex, marital status (married or cohabitating
partner/single), education (high school or less/some college
or more), self-reported health (excellent/good vs. fair/poor),
smoking (current vs. former/never), alcohol use (>4 days per
week vs. <4 days per week), current psychotropic medication
use (yes/no), NSAID use (yes/no), body mass index (BMI), social
isolation, a modified version of the Charlson Comorbidity Index,
depressive symptoms, the Montreal Cognitive Assessment
adapted for Survey Administration (MoCA-SA), sleep time pref-
erence, season of data collection, and baseline frailty (robust
and pre-frail categories). Height and weight were collected by
field interviewers during the home interview; BMI was calcu-
lated as [(weight (Ibs)/height (in)?)*703] [54]. The social isolation
index is a validated scale that includes emotional and tangible
support from spouses, family and friends, perceived feelings of
isolation, a lack of companionship, and feeling left out (range
0-12) [55]. A modified Charlson Comorbidity Index was con-
structed based on self-reported survey responses and included
heart conditions, stroke, cancer, diabetes, hypertension, COPD/
asthma, arthritis, urinary incontinence, and Alzheimer’s dis-
ease/dementia (range 0-12) [56]. Depressive symptomatology
was assessed using the 11-item Iowa short version of the
Centers for Epidemiologic Studies-Depression (CES-D) scale,
excluding the items “restless sleep,” “everything was an effort,”
and “could not get going” [57]. The MoCA-SA is a scale that as-
sesses eight domains of cognitive function, including orienta-
tion, naming, visuoconstruction, executive function, attention,
abstraction, memory, and language (range 0-20) [58]. Scores for
the social isolation, comorbidity, CES-D, and MoCA-SA scales
were summed separately with higher scores indicating higher

levels of social isolation, number of comorbidities, depressive
symptomatology, and cognitive function, respectively. Sleep
time preference (i.e. sleep midpoint) relates to the timing of bio-
logical and behavioral activities, including when individuals go
to bed and wake up in the morning. In accordance with pre-
viously published methods, sleep time preference was derived
from actigraphy data and calculated as the average midpoint of
the actigraphic sleep interval over the 72-h period and was cat-
egorized as 8:00 pm to 1:59 am, 2:00-2:59 am, 3:00-8:59 am [59,
60]. The season in which actigraphy data were collected was de-
rived by extracting the month from the date of data collection.
The months October-March were coded as seasons “fall/winter”
and April-September as “spring/summer,” in accordance with
other NSHAP studies” [60].

Statistical analysis

Differences in participant characteristics at baseline by frailty/
mortality status at follow-up were compared using chi-squared
tests for categorical variables and simple linear regression for
continuous variables (Tables 2 and 3). Pearson correlations be-
tween sleep and frailty/mortality parameters with Bonferroni
Adjustment are presented in Supplementary Table 2. The as-
sociations between sleep parameters and the ordinal outcome,
frailty/mortality status, were first assessed using ordinal logistic
regression models. However, the proportionality assumption
was not satisfied, and therefore we used multinomial logistic
regression, comparing each level of the outcome to the robust
category. Sex was identified a priori as a potential effect modifier
and was tested by adding an interaction term to the models. The
interaction was not statistically significant, and sex was treated
as a potential confounder instead.

Covariates were included in the final multivariable model
if they were statistically significantly associated with frailty/
mortality status at follow-up. Sleep parameters were tested in
separate models to avoid multicollinearity. We conducted three
sets of nested models for each sleep parameter. The first model
was adjusted for baseline frailty (robust and pre-frail categories)
and sociodemographic factors (age, sex, and education). The
second model controlled for model 1 covariates plus BMI and
sleep time preference. The third model controlled for model
1 and 2 covariates and additionally adjusted for the modified
Charlson Comorbidity Index, depressive symptoms, self-rated
health, psychotropic medication use, and napping. The results
were similar across models 2 and 3 (Supplementary Table 3), so
we present the two most parsimonious models (models 1 and 2).

To determine if including the pre-frail category at baseline
influenced the associations between sleep disturbances and
frailty/mortality status at follow-up, we performed a sensi-
tivity analysis limiting the sample to robust participants at
baseline. Additionally, we compared participants with com-
plete frailty data to those with mean replaced missing data.
The conclusions of the sensitivity analyses were the same
(Supplementary Tables 4 and 5) and therefore, we retained
pre-frail individuals in the analytic sample and present the
analysis with mean replacement. Additionally, to assess the
impact of potential actigraphic measurement error, we con-
ducted a sensitivity analysis excluding participants with per-
cent sleep <50% and/or a TST of <180 or =720 min (n = 22).
Results were similar, so we retained these individuals in the
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Table 2. Baseline Characteristics of Participants According to Frailty* and Mortality Status at Follow-Up (n = 615)

Overall Robust Pre-Frail Frail Deceased
n==615 n=151 n=285 n=90 n=2_89
n (%) n (%) n (%) n (%) n (%) p*
Age, years
62-65 133 (24.5) 44 (31.5) 68 (27.0) 13 (15.6) 8(11.5)  <0.01
66-75 284 (46.2) 84(53.6) 136 (48.0) 41 (46.8) 23 (24.3)
76+ 198 (29.2) 23 (14.9) 81 (25.0) 36 (37.6) 58 (64.2)
Race
White 465 (84.5)  123(87.8) 209 (85.2) 61 (75.1 72 (86.2) 0.06
Nonwhite 148(15.5) 28 (12.2) 75 (14.8) 28 (24.8) 17 (13.8)
Gender
Male 304 (48.5) 73 (48.2) 136 (45.9) 39 (43.2) 56 (64.0) 0.09
Female 311 (51.5) 78 (51.8) 149 (54.1) 51 (56.8) 33(36.0)
Marital status
Married/cohabitating partner 450 (69.5) 117 (73.5) 217 (72.7) 61 (59.3) 55 (61.6) 0.09
Not married 165 (30.5) 34 (26.5) 68 (27.3) 29 (40.7) 34 (38.4)
Education
High school or less 371 (63.3) 96 (63.9) 177 (65.4) 42 (51.1) 56 (68.1) 0.17
Some college or more 244 (36.7) 55 (36.1) 108 (34.6) 48 (48.9) 33(31.9)
Self-reported health
Excellent or good 310 (52.3) 109 (73.0) 150 (53.6) 27 (29.9) 24 (30.9) <0.01
Fair, poor, or very poor 305 (47.7) 42 (27.0) 135 (46.4) 63(70.1) 65 (69.1)
Modified Charlson Comorbidity Index (range 0-11)," mean, SE 2.2(0.1) 1.6 (0.1) 2.1(0.1) 2.7 (0.2) 3.1(0.2) <0.01
Depressive symptoms (range 0-15), mean, SE 2.3(0.1) 1.5(0.3) 2.6 (0.2) 3.0 (0.5) 2.5(0.2) 0.02
MOoCA-SA score (range 0-20),# mean, SE 14.1 (0.1) 14.3 (0.2) 14.1 (0.2) 13.7(0.3)  13.9(0.3) 0.15
BMIS 28.9(0.3) 27.5(0.5) 29.2 (0.4) 31.2(0.8)  28.0(0.7) 0.04
Current Smoker 68 (13.0) 13 (11.9) 31(13.3) 11 (10.2) 13 (17.2) 0.80
Alcohol Use >4 days per week 102 (28.9) 30 (31.5) 46 (29.0) 13 (22.6) 13 (29.6) 0.78
Social Isolation Index (range 0-12)!, mean, SE 6.2 (0.1) 6.3 (0.2) 6.3 (0.1) 6.3 (0.2) 5.8 (0.4) 0.28
Current psychotropic medication use' 132 (22.4) 17 (12.3) 60 (23.7) 27 (30.4) 28 (29.3) 0.01
Current NSAID Use 74 (12.2) 21 (12.4) 33 (12.7) 13 (15.7) 7 (5.8) 0.35
Baseline frailty
Robust 222 (37.6) 89 (57.7) 97 (34.1) 18 (29.0) 18 (19.8)  <0.01
Pre-frail 393 (62.4) 62 (42.3) 188 (65.9) 72 (71.0) 71 (80.2)

Bold font indicates p < 0.05.

BMI = body mass index, MoCA-SA = Montreal Cognitive Assessment adapted for Survey Administration, SE = standard error of the mean.

*Frailty scale: slow chair stand, slow gait speed, exhaustion, weight loss, and low physical activity.

tModified Charlson Comorbidity Index included heart conditions, stroke, cancer, diabetes, hypertension, chronic obstructive pulmonary disease/asthma, arthritis, de-
pression, urinary incontinence, and Alzheimer’s disease/dementia.

*MoCA-SA: orientation, naming, visuoconstruction, executive function, attention, abstraction, memory, and language.

SBMI was calculated as weight (kg)/height (m) [2].

ISocial Isolation Index included emotional and tangible support from spouses, family, and friends, perceived feelings of isolation, a lack of companionship, and
feeling left out.

TPsychotropic medication use included antidepressants, antipsychotics, anxiolytics/sedatives, hypnotics, and CNS stimulants.

p-Value is derived from y? tests or simple linear regression for continuous variables using the survey procedures in SAS and weighted for non-response in Wave 2.

final models (data not shown). Results are presented as odds
ratios (ORs) with 95% confidence intervals (CIs). All p-values
were from 2-sided tests and results were considered statis-
tically significant at p < 0.05. Analyses were performed with
SAS version 9.4 using the survey procedures to account for the
complex survey design.

Results
Participant characteristics

Among the 615 older adults (mean age = 71.5 years) included in
the sample, 222 (37.6%) were robust and 393 (62.4%) were pre-
frail at baseline. Most of the participants were aged 66-75 years
old (46.2%), white (84.5%), married (69.5%), had a high school

education or less (63.3%), and self-reported excellent or very
good health (52.3%) at baseline (Table 2). The mean MoCA-SA
score, number of comorbidities, and depressive symptoms were
14.1 (SE = 0.1), 2.2 (SE = 0.1), and 2.3 (SE = 0.1), respectively. At
the 5-year follow-up (mean 4.8 years), 151 (24.7%) individuals
were classified as robust, 285 (46.2%) were pre-frail, 90 were
frail (14.8%), and 89 (14.3%) were deceased. The average WASO
was 37.2 min (SE = 1.4 min) and the mean TST was 432.2 min
(SE = 2.7 min) (Table 3). The mean sleep fragmentation index was
14.0 (0.4) and percent sleep was 92.1 (SE = 0.3). Older age, poorer
self-rated health, higher BMI, having more comorbidities and
depressive symptoms, taking psychotropic medications, nap-
ping, and sleep time preference at baseline were significantly
associated with frailty/mortality status at follow-up (Tables 2
and 3).
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Table 3. Baseline Sleep Characteristics by Frailty and Mortality Status at Follow-Up

Robust Pre-frail Frail Deceased
n=151 n=285 n=290 n=_89
Mean (SE) Mean (SE) Mean (SE) Mean (SE) p*
Actigraphic sleep characteristics
WASO, minutes 32.9 (1.7) 36.9 (1.6) 39.2 (2.4) 443 (3.2) <0.01
Fragmentation index 12.8 (0.5) 13.7 (0.4) 15.2(0.7) 16.4 (0.9) <0.01
Percent sleep 92.8 (0.4) 92.2 (0.3) 91.7 (0.5) 91.0 (0.8) 0.01
Total sleep time, minutes 4249 (5.9) 437.5(5.7) 427.9 (12.6) 432.2 (12.7) 0.77
Total sleep time, hours
<7h 68 (46.4) 113 (36.1) 38 (46.1) 39 (44.9) 0.27
7-8h 54 (34.9) 107 (39.4) 25 (28.9) 21 (26.5)
8+h 29 (18.7) 65 (24.5) 27 (26.5) 29 (28.6)
Sleep time preferencet
8:00 pm to 1:59 am 33 (21.9) 51 (16.1) 27 (38.5) 22 (26.1) <0.01
2:00 am to 2:59 am 54 (41.5) 90 (36.7) 15 (19.1) 30 (36.6)
3:00 am to 9:00 am 58 (36.6) 128 (47.2) 39 (42.4) 34 (37.3)
Season*
Spring/summer 34 (22.8) 59 (17.1) 8(9.8) 15 (18.3) 0.11
Fall/winter 117 (77.2) 226 (82.9) 82 (90.2) 74 (81.7)
Self-reported sleep characteristics
Sleep duration, hours
<7h 12 (9.1) 20 (7.7) 6(9.1) 8 (10.8) 0.16
7-8h 42 (34.3) 47 (22.5) 13 (17.7) 12 (19.6)
8+h 81 (56.7) 164 (69.9) 57 (73.2) 54 (69.5)
Wake feeling rested (rarely/never) 10 (7.2) 34 (14.1) 12 (11.3) 9 (10.7) 0.19
Restless sleep (most or some of the time) 25 (19.1) 52 (19.0) 28 (27.8) 16 (19.4) 0.52
Napped for 1-2 h (past week) 42 (33.3) 98 (37.2) 42 (54.2) 35 (49.7) 0.04
Sleep medication/treatment (past 2 weeks) 25 (15.0) 53 (21.1) 21 (27.0) 14 (14.3) 0.20

Bold font indicates p < 0.05.
SE = standard error of the mean, WASO = wake after sleep onset.

*p-Value is derived from y? tests or simple linear regression using the survey procedures in SAS and weighted for non-response in Wave 2.
Sleep time preference is defined as the average midpoint of the sleep interval over the 3 days of actigraphy.
*The seasons “fall/winter” were coded as months October-March and “spring/summer” as months “April-September.”

Correlations of sleep parameters at baseline

WASO, sleep fragmentation, and percent sleep were strongly
correlated with each other (Bonferroni adjusted p < 0.003,
Supplementary Table 2). TST was moderately correlated with
sleep fragmentation (r = -0.25, p < 0.003) and percent sleep
(r = 0.23, p < 0.003). TST was not correlated with self-reported
sleep duration (r = -0.08, p > 0.003).

Associations of sleep at baseline with frailty and
mortality at follow-up

On average, individuals who were frail or deceased at follow-up
had greater baseline WASO and sleep fragmentation, and lower
percent sleep (p < 0.01, Table 3). Adjusting for baseline frailty
and sociodemographic factors, a higher sleep fragmentation
index was associated with a greater odds of frailty (OR = 1.95,
95% CI: 1.12-3.40, per 10-unit increase) and mortality (OR = 2.19,
95% CI: 1.16-4.12, per 10-unit increase) (Table 4). Greater WASO
(OR =1.24, 95% CI: 1.04-1.49, per 10-min increase) and lower per-
cent sleep (OR = 0.40, 95% CI: 0.17-0.92, per 10-percent increase)
were also associated with mortality.

After further adjustment for BMI and sleep time preference
(model 2), a higher sleep fragmentation index was associated
with a greater odds of frailty (OR = 1.70, 95% CI: 1.02-2.84, per
10-unit increase) and mortality (OR = 2.12, 95% CI: 1.09-4.09, per

10-unit increase). Greater WASO (OR = 1.24, 95% CI: 1.02-1.50,
per 10-min increase) and lower percent sleep were associated
with a greater odds of mortality (OR = 0.41, 95% CI: 0.17-0.97, per
10-percent increase).

Discussion

The present study highlights the importance of disrupted sleep
with respect to critical late-life outcomes of frailty and mor-
tality. This study is the first, to the best of our knowledge, to
show that greater sleep fragmentation (i.e. higher frequency
and duration of awakenings throughout the night), as measured
using an actigraphic index of sleep fragmentation, is associated
with an increased risk of frailty and mortality over a 5-year
period in a sample of community-dwelling older adults. Our
results are consistent with findings from other cohort studies
using actigraphy-derived sleep measures, demonstrating statis-
tically significant associations of greater nighttime wakefulness
(measured by WASO) with mortality [23, 32]. Sleep interventions
that improve symptoms of insomnia (i.e. nighttime awakenings)
may reduce sleep fragmentation and help consolidate sleep [61].

In our study, actigraphically measured sleep duration was
not associated with frailty or mortality. Prior cohort studies
assessing the link between sleep duration, frailty, and mor-
tality have reported inconsistent associations, with some
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Model 1t

Model 2

Pre-frail

Frail

Deceased

Pre-frail

Frail

Deceased

OR (95% CI)

OR (95% CI)

OR (95% CI)

OR (95% CI)

OR (95% CI)

OR (95% CI)

WASO, minutes$

Fragmentation index$

Percent sleep$

Total sleep time, hours

<7h
7-8h
8+h

1.10 (0.99-1.23)
1.24 (0.79-1.95)
0.65 (0.38-1.10)

0.66 (0.37-1.17)
Ref.
1.07 (0.58-1.97)

1.14 (0.98-1.33)
1.95 (1.12-3.40)
0.54 (0.26-1.13)

1.17 (0.44-3.12)
Ref.
1.30 (0.58-2.88)

1.24 (1.04-1.49)
2.19 (1.16-4.12)
0.40 (0.17-0.92)

1.08 (0.47-2.48)
Ref.
1.58 (0.71-3.51)

1.10 (1.00-1.21)
1.19 (0.75-1.89)
0.67 (0.41-1.09)

0.57 (0.33-1.01)
Ref.
1.01 (0.57-1.80)

1.12 (0.97-1.31)
1.70 (1.02-2.84)
0.62 (0.30-1.29)

0.86 (0.34-2.16)
Ref.
1.12 (0.51-2.45)

1.24 (1.02-1.50)
2.12 (1.09-4.09)
0.41 (0.17-0.97)

1.06 (0.48-2.34)
Ref.
1.48 (0.64-3.43)

Bold indicates p < 0.05.

95% CI = 95% confidence interval, OR = odds ratio, SE = standard error of the mean, WASO = wake after sleep onset.
*Models estimated using multinomial logistic regression using the robust category as the reference group.

tModel 1 controls for baseline frailty (robust and pre-frail categories), age, sex, and education.

*Model 2 controls for baseline frailty (robust and pre-frail categories), age, sex, education, BMI, and sleep time preference.

SWASO, fragmentation index, and percent sleep are modeled per 10-unit increase.

investigations showing that longer [22, 24, 25, 27, 28, 30, 35, 62]
and shorter sleep duration [25, 28, 29] are associated with mor-
tality, while others report null findings [23, 31-33]. Such diver-
gent conclusions may be due to differences in measurement
and/or measurement error, as subjective sleep duration is sys-
tematically overreported [63] and poor agreement between self-
reported and actigraphic measures of sleep duration have been
described [63-66]. For example, most studies reporting an asso-
ciation of long sleep duration with frailty and mortality used
self-report sleep measures [22, 24, 25, 27, 30, 35, 62], and several
studies that used actigraphy reported null findings [23, 32, 33], in
line with our results.

Sleep has been shown to play an important role in
maintaining cognitive [67, 68] and physical health [68]. However,
disease processes and normative aging affect sleep architecture,
such that older adults spend less time in non-REM slow-wave
sleep (stage N3) or “deep sleep” and more time in the lighter
stages of sleep (stages N1 and N2) [11, 12, 14]. Stage N3 is the
deepest and most rejuvenative of the sleep stages, impacting
multiple organ systems. For example, stage N3 sleep is where
energy is restored, hormones essential for muscle growth and
development are released, and tissue growth and repair occurs
[69]. Sleep fragmentation erodes deep sleep and may inter-
rupt or perturb these restorative processes, contributing to
multisystem functional decline (i.e. frailty). For older adults with
diminishing physiologic reserve, impaired restoration resulting
from fragmented sleep may further decrease resilience to phys-
ical and mental stressors and accelerate progression to a frail
state (or death) because compensatory mechanisms and repair
processes have become exhausted.

Circadian disruption is another potential mechanism that
may underlie the manifestation of sleep fragmentation in older
adults and contribute to poor health outcomes. For example,
older adults experience an age-related decrease in sensitivity to
light from either inadequate light during the day or exposure
to light at night, resulting in sleep difficulties [70, 71]. Finally,
other factors such as nocturia may disrupt sleep. While we did
not measure nocturia, we controlled for urinary incontinence
within the comorbidity index and robust associations remained.
Further research is needed to better understand the mechan-
isms that may link sleep disruption and fragmentation to frailty
and mortality risk.

Interventions aimed at improving sleep may benefit indi-
viduals at risk for frailty. For example, behavioral therapies for
insomnia, such as sleep restriction and stimulus control may
reduce sleep fragmentation and help consolidate sleep [61].
Additionally, fragmented daytime physical activity is associated
with mortality [72, 73], and evidence suggests that exercise and
increased physical activity improve many aspects of sleep [7, 74—
76] and directly targets several frailty symptoms (e.g. weakness,
slowness, and low physical activity) [77]. Future studies should
consider the synergistic effects of sleep and exercise interven-
tions to prevent/reverse frailty.

The strengths of this study include the large sample size,
access to a random subset of a population-based cohort of
community-dwelling older adult men and women with 5-year
follow-up data and both objective and self-reported measures
of sleep. Additionally, our analyses excluded individuals who
were considered frail at baseline, permitting evaluation of
incident frailty. Despite these strengths, this study has sev-
eral limitations. First, NSHAP sleep study participants were
a relatively healthy sample of older adults with good sleep
hygiene. Attrition due to frailty or poor sleep over the 5-year
period may have underestimated the study findings. Second,
our study used measures similar to the original Fried Frailty
Index, but was limited to those available in the dataset.
Third, including pre-frail individuals at baseline and using
mean replacement for individuals with missing frailty data
at follow-up may have introduced biases. However, sensitivity
analyses led to similar conclusions, suggesting that any po-
tential bias introduced was likely minimal. Fourth, actigraphy
may over-estimate sleep periods for frail older adults with
low physical activity. Fifth, inclusion of more sleep-related
data would have strengthened the findings. For example, a
limited number of subjective sleep measures were collected.
Furthermore, we controlled for self-reported napping since
napping data from actigraphy were unavailable. Additionally,
some sleep disorders were not assessed in our study (e.g.
sleep-disordered breathing, restless legs syndrome) and un-
measured confounding may have influenced the results.
Finally, we could not assess changes in sleep over time, nor
discern habitual sleep patterns from these data. Longer, serial
actigraphic sleep assessments are needed to better under-
stand sleep’s role in both health and longevity.
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Conclusion

Among non-frail older adults, greater sleep fragmentation was
associated with a higher risk of frailty at the 5-year follow-up.
Nighttime wakefulness, sleep fragmentation, and percent sleep
were associated with mortality risk. Together, these findings in-
dicate that sleep disruption is an important risk factor for poor
outcomes. Future research is warranted to replicate these find-
ings, assess frailty as an intermediary outcome, and determine
if interventions aimed at improving sleep produce changes in
frailty and mortality.

Supplementary material

Supplementary material is available at SLEEP online.
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