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SLEEP DISRUPTION IS AN EXTREMELY COMMON 
PROBLEM IN THE ELDERLY POPULATION ASSOCI-
ATED WITH DECREMENTS IN QUALITY OF LIFE AND 
medical health status.1-8 Epidemiologic data indicate that 12% 
to 54% of older individuals report symptoms of sleep diffi-
culties on a consistent basis, with a higher percentage of self-
reported sleep disruption in women compared to their male 
counterparts.6,7,9 For example, in a study of nearly 2400 older 
individuals, the prevalence of insomnia was 54% in women 
and 36% in men.7 Subjective symptoms of sleep problems have 
been associated with a wide variety of adverse health outcomes. 
In the Study of Osteoporotic Fractures (SOF), women with self-
reported increased napping and longer sleep had a greater risk 
of falls and fractures.10 These findings are further corroborated 
by results from a separate study demonstrating an association 
between disrupted sleep and falls reporting an overall higher 
risk of falls in women compared to men with sleep difficul-
ties even after consideration of confounding factors.11 Also, re-
sults from the National Sleep Foundation 2003 survey highlight 
increased napping in the elderly which is associated with the 
diagnosis of depression.12 Prospective, population-based data 
also support a relationship between daytime naps in the elderly 
with increased mortality.13 Self reported sleep problems may 
represent manifestations of underlying sleep disorders such as 

sleep-disordered breathing (SDB) and/or periodic limb move-
ment disorder (PLMD). These data underscore the importance 
of understanding the basis for poor sleep in older individuals, 
in particular elderly women, as they are at increased risk of ad-
verse outcomes including increased mortality.5,7,8,10-22

In epidemiological studies, objective measures of poor sleep 
have been quantified largely by use of actigraphy, which em-
ploys a watch-like device typically worn on the wrist used to re-
cord a digitally integrated measurement of gross motor activity 
as indicators of sleep wake parameters. Compared to standard 
single-night polysomnography, actigraphy has the attributes of 
decreased obtrusiveness and minimal individual burden as well 
as the ability to record continuously over several weeks or lon-
ger providing data over the course of multiple sleep periods. 
Actigraphy thereby takes into consideration night-to-night vari-
ability of collected sleep measures. Impaired sleep determined 
by wrist actigraphy has been reported to be associated with falls, 
fractures, impaired cognition, and increased mortality.10,15,23,24 In 
the SOF cohort, women with short sleep (total sleep time [TST] 
≤5 h and those with reduced sleep efficiency (SE, defined as the 
amount of sleep given the amount of time in bed) as defined by 
wrist actigraphy, experienced an increased mortality risk com-
pared to those with longer sleep or higher SE.24 Actigraphically 
defined reduced SE, prolonged sleep latency, increased wake-
fulness after sleep onset and increase in naps have been shown 
to be associated with impaired cognition in a cohort of elderly 
females.15

Despite the growing use of actigraphy in epidemiologic stud-
ies for characterizing and quantifying sleep problems, the bases 
for actigraphically ascertained poor sleep are uncertain; and 
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may reflect primary sleep disorders such as SDB and/or PLMD. 
It is also unclear whether individuals with actigraphically deter-
mined sleep disruption have underlying primary sleep disorders 
or other comorbid factors such as depression that predispose to 
or may account for reduced quality of sleep. Poor sleep deter-
mined by wrist actigraphy defined as reduced SE or reduced 
TST may in essence be a non-specific “marker” for other co-
morbidity and not represent specific sleep disorders. We chose 
to capitalize on the assembly of both standardized polysomnog-
raphy and wrist actigraphy data from the SOF study, a longi-
tudinal cohort of elderly women, to better understand whether 
actigraphic measures of reduced SE and decreased TST are 
associated with polysomnography-determined SDB and/or 
PLMD symptoms in older women.

METHODS

Study Population

The sample was derived from the SOF study, an ongoing 
cohort study examining risk factors for osteoporotic fractures 
in women. Women who were community-dwellers, aged ≥65 
years, able to walk unassisted and had no previous bilateral hip 
replacement were recruited from population-based listings in 
4 US areas: Baltimore County, Maryland; Minneapolis, Min-
nesota; Portland, Oregon; and the Monongahela Valley, near 
Pittsburgh, Pennsylvania. A total of 9,704 Caucasian women 
were enrolled between September 1986 and October 1988,25 
and 662 African American women were enrolled between Feb-
ruary 1997 and February 1998.26

Objective and subjective measures of sleep were added to 
the protocol during the most recent biannual visit (the 8th ex-
amination) which took place from January 2002 to April 2004. 
A total of 4727 women (age: 84.1 ± 4.1 [mean ± SD], 70-100 
(range)) participated in this visit, of whom 3137 visited a clinic 
for wrist actigraphy, performance measures, anthropometry, and 
a clinic interview. Of these participants, 1051 had self-admin-
istered questionnaire data only, and 539 consented to a limited 
exam done in the home. This home visit exam was performed 
by clinic staff and included height, weight, pulse, questionnaire 
data, wrist actigraphy, medication information, cognitive tests, 
functional status, grip strength, chair stands and walking speed 
if possible. Wrist actigraphy data were collected on all partici-
pants who completed a clinic or home visit. Questionnaire in-
formation regarding sleep habits was asked of all women. Un-
attended overnight 12-channel in-home polysomnography was 
completed in a subset of 455 women recruited from 2 clinical 
centers (Minnesota and Pittsburgh). The current study is based 
upon data from these 455 participants. The institutional review 
boards at each site approved the study, and informed consent 
was obtained from the participants.

Wrist Actigraphy and Polysomnography Data Collection

Wrist actigraphy was performed using the Sleepwatch-O 
(Ambulatory Monitoring, Inc., Ardsley, NY) worn on the wrist 
of the nondominant hand over a minimum of three 24-h periods 
during which sleep diaries were self-completed. The actigraph 
measures movement using a piezoelectric biomorph-ceramic 

cantilevered beam which generates a voltage when the acti-
graph is moved, and the voltages are collected continuously 
and stored in 1-min epochs. The Action W-2 software (Ambu-
latory Monitoring, Inc.)27 was used to analyze the raw data, and 
the University of California San Diego scoring algorithm28 was 
used for data collected. Data were collected simultaneously in 3 
modes as follows: proportional integration mode (PIM), which 
calculates the areas under the curve for each epoch; time above 
threshold (TAT), which counts the amount of time per epoch 
that the signal is above a set threshold; and zero crossing mode 
(ZCM), which counts the number of times per epoch that the 
signal crosses a threshold (set very close to zero). In recent-
ly published data from the SOF study involving subset of 68 
women with concurrently performed wrist actigraphy and poly-
somnography, the ICC between wrist actigraphic data derived 
from PIM analysis and polysomnography was high: 0.76 (95% 
CI 0.64 to 0.84) for TST and 0.61(95% CI 0.44 to 0.74) for SE.29 

Given this high correlation, the analyses of the current study are 
focused upon PIM actigraphy. However, exploratory analyses 
also examined actigraphy data analyzed using TAT and ZCM. 
Collection of wrist actigraphy was usually initiated the day of 
the clinic exam and continued for a minimum of ≥ three 24-h 
periods. Primary actigraphy data were edited to indicate in-bed 
intervals. For this, the time in and out of bed were identified 
from self-report from the sleep diaries. A “quality” variable was 
also developed which is a grading of how closely the self-report 
interval point (in and out of bed) corresponded to the interval 
points scored in the file. SE determined by wrist actigraphy was 
defined as the percentage of time scored as sleep during the 
in-bed interval. The points for these intervals are set based on 
self-report information from the sleep diaries. TST determined 
by wrist actigraphy was defined as the total number of minutes 
scored as sleep in the in-bed interval. Interscorer reliability has 
been reported as excellent in the same actigraphy scoring group 
(intraclass coefficient [ICC] of 0.84 and 0.95 respectively for 
SE and TST).30

At the time of the clinic examination, a home visit, for the 
purpose of performing single-night polysomnography, was also 
scheduled. Generally, polysomnography and actigraphy oc-
curred within 3 months of one another. The majority (63%) of 
these sleep studies were performed within one month of each 
other, and 14.9% of the participants had their polysomnograms 
concurrent with actigraphy collection. In-home polysomnog-
raphy (Compumedics Siesta Unit, Abbotsville, Australia) was 
performed by trained and certified research staff as described 
before were performed.31 During an evening home visit, sen-
sors were attached to provide the following recording montage: 
2 central electroencephalograms (C3/A2, C4/A1), bilateral elec-
trooculogram, chin electromyogram, thoracic and abdominal 
respiratory effort, airflow (nasal-oral thermocouple and nasal 
pressure), finger pulse oximetry, electrocardiogram, body po-
sition, and bilateral leg movements (piezoelectric sensors). 
The sleep studies were transferred to the Case Reading Center, 
Cleveland, Ohio where they were scored by certified scorers.32 
Apneas were identified as a complete or almost complete cessa-
tion of airflow (by thermocouple) >10 sec associated with ≥3% 
oxygen desaturation. Obstructive apneas were scored if effort 
was observed on either abdominal or thoracic effort channels, 
and central apneas were scored if there was no effort on either 
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of these channels. Hypopneas were noted as a clearly discern-
ible, at least 30%, reduction in respiratory channels > 10 sec 
associated with a ≥ 3% oxygen desaturation. Inter- and intra-
scorer reliability for scoring of respiratory events by the same 
scoring group is excellent (ICC range of 0.76-0.99).33 The re-
spiratory disturbance index (RDI) was defined as the number 
of apneas and hypopneas per hour of sleep. Sleep stages and 
arousals were scored by certified scorers using standard crite-
ria. Leg movements were scored according to American Acad-
emy of Sleep Medicine criteria (> 4 consecutive 0.5- to 5-sec 
movements, each separated by 5-90 sec).34 Leg movements that 
occurred at the termination of respiratory events were not con-
sidered in the calculation of periodic limb movements in sleep 
unless they were part of a cluster of ≥ 4 leg movements in which 
≥ 2 leg movements occurred independently of respiratory event 
termination.

Other Measures

All participants completed questionnaire data, which in-
cluded questions about self-reported health and medical his-
tory. Participants were asked to bring in all current medications 
used within the last 2 weeks, and a computerized medication 
coding dictionary was used to categorize the medications.35 
During the home or clinic visits, body weight was measured 
with a standard balance beam scale, height with a wall-mounted 
Harpenden stadiometer (Holtain, England), and these measure-
ments were used to calculate the body mass index (BMI, kg/
m2). Self-reported information about daytime sleepiness was 
assessed using the Epworth Sleepiness Scale (ESS).36 The stan-
dard cutpoint of ESS > 10 was used to define excessive daytime 
sleepiness.37 The Geriatric Depression Scale was used to assess 
depressive symptoms, and the standard cutoff of ≥ 6 symptoms 
was used to define depression.38 During the home or clinic visit 
the Mini-Mental State Examination (MMSE) was administered 
to assess cognitive function (range 0 to 30), with higher scores 
representing better cognitive functioning.39 To assess function, 
women were asked whether they had difficulty performing any 
of 6 independent activities of daily living, which included walk-
ing 2-3 blocks, climbing or walking down 10 steps, preparing 
meals, performing heavy housework, and shopping.40,41

Statistical Analyses

Exploratory bivariate analyses, were initially performed as-
sessing the relationships between SE categories (≥ 90, > 85-
90, > 80-85, ≤ 75) and polysomnogram indices including RDI, 
percentage sleep time below 90% oxygen saturation, periodic 
limb movement index (PLM-I) and periodic limb movement 
arousal index (PLM-AI), and Pearson or Spearman correlations 
were performed on these variables considered as continuous 
measures. Clinically significant cutoffs for SE, TST, SDB, and 
PLMD were used in final models. The exposures of sleep qual-
ity considered were wrist actigraphy-based SE dichotomized at 
70% and TST dichotomized at 5 h with decided cutoffs based 
on previously published data.10,15 The primary outcomes (poly-
somnogram-based) were SDB defined as RDI defined as RDI 
≥ 15; PLMD defined as PLM-AI ≥ 5. These cutoffs were deter-
mined by clinical significance.31

Unadjusted logistic regression models are presented in addi-
tion to models adjusted for those variables that are potential con-
founders which could be associated with poor sleep determined 
by wrist actigraphy and polysomnography including subject char-
acteristics, depression, activity level, medication use, and medi-
cal conditions. Logistic models were used when considering SE 
as the relevant exposure (dichotomized at 70%) and alternatively 
considering TST as the exposure (dichotomized at 5 h) with un-
adjusted and adjusted models presented as follows: Model 1 ad-
justed for age, race, antidepressant use, depression, BMI, activ-
ity level, > 1 instrumental activities of daily living impairments, 
long and slow acting benzodiazepine use, MMSE score, and > 1 
of the following medical conditions (cancer, chronic obstructive 
pulmonary disease, diabetes mellitus, osteoarthritis, Parkinson 
disease, stroke) and Model 2 adjusted for the covariates noted in 
Model 1 in addition to PLMD (when SDB was considered as the 
relevant outcome) or for SDB (when PLMD was considered as 
the relevant outcome). We further assessed models of actigraphic 
exposures of poor sleep with the outcomes of either or both sleep 
disorders (SDB and PLMD). The odds ratios and 95% confidence 
intervals are presented.

Concordance statistics (C-statistics) were calculated to as-
sess the degree to which wrist actigraphy measures (TST, SE) 
could discriminate between those with and without SDB and 
PLMD (unadjusted and adjusted models presented).42,43

Analyses were performed using SAS statistical software 
(version 9.1, SAS Institute, Inc., Cary, NC).

RESULTS

Sample Characteristics

As reported by Claman and colleagues, the subset considered 
for analysis in the current study was similar to the overall cohort 
except for slightly younger age (82.9 ± 3.5 versus 84.2 ± 4.1 y), 
higher BMI (27.9 ± 5.1 versus 26.8 ± 5.0 kg/m2), less antide-
pressant use (11% versus 15%), and higher cognitive function-
ing (28.3% ± 1.6% versus 27.6% ± 2.2%).31 The analytic sample 
consisted of a subset of elderly women participating in the SOF 
study who had both a minimum of three 24-h periods of wrist 
actigraphy and single night polysomnography performed within 
an average of 3 months of actigraphy (n = 455). This subset of 
women were older (82.9 ± 3.5 y), overweight (BMI: 27.9 ± 5.1 
kg/m2), and predominantly Caucasian (91.8%) (Table 1).

The distribution of sleep variables, quantified by both poly-
somnography and wrist actigraphy are also presented (Table 1). 
In the overall sample, the median RDI (11.4) and mean PLM-I 
(28.5 ± 31.9) were both mild to moderately elevated and sleep 
stages showed a modest elevation in the arousal index (20.8 ± 
11.9), although had percentages of SWS (20.8 ± 12.5) and REM 
sleep (18.5 ± 7.2) similar to what has been reported in other fe-
male populations.44 Other polysomnography-ascertained sleep 
characteristics were as follows: SE (%): 74.3 ± 13.2, TST (h): 
5.8 ± 1.3, RDI: 15.8 ± 15.1, PLM-AI: 4.1 ± 6.1. Wrist actigra-
phy-based sleep characteristics were: SE (%): 78.2 ± 10.9 and 
TST: 6.7 ± 1.2.

By wrist actigraphy, 18.5% of the sample had a low SE 
(< 70%) and 7.9% were short sleepers (TST averaged ≤ 5 h). 
Women with wrist actigraphy-based SE < 70% included a sig-
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Wrist Actigraphy-Based Total Sleep Time with Sleep Disorders 
Defined by Polysomnography

Similar logistic regression models were constructed to un-
derstand the associations between wrist actigraphy TST and 
each PSG-based sleep disorder. Participants with TST ≤ 5 h had 
3.1-fold higher unadjusted odds of SDB (OR = 3.14, 95% CI: 
1.55-6.38) compared to those with TST > 5 h, which persisted 
after multivariable adjustment in Model 1 (OR = 3.18, 95% CI: 
1.51-6.68) and further adjustment for PLMD in Model 2 (OR = 
3.26, 95% CI: 1.54-6.94). In unadjusted analyses, a significant 
association was noted between reduced TST and PLMD (OR = 
2.93, 95% CI: 1.47-5.85), and persisted after multivariable ad-
justment (Model 1) (OR = 3.77, 95% CI: 1.78-7.95) and adjust-
ment for SDB (Model 2) (OR = 3.80, 95% CI: 1.78-8.11) (Table 
2). Reduced TST by actigraphy was associated with 2-fold in-
creased odds of either SDB or PLMD, and similarly 2-fold in-
creased odds in presence of both sleep disorders (Table 3).

Similar although somewhat weaker associations were ob-
served when short sleep duration was defined using the TAT 
or ZCM actigraphy analyses modes (e.g., adjusted odds rations 
ranging from 1.77 to 2.39 for the same associations as described 
above; Table 2).

Predictive Value of Wrist Actigraphy

Although significant associations were observed between 
wrist actigraphy determined TST or SE with SDB and PLMD, 
the C-statistics, describing the ability of SE to discriminate in-
dividuals with SDB and PLMD were low at 0.57 and 0.56 in 
unadjusted models and 0.64 and 0.65 in adjusted models, re-
spectively. Similarly, the C-statistics for TST to predict SDB 
and PLMD were 0.54 and 0.55 in unadjusted models and 0.65 
and 0.65 in adjusted models, respectively.

nificantly higher proportion of individuals with SDB and with 
PLMD (P-values < 0.05) (Figure 1). Similarly, those with wrist 
actigraphy-based TST < 5 h included a higher percentage with 
SDB and PLMD (P-values < 0.05) (Figure 2)

Associations Between Wrist Actigraphy-Based Sleep Efficiency 
With Sleep Disorders Defined by Polysomnography

Logistic regression analyses were performed to quantify the 
strength of the association between wrist actigraphy-based SE 
(dichotomized at 70%) with each sleep disorder. When assess-
ing wrist actigraphy analyzed using the PIM, statistical models 
showed that women with SE < 70% had a 2.3-fold higher unad-
justed odds of SDB (defined as RDI ≥ 15; OR = 2.30, 95% CI: 
1.42-3.71) compared to those with SE ≥ 70%, which remained 
significant in the multivariable Model 1 (OR = 2.43, 95% CI: 
1.43-4.14) and in Model 2 after further adjustment for PLMD 
(OR = 2.47, 95% CI: 1.44-4.24). In unadjusted analyses, a sig-
nificant association was noted between SE and PLMD (OR = 
1.98, 95% CI: 1.20-3.25), which persisted after multivariable 
adjustment (Model 1) (OR = 2.36, 95% CI: 1.34-4.15) and also 
after further adjustment for SDB (OR = 2.35, 95%CI: 1.32-
4.17) (Table 2). Reduced SE by wrist actigraphy analyzed by 
PIM was associated with 4-fold increased odds of either SDB 
or PLMD, and similarly 4-fold increased odds in the presence 
of both sleep disorders (Table 3).

Similar, albeit somewhat weaker associations were observed 
when actigraphy was analyzed using either the TAT or ZCM 
modes of analysis. For example, the adjusted odds ratios for 
SDB were 1.96 (95% CI: 1.14-3.36) and 1.72 (95% CI: 1.14-
2.60), for SE derived using the TAT and ZCM modes, respec-
tively. For PLMD, the adjusted odds ratios for actigraphy 
defined low SE were 1.82 (95% CI: 1.02-3.252.16 (95% CI: 
1.36-3.44), for TAT and ZCM modes, respectively (Table 2).

Table 1—Characteristics of SOF Participants According Sleep Measures Determined by Actigraphy

	 All	 Sleep	 Sleep	 Total Sleep	 Total Sleep
	 participants	 Efficiency	 Efficiency	 Time ≤5 hours	 Time >5 hours
	 (n = 455)	 <70%	 ≥70%	 (n = 36)	 (n = 419)
	 	 (n = 84)	 (n = 371)	 	
Age †	 82.9 ± 3.5	 83.2 ± 4.0	 82.8 ± 3.3	 83.3 ± 3.9	 82.9 ± 3.4
Caucasian ‡	 91.8	 79.8*	 94.3	 86.1	 92.2
Body mass index (kg/m2) †	 27.9 ± 5.1	 29.0 ± 5.4*	 27.6 ± 5.0	 30.2 ± 5.9*	 27.7 ± 4.9
Walk for exercise ‡	 34.4	 27.4	 35.7	 16.7*	 35.7
Depression ‡	 12.8	 20.2*	 11.1	 19.4	 12.2
Antidepressant use ‡	 11.1	 19.1*	 9.4	 16.7	 10.7
Benzodiazepine use ‡	 8.0	 9.5	 7.8	 5.6	 8.4
Functional Status > 1 (%)	 29.7	 40.5*	 27.0	 36.1	 28.9
Mini-Mental Status Examination †	 28.3 ± 1.6	 27.8 ± 1.6*	 28.4 ± 1.6	 27.6 ± 1.8*	 28.4 ± 1.6
Medical condition 1+ ‡	 70.3	 79.8*	 67.9	 69.4	 70.2
Cardiovascular event ‡	 34.3	 35.7	 34.0	 27.8	 34.8
Epworth Sleepiness Scale ≥ 10 ‡	 16.1	 19.1	 15.4	 36.1*	 14.3
Respiratory disturbance index †	 15.7 ± 15.1	 22.7 ± 19.9*	 14.2 ± 13.3	 24.0 ± 18.4*	 15.1 ± 14.6
Sleep disordered breathing (RDI ≥ 15) ‡	 38.0	 54.8*	 34.5	 63.9*	 36.0
Sleep disordered breathing (RDI ≥ 30) ‡	 13.5	 25.0*	 10.8	 22.2	 12.7
Periodic limb movement index †	 28.5 ± 31.9	 36.8 ± 37.3	 26.8 ± 30.3	 43.6 ± 46.7	 27.4 ± 30.0
Periodic limb movement disorder (PLM-AI ≥ 5) ‡	 27.3	 39.3*	 24.7	 50.0*	 25.4

*P-value < 0.05; †Expressed in Mean ± Standard Deviation; ‡Expressed in Percentage
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based SE and RDI (r = –0.21) as well as wrist actigraphy-based 
SE and percent sleep time with <90% oxygen saturation (r = 
–0.18). Weak inverse correlations were also noted between 
wrist actigraphy-based SE and PLM-AI (r = –0.18) as well as 
wrist actigraphy-based SE and PLM-I (r = –0.14) (Table 4).

There were modest correlations between wrist actigraphy-
based TST and polysomnography-based TST (r = 0.20), but 
not with polysomnography-derived SE. Significant inverse cor-
relations were also noted between wrist actigraphy-based TST 
and polysomnography-based RDI (r = –0.15) and PLM-AI (r = 
–0.13); however, associations were not as strong as those noted 

Correlation between Wrist Actigraphy-Based Sleep Efficiency 
and Total Sleep Time and Polysomnography-Based Indices

Finally, to further understand the association between con-
tinuous measures from wrist actigraphy (determined over mul-
tiple days) and single night polysomnography, we computed ei-
ther Pearson or Spearman correlation coefficients depending on 
the normality of the variables. There were modest correlations 
between wrist actigraphy-based SE and polysomnography-
based SE (r = 0.24) and TST (r = 0.21). Spearman correlations 
revealed modest inverse associations between wrist actigraphy-
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Figure 1—The bar graph depicts the percentage of those indi-
viduals with SDB and PLMD with sleep efficiency of <70% ver-
sus ≥70%. Stars denote categories of sleep disorders which are 
statistically different (P < 0.05).
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Figure 2—The bar graph depicts the percentage of those indi-
viduals with SDB and PLMD with total sleep time of ≤5 h versus 
>5 h. Stars denote categories of sleep disorders which are statisti-
cally different (P < 0.05).

Table 2—Adjusted and Unadjusted Odds Ratios Relating Actigraphy-Based Sleep Efficiency and Total Sleep Time with Sleep Disordered 
Breathing and Periodic Limb Movement Disorder

			   Sleep Disordered			   Periodic Limb Movement
			   Breathing (RDI ≥15)	 	 	 Disorder (PLM-AI ≥5)
	 	 Unadjusted	 Model 1*	 Model 2**	 Unadjusted	 Model 1*	 Model 2†
Proportional Integration Mode
	 Reduced sleep efficiency	 2.30	 2.43	 2.47	 1.98	 2.36	 2.35
	 (<70%)	 (1.42, 3.71)	 (1.43, 4.14)	 (1.44, 4.24)	 (1.20, 3.25)	 (1.34, 4.15)	 (1.32, 4.17)
	 Reduced total sleep time	 3.14	 3.18	 3.26	 2.93	 3.77	 3.80
	 (≤5 h)	 (1.55, 6.38)	 (1.51, 6.68)	 (1.54, 6.94)	 (1.47, 5.85)	 (1.78, 7.95)	 (1.78, 8.11)
Time Above Threshold Mode
	 Reduced sleep efficiency	 1.79	 1.96	 1.97	 1.55	 1.82	 1.82
	 (<70%)	 (1.10, 2.91)	 (1.14, 3.36)	 (1.14, 3.39)	 (0.92, 2.59)	 (1.02, 3.25)	 (1.02, 3.25)
	 Reduced total sleep time	 2.64	 2.16	 2.18	 1.88	 2.39	 2.38
	 (≤5 h)	 (1.36, 5.13)	 (1.07, 4.34)	 (1.08, 4.41)	 (0.96, 3.67)	 (1.15, 4.96)	 (1.14, 4.95)
Zero Crossing Mode
	 Reduced sleep efficiency	 1.84	 1.72	 1.71	 1.87	 2.16	 2.16
	 (<70%)	 (1.26, 2.70)	 (1.14, 2.60)	 (1.12, 2.61)	 (1.23, 2.84)	 (1.36, 3.44)	 (1.36,3.44)
	 Reduced total sleep time	 1.85	 1.77	 1.80	 1.74	 2.06	 2.06
	 (≤5 h)	 (1.21, 2.83)	 (1.13, 2.79)	 (1.13, 2.85)	 (1.11, 2.73)	 (1.26, 3.37)	 (1.25, 3.37)

* Adjusted for age, race, antidepressant use, depression, body mass index, walk for exercise, >1 instrumental activities of daily living impair-
ments, long acting and slow acting benzodiazepine use, mini mental status examination score, and >1 selected medical conditions
** Adjusted for Model 1 covariates and periodic limb movement disorder (PLM-AI ≥5)
† Adjusted for Model 1 covariates and sleep disordered breathing (respiratory disturbance index ≥15)
Odds ratios and 95% confidence intervals presented
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identify patients with SDB,45 and we extend this observation to 
an older general population sample. Results from a recent study 
in children as well as another study performed in adults also 
demonstrate poorer reliability of wrist actigraphy-based sleep-
wake inference among individuals with SDB.46,47 Similarly, 
other data report insufficient actigraphic reliability for detec-
tion of periodic limb movements which is consistent with our 
findings of lack of diagnostic value of wrist actigraphy in the 
setting of PLMD.48 The high prevalence of SDB (38.0%) and 
PLMD (27.3%) in this older cohort is consistent with findings 
in the existing literature1,2 and highlights the generalizability of 
these findings to geriatric populations.

Somewhat stronger relationships were observed for short TST 
with SDB or PLMD as compared to low SE. Whether this is due 
to lesser measurement error for TST compared to SE measured 
using several nights of actigraphy data, or if shorter sleep is a 
more specific marker for SDB or PLMD than is SE, is unclear. 
Somewhat stronger associations were observed for either TST or 
SE when the outcome included either or both SDB and PLMD, 
compared to one or the other outcome. The latter is consistent 
with the notion that each sleep disorder—SDB and PLMD—is 
associated with increased time awake during the sleep period.

Our findings also demonstrate that SDB and PLMD were as-
sociated with wrist actigraphically determined poor sleep regard-
less of the analysis mode considered (i.e., PIM, TAT, or ZCM). 
However, similar to the overall associations between PSG-deter-
mined TST and actigraphy determined TST,29 associations with 
SDB and PLMD in older women were stronger when the PIM 
mode was used. A potential explanation for these results may be 
implicit in the way these actigraphic modes analyze data; i.e., the 
PIM mode, but not the TAT or ZCM modes, is sensitive to the 
amplitude of movement which may be important in distinguish-
ing between sleep and wake times in elderly individuals.

A strength of the current study includes the use of standard-
ized, concurrent collection of wrist actigraphy in a variety of 
modes and polysomnography data. The study’s internal validity 
is substantiated by the excellent reliability of wrist actigraphy 
and polysomnography scoring.30,33 This study is likely general-
izable to the older female population which represents a group 
of individuals who have a high prevalence of sleep disorders 
and symptoms with related and possibly resultant increased 
morbidity and mortality. The current analysis, however, was 
not designed and cannot address whether SDB or PLMD cause 

with wrist actigraphy-based SE (Table 4). Of note, in a sub-
set of 68 women with concurrently performed actigraphy and 
polysomnography, the ICC between actigraphic data and poly-
somnography was 0.76 (95% CI 0.64 to 0.84) for TST and 0.61 
(95% CI 0.44 to 0.74) for SE.29

DISCUSSION

Although wrist actigraphy has been widely used in epidemio-
logic studies, it has been unclear whether short sleep and low 
sleep efficiency measured by wrist actigraphy operate as nonspe-
cific markers of poor sleep quality or represent markers of spe-
cific sleep disorders such as SDB or PLMD. The present analyses 
demonstrate that low SE or decreased TST as estimated by wrist 
actigraphy identify elderly women with an approximately 2.5- to 
4-fold increased likelihood of SDB or PLMD. In addition, the 
strength of these associations does not substantively vary with 
adjustment for an extensive array of covariates postulated to be 
potential confounders, including measures of depression and ac-
tivity. On the other hand, assessment of predictive ability showed 
only modest values for the C-statistic, a measure that weighs sen-
sitivity and specificity to quantify diagnostic utility. In aggregate, 
these findings indicate that actigraphic indices of poor sleep in 
elderly women provide unique information and identify women 
at increased likelihood of having SDB or PLMD. The modest C-
statistics; however, suggest that wrist actigraphy cannot reliably 
be used for specific diagnostic purposes, and that there are likely 
potential additional etiologies of poor sleep ascertained by acti-
graphy beyond SDB and/or PLMD.

Our data are consistent with prior research showing the lim-
ited predictive ability of actigraphic assessments to reliably 

Table 3—Odds Ratios Relating Actigraphy-Based Sleep Effi-
ciency and Total Sleep Time with Sleep Disordered Breathing and 
Periodic Limb Movement Disorder Outcomes

	 SDB or PLMD	 SDB and PLMD
Reduced sleep efficiency	 2.79	 2.58
(<70%)*	 (1.65, 4.73)	 (1.36, 4.89)
Reduced total sleep time	 4.59	 4.25
(≤5 h)*	 (1.87, 11.25)	 (1.95, 9.30)

*Determined by proportional integration mode wrist actigraphy

Table 4—Correlation Coefficients Between Sleep Measures Determined by Wrist Actigraphy and Polysomnography

n = 455	 Sleep	 Total	 Respiratory	 % Sleep	 Periodic	 Periodic	 Arousal	 Slow	 REM
	 Efficiency‡	 Sleep	 Disturbance	 Time	 Limb	 Limb	 Index‡	 Wave	 Sleep‡
	 	 Time‡	 Index‡	 Sp02	 Movement	 Movement	 	 Sleep‡	
	 	 	 	 <90%	 Arousal	 Index‡
	 	 	 	  	 Index‡
Actigraphy- sleep	 0.24	 0.21	 –0.21	 –0.18	 –0.18	 –0.14	 –0.24	 –0.02	 0.17
efficiency†	 (<0.001)	 (<0.001)	 (<0.001)	 (<0.001)	 (<0.001)	 (0.004)	 (<0.001)	 (0.61)	 (<0.001)
Actigraphy-total	 0.03	 0.20	 –0.15	 –0.11	 –0.13	 –0.07	 –0.10	 –0.04	 0.06
sleep time†	 (0.52)	 (<0.001)	 (<0.001)	 (0.02)	 (0.007)	 (0.13)	 (0.03)	 (0.40)	 (0.17)

†Sleep measures determined by proportional integration mode (PIM) wrist actigraphy
‡Sleep measures determined by polysomnography
Spearman-RDI, % slp time <90%, PLMIA, PLMI (the others use Pearson because the variables are not skewed)
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