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Study Objectives: To compare gait and cognitive performance conducted separately as
a single- (ST) and simultaneously as a dual-task (DT), ie, when a cognitive task was added,
among community-dwelling older adults with and without insomnia.

Methods: Participants included: 39 (28 females) community-dwelling older adults with
insomnia, 34 (21 females) controls without insomnia. Subject groups were matched for age,
gender, and education. Sleep quality was evaluated based on two-week actigraphy. Gait
speed and cognition were assessed as ST and DT performance. DT costs (DTCs) were
calculated for both tasks. Outcomes were compared via independent samples #-tests or
Mann—Whitney U-tests.

Results: Older adults with insomnia demonstrated significantly slower gait speed during ST
(1£0.29 vs 1.27 £ 0.17 m/s, p<0.001) and DT (0.77 + 0.26 vs 1.14 + 0.20 m/s, p<0.001) and
fewer correct responses in the cognitive task during ST (21 £ 7 vs 27 £ 11, p=0.009) and DT
(19 £ 7 vs 23 £ 9, p=0.015) compared to control group. DTC for the gait task was higher
among older adults with insomnia (18.32%, IQR: 9.48-30.93 vs 7.81% IQR: 4.43-14.82,
p<0.001). However, no significant difference was observed in DTC for the cognitive task
(14.71%, IQR: —0.89-38.84 vs 15%, IQR: —0.89-38.84%, p=0.599).

Conclusion: Older adults with insomnia have lower gait speed and poorer cognitive
performance during ST and DT and an inefficient pattern of task prioritization during
walking, compared to counterparts without insomnia. These findings may explain the higher
risk of falls among older adults with insomnia. Geriatric professionals should be aware of
potential interrelationships between sleep and gait.
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Introduction
Insomnia, a disorder in initiating and maintaining sleep and impaired daytime
functioning, has recently received much attention.' It has an annual incidence
rate of 36%,’
symptom.* The prevalence of insomnia increases with age,’

with one-third of the population reporting at least one insomnia
and it is the most
common sleep complaint in older adults.*® Adults with insomnia commonly
experience impaired attention,’ memory,8 mood,” and postural control,'® and as
much as a 4.5-fold higher risk of falls.'''?

Due to this alarmingly high risk of falls among people with insomnia, a few lines
of studies have been conducted aiming to understand the association between sleep,
falls, postural control and gait. Studies that have investigated this link can generally
be divided into four main categories based on their research questions and methodol-

ogies: (1) Population-based studies that demonstrate the link between falls and sleep
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disturbances.'®'* These studies were pioneering in illumi-
nating this link, yet causality could not be inferred due to
their reliance on self-report of both sleep quality and falls
and due to their cross-sectional design. (2) Studies assessing
the effects of laboratory-based sleep deprivation protocols
on posture among healthy and typically younger adults.'>'®
Such protocols, demonstrating the negative effects of sleep
deprivation on postural control, have low ecological validity
as they ignore the wide-ranging nature of chronic sleep
disturbance and its continuous effects on postural control.
(3) Studies exploring the link between posture and sleep
among specific clinical populations, for example, among
people with obstructive sleep apnea'’ or Parkinson’s
disease.'® These studies have advanced the science by not
only demonstrating the mutual relationships between sleep
and postural control (mainly gait quality) but also reveal
potential mechanisms underlying the relationships between
these domains; however, generalizability is limited due to
the unique types of morbidities characterizing the samples.
(4) Studies that objectively evaluate both sleep and postural
control (operationalized as gait) among healthy subjects in
a cross-sectional design'®?° Although the mechanisms are
yet to be revealed, these latter studies pave the way to the
investigation of shared mechanisms underlying the link
between sleep and postural control, specifically gait.

Gait involves a delicate equilibrium between motor and
cognitive control, specifically executive function.”' The
most common paradigm to examine the central control of
mobility, ie, the relationships between the motor and cog-
nitive aspects of gait, is the Dual-Task (DT) paradigm. In
recent years, growing evidence has shown that perfor-
mance during DT gait serves as a behavioral marker for
Parkinson’s disease, Alzheimer’s disease,22 accelerated
aging,”> and falls.**2® This paradigm requires an indivi-
dual to perform a primary task (eg walking) while carrying
out a concurrent secondary (eg cognitive) task. Of interest
is the change in a given variable (eg gait speed, cognitive
performance) between when the task is performed alone,
namely, as a single task (ST), and when it is performed
simultaneously with another task (dual task - DT). The
difference between ST and DT performance is quantified
as “DT cost” (DTC), also termed the DT effect,”’*®
reflecting a higher demand for cognitive and specifically
executive control resources.”’ DTC can thus explain the
manner in which one divides attentional resources between
the motor and cognitive aspects of the task.

The DT paradigm has been used to explore gait
mechanisms, especially during the aging process,” and

to assess prioritization strategies between motor and cog-
nitive demands that are required to cope with real-life DT
gait situations such as walking while talking.*® DT para-
digm studies have shown that, unlike younger adults, older
adults sometimes tend to adopt a “cognitive first” prioriti-
zation strategy, at the cost of reduced motor control.*' This
strategy may be particularly taxing in older adults with
insomnia, given the negative impact of insomnia on cog-
nitive performance and specifically on attention.®
Considering the higher prevalence of falls among older

10-14

adults with insomnia, a modifiable sleep disorder, and

the importance of DT gait as a marker for age-related

. . 24-2
adverse outcomes including falls,*2¢

a comprehensive
comparison of gait characteristics under ST and DT
between older adults with and without insomnia is vital.
Thus, the aim of this study was to compare gait and
cognitive performance under single and dual-task condi-
tions among community-dwelling older adults with and
without insomnia. We hypothesize that cognitive and
motor (gait) performance, both as single and as dual
tasks, would be inferior in older adults with insomnia
compared to their no-insomnia counterparts. Furthermore,
we hypothesize that the dual-task cost will be higher in the
insomnia group in both the cognitive and motor domains.

Methods

Participants and Procedures

This study compared two samples of high-functioning, com-
munity-dwelling older adults with similar demographic
background and from the same geographical area. In both
samples, participants completed a screening questionnaire to
establish eligibility, and the Pittsburgh Sleep Quality Index
(PSQI), wore an activity monitor (actigraph) for objective
sleep measurements, and underwent a gait and cognitive task
as an ST and DT using standard protocols (see below). The
study sample was comprised of participants screened posi-
tive for insomnia based on standard DSM-5 criteria (“insom-
nia group”), and the control sample was comprised of
participants with no known sleep disturbances or complaints
based on self-report (“no-insomnia group”).

Exclusion criteria for both groups at the time of enroll-
ment were assessed based on self-report and included: (1)
the presence of a neurologic diagnosis, such as cerebral
vascular accident, Parkinson’s disease, Alzheimer’s dis-
ease, or multiple sclerosis; (2) severe orthopedic restric-
tions such as acute back pain, recent fractures, or a total
hip replacement; and (3) significant hearing or vision loss.
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Additional exclusion criteria in the insomnia group
included the presence of obstructive sleep apnea or peri-
odic limb movements in sleep.

The study was approved by the ethics committee of the
Faculty of Social Welfare and Health Sciences at the
University of Haifa. Approval # 20/320. All participants
signed an informed consent.

Insomnia Group

39 older adults (11 males, 28 females) aged 65 and above
were recruited for a study calling for older adults with
insomnia. Eligibility was based on an initial screening
questionnaire and on 2 weeks of objective sleep measure-
ment by actigraphy. Volunteers were eligible if: (1) they
reported sleep dissatisfaction characterized by difficulty
initiating and maintaining sleep at least 30 minutes per
night on at least 3 nights per week, and that this condition
lasted at least several months; and (2) at least one of three
commonly used benchmark criteria for insomnia was met
on at least 3 nights per week based on actigraphy: sleep
onset latency (SL) >30 minutes, wake after sleep onset
(WASO) >30 minutes, or sleep efficiency (SE) <85%.>-*

No-Insomnia (Control) Group
34 participants (13 male, 21 female) originally recruited for
a previous observational study?® with similar methodology
and similar eligibility criteria in terms of demographics,
health, and cognitive and motor functional status (with the
exception of sleep status) served as controls. Participants
reported that they were free of any sleep disturbances. This
was corroborated by one week of actigraphy monitoring,
showing sleep measures indicating overall good sleep quality.
Demographic comparisons confirmed that the groups did
not differ by age, years of education, and gender (see Table 1).

Sleep Assessments
Sleep quality was assessed by the Pittsburgh Sleep Quality
Index (PSQI),** a widely used self-rated questionnaire that
assesses sleep quality over the past month, validated for
Hebrew speakers.>> Seven component scores are computed
on a scale between 0-3 to assess subjective sleep quality,
sleep latency, sleep duration, habitual sleep efficiency, sleep
disturbances, use of sleeping medication, and daytime dys-
function. The sum of scores results in the global PSQI score,
ranging from 0 to 21, with higher scores representing poorer
sleep, and a cutoff score >5 defined as poor sleep quality.
Objective assessment of sleep was obtained by wrist-
worn activity monitors during the night for two weeks in

the insomnia group and for one week in the no-insomnia
group. As the groups were amalgamated from two separate
investigations, activity monitors were not identical. Thus,
ActiWatch Spectrum Pro devices (Phillips Respironics,
Actiware software version 6.0.9) were used for the insom-
nia group, and Motionlogger Actigraph devices
(Ambulatory Monitoring, Inc., ActionW software, version
2, UCSD algorithm) were used in the no-insomnia group.
Sleep measures obtained from both software algorithms
using 1-minute epochs included sleep efficiency (SE, per-
centage of total sleep time after initial sleep onset), sleep
onset latency (SL, minutes from lights out to sleep onset)
wake after sleep onset (WASO, minutes of wake after
sleep onset), and sleep duration (duration of the sleep
interval). To determine sleep onset and offset times, parti-
cipants in both groups completed a sleep log, and those in
the insomnia group were also requested to press an event
marker button. The accuracy of actigraphy devices is 90%
compared to polysomnographic (PSG) recordings.>®*
Additionally, sleep medication use was assessed by self-

report.

Gait Assessment Under Single-Task (ST) and
Dual-Task (DT) Performance

The Mobility Lab System APDM (http://www.apdm.com)
was used to measure gait speed. Participants wore three

APDM OPAL wireless sensors while walking forward.
Participants were instructed to walk on their comfortable
speed for 1 minute on a flat surface. Each task, ie, the
walking and the cognitive tasks, was performed twice:
once as an ST and once as a DT. For the cognitive task,
participants were required to subtract repeatedly by 3 from
a random number between 100 and 250. In addition, parti-
cipants were asked to perform the cognitive subtraction task
while sitting in a chair as an ST and to speak their answers
out load. Tasks were administered in a random order and the
number of correct responses was calculated. The subtrac-
tion-by-3 task is an internal mental processing task that has
been shown to generate higher cognitive load and affect gait
performance more negatively than other tasks.”® The sub-
traction-by-3 task is considered to be a sensitive measure
and is commonly used in DT walking studies, enabling
standardization and comparison between studies.”®

Dual-Task Cost (DTC) Assessment

DTC is the relative change in performance between single
and dual-task and is calculated using the formula: [(ST-
DT)/ST]*100.
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Table | Demographic and Sleep Characteristics

Demographic Characteristics No-Insomnia (n=34) Insomnia (n=39) tly2 (df) p Effect Size
Age (years) M=72 M=74 1.65 (71) 0.101 -
SD=6 SD=6
Years of education M=14 M=16 1.79 (65) 0.076 -
SD=3 SD=3
% of females 62 (n=21) 72 (n=28) 0.82 (1) 0.362 -
% use of sleep medicine 12 (n=4) 38 (n=14) 6.36 (1) 0.011 0.299
Sleep Measures U (2) p Effect size
Sleep Efficiency (%) Med= 93 Med= 79 114 (-6.07) <0.001 0.505
IQR= 6 IQR=9
Sleep Latency (min) Med= 9 Med= 17 315 (-3.84) <0.001 0.203
IQR=7 IQR= 17
WASO (min) Med= 15 Med= 45 173 (-5.41) <0.001 0.402
IQR= 17 IQR= 31
Sleep Duration (min) Med= 404 Med= 408 631 (—0.35) 0.723 -
IQR= 76 IQR= 85

Notes: A comparison of demographic and sleep characteristics between groups. Effect size are phi (¢) for Pearson’s chi-squared tests and eta-squared (%) for Mann—

Whitney U-tests.

Abbreviations: WASO, wake after sleep onset; M, mean; SD, standard deviation; Med, Median; IQR, interquartile range.

Statistical Analysis

Demographic data including age, years of education, and
gender as well as sleep measures were compared between
groups via independent samples #-tests and Pearson’s chi-
squared tests. Outcome measures included ST/DT gait speed,
ST/DT number of correct responses on the cognitive task,
and dual-task costs (DTC) of both gait speed and correct
cognitive responses. Outcome measures were compared via
independent samples #-tests or Mann—Whitney U-tests.
Estimators of effect size were Hedges’ g for independent
samples t-tests, eta-squared (n°) for Mann—Whitney U-tests,
and phi (@) for Pearson’s chi-squared tests. Effect sizes were
computed only for significant comparisons.

Results

Group comparisons of the demographic variables and acti-
graphy-derived sleep measures are presented in Table 1.
No group differences were found for age, years of educa-
tion, or gender, but the insomnia group had a higher pre-
valence of sleep medication use. The analysis of the sleep
measures revealed, as expected, that the insomnia group
had significantly higher SL and WASO and significantly
lower SE, compared to the no-insomnia group. No differ-
ences were found for sleep duration. All significant com-
parisons had a large effect size.

Analysis of the outcome measures is presented in Table 2
and is demonstrated in Figure 1A—C. Overall, the insomnia
group demonstrated significantly slower gait speed in ST and
in DT and had a higher DTC for gait speed compared to the
no-insomnia group, respectively. The insomnia group also
had a significantly lower number of correct responses in the
cognitive task during ST than the no-insomnia group.
However, the insomnia group was not found to be different
from the no-insomnia group in DTC for the cognitive task.
Moreover, to eliminate the effect of sleep medication on our
findings, we have conducted a sensitivity analysis while
excluding 18 participants who used sleep medication (14
from the insomnia group and 4 from the no-insomnia
group). Results remained the same, the insomnia group had
slower gait speed in both ST [t(53)=—5.22, p<0.001] and DT
[t(53)=5.19, p<0.001], and had higher DTC for gait speed
[U=240, Z=—2.28, p=0.022]. The insomnia group had fewer
correct responses than the control group at both ST [t(53)=
—2.42,p=0.018] and DT [t(53)= —2.36, p=0.021]. Finally, the
groups did not differ in the dual-task cost for the cognitive
task [U=372, Z=—-0.05, p=0.959].

Discussion
The results of our study demonstrate that community-
dwelling older adults with insomnia have significantly slower
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Table 2 A Comparison Between ST and DT Gait and Cognition

Gait Speed (meter/second) No-Insomnia (n=34) Insomnia (n=39) t (df)/U (Z) p Effect Size
ST M=1.2 SD=0.1 M=1| SD=0.2 —4.72 (62.83) <0.001 1.07
DT M=1.1 SD=0.2 M=0.7 SD=0.2 —6.64 (71) <0.001 1.55
DTC (%) Med=7 Med=18 321.5 (-3.77) <0.001 0.195
IQR=10 IQR=21
Cognition (Number of correct responses) t (df)/U (2) p Effect size
ST M=27 SD=11 M=2| SD=7 —2.69 (55.99) 0.009 0.64
DT M=23 SD=9 M=19 SD=7 —2.49 (71) 0.015 0.58
DTC(%) Med=14 Med=15 615.5 (—0.52) 0.599
IQR=39 IQR=41

Note: Effect size are hedge’s g for t-tests and eta-squared for Mann—Whitney U-test.

Abbreviations: ST, single task; DT, dual task; M, mean; SD, standard deviation; Med, median; IQR, interquartile range, DTC; dual task cost.

gait speed and lower cognitive performance during ST and
DT, compared to an age-, education-, and gender-matched
group of community-dwelling older adults without insomnia.
Strikingly, compared to older adults with no insomnia, older
adults with insomnia paid a higher price (DTC) in walking
speed when under increased cognitive load; however, both
groups paid the same price when a motor load (walking) was
added to a cognitive task. These findings suggest that older
people with insomnia allocate their resources to cognition
rather than to gait when challenged with dual tasks, thereby
putting themselves at higher risk for falls.**** To the best of
our knowledge, ours is the first study to date that compares
gait performance between healthy community-dwelling older
adults with and without insomnia while closely scrutinizing
divided attention patterns between the tasks.

Our findings are in line with previous studies that also
show a negative association between sleep disturbances

4142 a5 well as an association

and gait performance,
between lower sleep efficiency and decreased gait speed
and increased gait variability under dual-task conditions.?’
Furthermore, several studies have shown that self-reported
daytime sleepiness, often a sign of disturbed sleep, was
associated with increased pace variability in the DT

condition.** ™8

However, a comprehensive, in-depth
assessment regarding the manner in which older adults
with insomnia divide their resources between the two
domains of gait and cognition (ie, DTC of tasks represent-
ing each) is yet to be addressed by most studies.*”

The lower performance on nearly all task measures
observed in this study among participants with insomnia

may indicate inadequate attentional resources,’® which

may lead to a higher risk of falls due to cognitive task
prioritization.*"*° The model of task prioritization postulates
that older adults with lower cognitive reserve capacity,
expressed as reduced executive function, may use an ineffi-
cient strategy, ie, “cognitive first”, rather than the “posture
first” strategy, thereby compromising their safety and expos-
ing themselves to an increased risk of falls.** Indeed,
reduced executive function, and specifically divided atten-
tion, which is strongly required during walking, has been
linked to gait abnormalities especially with an added (dual)
task.>#2>*449752 Insomnia and sleep disturbances have also
been associated with reduced executive function,>>° that is
common in individuals with low cognitive reserve.>’
Several mechanisms can potentially contribute to reduced
executive function and limited attention capacity that may
explain why people with insomnia are likely to have
a reduced gait performance, leading to a higher risk of falls.
These pathways are interconnected and can be divided into
three general levels: anatomy, physiology, and emotional sta-
tus (ie, mood). The interconnection between these three levels
can lead to a vicious cycle, as shown in Figure 2. However,
implicit causal pathways are yet to be fully described.
Anatomically, several neuroanatomical regions, such as
the pontine tegmentum, the pedunculopontine nucleus, and
the medial medulla have been offered as potential structures
that connect sleep-regulation nuclei and gait-controlling

58

areas.”” Additionally, reduced hippocampal volume was

linked to poor sleep,” reduced executive function® and

reduced gait performance®'%?

in various studies that explored
sleep, executive function or gait disturbances separately.

Furthermore, during the aging process, it is typical to observe
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Figure | (A) Comparisons between the insomnia and no-insomnia groups in single-task (ST) and dual-task (DT) gait speed performance. (B) Comparisons between the
insomnia and no-insomnia groups in single-task (ST) and dual-task (DT) cognitive (number of correct responses) performance. (C) Dual-task cost (DTC), for gait speed and
number of correct responses in the cognitive subtraction task. *p<0.05, ¥*p<0.01, ***p<0.001. Error bars show standard error.

an accumulation of nonspecific abnormalities distributed
across the central nervous system (CNS),% and it may be
challenging to extract data on specific isolated regions.
Physiologically, cardiometabolic risk factors for non-
communicable diseases (NCDs), including high blood
pressure, obesity, and glycemic markers, are strongly

6465 and gait abnormalities.®® The

related to both sleep
suggested mechanisms underlying these pathologies
involve high inflammatory markers. For example, poor
sleep is associated with increased serum inflammatory
marker levels among obese adults: Poor sleepers had
significantly larger IL-6 responses to cognitive stressors
compared to good sleepers.®” An inverse association was
found between sleep quality and production of the pro-
inflammatory cytokine IL-1B,°® and sleep loss has been
shown to alter molecular processes that drive cellular
immune activation and induce inflammatory cytokines.®’
Inflammation can also alter mobility patterns either by its

effect on executive functions’® or directly by its effect on
gait. The inflammatory marker IL-6 was found to be
associated with gait performance in community-
dwelling seniors and predicted the risk of gait speed
decline in adults aged 70 and older.”' In addition, high
inflammation was associated with slower walking
speed.”?

Emotional regulation disturbance is another potential
mechanism, which has been widely linked separately to
both sleep and gait.”* Indeed, mood and specifically anxi-
ety and depression are associated with an increased risk of
falls as well as of insomnia among older adults.
Associations between depression and poor sleep are well

documented,””?

and the effects of anxiety and depression
on gait have been widely described.”®”” Mood problems
accompanied by insomnia may serve as the entry point to
a vicious cycle that leads to social restriction, deteriorated

executive function,”® reduced mobility followed by fear of

submit your manuscript

334

Dove

Nature and Science of Sleep 2021:13


http://www.dovepress.com
http://www.dovepress.com

Dove

Kirshner et al

Z4LY P
d\iwi. Anatomy:
'

Sleep
quality [

7 Physiology

Mood

e .
13 Executive

Function
Gait
quality

Figure 2 A theoretical model proposing underlying potential mechanisms explaining the link between sleep quality, executive function, and gait quality.

falling, and higher risk of falls.”*®® As such, untangling
these undesired effects and adverse health outcomes that
are associated with sleep and gait abnormalities can sig-
nificantly improve quality of life in many aspects.

The link between sleep quality and gait performance
demonstrated in this study has meaningful clinical impli-
cations. Since gait abnormalities and reduced sleep quality
are both associated with increased fall risk, sleep distur-
bances have the potential of being markers for increased
fall risk and vice versa. In addition, impairment in gait
performance can be used as a potential indicator of over-
looked sleep problems. The understanding that there are
shared mechanisms underlying the association between
insomnia and reduced gait quality can lead to novel
approaches for early clinical interventions: despite the
well-known link between insomnia and falls in older
adults, to the best of our knowledge, no study has tested
the effects of improving sleep quality on gait or the effects
of improving gait on insomnia. Treatment strategies with
demonstrated efficacy for insomnia include pharmacologi-
cal and non-pharmacological cognitive and behavioural
approaches,®' and different studies have suggested inter-
ventions to improve gait performance®*—the efficacy of
such sleep interventions on gait and vice versa should be
further studied.

Our study has some limitations. The relatively small
sample size, and its primary composition of high-
functioning, community-dwelling adults, limits the general-
ization of our findings. The use of two different actigraphy
devices in each study group is an obvious methodological
limitation; however, obtained sleep measures were used
only descriptively and selection criteria for sleep status
(insomnia/no insomnia) in each group were based on both
objective measures and self-report. In addition, studies in
young individuals comparing these two commonly used
actigraphy brands demonstrated high agreement.’”® Data
on sleep medication use were not specific; even so, sensi-
tivity analysis excluding all participants who reported sleep
medication use did not alter our findings. Furthermore,
a recent systematic review of zolpidem, the most commonly
prescribed sleep medication for insomnia in older adults,
found low risk for residual daytime sleepiness, negative
psychomotor effects, or falls when used with the recom-
mended dose.®* Nevertheless, future studies should care-
fully collect information regarding specific medication use
and further control the effect of other comorbidities on the
relationship between sleep and gait. In addition, due to the
small sample size, we could not for potential other con-
founding variables, eg, comorbid and life-style factors.

Longitudinal designs as well as randomized clinical trials
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may collect data on falls and further untangle the nature of
these relationships and infer causality and underlying
mechanisms between the sleep and gait domains.

In conclusion, we aimed to compare gait and cognitive
performance under single and dual-task conditions among
community-dwelling older adults with and without insomnia.
Our study demonstrates that older adults with insomnia have
lower gait speed and poorer cognitive performance during
single and dual tasks as well as an unsafe and potentially
risky pattern of task prioritization during walking, compared
to their counterparts without insomnia. These findings indi-
cate that those with insomnia are at an increased risk of falls,
which may offer insight into the underpinnings of the asso-
ciation between insomnia and falls in older adults. We have
postulated a theoretical model to describe interconnected
anatomical, physiological, and emotional mechanisms
underlying this link. Future studies should further confirm
the proposed model by focusing on its specific mechanisms
among different populations, such as low-functioning older
adults and individuals across the lifespan with insomnia and/
or chronic sleep loss. This study may pave the way towards
the development of effective interventions that may improve
sleep quality and gait performance.
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