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Abstract: Poor sleep quality has been associated with greater pain and fatigue in people living

with osteoarthritis (OA). The objective of this micro-longitudinal study was to determine whether

sleep impacts the diurnal pattern of next-day OA-related pain and fatigue. Community-dwelling older

adults (≥65 years) with hip and/or knee OA provided data over 5 days using daily diaries and wrist-

worn actigraphs. Pain and fatigue intensity were measured on awakening, at 11 AM, 3 PM, 7 PM, and

bedtime. Subjective previous night sleep quality was measured on awakening. Multilevel linear

regression models examined interactions between sleep variables and time of next-day symptom

reports. One hundred sixty participants provided 785 days of data (median age = 71 years; 62%

female). Analysis of time interaction effects identified an association between poor sleep quality and

more morning pain and fatigue. Although the effect on awakening was more pronounced for fatigue,

differences in both symptoms attributable to sleep quality attenuated as the day progressed. Investi-

gation of actigraphy-based sleep parameters revealed no significant interactions with time of symp-

tom measurement. These findings observed in a sample of older adults with mild-to-moderate OA

symptoms warrant further investigation in a sample with more severe symptoms and more pro-

nounced sleep dysfunction and/or sleep disorders.

Perspective: This article investigates the impact of sleep on next-day pain and fatigue of older

adults with OA. On awakening from a night of poor quality sleep, pain and fatigue intensity were

heightened. However, the effect was not sustained throughout the day, suggesting the morning

may be an optimal time for symptom interventions.

© 2019 The Author(s). Published by Elsevier Inc. on behalf of the American Pain Society This is an open

access article under the CC BY license. (http://creativecommons.org/licenses/by/4.0/)
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P
oor sleep quality, pain and fatigue are commonly
experienced by older adults with osteoarthritis
(OA).1,40,48,65,66 Cross-sectional studies have dem-

onstrated significant associations between poor sleep
quality and higher OA-related pain intensity and/or
fatigue24,46 and sleep improvements after cognitive-
behavioral therapy for insomnia have been associated
with downstream and sustained reductions in pain and
fatigue.61,62 In older age adults with hip or knee OA,
weekly fluctuations in sleep interference and OA-
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related pain have been shown to track with each
other.26 These cross-sectional and prospective studies
have provided some clues about the association
between sleep, pain, and fatigue in OA; however, there
is a lack of research regarding the influence of nocturnal
sleep experiences on the course of pain and fatigue
throughout the following day in this population.
Studies using ecological momentary assessment and

actigraphy methods that intensively collect data
throughout the day have provided compelling evidence
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for the importance of sleep on next-day pain experien-
ces in people living with chronic pain conditions. A bidi-
rectional relationship between sleep and pain has been
identified in women with fibromyalgia, with an indica-
tion for a stronger prospective relationship from poor
sleep to worse pain rather than vice versa.3 Building on
this research, in a mixed-pain sample of working-age
adults, better self-reported sleep quality was associated
with less pain on awakening but more pain later in the
day, and actigraphy-assessed poor sleep efficiency was,
surprisingly, related to less next-day pain.56 In contrast,
in a sample of people with low back pain, better self-
reported sleep quality was associated with lower pain
intensity on awakening and less average next day pain,6

but actigraphy-assessed poor sleep efficiency was, as
expected, related to worse next-day pain. Data collected
from a gender-balanced sample of middle-age adults
with chronic low back pain found a night of poor sleep
to be followed by a day of higher, relatively unwavering
pain intensity.19 Conversely, a night of good sleep was
followed by lower pain intensity on awakening,
although the beneficial effect when compared with a
night of poor sleep dissipated over the course of the
day. Taken together, these studies suggest that sleep is
related to next-day pain, but there is equivocal evidence
as to the direction and duration of the effects and to
the association between actigraphy-assessed sleep
parameters and pain.
Less attention has been focused on the relationship

between sleep and next-day fatigue experiences in
people with OA. Fatigue is a subjective experience,
described as a feeling of overwhelming tiredness,
exhaustion, and lack of energy.53 OA-related fatigue is
associated with older age, pain intensity, physical activ-
ity, physical function, and mental health.55 Previous
examinations of the daily fatigue patterns of those liv-
ing with lower extremity OA have demonstrated symp-
tom increases across the course of the day.39

The relationship between sleep, pain, and fatigue
may differ depending on pain etiology56 and to date
we are unaware of research that has examined the
impact of sleep on next-day pain in community-dwelling
older adults with hip and/or knee OA. Furthermore,
there is a paucity of research using ecological momen-
tary assessment designs investigating the sleep to next-
day fatigue relationship, which seems a crucial area of
inquiry given the common and dynamic overlap in pain
and fatigue in OA.50

The aim of this study was to investigate the association
of self-reported sleep quality and actigraphy-based sleep
parameters (sleep duration, sleep efficiency, onset
latency, and time awake after initial sleep onset) with
pain and fatigue throughout the following day using 5
consecutive days of data from a community-dwelling
cohort of older adults with hip and/or knee OA. Specifi-
cally, the aim was to investigate the association of sleep
with diurnal changes in pain and fatigue to answer the
question of whether there are specific times of the day
when symptoms are most susceptible to the effects of
poor sleep. We hypothesized that, within a sample of
community-dwelling older adults with hip or knee OA,
poor self-reported sleep quality would be associated with
greater next-day pain and fatigue intensity and that this
difference would be sustained across the day. We also
hypothesized that poorer objective measures of sleep,
collected using actigraphy, would be associated with
worse pain and fatigue throughout the following day.
Methods
This secondary analysis used data that were collected

for a study designed to examine the relationship
between momentary changes in fatigue and subsequent
physical activity in persons with symptomatic OA.38
Participants
Adults aged ≥65 years were recruited from the com-

munity via online, newspaper, and radio advertise-
ments, and the placement of flyers in medical centers,
senior housing, and community centers in Ann Arbor,
Michigan, and the surrounding areas. This study was
approved by Human Subjects Review Boards at the Uni-
versity of Michigan and Ann Arbor VA Health Care Sys-
tem. For the primary study, people with clinically
important levels of fatigue were recruited because the
aim was to better understand fluctuations in this symp-
tom in those most affected. In brief, participants were
eligible if they had 1) knee or hip pain of at least mild to
moderate severity on the Western Ontario and McMas-
ter Universities Osteoarthritis Index pain scale20; 2) OA
in the corresponding joint according to the American
College of Rheumatology clinical criteria7,8; 3) evidence
of significant fatigue (defined by endorsing a response
of “a moderate amount of the time” to any 1 of 2 ques-
tions from the Center for Epidemiological Studies
Depression Scale: during the past week, “I felt that
everything I did was an effort” or “I could not get
going”; 4) adequate cognitive function to participate in
the study (defined as scoring >5 on a 6-item screening
tool14); 5) able to enter symptom ratings on a wrist-
worn accelerometer; and 6) a normal sleep schedule,
defined as usual awakening before 11 AM and bedtime
before 2 AM. Exclusion criteria included 1) an inability to
walk, with or without an assistive device; 2) bed rest for
>2 days in the past month; 3) change in medication regi-
men in the past 2 weeks; 4) reported diagnosis of sleep
apnea, multiple sclerosis, lupus, fibromyalgia, chronic
fatigue syndrome, rheumatoid arthritis, cancer, lung
disease, or heart failure; or 5) diagnosis of any other
condition known to cause fatigue.

For the current analysis, inclusion was restricted to
participants who provided ≥3 nights of sleep data, in
accordance with recommendations from the American
Academy of Sleep Medicine.31 No participants were
excluded based on this criterion.
Procedures
Volunteers who were screened as eligible via tele-

phone were invited to a laboratory visit where a study
team member conducted informed consent procedures.
Informed consent was provided by all study participants.
After study enrollment, participants were examined by
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trained research staff for further screening (including
confirmation of OA as defined by American College of
Rheumatology criteria) and completed a battery of self-
report measures. Participants deemed eligible after in-
person screening returned for a second lab visit where
they were trained in actigraph use (Actiwatch-Score,
Philips Respironics, Mini Mitter, Murrysville, Pennsylva-
nia). Participants were instructed to continuously wear
the actigraph on their nondominant wrist for 5 days
(Monday through Friday), except when bathing, show-
ering, or swimming. Participants were instructed to
enter self-report ratings of symptoms into the actigraph:
pain and fatigue 5 times a day (on awakening, at 11 AM,
3 PM, 7 PM, and bedtime) and sleep quality once a day
(on awakening). Sleep ratings were completed each day
on a paper survey diary. On completion of data collec-
tion, participants were instructed to return the acti-
graphs to the laboratory using prepaid postage. Once
returned, all data were downloaded and processed.
Measures

Demographic and Clinical Variables

Demographic and clinical information collected at the
laboratory visit included age, sex, marital status, race,
and body mass index. Pain intensity was measured using
the Western Ontario and McMaster Universities Arthritis
Index 5-item pain subscale,10 with higher scores indicat-
ing more severe pain. Fatigue was measured using the
Brief Fatigue Inventory, a 9-item instrument that evalu-
ates fatigue severity and interference over the past
week.36 Responses on an 11-point scale are averaged to
generate a total score, with ≥7 denoting severe fatigue.
Symptoms of depression were measured using the Cen-
ter for Epidemiological Studies-Depression Scale,9

where a score of ≥16 denotes clinically significant symp-
toms.30 Symptoms of anxiety were measured using the
State Anxiety Inventory, with higher values indicating
greater current anxiety.27
Ecological Momentary Assessments

Sleep was assessed each morning with 2 questions:
“Please enter the number that best describes how well
you slept last night” (5-point scale: 0 [very bad], 1 [bad],
2 [fair], 3 [good], 4 [very good]); and “Please enter the
number that best describes how rested you felt this
morning when you woke up” (5-point scale: 0 [not at
all], 1 [a little bit], 2 [somewhat], 3 [quite a bit], 4 [very]).
A total sleep quality score was calculated by averaging
each participant’s responses to these 2 items (good
internal consistency in the current sample: Cronbach’s
alpha = .81).
Pain Intensity was assessed 5 times a day with an 11-

point Numeric Rating Scale that asked participants to
respond to the statement: “Please enter the number that
best describes how bad your pain is right now” (from 0
[no pain at all] to 10 [pain as bad as I can imagine]).
Fatigue intensity, defined for respondents as tiredness

or weariness, was also assessed 5 times a day with an 11-
point Numeric Rating Scale, which asked participants to
respond to the statement: “Please enter the number
that best describes how fatigued or tired you are right
now” (from 0 [not fatigued at all] to 10 [fatigued as
badly as I can imagine]).
To guide the interpretation of the meaningfulness of

findings, 1 point on the pain and fatigue intensity scales
was taken as representing a minimal clinically important
difference,49,52 in line with a study of determination of
minimal clinically important change specific to people
with hip or knee OA.47
Actigraphy Sleep Measures

The Actiwatch-Score (Philips Respironics, Mini Mitter)
is an accelerometer commonly used in sleep research
and has been validated in a number of clinical and non-
clinical populations.15,32−35,44,63 Sleep variables are com-
puted with onboard software, using measurement of
physical activity, assessed in 15-second epochs. Four acti-
graph-derived sleep variables were examined in this
study. Sleep duration (total sleep time) is the time, in
minutes, the individual was asleep. Sleep onset latency
is the time in minutes that it takes for an individual to
go from a wake state to sleeping. Sleep efficiency is the
percentage of time spent asleep relative to total time
spent in bed. Wake after sleep onset is the time spent
awake in bed after initially falling asleep. Processing
and scoring of actigraphy data was conducted using a
predefined protocol, informed by published recommen-
dations.12 In brief, sleep intervals were established by
corroborating self-report of lights off and wake-up
times with actigraphy activity counts. The consistency of
the data was assessed using published guidelines.13 In
cases where consistency was deemed good (self-report
and actigraphy data matched within 11−30 minutes) or
excellent (data matched within 10 minutes), software-
generated sleep intervals were not manipulated. In
cases of fair data consistency (matched within 31−60
minutes) or poor consistency (≥61 minutes difference),
activity data were adjusted according to a standardized
procedure28; activity that exceeded 50% of the average
daytime activity level for an individual was marked as
awake, and activity that was 50% below the person’s
average nocturnal level was marked as sleep. Daytime
napping was reported, documented, and cross-refer-
enced in a separate actigraphy analysis.
Data Analyses
All analyses were conducted using Stata (version 15.1,

StataCorp LLC, College Station, Texas). Descriptive statis-
tics, informed by inspection of histograms, character-
ized the study sample and summarized missing data
(means and standard deviations calculated for variables
that displayed normal distributions; medians and inter-
quartile ranges for non-normal distributions; propor-
tions for categorical variables). Mean pain and fatigue
scores at each time point over 5 days of data collection
were plotted with 95% confidence intervals for the
means, and aggregate means for pain and fatigue
scores were calculated (across all available days, for the
5 within-day time points: on awakening, and at 11 AM,



Table 1. Descriptive Statistics

CHARACTERISTICS TOTAL SAMPLE (N = 160*)

Baseline variables

Age, years 71 (67−75.5)
Female sex 99 (61.9)

Married 93 (58)

Race

White 132 (82.5)

Black/African American 17 (10.6)

Asian 5 (3)

More than 1 race 2 (1.3)

American Indian/Alaskan native 1 (.6)

Unknown/chose not to report 3 (1.9)

Body mass index 29.6 (26.2−33.4)
Knee OA 143 (89)

Hip OA 46 (29)

Hip OA and knee OA 31 (19)

WOMAC pain scale score at baseline

(possible range = 0−20)
8.6 § 3.1

BFI total score (possible range = 0−10) 4.5 § 2.0

Symptoms of depression (CES-D;

possible range = 0−60)
9 (5−15)

Symptoms of anxiety (STPI-ANX;

possible range = 10−40)
12 (10−16)

Sleep variables (average of 5 days of

data collection)

Quality (composite variable;

possible range = 0−4)
2.3 § .6

Duration, minutes 441.8 (395.7−487.4)
Efficiency, % 83.8 (77.7−88.3)
Onset latency, minutes 16.1 (8.7−29.3)
Wake after sleep onset, minutes 42.3 (29.6−55.6)

Abbreviations: BFI, Brief Fatigue Inventory; CES-D, Center for Epidemiological
Studies Depression Scale; STPI-ANX, State-Trait Personality Inventory - anxiety
subscale.
Values are median (IQR), number (%), or mean § standard deviation.
*All statistics for N = 160, except body mass index, marital status, and Western
Ontario and McMaster Universities Osteoarthritis Index (WOMAC) pain scale
scores (all based on n = 159 owing to missing data).
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3 PM, 7 PM, and bedtime). To investigate the possibility
that sleep parameters affected pain and fatigue scores
differently at different times of the following day, mul-
tilevel linear models were constructed that included an
interaction term between the sleep variable and the
time of symptom data collection (treated as categorical
and nested within participants). Participant and day of
data collection were modelled as random effects and
models were adjusted for key covariates, age, sex, body
mass index, and baseline symptoms of depression and
anxiety.46 Significant interactions were examined and
illustrated using Stata’s marginsplots command.

Results
One hundred sixty participants were eligible for the

current study and the sample was representative of
study that provided the data. The median age was
71 years (interquartile range = 67−75.5 years, range =
65−90 years), 61.9% were female, 58% were married,
and most (82.5%) were white. Body mass index was just
within the obese range. Depression and anxiety scores
were not indicative of clinically significant symptoms.
Pain and fatigue were, on average, of mild to moderate
severity. Over the 5-day course of data collection, aver-
age self-reported sleep quality was fair and objectively
measured sleep variables were suggestive of good sleep,
comparable with healthy community-dwelling older
adults51 and a U.S. national probability sample.29 The
median total sleep time was 7.35 hours, median sleep
efficiency of 83.8%, median sleep latency of 16 minutes,
and median wake time after sleep onset of 42 minutes.
Descriptive statistics are summarized in Table 1 and
bivariate correlations of study variables are provided in
Supplementary Table 1. Minimal rates of missing data
were observed: 158 of 160 participants provided all 5
nights of sleep data (self-report or actigraphy) and there
was a small amount of within-day missing data for pain
(5% of all possible data collection points) and fatigue
(4% of all possible data collection points).

Trajectories of Pain and Fatigue Over
5 Days
On average, pain and fatigue intensity demonstrated

diurnal patterns (Fig 1), with pain exhibiting less within-
day variation. Across an average day, mean pain inten-
sity ranged from 3.04 to 3.39 and the mean fatigue
intensity ranged from 3.27 to 4.97 (Table 2). However,
plots of each individual’s daily symptom trajectories
revealed much variation (Supplementary Fig 1), thereby
supporting a case for the analysis of a possible interac-
tion between sleep variables and time of symptom
measurement.

Impact of Sleep Quality on the Diurnal
Pattern of Pain and Fatigue Intensity
Results from multilevel linear regression models that

included interaction terms between sleep quality and
time of day of data collection are presented in Table 3;
graphs illustrate the relationships in Fig 2.
Pain Intensity
Ninety-five percent of the sample (n = 152) contrib-

uted 745 days of data, resulting in a total of 3,570
unique observations for analysis. A test of the overall
interaction of sleep quality and time of next-day pain
report was statistically significant (x2 = 27.2, df = 4, P <
.001). After computing simple slopes, inspection of mar-
gins plots identified an association between better sleep
quality and lower pain intensity on awakening (Fig 2).
The magnitude of the difference in pain intensity scores
after taking sleep quality thresholds into consideration
was not statistically significant at all other time points
(Fig 2, Table 3).

Fatigue
Ninety-five percent of the sample (n = 152) contrib-

uted 745 days of data, resulting in a total of 3,572
unique observations for analysis. A test of the overall
interaction of sleep quality and time of next-day fatigue
report was statistically significant (x2 = 153.9, df = 4, P <
.001). After computing simple slopes, inspection of mar-
gins plots identified an association between better sleep



Figure 1. Mean pain and fatigue over 5 days.
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quality and lower fatigue severity on awakening (Fig 2).
The difference when compared with poorer sleep qual-
ity attenuated at each subsequent time point across the
course of the day (Table 3, Fig 2).

Actigraphy-Based Sleep Parameters
Of the 4 objectively measured sleep variables that

were assessed, an overall test of interaction was only
statistically significant for the relationship between
sleep duration and time of next-day pain report
(x2 = 16.5, df = 4, P = .003), and time spent awake after
initial sleep onset and time of next-day pain report
(x2 = 111.3, df = 4, P = .02). However, regardless of actig-
raphy-based sleep parameters and pain or fatigue
outcomes, computation and plotting of simple slopes
identified no meaningful differences across the
course of a day (full results provided in Supplementary
Table 2).

Discussion
The aim of this study was to investigate whether

measures of sleep were associated with pain and fatigue
Table 2. Mean Pain and Fatigue at Different
Times of the Day

PAIN

(NRS, RANGE 0−10)
FATIGUE

(NRS, RANGE 0−10)

TIME POINT N MEAN SD N MEAN SD

Awakening 785 3.05 2.07 785 3.27 2.33

11 AM 756 3.04 2.02 756 3.39 2.18

3 PM 777 3.24 2.18 777 3.90 2.28

7 PM 754 3.38 2.24 755 4.21 2.34

Bedtime 746 3.39 2.29 747 4.97 2.46

Abbreviations: NRS, Numeric Rating Scale; SD, standard deviation.
the following day in a community-dwelling cohort of
older adults with hip and/or knee OA and specifically to
investigate whether some times of day would be more
affected than others. Pain and fatigue intensity demon-
strated diurnal patterns, and time interaction effects
indicated that a night of good sleep was followed by a
morning of significantly lower symptom scores, yet simi-
lar symptom scores to a night of poor sleep later in the
day. Notably, sleep quality had a more pronounced
effect on fatigue than on pain intensity. When mea-
sured using actigraphy, no sleep variables impacted dif-
ferentially on next-day pain and fatigue trajectories.
Our finding that pain is heightened after a night of

poor sleep but that the effect dissipates across the
course of a day is in agreement with previous research
in different chronic pain populations.19,56 However,
we found that, although pain intensity varied across a
given day, on average, the variation did not meet cri-
teria for clinically important differences.16,47,49,52 We
used 1 point on the numeric rating scales to define
minimal clinically important differences, based on
findings from previous research, including a study of
adults with hip or knee OA.47,49,52 We acknowledge
that there is variation regarding the threshold to
define clinically meaningful change using these
scales43 and that the majority of research to date has
focused on pain intensity and not fatigue. However,
our interpretation using this guidance is also
informed by the fact that within-day micro-processes
may have a greater cumulative effect over time, even
when observed associations are very small.2 Revisiting
previous literature, the magnitude of the effect of
sleep on pain has, arguably, been consistently
small,3,6,19,56 echoing results from trials of cognitive-
behavioral therapy for insomnia interventions for
patients with non-cancer chronic pain which have
demonstrated improvements in sleep but modest
effects on pain intensity.57 We have extended the



able 3. Multilevel Linear Regressions for Interactions Between Sleep Quality and Time of Day of
ain and Fatigue Intensity

DEPENDENT VARIABLE: PAIN INTENSITY DEPENDENT VARIABLE: FATIGUE INTENSITY

COEFFICIENT (95% CI) SE Z P VALUE COEFFICIENT (95% CI) SE Z P VALUE

ixed effects

leep quality �.48 (�.62 to �.34) .07 �6.73 <.001 �1.20 (�1.35 to �1.05) .08 �15.4 <.001
ime of day

wakening Reference

11 AM �.77 (�1.16 to �.38) .20 �3.83 <.001 �1.15 (�1.60 to �.70) .23 �5.05 <.001
3 PM �.54 (�.92 to �.15) .20 �2.70 .007 �1.22 (�1.67 to �.78) .23 �5.44 <.001
7 PM �.55 (�.94 to �.15) .20 �2.72 .007 �1.26 (�1.70 to �.81) .23 �5.54 <.001
Bedtime �.19 (�.58 to �.20) .20 �.95 .34 �.57 (�1.01 to �.12) .23 �2.49 .01

teraction: Time of day£ Sleep quality

wakening Reference

11 AM .32 (.16 to .48) .08 3.96 <.001 .54 (.36 to .72) .09 5.82 <.001
3 PM .31 (.16 to .47) .08 3.88 <.001 .79 (.61 to .97) .09 8.56 <.001
7 PM .38 (.22 to .54) .08 4.64 <.001 .95 (.77 to 1.13) .09 10.26 <.001
Bedtime .22 (.06 to .37) .08 2.64 .008 .98 (.80 to 1.16) .09 1.62 <.001
ovariates

Age �.003 (�.05 to .04) .02 �.14 .89 �.008 (�.05 to .03) .02 �.36 .72

Sex (ref: male) �.09 (�.60 to .42) .26 �.36 .72 .57 (.07 to 1.08) .26 2.23 .03

Body mass index .04 (�.005 to .08) .02 1.75 .08 .02 (�.03 to .06) .02 .75 .45

CES�D .04 (�.0006 to .08) .02 1.93 .054 .06 (.02 to .10) .02 3.18 .001

STPI�ANX .07 (.0007 to .15) .04 1.98 .048 .02 (�.06 to .09) .04 .44 .66

ESTIMATE (95% CI) SE ESTIMATE (95% CI) SE

andom effects

Participant 2.23 (1.75 to 2.83) .27 2.17 (1.70 to 2.76) .27

Day .30 (.24 to .39) .04 .28 (.21 to .38) .04

Residual 1.54 (1.46 to 1.62) .04 1.98 (1.88 to 2.08) .05

bbreviations: CI, confidence interval; SE, standard error; CES-D, Center for Epidemiological Studies Depression scale; STPI-ANX, State-Trait Personality Inventory
nxiety subscale.
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naturalistic research by identifying a larger, and argu-
ably more clinically meaningful effect of sleep quality
on next-day fatigue intensity compared with its effect
on pain intensity.
One possible mechanism whereby poorer sleep qual-

ity could have a marked effect on pain and fatigue on
awakening rather than later in the day may be through
lower mood, greater irritability, or decreased motiva-
tion to initiate effortful cognitive or behavioral coping
strategies on awakening after a night of poor sleep.
Figure 2. Interaction between time of day and effect of sleep quality on pain and fatigue intensity.
-

This interpretation is supported by findings from Affleck
et al3 that described attenuation of the sleep-to-pain
relationship in women with fibromyalgia after adjusting
for attention to pain, and a study by Harrison et al23

that provided some support for the hypothesis that
depressive symptoms and increased attention to pain
mediate the sleep disturbance−pain intensity relation-
ship. We speculate that our observation of a decrease in
the difference in symptom reports with temporal dis-
tance from awakening may be attributable to the
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possibility that heightened somatic vigilance on awak-
ening attenuates as the day progress. Alternatively, it
may be that after a good night’s sleep hypervigilance is
initially muted, but increases throughout the day, possi-
bly with increasing levels of mental fatigue. These inter-
pretations are offered cautiously; indeed, it is possible
that perceptions of sleep quality simply influenced con-
temporaneous pain and fatigue intensity reports on
awakening. Further focused research that collects data
on attention to pain throughout the day to examine a
potentially mediating effect is required, alongside
measures of both physical and mental fatigue.
These findings should be interpreted within the con-

text of the limitations of our study. As a secondary anal-
ysis of data collected for a different purpose, the sample
had on average mild to moderate OA symptoms, rela-
tively good subjective sleep quality, and adequate
objective markers of sleep. Although inspection of indi-
vidual trajectories revealed substantial within- and
between-person variability for the variables of interest,
it is possible that our findings may be amplified or dif-
ferent in a sample that includes more individuals with
on average severe pain and fatigue and more impaired
sleep. Also, our measure of sleep quality was an average
of responses to 2 questions. The possibility of shared
method variance of the constituent items and imprecise
measurement of sleep quality cannot be ruled out.
Although the validity and reliability of this measure is
yet to be established, a test of the internal consistency
in our sample supported its use. Upon re-running our
models for the 2 sleep questions in separate analyses,
the interpretations did not change, although it seemed
that self-reported sleep restfulness contributed more to
pain and fatigue diurnal patterns than perception of
sleep quality.
Our data collection period of 5 days could be argued

as short and particularly susceptible to reactivity given
the regularity of symptom reporting. However, the diur-
nal periodicity of pain and fatigue intensity observed
was consistent with existing evidence from the wider
OA literature, with pain increasing throughout the day
then decreasing in the evening (possibly owing to
decreased activity),4,11 and fatigue increasing until bed-
time.39 This finding stands in contrast with the diurnal
pattern of fatigue observed in non-clinical samples,
where fatigue has been observed to decrease through-
out the morning, reach its lowest point at the middle of
the day, and then steadily increase until bedtime.25 The
diurnal patterns observed in our study provided support
for the decision to treat each individual day as a sepa-
rate unit for analysis, thereby maximizing use of the
available data. Examination of cross-day lagged effects
in studies of longer duration would shed light on the
carry-over effects of poor nights of sleep on symptoms
of OA. Although not the aim of our study, we also con-
ducted an exploratory, post hoc analysis of whether pre-
vious day’s pain and fatigue impacted on subsequent
sleep experiences. Neither average day pain or fatigue,
or pain and fatigue at bed time predicted that night’s
sleep quality or actigraphy assessed sleep characteristics
(all P > .16).
A further limitation of our study is a lack of compre-
hensive screening for a range of sleep disorders.
Although people with a known diagnosis of obstructive
sleep apnea were excluded, it is possible that some par-
ticipants may have had undiagnosed obstructive sleep
apnea or a diagnosis of other primary sleep disorders,
such as restless leg syndrome, REM behavior disorder, or
circadian phase disorders. These disorders often impact
the symptoms of musculoskeletal disease and quality of
life37 and are not uncommon in this patient group.1 By
not excluding participants with these disorders, our
sample could be argued to be generalizable to a hetero-
geneous, older population with OA. However, the rela-
tionship between sleep experiences of people with
specific sleep disorders comorbid with OA and the
impact of their nightly sleep experiences on next-day
symptoms warrants more specialized study.
Residual confounding is also an issue. We did not

have data for a number of potentially important psy-
chological variables that have been shown to be impor-
tant correlates of the sleep-pain relationship, such as
negative and positive affect,18,41,60 pain helplessness,22

and attention to pain.23 However, evidence suggests
that these variables may lie on the causal path between
sleep and pain, therefore making these statistical adjust-
ments would have removed their contribution to the
total effect of sleep on next-day symptom reports.
Our sample was predominantly white. Within the con-

text of evidence for racial/ethnic differences in pain and
fatigue experiences in people living with OA,5,45,54 as
well as impacts on the sleep−fatigue relationships,21,59

our findings are not generalizable to diverse popula-
tions. Further research that specifically recruits a
broader demographic is required to examine the poten-
tial role that racial, ethnic, and culture differences play
in the sleep−pain and sleep−fatigue relationships.
Notwithstanding these limitations, our study has a

number of strengths. We measured both subjective and
objective sleep parameters and our use of multilevel
modelling allowed us to make maximal use of the data,
with each participant able to contribute up to 5 person-
days. This approach took into consideration autocorrela-
tion of symptom scores within an individual and allowed
retention of participants’ data, even if some time points
were missed or skipped. The ecological momentary
assessment methodology decreased the likelihood of
recall bias and, with 5 data collection time points per
day, we were able to well characterize the daily trajecto-
ries of pain and fatigue intensity in our sample.
Discordance between the association between subjec-

tively and objectively measured sleep variables on symp-
toms of musculoskeletal disorders has been well-
described.64 Disparity has also been reported between
report of symptoms of insomnia and actigraphy-based
sleep characteristics in older, non-clinical populations.17

Our finding of a lack of an association between objec-
tive measures of sleep and next-day pain intensity spe-
cifically is in accordance with earlier research in this
area.42 However, reports are not equivocal. Although
Tang et al56 identified more pain later in the day after
an objectively efficient night’s rest, we found no such
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relationship in older adults with OA. Tang et al reason-
ably speculated that their finding may be attributable
to a boom-or-bust activity pattern, whereby individuals
with greater sleep efficiency, guided by lower pain
intensity on awakening, may see this as an opportunity
to be more active, potentially over-reaching and then
experiencing more pain later in the day. Their study
recruited adults with a mixture of chronic pain condi-
tions with a mean age of 46. A relationship between
sleep efficiency and differential trajectory of pain inten-
sity was not replicated in our study. We also found no
association with differential change in fatigue over the
day based on the previous night’s sleep efficiency. How-
ever, given our sample of older, community-dwelling
adults with OA (median age = 71 years), this result is not
incongruent with the tentative supposition of Tang et
al.56 The disparity does, however, support arguments
for future investigations of the sleep−pain and sleep
−fatigue relationships in specific populations in both
clinical and non-clinical contexts.
Our findings suggest potentially important implica-

tions for future studies of time-based interventions. If
supported by further research, people living with OA
may be counselled about the likely outcome of a poor
night’s sleep on their symptoms, and this information
may be used to inform the optimal timing of pharmaco-
logic and/or nonpharmacologic interventions to reduce
pain and fatigue (ie, on awakening). Indeed, there is
the potential for these findings to be incorporated into
the content of hybrid cognitive-behavioral therapy for
insomnia and cognitive-behavioral therapy interven-
tions for pain and/or fatigue58 specific to those with
OA-related symptoms. This information may also be
used to guide research practice. Observational studies
that ask participants to report on their pain or fatigue
right now may wish to consider the time of day that the
question is asked, and trials that restrict inclusion to spe-
cific pain and/or fatigue severity levels, or use then to
underpin randomization minimization algorithms, may
wish to take this factor into consideration. Given the
absence of evidence in our study across multimodal
sleep measurements and relatively small effects, more
research is required before such translation to practice
is warranted. However, the more robust association we
observed between self-reported sleep quality and diur-
nal fatigue pattern may provoke discussions between
older adults living with OA and health care providers
focused on the role of sleep and time optimization of
daily tasks.

In summary, in older community-dwelling adults with
hip or knee OA, good subjective sleep quality was asso-
ciated with less pain and fatigue intensity on awaken-
ing; however, this beneficial effect dissipated as the day
progressed.
Supplementary data
Supplementary data related to this article can be

found at https://doi.org/10.1016/j.jpain.2019.04.011.
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