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Abstract
Introduction: Psychological, social, and lifestyle factors contribute to the knee osteoarthritis (OA) pain experience. These factors
could be measured more accurately using smartphone ecological momentary assessment (EMA).
Objectives: The objective of this study was to characterise the pain experiences of those with knee OA by a smartphone EMA
survey and explain how momentary psychological and social states influence knee OA pain experiences.
Methods: A smartphone EMA survey was designed and piloted. Eligible participants completed smartphone EMA assessing the
knee OA pain experience 3 times daily for 2 weeks. Descriptive statistics were used to characterise factors involved in knee OA pain
followed by the development of mixed-effects location scale models to explore heterogeneity and relationships between symptoms
involved in the knee OA pain experience.
Results: Eighty-six community-dwelling volunteers with kneeOAwere recruited. Pain, psychosocial, and lifestyle factors involved in
knee OA pain experience were heterogeneous and variable. Those with greater variability in pain, fatigue, negative affect, and stress
had worse levels of these symptoms overall. In addition, fatigue, negative affect, stress, anxiety, loneliness, and joint stiffness
demonstrated within-person relationships with knee OA pain outcomes.
Conclusions: Knee OA pain is a heterogeneous biopsychosocial condition. Momentary experiences of psychological, social,
fatigue, and joint stiffness explain individual and between-individual differences in momentary knee OA pain experiences.
Addressing these momentary factors could improve pain and functional outcomes in those with knee OA. Validation studies,
including individuals with more severe knee OA presentations, are required to support findings and guide clinical interventions to
improve outcomes for those with knee OA.
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1. Introduction

Knee osteoarthritis (OA) is a prevalent musculoskeletal condition
that affects approximately 16% of the adult population.17 Knee
OA pain and disability are complex with biological, psychological,
social, and lifestyle factors playing a role in knee OA lived
experiences.27,40,48 An assessment method that may better and
more accurately capture the range of symptoms and experiences

involved in the knee OA pain experience is the ecological
momentary assessment (EMA).76,92,97 A defining characteristic
of this research method is that measures are repeated multiple
times daily to reveal patterns of transient, fluctuating symptoms
such as pain, fatigue, and mood in real-time, real-life con-
texts.64,65,76,92,97 Ecological momentary assessment methods
continue to evolve, relying less on paper diaries and more on
technology, including smartphones and wearable devices. These
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technological advancements have further assisted with the
robustness of the data collected.64,101 Strengths of EMA include
its ability to reduce recall bias and measurement errors while also
offering greater ecological validity with measurement occurring in
the environment and context of patients’ lives.65,92,97,98 Further-
more, repeated measurements collected during EMA allow for
within-person relationships to be explored in “real-life”
contexts.64,65

KneeOApain outcomes traditionally include collecting recalled
average pain ratings. However, solely considering recalled
averages has the potential to overlook the dynamic, fluctuating
nature of symptoms in individuals with painful knee
OA.1,2,6,20,31,35,47,53,60,64,77,81,82,87,88 Symptom variability is
a normal part of the pain experience. Because EMA involves
repeatedly measuring the dynamic pain experience over time,
within-person variability can be explored.20,34,35,65,82 Exploring
within-person variability in knee OA symptoms may reflect
a different, yet clinically important aspect of the knee OA pain
experience.34 Especially considering that variability in pain
intensity has been linked with disability, work, sleep, psycholog-
ical, and quality of life outcomes.1,2,4,6,41,47,53,60,77,81,82,88

Studies are yet to widely use EMA methods to explore the pain
experiences of those with knee OA.24,28,54,81,94,107 In the few EMA
studies that have been performed on this population, these focus
on fatigue and self-efficacy and their impact on function-
ing.24,69,71,72,94,103,107 In addition, daily pain and functioning have
also been explored in mixed OA populations, for short durations
and using nonrandom EMA methods.2,28,81 To the best of our
knowledge, EMA studies are yet to capture the biopsychosocial
knee OA pain experience and explore within-person relationships
using smartphone technology. A better understanding of momen-
tary psychosocial and lifestyle factors and how these influence
knee OA pain experiences would provide a more in-depth
understanding of the complex, dynamic factors involved in knee
OA pain and identify potential targets for treatment.

Therefore, this study aims to characterise the pain experiences
of those with knee OA by a smartphone EMA survey and explain
how momentary psychological and social states influence knee
OA pain experiences. This exploratory investigation was carried
out in 2 stages. Stage 1: Develop and pilot a smartphone EMA
survey to explore the knee OA pain experience. Stage 2: Using
the smartphone EMA survey, characterise the pain experiences
of those with knee OA and explain how psychological and social
states influence knee OA pain experiences.

1.1. Objectives

(1) To develop and pilot a prototype of a smartphone EMA survey
to assess usability, clarity, and time to complete the survey in
a sample of individuals with knee OA.

(2) To characterise the biopsychosocial knee OA pain experience
using smartphone EMA.

(3) To determine within-person variability (scale) and its relation-
ship withwithin-personmean (location) in kneeOA symptoms.

(4) To examine whether participants’ momentary psychological
and social states demonstrate relationships with momentary
pain intensity, interference, and bothersomeness.

2. Methods

2.1. Study design

This article presents findings from a 2-week smartphone EMA
study which was developed in consultation with the Checklist for
Reporting Ecological Momentary Assessment Studies (CREMAS)

and EMA literature.14,55,91,99,100 Ethical approval was obtained
from the Central Health and Disability Ethics Committee of
New Zealand (21/CEN/89).

2.2. Participants

Participants were eligible for inclusion if aged 45 to 85 years with
a diagnosis of knee OA and had experienced knee pain on most
days for at least 3 months. Participants fulfilling NICE guidelines
for a clinical diagnosis of knee OA were also included.74

Participants were excluded if they reported being a non-
English speaker, unable to use a smartphone, had other
rheumatological and autoimmune conditions, had uncontrolled
hypertension, skin conditions, lower limb sensory loss, had
undergone or were scheduled for knee arthroplasty, had
a separate leg injury, had a neurological condition, impaired
cognition, or psychiatric illness.

Participants were recruited from hospital outpatient settings
and the community. Participants involved in this study were
provided with a $100 supermarket voucher to recognise any
costs involved with participation.

2.3. Baseline assessment

Participant characteristics, including demographic information
(age, sex, ethnicity, knee OA duration, educational level,
residential address, and work status), were collected. The
Montreal Cognitive Assessment (MoCA) was administered to
participants to detect mild cognitive impairment.73 Participants
scoring ,16 were excluded from this study.67

2.3.1. Stage 1: development and piloting of survey

A narrative review of the literature identified pain-related
measures and psychosocial, behavioural, and lifestyle constructs
related to the knee OA pain experi-
ence.10–13,19,23,28–30,32,36,37,44,45,50,52,56,62-64,84,103–105 Vali-
dated single-item measures or single-item measures used in
previous published EMA studies were used to reduce participant
burden.10–13,19,23,28–30,32,36,37,44,45,50,52,56,62–64,84,103–105 Pri-
mary variables of interest included pain intensity and pain
interference. Additional variables included pain bothersomeness,
physical activity, sedentary time, flare-up status, positive and
negative affect, stiffness, sleep quality, fatigue, stress, anxiety,
social contact, and loneliness. A preliminary EMA survey and
protocol was developed (Table 1), which included EMA for
2 weeks, whereby participants received a survey 3 times daily.

The objectives of the EMA piloting process included improving
survey usability, question clarity, and limitingparticipant burden. Five
volunteers with knee OA were screened for eligibility and, following
training, were invited to complete the first version of the smartphone
EMA survey and provide feedback by a questionnaire and through
the “think-aloud” method, where participants immediately verbal-
ised their thoughts.43 The primary investigator recorded “think-
aloud” data using an audio recorder. Written feedback was also
sought on the survey duration, question clarity, comprehensive-
ness, or any other barriers. Clarity was rated on an 11-point scale
where 0 was “Not at all clear” and 10 was “Extremely clear.”
Participants were also able to provide free-text comments.

Audio from the “think-aloud” process was transcribed
verbatim. Transcripts were reviewed to identify common themes,
and written feedback was considered to inform the final survey
design. The mean numeric clarity rating was calculated with
ratings below 7/10, resulting in the question being amended.
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2.3.2. Stage 2: administering the smartphone ecological
momentary assessment survey

Participants underwent 10 to 15 minutes of EMA training to aid in
familiarising themselves with the smartphone, the EMA applica-
tion, and survey questions and to ensure that survey notifications
were being received. Participants were either provided with
a smartphone or could choose to use their own device and
download the freely available m-Path application (Fig. 1). The
researcher-provided smartphone was a Nokia 2.3, Nokia
Corporation which used an Android 12 operating system (Snow
Cone). In participants choosing to use their own smartphone,
a range of devices were used. Following training, participants
were provided with an instructional handout and signed
a statement of commitment.

Eligible volunteers participated in 14 consecutive days of
smartphone EMA monitoring (one wave; 10 weekdays and 4
weekend days).64 Participants were required to complete the
smartphone survey 3 times daily.49,66 Ecological momentary
assessment prompting occurred in a random-stratified manner,
with participants being notified randomly within 3 prespecified
time blocks throughout their day. This ensured that symptoms
after waking, during the day, and in the evening were collected to

get a representative dataset. The random-stratified blocks were
scheduled as follows:
(1) Morning: A 2-hour block was placed immediately following the

usual wake time.
(2) Day: A 5-hour block was placed from 11 AM (or 2 hours

following usual wake time).61

(3) Evening: A 2-hour block was placed immediately before the
usual bedtime.
Therefore, each participant was sent 42 surveys to complete

during the study. Latency was ,60 minutes, with
responses .60 minutes being considered missing. Reminder
prompting after 30 minutes and “snooze” features for up to
60 minutes were also incorporated to improve compliance.55

Question ordering differed between morning, afternoon, and
evening surveys with prior responses not being viewable.

2.4. Data management

The full data management and analysis plan can be found in
Appendix A, http://links.lww.com/PR9/A236. Missing data
trends for EMA data were analysed to determine potential
patterns of missingness.7

Table 1

U-KOPE ecological momentary assessment survey items and schedule.

EMA question Morning Day Evening Response

What is your level of pain right now?22,88 ü ü ü 11-point NRS (0 5 No pain, 10 5 Worst pain
imaginable)

How much is your pain interfering with what you
are doing right now?22

ü ü ü 11-point NRS (0 5 No interference, 10 5 Totally
interfering)

How bothersome is your knee pain currently?
32,87

ü ü ü 5-item ordinal scale (Not at all, Slightly, Moderately,
Very Much, Extremely)

How many hours did you spend sitting yesterday
(eg, sitting at work, watching TV, driving, seated
leisure)?53,74

ü Numeric

Have you done 30 minutes or more of physical
activity today, which was enough to raise your
breathing rate (ie, sport, exercise, brisk walking,
cycling)?48

ü Yes/No

Have you experienced an osteoarthritis flare-up
today (“… different from usual state…
worsening of pain, swelling, stiffness which
impacts on sleep, activity, functioning and
psychological aspects…”)?46

ü Yes/No

How severe is your knee stiffness currently?16,17 ü ü ü 5-item ordinal scale (None, Mild, Moderate, Severe,
Extreme)

What best describes how well you slept last
night?53,140

ü 5-item ordinal scale (Very Bad, Bad, Fair, Good,
Very Good)

What number best describes how fatigued or
tired you are right now?140

ü ü ü 11-point NRS (05 Not fatigued, 105 Fatigued as
bad as I can imagine)

Please rate your current level of
happiness15,52,53,72

ü ü ü 11-point NRS (0 5 Not at all, 10 5 Extremely)

Please rate your current level of
frustration15,52,53,72

ü ü ü 11-point NRS (0 5 Not at all, 10 5 Extremely)

Are you currently experiencing feelings of panic,
worry, or anxiety?53,72,113

ü ü ü 5-item ordinal scale (Not at all, Slightly, Moderately,
Very Much, Extremely)

How much stress do you feel right now?44,45,79 ü ü ü 11-point NRS (05 No stress, 105 Extreme stress)

Who are you currently with?15,37,45,86,142 ü ü ü Multiple choice (Alone or with strangers only,
Spouse/partner, Children, Other family, Colleagues,
Clients/customers, Friends, Other people you know)

Please rate your current level of
loneliness63,64,144

ü ü ü 5-item ordinal scale (Not at all, Slightly, Moderately,
Very Much, Extremely)

EMA, ecological momentary assessment; NRS, numeric rating scale; U-KOPE, understanding knee osteoarthritis pain experiences.
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2.5. Statistical analysis plan

A series of multilevel mixed-effects location scale (MELS) models
were performed using Mixed models With Intensive Longitudinal
Data (MixWILD), Version 1 allowing for the assessment of within-
person location (mean) and scale (variability) effects.22,33 Empty
MELS models (models without predictors) were completed to
calculate the random log-transformed scale standard deviation
and location–scale relationship. Mixed-effects location scale
models were then completed, exploring the within- and
between-person effects of momentary fatigue, stiffness, loneli-
ness, negative affect, anxiety and stress on pain intensity,
interference, and bothersomeness outcomes. The level of error
considered acceptable for statistical significance was set at
P # 0.05.

3. Results

3.1. Objective 1: ecological momentary assessment
piloting outcomes

A prototype of the smartphone EMA survey was piloted on 5
participants with knee OA. Four of the pilot participants were
men. These participants had a mean age of 58.2 6 11 years
and reported experiencing knee OA for a mean duration of 86
7.4 years. Overall, the smartphone EMA survey was endorsed
with no significant issues reported. Clarity ratings for the first
version of the smartphone EMA survey are presented in
Table 2.

Participants estimated that the average time to complete the
survey was 4.9 6 3.1 minutes. All participants deemed
smartphone EMA and the questions as being acceptable
and relevant to their knee OA experiences. One recommen-
dation included asking about specific activities that pain had
interfered with. This was, therefore, included as a checkbox
item in the final EMA survey. Three of the 5 participants (60%)
reported that the original pain bothersomeness question was
confusing and difficult to understand. Therefore, “Before
prompt” was removed and replaced with “Currently.” All
included pilot participants reported that they would prefer to
use their own smartphones.

3.2. Objective 2: characterising knee osteoarthritis using
smartphone ecological momentary assessment

3.2.1. Participant characteristics

A final sample size of 86 participants was included, with no loss
to follow-up. The participant flow diagram is presented in
Figure 2.

Characteristics of study participants are presented in Table 3.

3.2.2. Ecological momentary assessment participation and
compliance

Average compliance across the two-weekmonitoring period was
90.7% 6 8.8. Eighty participants (93%) used their own phones.
All participants completed the study.

Nonparametric correlations (Kendall Tau and Spearman) were
completed to explore whether compliance was related to
demographic variables. Only gender demonstrated a fair re-
lationshipwith EMAcompliance: with women responding tomore
of the smartphone EMA surveys (r5 0.3,P5 0.02). Nonresponse
was deemed to be MAR with no evidence of relationships
between data missingness and variables including pain intensity
(P 5 0.4), pain interference (P 5 1), fatigue (P 5 0.4), negative
affect (P5 0.5), and the number of flare-up days (P5 0.9). There
was no evidence of measurement reactivity with no statistically
significant change in pain intensity ratings betweenweeks of EMA
monitoring (P 5 0.5).

Table 2

Clarity ratings for preliminary smartphone survey items.

Smartphone EMA construct measured Clarity rating*

Pain intensity 9.8 6 0.4

Pain interference 9.8 6 0.4

Pain bothersomeness 5.6 6 3.3

Stiffness 9.4 6 1.3

Fatigue 10 6 0

Sleep quality 9.8 6 0.4

Positive affect 10 6 0

Negative affect 9.8 6 0.4

Anxiety 10 6 0

Stress 10 6 0

Social contact 9.8 6 0.4

Loneliness 10 6 0

Flare-up 9 6 1.4

Physical activity 9.8 6 0.4

Sedentary time 9.4 6 1.3

* Data are presented as mean 6 standard deviation.

EMA, ecological momentary assessment.

Table 3

Characteristics of included participants.

Characteristic Value*

Age (y) 67.3 6 9.1

Sex Female: 55 [64]
Male: 31 [36]

Ethnicity NZ European: 78 [90.6]
New Zealand M�aori: 4 [4.7]
Indian: 2 [2.3]
English European: 1 [1.2]
Egyptian: 1 [1.2]

BMI (kg/m2) 32 6 6.8

Handedness Right: 80 [93]
Left: 6 [7]

Knee OA duration (y) 9.2 6 9.1

Bilateral OA Yes: 48 [55.8]
No: 38 [44.2]

Worst knee Right: 46 [53.5]
Left: 40 [46.5]

Highest level of education No formal qualification: 12 [14]
Year 10: 1 [1.2]
Year 13: 12 [14]
Trade/apprenticeship: 7 [8.1]
Certificate/diploma: 19 [22.1]
University degree: 19 [22.1]
Postgraduate degree: 16 [18.6]

Work status Full-time employed: 21 [24.4]
Part-time employed: 9 [10.5]
Self-employed: 7 [8.1]
Homemaker: 1 [1.2]
Retired: 47 [54.7]
Unable to work: 1 [1.2]

* Data are presented as mean 6 standard deviation or number [%].

BMI, body mass index; kg, kilograms; m, metres; OA osteoarthritis.
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3.2.3. Aggregated ecological momentary assessment
measures

The repeated measures from the smartphone EMA allowed for
the aggregation of pain intensity ratings.87 Aggregation was also
performed for other constructs collected. Aggregated data are
presented in Table 4.

3.3. Objective 3: knee osteoarthritis symptom variability

Using MixWILD, variability in scale and associations between
within-person means and standard deviations (location–scale
relationships) were explored. Findings are presented in Table 5.

Participants significantly differed from one another in terms of
their symptom variability for all measures collected by smartphone
EMA. Location–scale relationships were demonstrated for pain
intensity, fatigue, negative affect, stress, and sedentary time
meaning that those reporting greater average levels, also
demonstrated greater variability in these variables. Alternatively,
inverse location–scale relationshipsweredemonstrated for positive
affect and sleep quality, meaning that better average positive affect
and sleep quality were associated with less variability in these
variables. Nonsignificant location–scale relationships were found
for pain interference, bothersomeness, and anxiety.

3.4. Objective 4: influence of momentary psychosocial and
lifestyle factors on knee osteoarthritis pain experiences

The relationship between momentary psychosocial and lifestyle
factors and the pain experiences of those with knee OA was
explored. These are presented in Table 6.

3.4.1. Pain intensity

Within-person relationships were demonstrated between pain
intensity and fatigue, negative affect, knee stiffness, stress, and
anxiety. Between-person relationships were demonstrated be-
tween pain intensity and fatigue, negative affect, knee stiffness,
and stress.

3.4.2. Pain interference

Within-person relationships were demonstrated between pain
interference and fatigue, negative affect, stress, anxiety, and
loneliness. Between-person relationships were demonstrated

Table 4

U-KOPE aggregated ecological momentary assessment data.

Aggregated measure Mean 6 SD

Pain intensity
Current 2.7 6 1.9
Maximum 5.6 6 2.3
Minimum 0.9 6 1.2
Variability (SD) 1.2 6 0.5
Time high (%) 3.3 6 11.2
Time low (%) 65.2 6 28.1

Pain interference
Current 2 6 1.6
Maximum 5.2 6 2.7
Minimum 0.3 6 0.6
Variability (SD) 1.3 6 0.7
Time high (%) 2.1 6 6.5
Time low (%) 73.2 6 22.1

Pain bothersomeness (total number [%])
Not at all 725 [22.1]
Slightly 1533 [46.8]
Moderately 836 [25.5]
Very Much 167 [5.1]
Extremely 16 [0.5]

Knee OA flares (total number [%])
Total flare days 265 [24.4]
Average flare days per person 3.1 6 3

Stiffness (total number [%])
None 682 [20.8]
Mild 1515 [46.2]
Moderate 951 [29]
Severe 120 [3.7]
Extreme 9 [0.3]

Fatigue
Current 3.4 6 1.9
Maximum 6.8 6 2.1
Minimum 0.8 6 1.1
Variability (SD) 1.7 6 0.7
Time high (%) 6.1 6 10.9
Time low (%) 52.7 6 29.7

Sleep quality (total number [%])
Very bad 25 [2.2]
Bad 114 [10.2]
Fair 406 [36.5]
Good 435 [39.1]
Very good 133 [12]

Positive affect
Current 7.5 6 1.3
Maximum 9 6 1
Minimum 4.5 6 2.5
Variability (SD) 1.1 6 0.6
Time high (%) 53.9 6 33.3
Time low (%) 3.2 6 6.8

Negative affect
Current 2.1 6 1.7
Maximum 5.9 6 2.8
Minimum 0.4 6 0.7
Variability 1.4 6 0.8
Time high (%) 3.4 6 8.9
Time low (%) 72.2 6 25.2

Anxiety (total number [%])
Not at all 2424 [74]
Slightly 725 [22.1]
Moderately 114 [3.5]
Very Much 14 [0.4]
Extremely 0

Stress
Current 1.8 6 1.6
Maximum 4.8 6 2.8
Minimum 0.3 6 0.7
Variability (SD) 1.1 6 0.7
Time high (%) 1.8 6 6.9
Time low (%) 77.1 6 22.8

Table 4 (continued)

U-KOPE aggregated ecological momentary assessment data.

Aggregated measure Mean 6 SD

Loneliness (total number [%])
Not at all 3086 [94.2]
Slightly 153 [4.7]
Moderately 30 [0.9]
Very Much 8 [0.2]
Extremely 0

Physical activity
30 min achieved 639 [58.8]
Average days PA achieved per person 7.4 6 4.1

Sedentary time (h)
Daily sedentary time 6.6 6 2.3
Maximum 8.7 6 2.9
Minimum 4.2 6 1.8
Variability (SD) 1.4 6 0.6

Variability is the average of each participant’s standard deviation. Time in high (%) is the percentage of ratings

$7.5/10. Time in low (%) is the percentage of ratings #3.5/10.

PA, physical activity; SD, standard deviation; U-KOPE, understanding knee osteoarthritis pain experiences.
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between pain interference and fatigue, negative affect, stress,
and loneliness.

3.4.3. Pain bothersomeness

Both within- and between-person relationships were demon-
strated between pain bothersomeness and fatigue, negative
affect, stress, anxiety, and loneliness.

4. Discussion

The aim of this study was to characterise the pain experiences of
those with knee OA by smartphone EMA and explain how
participants’ momentary psychological and social states and
other experiences, such as fatigue and joint stiffness, influence
pain experiences. This study showed that the knee OA pain
experience was variable and unique to the individual. In addition,
the knee OA pain experience was shown to be influenced by
individual psychosocial and lifestyle factors.

Symptom variability is a normal part of the pain experience,
demonstrated in several populations.1,2,6,47,53,60,77,81,88 This

study adds to previous findings, demonstrating symptom
heterogeneity in those with knee OA using robust smartphone
EMA methods.2,41,80 Incidentally, greater variability in many knee
OA symptoms (ie, pain intensity) was related to greater average
symptom levels overall highlighted by location–scale relation-
ships. Studies across multiple patient populations have shown
that pain variably is related to poorer function, quality of life, sleep,
work absence, and psychological and health resource use
outcomes.4,41,88 This suggests that targeting pain variability
may result in improvements across multiple patient out-
comes.4,41,88 Furthermore, as pain variability is typically un-
predictable and can cause a decrease in locus of control, patients
may cope better if they experienced less pain variability.88

Management strategies which address pain aggravations such
as proactive supported self-management strategies, analgesia
regimes, and psychological coping interventions may be bene-
ficial.2,41 However, further research exploring whether the impact
of pain variability can be improved in those with knee OA is
required.2,88

Most participants reported mild pain across the two-week
monitoring period. Minimal time in high pain ($7.5/10 on the

Table 6

Effect of ecological momentary assessment variables on knee osteoarthritis pain outcomes.

Variable Effect ß—pain intensity ß—pain interference ß—pain bothersomeness

Fatigue Between
Within

0.6***
0.2***

0.5***
0.2***

0.9***
0.3***

Negative affect Between
Within

0.5***
0.3***

0.5***
0.4***

0.7***
0.5***

Stiffness Between
Within

1.5***
1.1***

1.5***,‡
1.1***,‡

3.6***
3***

Anxiety Between
Within

0.3
0.4***

0.3†
0.2***,†

1.2*
0.5***

Stress Between
Within

0.5***
0.3***

0.5***
0.4***

0.7***
0.4***

Loneliness Between
Within

0.4**,†
0†

2.2***,‡
0.4**,‡

2.5*
0.4*

***P , 0.001; **P , 0.01; *P , 0.05.

Between-person estimate represents a participant’s average level relative to the group mean.

Within-person estimate represents participants’ momentary ratings relative to their own mean.

† Standardised.

‡ Scale parameters.

Table 5

Variability in scale and location–scale relationships for ecological momentary assessment variables.

EMA variable Random scale SD* Random location† effect on scale

Pain intensity 0.7*** 0.6***

Pain interference 1.4*** 20.1

Pain bothersomeness 0.3*** 0.1

Stiffness 0.4*** 0

Fatigue 0.7*** 0.3***

Negative affect 0.9*** 0.6***

Anxiety 0.4*** 0

Stress 1*** 0.9***

Loneliness 0.5** 0.3

Positive affect 1.1*** 20.4**

Sleep quality 0.3*** 20.2**

Sedentary time 0.6*** 0.5***

***P , 0.001; **P , 0.01.

* Random scale SD reflects variability in scale represented as log-transformed standard deviation.

† Random location reflects within-in participant mean.

EMA, ecological momentary assessment; SD, standard deviation.
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NPRS) was reported, with the participants reporting low pain
(#3.5/10 on the NPRS) most of the time. Although time in high
pain was low in this study, this may have important clinical
consequences. A recent meta-analysis demonstrated relation-
ships between time in high pain and clinical outcomes including
worse functioning which could negatively impact quality of
life.77,87 Furthermore, time in high pain may reflect the presence
of knee OA flare-ups or underlying pain mechanisms such as
sensitization.87 Identifying those with more time in high pain may
assist with prioritizing those in greatest need of intervention,
subgrouping the knee OA population, and be an important target
for treatment.87 More research is required to explore the
implications of time in high pain and better address this to
improve clinical outcomes.

In this study, participants rated whether they experienced
a flare-up day. On average, participants reported of having
a flare-up day on almost 25% of the two-week monitoring
period. This suggests that flare-up occurrence reported by
previous studies (2.4 annually) may underestimate the in-
cidence of OA flare-ups.8 In addition, participants may have

rated even minor symptom interference based on the provided
definition of OA flare-ups. This may reflect heterogeneity in OA
flare-up presentations with different severities and durations of
flare-ups presenting in the OA population. Flare-ups play
a significant role in the knee OA pain experience, contributing
to functional, sleep, and psychological consequences.30

Reducing the magnitude and number of flare-ups could
significantly reduce disability and improve quality of life.
Consequently, future research should investigate treatments
that target OA flares, including triggers and outcomes.

Fatigue is a complex, multifactorial symptom experienced by
those with knee OA which negatively impacts functioning and
quality of life.25,26,70–72 A recent systematic review reported that
factors contributing to fatigue in this population include lower
levels of functioning, comorbidities, pain, sleep quality, and
depression.85 Fatigue was highlighted by this study as a hetero-
geneous symptom that also contributes to the knee OA pain
experience. Factors contributing to fatigue in the knee OA pain
experience include systemic inflammation, prolonged sympa-
thetic nervous system activity, and sensitization making fatigue,
pain, and sleep quality interrelated symp-
toms.5,21,51,57,78,79,83,86,95,102,103 With these many complex
factors contributing to the knee OA presentation, a vicious cycle
of worsening pain, fatigue, and disability could develop endorsing
the need for intervention.25,26,85,103

Psychological factors play an important role in predicting pain
and functional outcomes in those with knee OA.16,38,39,90,96 In
this study, most participants reported low overall levels of
negative affect, anxiety, and stress; however, these symptoms
were shown to be heterogeneous across the sample. Those who
reported worse mood and stress were shown to have greater
symptom variability. By contrast, those reporting greater positive
mood presented with less variability in positive mood. When
comparedwith pain outcomes, participants who reported worse-
than-usual mood, anxiety, and stress also reported higher pain
intensity, interference, and bothersomeness. A recent review
confirms the high prevalence of anxiety and depression in those
with knee OA, with psychological factors being associated with
greater levels of pain and disability.42,58,89 In addition, greater
pain and disability have been shown to prospectively predict the
incidence of future depression.108 These findings highlight that
psychological factors may be strongly related to an individual’s
knee OA pain experience, whereby knee OA pain, disability,
depression, distress, and anxiety could influence each other,
contributing to a vicious cycle.106

Chronic pain, disability, and depression are risk factors for social
isolation and loneliness.75,93,96 Therefore, thosewith knee OAmay
be at greater risk. In this study, loneliness was shown to be variable
and demonstrated relationships with worse pain intensity, in-
terference, and bothersomeness. Knee OA pain may limit
individuals from socialising while reduced social participation may
result in functional decline and increased knee OA symptoms.46

Consequently, interventions that aim to improve social connection
and perceived loneliness may be worthwhile to improve pain,
functioning, andpsychological status in thosewith kneeOA.75,93,96

The findings from this study suggest that targeting symptom
stability, reducing time in high pain, and improving lifestyle and
psychosocial status may improve knee OA symptoms, function-
ing, and quality of life. Interventions such as prophylactic
analgesic medication regimes and the implementation of pro-
active self-management strategies, psychological coping strat-
egy implementation, physical activity prescription, sleep hygiene
interventions, and meditation or relaxation could be effective in
improving the knee OA pain experience.43–45

Figure 1. Screenshot of the smartphone EMA survey using the m-Path
application. EMA, ecological momentary assessment.
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The strengths of this study included study design adherence to
the CREMAS to limit potential sources of bias55 and high
compliance of study participants. In addition, pain, psychosocial,
and lifestyle factors were captured via a momentary (or close to
momentary) single-item questionnaire. This allowed these con-
structs to be collected in a manner that reduced the burden and
requirements for recall. The survey items were piloted on a small
group of study participants with written and “think-aloud”
feedback collected to inform the final EMA survey design. Design
features to reduce participant burden and improve the quality of
the data were also incorporated (ie, training, individualised
notification schedule, reminder or snooze features, use of own
devices) to enhance the EMA experience. Other novel areas
explored in this investigation include the role of loneliness, an
important social construct on momentary pain experiences,
suggesting a potential role of social referral as part of the holistic
management of knee OA.15 Finally, a multilevel modelling
approach using the recently developed MELS model was used
to analyse the repeated, nested data and allow for the exploration

of the novel within- and between-person relationships involved in
the biopsychosocial knee OA pain experience.22,53

This study solely included participants from the community
who mainly presented with a mild knee OA presentation on
average. Despite attempts, no participants were recruited from
the hospital’s orthopaedic outpatient department. Reports
suggest that individuals withmore severe symptomsmay present
with more variable symptoms, including the presence of
additional psychosocial factors.3,18 In this study, more mild
presentations likely meant that there was less potential distribu-
tion of variables. This inevitably meant that participants with
a milder presentation overall would have lower momentary
reports of symptoms, resulting in less variability. Therefore,
further research on knee OA populations with moderate and
severe knee OA pain experiences which controls for overall pain
levels is needed to fully conclude that variability is the driving
factor. Study participants presented with a large degree of
variability in knee OA duration. Including knee OA duration in
future MELS models may suggest the possible impact that knee

Figure 2. Participant flow diagram.
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OA duration has on pain experiences. The power analysis
completed was not specific to the EMA data and MELS
modelling. However, within-person analyses are often reported
to improve power.59,68 Therefore, the included sample was larger
thanmany EMA studies exploring populationswith pain.64,76With
this being an exploratory study, larger and longer validation
studies are required to support findings and further explore the
statistical and clinical significance of demonstrated relationships.
Testing hypotheses informed by this study using lagged effect
models is also required.

Ecological momentary assessment surveys were only admin-
istered 3 times daily. Therefore, these may have potentially
missed times of high or low symptoms. A few items included in
the EMA survey did not have established psychometric proper-
ties. Although reducing the burden, using single-item questions
to capture complex experiences may fail to adequately capture
constructs of interest.9 Therefore, psychometric properties of
single-item measures need to be established for use in future
EMA studies.

Overall, data from this study suggest that pain, psychosocial,
and lifestyle factors involved in knee OA pain experience are
heterogeneous and variable in real-life contexts and circum-
stances. Those with greater variability in pain, fatigue, negative
affect, and stress had worse levels of these symptoms overall.
This highlights that knee OA is not a static, homogenous
condition. Instead, knee OA differs between individuals, with
symptoms fluctuating over hours and days. Furthermore,
momentary psychosocial and lifestyle factors, such as lowmood,
stress, anxiety, and loneliness, and bodily experiences, such as
fatigue and joint stiffness, were shown to demonstrate relation-
ships with variable pain experiences at an individual level. These
are important findings for clinical practice, endorsing the need to
provide treatments that better manage symptom stability and
address individualised psychosocial and lifestyle factors that have
been shown to contribute to the knee OA pain experience.
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[43] Jääskeläinen R. Think-aloud protocol. Handbook translation Stud 2010;
1:371–4.

[44] Jaremka LM, Andridge RR, Fagundes CP, Alfano CM, Povoski SP,
Lipari AM, Agnese DM, Arnold MW, Farrar WB, Yee LD, Carson WE III,
Bekaii-Saab T, Martin EW Jr, Schmidt CR, Kiecolt-Glaser JK. Pain,
depression, and fatigue: loneliness as a longitudinal risk factor. Health
Psychol 2014;33:948–57.

[45] Jaremka LM, Fagundes CP, Glaser R, Bennett JM, Malarkey WB,
Kiecolt-Glaser JK. Loneliness predicts pain, depression, and fatigue:
understanding the role of immune dysregulation.
Psychoneuroendocrinology 2013;38:1310–7.

[46] Karayannis NV, Baumann I, Sturgeon JA, Melloh M, Mackey SC. The
impact of social isolation on pain interference: a longitudinal study. Ann
Behav Med 2019;53:65–74.

[47] Keefe FJ, Affleck G, France CR, Emery CF, Waters S, Caldwell DS,
Stainbrook D, Hackshaw KV, Fox LC, Wilson K. Gender differences in
pain, coping, and mood in individuals having osteoarthritic knee pain:
a within-day analysis. PAIN 2004;110:571–7.

[48] Kittelson AJ, George SZ, Maluf KS, Stevens-Lapsley JE. Future
directions in painful knee osteoarthritis: harnessing complexity in
a heterogeneous population. Phys Ther 2014;94:422–32.

[49] KU Leuven. m-Path: blended care made easy, 2020. Available at:
https://m-path.io/landing/. Accessed January 30, 2021.

[50] Lahtinen O, Salmivalli C. The relationship between mindfulness
meditation and well-being during 8 weeks of ecological momentary
assessment. Mindfulness 2020;11:255–63.

[51] Lee C-H, Giuliani F. The role of inflammation in depression and fatigue.
Front Immunol 2019;10:1696.

[52] Lee PH, Macfarlane DJ, Lam TH, Stewart SM. Validity of the
international physical activity questionnaire short form (IPAQ-SF):
a systematic review. Int J Behav Nutr Phys Act 2011;8:115.

[53] Lester HF, Cullen-Lester KL, Walters RW. From nuisance to novel
research questions: using multilevel models to predict heterogeneous
variances. Organizational Res Methods 2021;24:342–88.

[54] Lewis B, Lewis D, Cumming G. Frequent measurement of chronic pain:
an electronic diary and empirical findings. PAIN 1995;60:341–7.

[55] Liao Y, Skelton K, Dunton G, Bruening M. A systematic review of
methods and procedures used in ecological momentary assessments
of diet and physical activity research in youth: an adapted STROBE
Checklist for Reporting EMA Studies (CREMAS). J Med Internet Res
2016;18:e151.

[56] Littman AJ, White E, Satia JA, Bowen DJ, Kristal AR. Reliability and
validity of 2 single-item measures of psychosocial stress. Epidemiology
2006;17:398–403.

[57] Louati K, Berenbaum F. Fatigue in chronic inflammation—a link to pain
pathways. Arthritis Res Ther 2015;17:254.

[58] Lowry V, Ouellet P, Vendittoli P-A, Carlesso LC, Wideman TH,
Desmeules F. Determinants of pain, disability, health-related quality of
life and physical performance in patients with knee osteoarthritis
awaiting total joint arthroplasty. Disabil Rehabil 2018;40:2734–44.

[59] Maas CJM, Hox JJ. Sufficient sample sizes for multilevel modeling.
Methodology 2005;1:86–92.

[60] Madden VJ, Kamerman PR, Catley MJ, Bellan V, Russek LN,
Camfferman D, Lorimer Moseley G. Variability in experimental pain
studies: nuisance or opportunity? Br J Anaesth 2021;126:e61–4.

[61] Maher JP, Rebar AL, Dunton GF. Ecological momentary assessment
is a feasible and valid methodological tool to measure older adults’
physical activity and sedentary behavior. Front Psychol 2018;9:
1485.

[62] Marquet O, Alberico C, Hipp AJ. Pokémon GO and physical activity
among college students. A study using Ecological Momentary
Assessment. Comput Hum Behav 2018;81:215–22.

[63] Mathew J, Adhia DB, Smith ML, De Ridder D,Mani R. Protocol for a pilot
randomized sham-controlled clinical trial evaluating the feasibility,
safety, and acceptability of infraslow electroencephalography
neurofeedback training on experimental and clinical pain outcomes in
people with chronic painful knee. NeuroRegulation 2020;7:30–44.

[64] May M, Junghaenel DU, Ono M, Stone AA, Schneider S. Ecological
momentary assessment methodology in chronic pain research:
a systematic review. J Pain 2018;19:699–716.

10 M. Overton et al.·9 (2024) e1172 PAIN Reports®

https://m-path.io/landing/


[65] Mehl MR, Conner TS. Handbook of research methods for studying daily
life. New York: Guilford Press, 2012.

[66] Mestdagh M, Verdonck S, Piot M, Niemeijer K, Kilani G, Tuerlinckx F,
Kuppens P, Dejonckheere E. m-Path: an easy-to-use and highly
tailorable platform for ecological momentary assessment and
intervention in behavioral research and clinical practice. Front Digit
Health 2023;5:1182175

[67] Milani SA, Marsiske M, Cottler LB, Chen X, Striley CW. Optimal cutoffs
for the Montreal Cognitive Assessment vary by race and ethnicity.
Alzheimers Dement (Amst) 2018;10:773–81.

[68] Montoya AK. Selecting a within- or between-subject design for
mediation: validity, causality, and statistical power. Multivariate Behav
Res 2022;58:616–36.

[69] Murphy SL, Kratz AL, Williams DA, Geisser ME. The association
between symptoms, pain coping strategies, and physical activity among
people with symptomatic knee and hip osteoarthritis. Front Psychol
2012;3:326.

[70] Murphy SL, SchepensNiemiec S, Lyden AK, Kratz AL. Pain, fatigue, and
physical activity in osteoarthritis: the moderating effects of pain-and
fatigue-related activity interference. Arch Phys Med Rehabil 2016;97:
S201–9.

[71] Murphy SL, Smith DM. Ecological measurement of fatigue and
fatigability in older adults with osteoarthritis. J Gerontol A Biol Sci Med
Sci 2010;65:184–9.

[72] Murphy SL, Smith DM, Clauw DJ, Alexander NB. The impact of
momentary pain and fatigue on physical activity in women with
osteoarthritis. Arthritis Rheum 2008;59:849–56.
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