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Abstract

Objective—To examine the temporal associations, within-day and day-to-day, between pain,
fatigue, depressed mood, and cognitive function in multiple sclerosis (MS).

Design—Repeated-measures study involving seven days of ecological momentary assessment
(EMA) of symptoms five times a day. Multilevel mixed models were used to analyze data.

Setting—Community.
Participants—Ambulatory adults (N=107) with MS.
Interventions—Not applicable.

Main Outcome Measure(s)—EMA of pain, fatigue, depressed mood, and cognitive function
rated on a 0-10 scale.

Results—Fatigue and pain were linked within-day such that higher pain was associated with
higher subsequent fatigue (B=0.09, p=0.04; likewise, higher fatigue was associated with higher
pain in the following time frame (B=0.05, p=0.04). Poorer perceived cognitive function preceded
increased subsequent pain (B=0.08, p=0.007) and fatigue (B=0.10, p=0.01) within-day. Depressed
mood was not temporally linked with other symptoms. In terms of day-to-day effects, a day of
higher fatigue related to decreased next day fatigue (B=—0.16, p=0.01), and a day of higher
depressed mood related to increased depressed mood the next day (B=0.17, p=0.01). There were
no cross-symptom associations from one day to the next.

Conclusions—Findings provide new insights on how common symptoms in MS relate to each
other and vary within and over days. Pain and fatigue show evidence of a dynamic bidirectional
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relation over the course of a day, and worsening of perceived cognitive function preceded
worsening of both pain and fatigue. Most temporal associations between symptoms occur within
the course of a day, with relatively little carry-over from one day to the next.

Keywords

multiple sclerosis; pain; fatigue; depressed mood; cognitive function; ecological momentary
assessment

Multiple sclerosis (MS), a progressive neurological disorder,1=3 is often associated with a
complex symptoms burden, including chronic pain®~7, fatigue8-13, depression4-16, and
cognitive dysfunctionl’~22, As there is no cure for MS, efforts to stabilize the disease with
disease-modifying therapies and treatments to manage comorbid symptoms and improve
functioning are the mainstays of MS patient care.

There is growing recognition that the confluence of symptoms, rather than any single
symptom, determines quality of life, functional ability, and efficacy of symptom-specific
interventions in MS23-25, Despite decades of research, our understanding of the complex
nature of MS-related symptoms is limited. Research examining associations between
commonly comorbid symptoms in MS is increasing. For instance, studies that have
considered multiple MS symptoms have consistently identified pain, fatigue, depressed
mood?3: 26-30 and cognitive problems24: 31 as symptoms that cluster together. Although
these studies have advanced our understanding of how symptoms correlate in MS, a number
of questions about the nature of these symptoms remain. For example, an overreliance on
cross-sectional research has limited our knowledge of how symptoms are experienced in the
daily lives of people with MS. With the exception of three papers examining the daily
variability in fatigue31-33, little is known about the variability or stability of symptoms or
about dynamic temporal associations between symptoms in the daily lives of persons with
MS.

We have demonstrated that daily within-person symptom variability differs depending on the
symptom, with fatigue showing the most variability relative to pain, depressed mood, and
cognitive function (see companion paper34). To build on this finding and increase our
understanding of the covariation of symptoms from moment-to-moment and day-to-day in
MS, this study used ecological momentary assessment (EMA), to assess symptoms (pain,
fatigue, depressed mood, and cognitive function) in real-time at five daily intervals over
seven days. One benefit to this methodology, in addition to improving data reliability, is that
it allows for the examination of temporal associations between symptoms in MS.

The goal of this analysis was to examine the within-person temporal associations between
real-time self-reported symptoms of pain, fatigue, depressed mood, and cognitive function
on two time scales: 1) moment-to-moment within a day; and 2) from one day to the next.
Within-day, we expected that pain would be associated with later fatigue (consistent with the
common patient complaint that pain is tiring) and that fatigue and depressed mood would be
positively associated (consistent with recent findings3).
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Ambulatory adults with clinically definite MS (confirmed by medical record) were recruited.
Inclusion criteria were: 1) > 18 years of age; 2) able to speak and read English at a 6" grade
level 3) able to ambulate with minimal assistance (e.g. use of a cane/walker allowed).
Exclusion criteria were: 1) MS exacerbation within the past 30 days; 2) an atypical sleep/
wake pattern (e.g. sleeping during the day due to shift work); 3) diagnosis of
rheumatological disease or fibromyalgia; 4) adjustments in disease-modifying therapy
regimens during study.

Study Procedures

This was a repeated-measures observational study that utilized a combination of recall
surveys, EMA of symptoms, objectively measured physical activity (accelerometer), and
end-of-day diaries. This paper focuses on survey and EMA measures. Further study details
can be found in our companion papers34 35, Data were collected at [masked] between
October 2014 and March 2016. Institutional Review Board approval was granted prior to
study initiation. A total of 108 participants were were recruited in an around the community
of [masked] through doctor referrals, flyers placed in clinical and community locations,
electronic medical records, existing participant registries, and via web-based promotion
[masked]. Records on numbers of participants recruited by each means were not retained.
Eligibility screening was conducted over the telephone. When electronic medical records for
volunteers were accessible, they were checked for MS diagnosis; in other cases copies of
medical records confirming MS diagnosis were obtained at the volunteers request from
his/her physician.

Eligible volunteers came to the lab where they underwent informed consent, completed a
baseline survey battery, and received training on how to complete daily on-line diaries and
use the PRO-Diary@ (CamNTech, Cambridge, United Kingdom), a wrist-worn accelerometer
enhanced with a user interface for entry of self-report data. At the end of the lab visit,
participants were given a PRO-Diary, a logbook (for noting problems/exceptions/context),
and a pre-paid box for returning the PRO-Diary. The day following the lab visit began the 7-
day home monitoring period, during which participants wore the PRO-Diary on the non-
dominant wrist continuously, except while bathing or swimming. The PRO-Diary was used
to collect and store physical activity and time-stamped EMA data until it was returned to the
lab where data were downloaded. Participants logged pain, fatigue, depression, and
cognitive function five times a day: upon waking, 11AM, 3PM, 7PM, and bedtime. An
audible alarm alerted participants to enter ratings at 11AM, 3PM, and 7PM, and participant-
initiated ratings at wake and bed times. At the end of the home monitoring period,
participants mailed the PRO-Diary to the lab and were compensated commensurate with the
number of days for which they provided data.

aCamNtech Ltd.,

Upper Pendrill Court, Ermine Street North, Papworth Everard, Cambridge, CB23 3UY, United Kingdom
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Baseline Measures—Self-report measures of demographic (age, race, sex, educational
level/total years of education, and employment status) and clinical (time since MS diagnosis)
data were collected. MS diagnosis and subtype were retrieved from participants’ medical
records.

Ecological Momentary Assessments—As outlined in the companion paper, four
EMA items were developed and demonstrated good convergent validity with standard
surveys administered daily during the home monitoring period34.

Pain intensity was assessed with the question; “What is your level of pain right now?” rated
on a numerical rating scale from 0 = “no pain” to 10 = “worst pain imaginable.” Fatigue was
assessed with the question: “What is your level of fatigue right now?” rated on a scale from
0 = “no fatigue” to 10 = “extremely severe fatigue.” Depressed mood was assessed with the
question: “What is your level of depression right now?” on a scale from 0 = “Not at all
depressed” to 10 = “Extremely depressed.”

Perceived Cognitive Function was assessed with the question: “What is your level of
cognitive functioning right now?” on a scale from 0 = “Good: my thinking is sharp and
quick” to 10= “Bad: my thinking is very difficult or slow.”

Data Analyses

Preliminary Data Analyses: Descriptive statistics were generated to examine data
distribution. Pearson correlation analyses were used to examine associations between
aggregated EMA symptom variables. Missing data rates were calculated. Sample means of
EMA ratings were graphed for each time point to depict moment-to-moment levels and
variability in each symptom.

Primary Data Analyses: Multilevel random effects modeling (MLM) was applied to
examine the temporal association between EMA symptoms. This statistical approach utilizes
as many data points as possible by retaining cases with missing within-person data and
allows for modelling of random effects, which is based on the premise that the data
represents a random sample of a larger range of possible values. Prior to conducting
analyses, the dataset was arranged so that associations between EMA symptoms in the
previous and next time points could be examined. EMA variables were centered to create
person-centered deviation scores, such that the centered value indicated the momentary
change (for moment-to-moment analyses) or daily change (for day-to-day analyses) relative
to each person’s own weekly average32:33. Centering in this manner allows for examination
of within-person and between-person variance separately36:37. SAS PROC MIXED software
was used to simultaneously model between-person and within-person variance and account
for the auto-correlation between adjacent observations. Four MLMs for momentary (within-
day) associations, one for each EMA symptom, were constructed. In each case, variables of
interest were all four EMA symptom ratings from the previous time point (including the
previous rating for the criterion symptom). All momentary MLMSs were run within-day.
Similarly, four MLMs for day-to-day associations, one for each symptom, were constructed.
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In each case, variables of interest were the daily average of EMA symptom ratings
(centered) from the previous day. A person’s average level of each EMA symptom was
included in all models to account for between-person differences in symptom levels. Clinical
and demographic variables (age, sex, MS duration, MS subtype) that were deemed
clinically-relevant to symptom experience were included as covariates and retained in the
models regardless of statistical significance. Categorical covariates were dummy coded38;
one dummy code each was created for sex (male=reference) and MS subtype (relapsing
remitting MS (RRMS) was contrasted with all progressive types, collapsed into a single
reference category). To determine effect size, we calculated the amount of shared variance
(pseudo-R?2) between momentary symptoms that showed significant associations3°.
Statistical tests were performed using SASP version 9.4 (SAS Institute, Cary, NC, USA).

As reported in companion papers3# 35, 108 volunteers enrolled and completed baseline
measures. One person withdrew prior to beginning home monitoring; data from 107
individuals were analyzed. As shown in Table 1, average age was approximately 45 years
and time since MS diagnosis was about 9.5 years. Most participants were white and female,
and nearly three-quarters were characterized as having RRMS. Generally, symptom burden,
as indicated by weekly-averaged EMA ratings, was relatively mild in this sample; scores for
EMA fatigue were highest, but are still in the “mild” range. Importantly, this sample was
found to be similar to other, larger MS research samples in terms of sample-average scores
on standardized symptom surveys34. Out of a possible 35 EMA data points per person,
83.4% (3145/3745) of the data were complete.

Correlations between aggregated EMA symptoms ratings (Table 2.) were all statistically
significant and in the moderate (r =0.30) to large (r =0.50) effect size range. In absolute
terms, the correlation between pain and fatigue was highest (r = 0.70) and the correlation
between pain and depression was lowest (r = 0.39).

As can be seen in Figures 1-4, EMA symptom ratings were relatively low. Fatigue was the
most and depressed the least variable within-person and fatigue showed the greatest “diurnal
effect” with ratings rising across the day to peak levels at night.

Within-person moment-to-moment temporal associations amongst symptoms

MLM results examining the within-day associations between later symptom ratings and
earlier symptom ratings (Table 3.) indicate significant associations between aggregate
symptom scores (between-person levels) and momentary symptoms for a single symptom
(e.g. a person with higher pain in general reported higher momentary pain). The only cross-
symptom association for aggregated symptoms was for pain; those with higher average pain
reported lower momentary fatigue (B=-0.09, p=0.004). MLMs also showed strong
associations between ratings of a single symptom at different time points for all four
symptoms; that is, pain at one time point was strongly related to pain at the next time point.
The findings support the notion that there are temporal associations across symptoms, even

bsas, SAS Campus Drive, Building T, Cary, NC 27513
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when controlling for the criterion symptom in the previous time point. Specifically, greater
pain ratings were preceded by worse fatigue (B=0.05, p=0.04) and cognitive function
(B=0.08, p=0.007), which collectively accounted for 9% of the within-person variance in
momentary pain. Similarly, two symptoms were significantly associated with subsequent
fatigue, pain (B=0.09, p=0.04) and cognitive function (B=0.10, p=0.01) were associated
with greater fatigue in the next time frame and, together, accounted for 5.8% of within-
person variance in momentary fatigue. Notably, depressed mood was only associated with
previous depressed mood. Similarly, cognitive function was only associated with previous
cognitive symptoms; although there was a trend for greater fatigue to relate to later cognitive
function (B=0.05, p=0.06).

Within-person day-to-day temporal associations amongst symptoms

MLM results examining next-day associations between symptom ratings from previous day
symptom ratings (Table 4.) showed associations between average and momentary levels of a
symptom (e.g., higher average pain was related to higher daily pain), but no cross-symptom
associations. In terms of day-to-day analyses, there were no cross-symptom associations
from one day to the next. Interestingly, fatigue showed a negative day-to-day association
such that a day of higher fatigue was associated with lower fatigue the next day (B=-0.16,
p=0.01; 2.2% of within-person variance). In contrast, a day of higher depressed mood was
associated with greater depressed mood the following day (B=0.17, p=0.01; 3.7% of within-
person variance). Notably, neither pain nor cognitive function related to next day ratings of
the same symptom.

Discussion

In this first-of-its-kind study to examine temporal associations between four of the most
common symptoms of MS, results suggest that cross-symptom associations exhibit more
robust temporal associations over shorter within-day time frames than across consecutive
days. For within-day, moment-to-moment associations, pain and fatigue showed a bi-
directional relationship; greater pain was associated with greater subsequent fatigue, and
greater fatigue related to greater subsequent pain. This finding, paired with a strong
between-person correlation between average levels of pain and fatigue (r=0.70), suggest a
substantial link between pain and fatigue in MS. Conversely, depressed mood did not
demonstrate significant temporal associations with other symptoms; this, coupled with the
relatively modest between-person correlations between depressive and other symptoms (7’s
range 0.39-0.53) suggest that depressed mood is largely independent from short-term
within-person covariation with other symptoms in MS. It is possible that the relatively low
levels and low within-person variability of depressed mood34 compared to the other
symptoms partially explain the lack of daily associations. However, results for cognitive
function, which were also quite low and stable in this sample, demonstrated that higher
momentary cognitive problem ratings were associated with later increases in both pain and
fatigue.

Links between cognition and pain have been demonstrated in experimental and imaging
research40-46; although most have explored how pain disrupts cognitive performance1-46,
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or how pain-specific cognitive processes (e.g. attention) can either augment or attenuate
pain?C, one study demonstrated immediate but short-lived changes in fatigue and pain
following a cognitively-demanding task in an osteoarthritis sample*’. Cognitive problems
have typically been seen as a consequence of pain and fatigue; in contrast, our data implicate
worse than average perceived cognitive function as a sort of “leading indicator” of later
increases in pain and fatigue. Potential mechanisms of these associations include shared
central nervous system processes underlying fluctuations in pain, fatigue, and cognition, and
behavioral mechanisms, such as poorer attentional control and/or cognitive/emotional self-
regulation related to declines in cognitive function, which could contribute to later
worsening of pain and fatigue.

Significant correlations between average symptom levels are consistent with previous cross-
sectional research concluding that pain, fatigue, and depressive and cognitive symptoms
often cluster together in ms#23.26.27,29,.30.48-50 Taken together, these findings underscore the
importance of considering both between-person and within-person processes; for example,
although the extant data support the hypothesis that people w#o report higher depressed
mood also report higher pain, these data suggest that w#ena person feels particularly
depressed, they are not more likely to experience a subsequent increase in pain on a typical
day.

There were fewer temporal associations between symptoms across consecutive days,
suggesting that for the most part, chronic MS symptoms are not particularly influenced by
symptom carryover from the previous day. There are two notable exceptions. First, a day of
higher than average fatigue was associated withlower fatigue the next day. Interestingly, this
finding is highly consistent with our previous data that showed large within-person
variability in fatigue and the notion that fatigue is dynamic day-to-day34. In contrast,
depressed mood, which we found to be relatively stable for a person34, showed a positive
association across days; that is, a day of higher depressed mood related to greater depressed
mood the following day. Pain and cognitive function were not associated with same-
symptom levels the next day and there were no cross-symptom associations across days.
Several factors could explain the observed day-to-day associations, and lack of significant
symptom carryover across days. In terms of fatigue, it is possible that individuals curb or
pace activity the day after a day of especially high fatigue, resulting in relatively lower
fatigue the following day. Sleep could also play a key role in the day-to-day symptom
experience (including the lack of finding for pain and cognitive function), and warrants
further exploration. For example, the possibility exists that individuals may prioritize sleep
on days of particularly high fatigue, which in turn result in lower fatigue the next day. In
contrast, sleep may be less restful after a day of feeling unusually depressed; which could in
turn maintain or even exacerbate depressed mood the following day. Such relationships
warrant further exploration.

Study Limitations

This study examined a subset of common MS symptoms, which were chosen based on their
response to behavioral intervention. Future examination of other consequential MS
symptoms (e.g., weakness, balance problems) is needed. Study sample characteristics,
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including predominantly white and female participants, exclusion of non-ambulatory
individuals, and modest symptom burden may limit our ability to generalize findings to the
broader MS population; however, this study sample was found to be similar to other larger
study samples in terms of symptom burden as measured by standardized recall surveys®1:52,
As we note in the companion paper, the reasons for higher symptom ratings on surveys
compared to EMA is not clear, and warrants further study34. EMA data collection can take
many forms®3, with inter-assessment intervals of different length, frequency, and schedule
(i.e. fixed/variable). Temporal associations between symptoms may be different depending
on time-frame and schedule. Findings from this study warrant replication and further
examination. Although we employed the most appropriate statistical approach available, the
use of multiple independent MLMs is limited by the fact that fitting these models separately
does not allow correlations between the errors and the models assume equally-spaced EMA
time points. Effect sizes of moment-to-moment associations between symptoms were small
in absolute terms. However, the significance of these finding must be evaluated in the
context of their relevance in the day-to-day lives of those who live with MS°4:55 and with the
understanding that in studies of momentary associations, there may be a larger cumulative
effect of even “minuscule” variance values over time>?,

Conclusions

Symptoms experienced by people with MS are dynamic, and exhibit distinct cross-symptom
temporal associations within-but not across-days. Although causal pathways between
symptoms cannot be elucidated from these data, results indicate that temporal associations
between symptoms may be unique to specific sets of symptoms. Although symptoms in MS
are often thought to “cluster together”, our data suggest a greater degree of specificity in
terms of which and in what order symptoms are experienced on a moment-to-moment and
day-to-day basis. Improved clarity about the dynamics and associations between symptoms
as they are experienced in daily life could improve assessment and treatment of these MS
symptoms.
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Pain Rating on a Numerical Rating Scale (0-10)
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EMA Time point (5 X day over 7 days)
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Note. W = wake time, 11 = 11am, 3 = 3pm, 7 = 7pm, B = bed time

Figures 1.
Sample mean of momentary pain intensity levels (NRS 0-10) across the 35 EMA time

points (5 X day for 7 days). Error bars depict standard deviations.
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Figures 2.
Sample mean of momentary fatigue intensity levels (NRS 0-10) across the 35 EMA time

points (5 X day for 7 days). Error bars depict standard deviations.
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Depressed Mood on a Numerical Rating Scale (0-10)
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Figures 3.
Sample mean of momentary depressed mood (NRS 0-10) across the 35 EMA time points (5

X day for 7 days). Error bars depict standard deviations.
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Figures 4.
Sample mean of momentary perceived cognitive function (NRS 0-10) across the 35 EMA

time points (5 X day for 7 days). Error bars depict standard deviations.
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Descriptive statistics for demographic and baseline study variables (N = 107)

Age

MS Duration (years)

EMA Fatigue

EMA Pain

EMA Depressive Symptoms
EMA Cognitive Problems

Sex (Female)
MS Subtype
Relapsing Remitting
Primary Progressive
Progressive Relapsing
Secondary Progressing
Unknown
Race
White
Black
Asian
Native
Biracial (Black/White)
Hispanic
Employment
Employed Full-time
Employed Part-Time
Unemployed
Education
Some high school
HS grad/GED
Vocational or Tech school
Some College
College Grad

Graduate school/Prof school

Mean (SD) Min-Max
4516 (11.73) 23 -67
9.49 (8.36) <1-44
341(1.94) 0-8.10
2.44 (1.74) 0-6.
1.20 (1.62) 0-8.37
178(176) 0-825
N (%)

74 (69.2%)

78 (72.9)

14 (13.1)

2(1.9)

13 (12.1)

88 (82.2%)
10 (10.7%)
6 (5.6%)
2 (1.9%)
1(0.9%)
1(0.9%)

41 (38.3%)
19 (17.8%)
47 (43.9%)

1(0.9%)
13 (12.1%)
2 (1.9%)
26 (24.3%)
41 (38.3%)
24 (22.4%)

Note. EMA variables are person-averaged (aggregated across the week of home monitoring for each person).
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Table 2

Bivariate Pearson correlations between person-averaged (aggregated) ecological momentary assessment
(EMA) ratings of pain, fatigue, depressive symptoms, and cognitive problems.

Pain  Depressive Symptoms  Cognitive Problems

Fatigue 0.70 0.48 0.66
Pain - 0.39 0.55
Depressive Symptoms - 0.53

Note. All p<0.001; N = 107.
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