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Abstract

Objective: Cognitive impairment is prevalent, disabling, and poorly managed in multiple sclerosis (MS). Physical activity, often expressed as
steps/day, has been associated with cognitive function in this population. This brief report examined the possibility of a (1) steps/day threshold
associated with absence of cognitive impairment or (2) dose-response relationship between steps/day and cognitive function in MS.Method:
The sample included 358 persons withMSwho provided demographic (age, sex, race) and clinical (MS type, disease duration, disability status)
information, and completed the Symbol Digit Modalities Test (SDMT) and California Verbal Learning Test-Second Edition (CVLT-II).
Participants wore an ActiGraph GT3Xþ accelerometer above the non-dominant hip during waking hours of the day over a 7-day period for
measuring steps/day.Results:The receiver operating characteristic (ROC) curve analysis did not identify a steps/day threshold associated with
cognitive impairment on SDMT (area under the curve [AUC] ranged between 0.606 and 0.691). The ROC curve analysis further did not
identify a threshold of steps/day associated with cognitive impairment based on CVLT-II (AUC range 0.606 to 0.691). The regression analysis
indicated significant linear relationships between steps/day and SDMT (R2= .06; β=.251; p< .001) and CVLT-II (R2= .06; β=.247; p< .001)
z-scores.Conclusion:The observed linear relationship suggests that focusing on increasing steps/day across all levels of physical activitymight
have benefits for cognitive function in MS.
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Introduction

Cognitive impairment is prevalent, disabling, and sub-optimally
managed in multiple sclerosis (MS), and further associated with
worse fatigue, anxiety, depression, pain, and quality of life
(Chiaravalloti & DeLuca, 2008). There has been interest in
physical activity, including exercise training, and cognition in MS.
The effects of exercise training on cognition in MS have been
inconsistent and inconclusive, but there is evidence linking
physical activity with cognition (Sandroff et al., 2016). One study
reported a significant positive association between steps/day and
cognitive processing speed in 33 persons with MS (Motl et al.,
2011). Another study reported a small, but positive association
between steps/day and cognitive processing speed in a sample of
212 persons with MS (Sandroff, Dlugonski, et al., 2014). Other
research has further reported similar associations in persons with
MS who presented with cognitive impairment, even after
controlling for covariates such as age and disability status (Motl
et al., 2022; Sandroff & Motl, 2020). Some research has examined
the association between steps/day and learning and memory, but
reported no significant relationship in 60 persons with MS who
had cognitive impairment (Motl et al., 2022). Such cross-sectional

data has been supported by the results of a randomized controlled
trial (RCT) whereby there was a clinically meaningful improve-
ment in cognitive processing speed after a behavioral intervention
focusing on steps/day compared with waitlist control in persons
with MS (Sandroff, Klaren, et al., 2014).

There are multiple reasons steps/day could be a correlate of
cognitive impairment. Conceptually, steps/day may result in
activation of central nervous system (CNS) structural networks,
and these networks are involved in the regulation of steps/day –
this ongoing bidirectional process results in CNS adaptations that
manifest as improved cognition (Sandroff et al., 2018). Steps/day
represents a marker of ambulatory physical activity, and there is
strong evidence of cognitive motor-coupling inMS (Benedict et al.,
2011). Steps/day represents an ideal target of behavior change
interventions, as it represents a simple, cogent physical activity
behavior for change by research participants and perhaps is readily
interpretable, actionable, and available for public health (Tudor-
Locke & Bassett, 2004).

Researchers have not focused on the nature of the association
between physical activity and cognition in MS, and this has
implications for the design of RCTs and public health promotion of
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physical activity behavior. There is existing evidence that steps/day
has been associated with cognition in the general population (Ars
et al., 2024) and persons withMS (Sandroff, Dlugonski, et al., 2014;
Sandroff & Motl, 2020), yet the association might follow either a
dose-response or threshold pattern. The dose-response pattern
would indicate the accumulation of benefits with increasing steps/
day across all levels of physical activity, whereas the threshold
pattern would indicate the accumulation of benefits with an
optimal number of steps/day, yet no additional benefit associated
with increasing steps/day beyond this threshold.

This brief report examined the possibility of a (1) steps/day
threshold associated with absence of cognitive impairment or (2)
dose-response relationship between steps/day and cognitive
function in persons with MS. The results may inform the target
of future RCTs involving physical activity behavior change and
provide public health guidelines for the promotion of physical
activity directed toward improving cognitive function in MS.

Method

Participants

This study involved analysis of data combined from multiple
studies for a larger sample size to address our study aims (Baird
et al., 2019; Baird & Motl, 2021; Bollaert et al., 2019; Cederberg
et al., 2021; Motl et al., 2022; Sandroff et al., 2021). Data from three
of the six studies involved cross-sectional designs, and data from
the other three were from baseline of clinical trials; there was no
overlap in participants across studies. Persons in those studies had
the following common inclusion criteria: diagnosis of MS; no
relapse in the last 30 days; 18þ years of age; ability to walk with or
without assistive devices; and willingness to complete study
procedures.

Measures

Physical Activity. Steps/day were measured by the ActiGraph
GT3Xþ accelerometer (ActiGraph LLC, Pensacola, Florida, USA).
The accelerometer was placed in a pouch on an elastic belt, and the
belt was worn around the waist with the accelerometer above the
non-dominant hip during the waking hours of the day, except
during water-based activities, for 7 days. We asked that
participants not deviate from normal activities during the 7-day
period while wearing the accelerometer, and while we cannot

assure that this was always the case, there are published data
arguing against reactivity as a source bias with motion sensors
(Motl et al., 2012). The procedure for the accelerometer being worn
over 7 days permits capture of weekdays and weekends, and the
duration of assessment represents standard practice in the field
(Arvidsson et al., 2019). Participants recorded the date that the
accelerometer was worn in a log; this log was inspected for
verifying wear time per day during data processing. We down-
loaded and processed the data into one-minute epochs without the
low frequency extension, as we identified this filter inaccurately
over inflated steps in MS (Feito et al., 2015). We have further
observed in our laboratory that the inclusion of the low frequency
extension when processing step data overestimates the number of
steps two-fold. The analyses only included days with valid data
based aminimum of 10 h of total wear time, and participants with 1
or more valid days of data were included in the analyses. We based
our protocol on procedures and processes applied for the National
Health and Nutrition Examination Survey cohort study (Troiano
et al., 2008).

Cognitive Function. The Symbol Digit Modalities Test (SDMT)
and California Verbal Learning Test-Second Edition (CVLT-II)
are standard cognitive outcomes in MS and were the two
neuropsychological tests that overlapped across the different
studies. The oral version of the SDMT assessed cognitive
processing speed (Smith, 1982). We recorded the total number
of correct responses in 90 s. The CVLT-II assessed verbal learning
and memory (Delis et al., 2000). We summed only the number of
correct responses from the five trials for a total possible score out of
80. We calculated z-scores using regression-based norms for
persons with MS adjusting for age and sex (Parmenter et al., 2010).

Procedure

The study protocols were approved by University Institutional
Review Boards, and de-identified data from those studies were
used for the analysis. All participants provided written informed
consent prior to data collection. Participants came into the
laboratory for standardized in-person assessments of cognitive
function, and further reported demographic (age, sex, race) and
clinical (MS type, disease duration) information. Disability status
was assessed using the Patient Determined Disease Steps (PDDS)
(Learmonth et al., 2013).We then provided all participants with an
accelerometer on a belt, along with instructions in-person, to wear
starting the day after the visit for a measure of physical activity over
a 7-day, free-living period. Participants were provided with a log as
well as a pre-addressed and pre-stamped envelope for return
service through the United States Postal Service.

Data analysis

Data were analyzed using IBM SPSS software version 29 (IBM
Corp, Armonk, New York, USA). Descriptive statistics were
calculated for demographic and clinical information, physical
activity, and cognitive function. Values were presented as mean
(SD), unless otherwise specified. We conducted analyses focusing
on a steps/day threshold associated with absence of cognitive
impairment defined by a range of z-score cut-points from of −1.28
through −2.33 SD units and evaluated the classification threshold
using receiver operating characteristic (ROC) curve analyses,
sensitivity and specificity. The cutoff was selected using the
Youden criteria (Youden, 1950). We further performed linear
regression analyses wherein we regressed SDMT and CVLT-II z-
scores on steps/day in Step 1, followed by PDDS scores as a

Table 1. Demographic and clinical characteristics of the sample of 358 persons
with MS

Characteristic Statistic

Age (years) 53 (22 – 77)
Sex (n, %)

Female
Male

271, 76%
87, 24%

Race (n, %)
Caucasian
Black/African American
Other

265, 74%
82, 23%
10, 3%

MS type (n, %)
Relapsing-remitting
Progressive

304, 87%
46, 13%

Disease duration (years) 15 (1 – 48)
PDDS score (0 – 8) 2 (0 – 7)

Note: Data are presented as mean (range), number, or percentage. MS=multiple sclerosis,
PDDS= Patient Determined Disease Steps.
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potential predictor in Step 2. Using the linear regression models,
we calculated z-score values for SDMT and CVLT-II associated
with various steps/day thresholds. We then provided estimates of
the improvement that might be achieved by increasing steps/day
using normative data (Kramer et al., 2020; Strober et al., 2020).

Results

Descriptive characteristics

We provided demographic and clinical characteristics for the
sample in Table 1. The descriptive statistics of the physical activity
and cognitive function outcomes are presented in Table 2. Of note,
the sample overall had below average performance on the SDMT
and CVLT-II with z-scores of −1.02 and −1.10, respectively.

Receiving operating characteristic curve analysis: threshold
value

Results of the ROC curve analyses for steps/day and other z-score
values for SDMT and CVLT-II are presented in Table 3. We
examined various definitions of cognitive impairment from −1.28
to −2.33 SD units below the mean for assessing if the poor
performance in the ability to discriminate between impaired and
unimpaired cognitive results was associated with the value of the z-
score. The ROC curve analysis did not identify a highly predictive
steps/day threshold associated with cognitive impairment based on
SMDT z-scores. The area under the curve (AUC) ranged between
0.619–0.685. The analysis further did not identify a predictive
number of steps/day associated with cognitive impairment based
on CVLT-II z-scores (AUC range 0.606–0.691). Regardless of the
definition of impairment used, the AUCs and classification results
in terms of sensitivity and specificity were at best marginal.

Regression analysis: dose-response curve

The regression analysis indicated a significant linear relationship
between steps/day and SDMT z-scores (R2= .06; β=.251; p< .001)
and CVLT-II z-scores(R2= .06; β=.247; p< .001), and this was
unchanged when disability status (PDDS scores) was included in
the model (SDMT: R2= .08; p< .001 & CVLT-II: R2= .06;
p< .001). We presented the results of the regression analyses in
Table 4. We further calculated SDMT and CVLT-II z-scores
associated with steps/day and provided estimates of raw SDMT
and CVLT-II scores associated with meeting 10,000 steps/day in
Table 5. Of note, this is an estimated change based on cross-
sectional data from our regression models.

Discussion

This study examined the possibility of a (1) steps/day threshold
being associated with absence of cognitive impairment or (2) dose-
response relationship between steps/day and cognitive function in

persons with MS. The ROC curve analyses did not identify a steps/
day cut-point associated with cognitive impairment, but the linear
regression analyses indicated significant positive associations
between levels of steps/day and cognition function, albeit relatively
weak based on 6–8% of shared variance. These results may inform
future RCTs of physical activity behavior change and public health
guidelines for the promotion of physical activity directed toward
improving cognitive function in MS. We do recognize that the
association is fairly weak, and that this might support the examining
of multifaceted interventions for improving cognition in MS.

Based on the poor specificity and sensitivity from the ROC
curve analysis, we were unable to identify a clear steps/day
threshold associated with cognitive impairment. By comparison,
there was a weak positive association between steps/day and
cognition based on the linear regression analysis, and this suggests
that higher levels of steps/day were associated with better cognitive
function based on both SDMT and CVLT-II z-scores. After
adjusting for disability level, the associations were still significant.
This may suggest that physical activity-related adaptations in
neuroplasticity may occur regardless of ambulatory disability
status (Sandroff et al., 2018). Although the results were not
surprising per se, we note the importance of determining the
nature of the relationship between steps/day and cognitive
function so that future physical activity programs can be better
informed to promote the likelihood of improved cognitive
function. Of note, there is evidence for dose and/or threshold
associations for steps/day and outcomes in the general population
(Paluch et al., 2022; Shibukawa et al., 2024; Sofi et al., 2011), and we
focused on this for cognition in MS.

Our findings generally align with the existing evidence that
physical activity is associated with cognitive function in MS.
Researchers have reported that steps/day were moderately associated
with cognitive processing speed in MS (Motl et al., 2011; Sandroff,
Dlugonski, et al., 2014), and further reported a weaker relationship
between steps/day and verbal learning and memory (Motl et al.,
2011). When we controlled for disability level based on PDDS scores,
steps/day remained a significant, independent correlate of both
cognitive functions, thereby suggesting that ambulatory disability
level does not totally confound the relationship between physical
activity and cognitive function. The relationship between steps/day
and cognitive function, independent of disability level, would support
a general recommendation that the wider population with MS can
increase steps/day and reap additional benefits. We have replicated
the results of previous research in a larger sample of persons withMS,

Table 2. Outcomes of physical activity and cognitive function for the sample of
358 persons with MS

Outcome Mean (Range) Z-Score (Range)

Steps/day 5,462 (279, 17,273) N/A
SDMT score 47 (6, 84) −1.02 (–3.82, 2.32)
CVLT-II score 46 (17, 75) −1.10 (–2.83, 2.62)

Note: MS=multiple sclerosis, SDMT= Symbol Digit Modalities Test, CVLT-II= California
Verbal Learning Test-Second Edition.

Table 3. Results of the receiving operating characteristic curve analyses for
identifying possible steps/day thresholds and other z-score values for SDMT and
CVLT-II

Z-Score
cut-point Test

Area under
curve Sensitivity Specificity

Youden’s
index

−1.28 SDMT .620 .430 .766 .191
CVLT-II .636 .826 .402 .228

−1.50 SDMT .604 .557 .620 .177
CVLT-II .620 .765 .441 .207

−1.65 SDMT .619 .550 .651 .202
CVLT-II .608 .760 .438 .197

−1.96 SDMT .636 .540 .683 .223
CVLT-II .606 .756 .415 .171

−2.33 SDMT .685 .541 .774 .315
CVLT-II .691 .652 .690 .342

Note: SDMT= Symbol Digit Modalities Test, CVLT-II= California Verbal Learning Test-Second
Edition.
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such that our findings identified a small, but positive dose-response
relationship between physical activity and cognitive processing speed.
However, unlike previous research, we further identified a significant
relationship between physical activity and verbal learning and
memory. The small amount of variance shared between physical
activity and cognition (R2 of 6–8%) suggests that future research
should consider other parameters of physical activity or other health
behaviors such as diet for improving cognitive function.

There has been substantial interest in designing RCTs that target
physical activity, including exercise training, for the improvement
of cognitive function in persons with MS (Sandroff et al., 2016).
To date, the evidence has been conflicting for exercise training
effects on cognition, as the trials have limitations including poor
methodological quality, the recruitment of the general sample of
persons with MS rather than those with cognitive impairment, and
the inclusion of cognitive function as a secondary outcome (Sandroff
et al., 2016). There is one RCT of a behavioral intervention focusing
on walking for increasing steps/day as part of daily life that reported
clinically meaningful improvements in SDMT score compared with
a waitlist control (Sandroff, Klaren, et al., 2014). This suggests that
promoting physical activity as part of daily life through increasing
steps/day may represent a meaningful avenue for improving both
cognitive processing speed and verbal learning and memory in MS.
To that end, future trials should consider using age-adjusted z-scores
for pre-post testing in the context of an intervention for avoiding
change as a confound of changes in z-scores when there is a
prolonged intervention period.

There are limitations that should be considered when interpret-
ing the results of our study. One limitation was the cross-sectional
design of this study, which does not permit an understanding of
steps/day and clinically meaningful change in cognition, or order
effects that steps/day are a result of lesser disability since PDDS is a
broad categorization and may not capture the full range of disability
affecting steps/day even at the same PDDS level. The strength of the
relationship between physical activity and cognitive function may
vary over time and have lesser strength earlier in the disease course.
We did not account for education, mood, or depressive symptoms,
and these factors may influence or be influenced by physical activity
and cognition.We further assessed a narrow set of cognitive functions
and did not assess other cognitive domains such as attention,
visuospatial ability, working memory, or abstract reasoning.

This brief report did not identify an optimal threshold of steps/
day associated with cognitive function in MS, but there was evidence
of a dose-response association. Physical activity (steps/day)
was positively and linearly associated with cognitive outcomes,

independent of disability, and increasing physical activity levels may
be beneficial for the management of cognitive impairment in MS.
This suggests that accumulating more steps/day through walking as
part of daily life might be a pragmatic approach for improving
cognitive function in MS.
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