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Purpose. Individuals with multiple sclerosis (MS) are at an increased fall risk due to motor and cognitive dysfunction. Our past
studies suggest that backward walking (BW) velocity predicts fall risk; however, specific cognitive domains associated with BW
velocity remain understudied. The goal of this study was to determine the specific contributions of cognitive functioning to
BW velocity in persons with MS. We hypothesized that better visuospatial memory, verbal immediate recall, and faster
information processing speed would contribute to faster BW velocity, and deficits in these domains would partially account for
disease severity-related impairment in BW velocity. Methods. Participants completed demographic questionnaires, walking
tests, and cognitive assessments. Applied structural equation modeling was used to test our hypothesized model of competing
cognitive mediators. Within the model, disease severity was a predictor of BW via three intercorrelated cognitive mediators.
Results. Participants included 39 individuals with relapsing-remitting MS. Results indicated that 35.3% of the significant total
effect of disease severity on BW was accounted for by specific cognitive deficits. Verbal immediate recall had the largest
contribution, followed by visuospatial memory and information processing speed. Conclusions. When examining the unique
effects of cognitive domains on disease severity-related deficits in BW, a meaningful source of impairment related to
visuospatial memory and verbal immediate recall was demonstrated. Considering the utility of BW velocity as a predictor of
falls, these results highlight the importance of assessing cognition when evaluating fall risk in MS. Cognitive-based intervention
studies investigating fall prevention may find BW as a more specific and sensitive predictor of fall risk than forward walking.

1. Introduction

Multiple sclerosis (MS) is the most common CNS demyelinat-
ing disease. MS affects more than 700,000 individuals in the
United States, and its prevalence has steadily increased over
the past 5 decades [1]. MS-related pathology commonly affects
the cerebellum and corpus callosum, two areas involved in
motor and cognitive functioning [2–4]. Impairments in these
regions contribute to two of the most common symptoms in

MS: walking difficulty and cognitive dysfunction [5, 6]. As a
result of motor and cognitive impairments, persons with MS
(pwMS) are at an increased risk of accidental falls when com-
pared to age-matched healthy controls [7]. Previous studies
have indicated that more than 50% of pwMS fall at least once
within a 3-6-month observation period [7–10], resulting in
serious injury, increased fear of falling, decreased quality of
life, and curtailed activity [11–13]. Therefore, preventing inju-
rious falls in pwMS is of great importance.
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Backward walking (BW) is a nonautomatic motor skill
that requires greater attention, cognitive resources, and pos-
tural control [14–16] when compared to forward walking
(FW). Among pwMS, BW is associated with greater walking
differences and stepping deficits compared to FW [17, 18].
Previous work from our lab has shown that slower BW
speed is significantly associated with greater fall risk in
pwMS [19] and that BW velocity was the strongest unique
predictor of falls compared to variables of stride length,
double support time, age, disease severity, and symptom
duration [20]. We have also shown that BW is a sensitive
functional marker of fall risk regardless of the cognitive
status of the pwMS [21], which supports clinical translation
of the assessment.

Research examining factors contributing to falls has
focused almost exclusively on balance and motor function.
Though gait difficulties [22–24] and impairments in postural
control [24, 25] are related to increased fall risk, motor def-
icits alone cannot account for the high prevalence of falls
among pwMS [9, 26]. Therefore, recent studies have begun
to examine the role of cognition in falls. Studies in pwMS
have indicated that fallers show significantly greater deficits
in attention and verbal function as compared to nonfallers
[27, 28]. Furthermore, frequent fallers experience slower
information processing speed as compared to single-time
fallers [29]. Dual-task studies have revealed an interaction
of walking and cognition in predicting fall risk in pwMS
[30, 31]. One leading hypothesis is that individuals with
impaired cognitive function are more prone to distraction
during walking, leading to an increased risk of falls [32].

Given the compelling evidence of falls associated with
cognitive deficits, identifying the specific cognitive architec-
ture of walking ability as a functional indicator of fall risk
and its vulnerability in pwMS may have important applica-
tions for clinical trial design. Studies in FW confirm the link
between cognitive function and gait speed in mild cognitive
impairment [33, 34] and suggest that slower FW velocity is
predictive of cognitive decline in older adults [35, 36].
Because BW requires greater cognitive demand, it may
be a more sensitive functional marker for the complex
cognitive-motor function that is vulnerable in MS. Yet, few
studies have explored the relation of cognitive functioning
to BW. Our lab has shown that poorer information process-
ing speed was associated with slower BW velocity in pwMS
[37], while others have reported a correlation between poor
verbal memory and slow BW velocity in people with demen-
tia [14]. BW is also expected to rely on visuospatial memory
more than FW because of greater demands on propriocep-
tion [38] due to the absence of visual input. This is consistent
with impairments in visuospatial memory negatively impact-
ing the memorization of landmarks during locomotion [39].
However, the relation of performance in specific cognitive
domains to BW speed in the MS population remains rela-
tively understudied.

Therefore, the goal of this study was to determine the
specific contributions of cognitive functioning to BW veloc-
ity in pwMS. We hypothesized that better visuospatial
memory, verbal immediate recall, and faster information
processing speed would contribute to faster BW velocity

and that worse performance in these domains would par-
tially account for disease severity-related impairment in
walking velocity.

2. Methods

2.1. Participants. In this cross-sectional study, a convenience
sample of individuals with relapsing-remitting MS (RRMS)
was recruited from local MS support groups and the Wayne
State University MS Clinic. All study procedures were
approved by the Wayne State University Institutional Review
Board, and all participants provided written informed consent.
Participants were included if they met the following inclusion
criteria: age 18-75 years, ambulatory without physical assis-
tance (Patient Determined Disease Steps ðPDDSÞ ≥ 6), and
stable on immunomodulatory therapy (if applicable) for 3
months prior to the study visit. Exclusion criteria included
MS exacerbation within 2months of the study visit, corticoste-
roid treatment in the past 30 days, acute orthopedic injuries
that would interfere with walking, diagnosis of a neurological
condition other than MS, and inability to follow study-
related commands.

2.2. Measures. In a single session, participants completed
demographic information including age, sex, disease severity
with PDDS [40–43], and symptom duration, participated in
walking tests, and completed cognitive assessments.

BW speed was captured with the 16-foot GAITRite elec-
tronic walkway (MAP/CIR, Franklin, NJ). The GAITRite is
embedded with sensors that capture footfalls in real time;
it is reliable and valid for use in pwMS [44]. The GAITRite
calculates spatial and temporal parameters of gait, including
velocity. Per the methods of our laboratory [20, 37], partici-
pants were instructed to begin walking 2 meters before the
GAITRite walkway to allow for acceleration and stop 2
meters after the GAITRite to allow for deceleration, while
walking at a comfortable, safe pace and looking ahead rather
than at their feet. Four trials were recorded, and the data
were averaged. All participants wore a gait belt and were
accompanied by a member of the research team to ensure
safety and minimize path deviations.

Cognitive functioning was assessed with the Brief Inter-
national Cognitive Assessment for MS (BICAMS) [45],
which includes tests of three cognitive domains that have
been validated with clinical samples [46]. The Symbol Digit
Modalities Test (SDMT) [47] assesses information process-
ing speed—a domain of function that describes cognitive
efficiency typically measured by task speed or accuracy dur-
ing timed tasks. Participants were asked to determine the
number belonging with each symbol presented using a key
of nine number/symbol pairs. The SDMT was presented
orally, and the number of correct responses in 90 seconds
was used for analysis. The SDMT is a reliable and valid
instrument for examining information processing speed
[48], including in pwMS [49]. A second domain of function
assessed by the Brief Visuospatial Memory Test-Revised
(BVMT-R) [50] was visuospatial memory—the ability to
recall an object’s relative location in space. Participants were
asked to view six shapes organized in a 2 × 3 matrix for 10
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seconds, after which they were asked to draw as many shapes
as accurately as possible. Immediate recall was assessed as
the total number of correct responses across three trials,
which has support for strong construct validity [51]. The
standardized administration of the task included a delayed
free recall of the shapes after a 25-minute delay, which was
not included in the reported hypothesis tests. Finally, the
California Verbal Learning Test (CVLT) [52] was used to
assess auditory-verbal learning and immediate recall—or
the ability to acquire, manipulate, and retain verbal informa-
tion with rehearsal. Participants listened to a list of 16 words
read aloud by the examiner before freely recalling the list.
The list was repeated for a total of five trials, each followed
by free recall. The total number of items correctly recalled
across the five trials was an index of verbal immediate recall
and was calculated as a z-score, which has shown good con-
struct validity in pwMS [53]. Though traditionally CVLT is
referred to as an index of verbal learning, the participant is
required to maintain, update, and manipulate the list of
words using order or semantic classes, all of which are func-
tions of working memory that support immediate recall
[54]. As we are reporting a summary index of correct recall
across trials, we believe that this reflects the underlying
working memory functions generally across the 5 trials of
immediate recall rather than verbal learning. After immedi-
ate recall, standardized administration of the task includes a
second “distractor” list with single trial recall followed by
recall of the first list (a measure of memory interference)
and delayed recall of the first list after 25 minutes. The inter-
ference cost and delayed recall scores were not included in
the reported hypothesis tests. Normalized scores account
for potential bias in the assessment related to years of educa-
tion [55], which were used in subsequent hypothesis testing.

2.3. Statistical Analyses. Primary hypotheses of cognition
mediating the effects of PDDS on walking velocity were
tested in Mplus [56] (v 7.4), and initial data screening and
correlation analyses were generated in SPSS (v. 28; IBM,
Armonk NY). Prior to hypothesis testing, all univariate, con-
tinuous scale distributions were screened and found to be
approximately normal (all skew z < j1:53j) and without uni-
variate outliers (all z < j2:3j), nor was there indication of mul-
tivariate outliers (Mahalanobis distance, critical χ2 = 18:47,
α = 0:001).

Hypothesis tests were specified in applied structural
equation modeling. The hypothesized model of competing
cognitive mediators was specified with path modeling as
PDDS predicting BW via three intervening cognitive media-
tors (CVLT, BVMT, and SDMT) that were allowed to inter-
correlate. As a control comparison, a similar model tested
the effects of PDDS on FW via the same cognitive mediators.
The mediators were expected to correlate due to some over-
lapping cognitive processes; therefore, an alternative model
that could account for a similar pattern of correlations
would be a general cognitive deficit across tasks. We tested
this alternative model by including a latent general cognition
construct (GCog) that was reflective of the three cognitive
tasks, for which CVLT was set with a loading of 1 for local
identification, and the loadings of the other indicators were

freely estimated. Age (continuous) was included as a
covariate of walking velocity and cognitive performance in
all models. All path coefficients are reported as unstandard-
ized estimates, which can be interpreted on the original
variable scales. Model fit for each model was assessed by a
compendium of indices [57]: chi-square (χ2) nonsignifi-
cance (α = 0:05), comparative fit index (CFI) exceeding
0.90, root mean square error of approximation (RMSEA)
below 0.08, and standardized root mean residual (SRMR)
below 0.10 collectively indicated excellent model fit to the
observed data. Mediation was tested as indirect effects [58]
with bias-corrected bootstrapped 95% confidence intervals
(BS 95% CI; 5000 draws) not including zero. Because statis-
tical power is differential across portions of the model testing
mediation, interpretation of BS 95% CI is the recommended
best practice [59], and we provided secondary description of
Sobel’s z-tests with significance testing. In addition to
reporting the total, direct, and indirect effects of PDDS on
walking velocities, the mediated effect magnitudes were
described by percentage of cumulative absolute effect.

3. Results

A clinical sample of 39 (89.7% female) participants with
RRMS was recruited from the Metro Detroit area to partici-
pate in this study. Participants (age 36–69 years) had an
average symptom duration of 17.26 years (SD = 11:80). See
Table 1 for a complete demographic profile of the sample.

To examine the relation between PDDS, BW velocity,
and each hypothesized cognitive mediator, Pearson’s r cor-
relations were computed (Table 2). A negative correlation
between PDDS and CVLT (r = −0:428, p < 0:01), BVMT
(r = −0:450, p < 0:01), and SDMT (r = −0:386, p < 0:05)
indicates that greater disease severity was associated with
decreased verbal immediate recall, visuospatial working
memory, and slowed information processing speed, respec-
tively. A general positive correlation between BVMT and
BW velocity (r = 0:345, p < 0:05) indicates that greater
cognitive performance was associated with faster BW, with
a similar (not significant) trend noted for CVLT (r = 0:108,
p = 0:53) and SDMT (r = 0:283, p = 0:09).

3.1. Competing Cognitive Mediators of the Effect of PDDS on
Backward Walking Velocity. The competing mediation model
(see Figure 1) tested performance on multiple cognitive tasks
as mediators of PDDS on BW and was deemed to have excel-
lent fit as indicated by a nonsignificant chi-square (χ2 = 3:04,
df = 3, p = 0:39), in addition to other acceptable fit indi-
ces (RMSEA = 0:02, CFI = 0:99, SRMR = 0:05). The model
accounted for 57.5% of the total variability in BW (R2 = 0:575,
p < 0:001).

There was a significant total effect of PDDS on BW
(b = −0:163, p < 0:001). Evidence of mediation was indicated
by a significant cumulative indirect effect with a BS 95% CI
not overlapping zero. 35.3% of the indirect effect of PDDS
on BW was attributed to specific cognitive deficits often
associated with MS. As indicated by BS 95% CI not overlap-
ping zero, CVLT (indirect = 0:05, BS 95% CI: 0.01, 0.12;
z = 2:18, p = 0:03) and BVMT (indirect = −0:04, BS 95%
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CI: -0.10, -0.01; z = −1:79, p = 0:07) mediated the effect of
PDDS on BW, and the small mediated effect via SDMT
was not supported (indirect = −0:006, BS 95% CI: -0.04,
0.01; z = −0:52, p = 0:61). Considering potential unique
contributions of each of the cognitive mediators, CVLT
had the largest unique contribution, followed by BVMT
and SDMT, respectively (see Table 3). These results sug-
gest a plausible cognitive architecture of MS disease effects
on BW with relatively greater contributions of verbal
immediate recall and visuospatial memory, whereas slowed
information processing speed was associated with slowed
BW but did not mediate the effects of disease severity.

3.2. Testing General Cognitive Deficit as an Alternative
Model Account of Mediated Effects. An alternative account
of the effects observed would be a general cognitive deficit
opposed to differential effects across cognitive domains, as
there are shared cognitive processes across CVLT, BVMT,
and SDMT task performance. This general cognitive deficit
was tested in an alternative model where general cognition
(GCog)—reflective of CVLT (loading fixed = 1:0), BVMT
(loading = 1:53, p < 0:001), and SDMT (loading = 0:70,
p < 0:001)—was substituted as the mediator between PDDS
and BW (see Figure 2). This alternative model, however, did
not have as good of fit to the data (χ2 = 17:35, df = 8,
p < 0:05, RMSEA = 0:17, CFI = 0:88, SRMR=0.09). Further,
the model that included a general cognitive construct
accounted for only 47.0% of the total variability in BW
(R2 = 0:470, p < 0:001), whereas the model including distinct
cognitive domains accounted for 57.5% of the total variability
in BW (R2 = 0:575, p < 0:001). Therefore, the model using a
general cognitive construct explains less total variance as com-
pared to including separate cognitive domains. Further, the
percentage of the PDDS effect on BW that was mediated by
cognition was less when modeled as a general deficit (7.0%)
as compared to when modeling task-specific mediators (total-
ing 35.32%). There was no evidence of an indirect effect of
PDDS on BW via general cognition (indirect = 0:02, z = 0:61,
p = 0:54; BS 95% CI: -0.03, 0.09) providing little evidence in
support of a general cognitive deficit accounting for the relation
between PDDS and BW.

3.3. Competing Cognitive Mediators of PDDS on Forward
Walking Velocity. Repeating the analysis of competing
mediators to instead predict FW, we find a smaller contribu-
tion of cognition to performance: CVLT mediated the effect
of PDDS on FW (indirect = 0:049, BS 95% CI: 0.01, 012;
z = 2:20, p = 0:028), but BVMT (indirect = 0:001, BS 95%
CI: -0.03, 0.03; z = 0:08, p = 0:93) and SDMT (indirect =
− 0:014, BS 95% CI: -0.06, 0.01; z = −1:20, p = 0:23) did
not. Collectively, cognitive correlates accounted for less
of the effect of PDDS on FW (15.84% cumulative) as
compared to what we found when predicting BW (see
Table 3). The model in total accounted for 83% of vari-
ance in FW (R2 = 0:834, p < 0:001) and had moderately
good fit to the observed data (χ2 = 9:34, df = 3, p = 0:03,
RMSEA = 0:23, CFI = 0:95, SRMR = 0:04).

Taken together, PDDS was associated with slowed BW
in part due to deficits in intervening visuospatial memory
and verbal immediate recall function, and in largest part ver-
bal immediate recall as measured by CVLT. Although differ-
ences in verbal immediate recall also partially accounted for
PDDS effects on FW, the proportion of the effect related to
cognition was smaller than that in BW and did not suggest
visuospatial memory and information processing speed as
contributing to disease-related deficits in FW.

4. Discussion

Previous work from our lab has demonstrated that BW
velocity can be used as a sensitive predictor of fall risk in
pwMS [19, 20], as it is a novel motor skill that requires
greater cognitive demand than FW [14, 16]. While previous
studies have acknowledged the importance of BW as an indi-
cator of fall risk in pwMS, there has been little consideration of
the cognitive architecture that supports BW. Cognitive corre-
lates to walking velocity have been reported before [33, 34, 60],
but few have tested specific domains of cognition to account
for disease severity-related deficits in BW velocity.

We address this limitation in the current study by exam-
ining the unique contributions of visuospatial memory,
information processing speed, and verbal immediate recall
on BW velocity in pwMS. In general, our hypothesis that
better performance in these cognitive domains correlates
with faster BW velocity was supported. Disease severity
measured by PDDS significantly predicted BW velocity,
and 35.3% of this effect was accounted for by lower ability
scores in specific cognitive domains. CVLT and BVMT per-
formance—indicators of verbal immediate recall and visuo-
spatial working memory—mediated the effect of disease
severity (PDDS) on BW. Performance on SDMT was inde-
pendently associated with slowed BW velocity, but it did
not mediate the effects of PDDS on BW. When considering
the unique contributions on BW velocity from each cogni-
tive assessment, CVLT had the greatest contribution in
mediating the relation of PDDS on BW velocity, followed
by BVMT, then a negligible effect of SDMT.

CVLT, BVMT, and SDMT measure verbal immediate
recall, visuospatial working memory, and information pro-
cessing speed, respectively. Due to the reliance on proprio-
ception and memory of the environment to BW, we had

Table 1: Sample description.

Variable Descriptive statistic

Sample size 39

Female, n (%) 35 (89.7%)

Age (years) 50:87 ± 9:48
Education (years) 16:82 ± 2:26
Right-handed, n (%) 34 (87.2%)

Symptom duration (years) 17:26 ± 11:80
Disease severity (PDDS) 3:26 ± 2:05
Assistive device use, n (%) 21 (53.8%)

Disease-modifying therapy, n (%) 37 (94.9%)

Note: demographic profile of clinical RRMS sample recruited from Metro
Detroit. Sample means and standard deviations are reported (M ± SD).
PDDS: Patient Determined Disease Steps.
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anticipated that visuospatial memory (BVMT) would be the
strongest mediator, but this was not the case. CVLT immedi-
ate recall was determined as the strongest unique contributor
in mediating the effects of PDDS on BW. This is consistent

with the previous reports of worse performance on the CVLT
correlated with slower FW velocity in pwMS [27]; here, we
expand this finding to show a unique effect above and beyond
the other cognitive domain effects on BW. Low CVLT scores
are also predictive of greater fall risk in pwMS [27], and based
on this study, BWmay be a sensitive functional marker in the
clinic to detect this source of risk.

Indeed, we found that BW was more sensitive than FW
to the PDDS-related effects on cognition. Given the increase
in cognitive demand during BW, individuals may be recruit-
ing other brain regions than they typically would during
FW. It has been shown that BW and backward stepping is
associated with greater levels of cortical activation than their
forward counterpart, specifically showing enhanced prefron-
tal and parietal cortex activation [61, 62], the same regions
involved in verbal immediate recall measured by the CVLT

Table 2: Bivariate correlations among study variables.

Variable 1 2 3 4 5 6 7

1. Age 1

2. PDDS 0.187 1

3. CVLT 0.069 -0.428∗∗ 1

4. BVMT -0.192 -0.450∗∗ 0.722∗∗ 1

5. SDMT -0.184 -0.386∗ 0.518∗∗ 0.533∗∗ 1

6. Backward walking (BW) -0.174 -0.677∗∗ 0.108 0.345∗ 0.283 1

7. Forward walking (FW) -0.058 -0.869∗∗ 0.152 0.235 0.322 0.780∗∗ 1

Note: Pearson’s r correlations describing the bivariate relation between age, PDDS, hypothesized cognitive mediators, and walking velocity. ∗p < 0:05 and
∗∗p < 0:01 unadjusted.

BVMT

Backward
Walking
(BW)

CVLT

SDMT

PDDS
−0.174⁎⁎

−2.707⁎⁎

−2.156⁎

−0.020⁎⁎

0.009⁎

0.003

−4.087⁎⁎

Figure 1: A path diagram of the competing mediation model. Depicted is the outcome BW that is predicted by PDDS, via three cognitive
tasks: CVLT, BVMT, and SDMT. In the model diagram, straight arrows represent regression paths, with the unstandardized path coefficient
(b weights) reported. All cognitive measures were allowed to intercorrelate, represented by the curved double-headed arrows. ∗p < 0:05 and
∗∗p < 0:01. Age was a covariate in analysis that is not illustrated.

Table 3: Effect composition of competing cognitive mediator and
comparison control models.

Effect composition BW FW

Total effect -0.163, p < 0:001 -0.304, p < 0:001
% direct effect 64.68 84.16

% cumulative indirect effect 35.32 15.84

CVLT 19.70 12.13

BVMT 13.38 0.25

SDMT 2.23 3.47
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[63]. Furthermore, research has also demonstrated a role for
the cerebellum in working memory [64, 65], a brain region
also critical for motor skill execution of bilateral tasks such
as BW. Taken together, these findings support the notion
that BW recruits brain regions associated with verbal mem-
ory, including working memory function that supports
immediate recall.

The BVMT, a visuospatial memory index, also mediated
the effect of disease severity on BW, albeit having a smaller
unique contribution than CVLT. Visuospatial memory is
likely to be important during BW due to the lack of visual
input as participants walk backward while facing forward.
In the absence of visual cues in the direction in which the
participant is moving, the visuospatial memory system may
be heavily relied upon. The results of this study support a
role for visuospatial memory in BW but call attention to
the importance of verbal immediate recall.

Prior findings in the MS literature have highlighted over-
lapping representation of cognitive domains by performance
on the CVLT and BVMT. While BVMT examines visuospa-
tial episodic memory, the encoding and immediate recall of
episodic information is partially dependent on working
memory [66]. In part due to this overlap in cognitive pro-
cesses [67], the source of performance deficits on the CVLT
immediate recall is suggested to be similar to that on the
BVMT [51, 68, 69]. Coinciding evidence of similar activa-
tion patterns in brain regions, including the prefrontal cor-
tex and hippocampus, when engaged in visuospatial and
immediate recall tasks [70] further suggests some lack of
specificity in the assessments. These known limitations of

the cognitive assessments motivated testing an alternative
model of general cognition mediating the effects of PDDS
on BW. Critically, we found little support for this model: it
did not reliably fit the observed data, and it explained a frac-
tion of the variance in BW. This alternative model compar-
ison provides additional support for interpreting the unique
and specific cognitive tasks as separate but correlated.

Interestingly, deficits in information processing speed
measured by the SDMT did not mediate the effects of disease
severity on BW velocity. This finding was unexpected con-
sidering that previous data from our lab has shown that
slower information processing speed was correlated with
slower BW velocity in pwMS [37]. In this sample, we
observed moderate correlations of SDMT with walking
velocity; however, in the competing mediator model, the
unique effect of SDMT above the contribution of CVLT
and BVMT was small and did not account for PDDS-
related effects on BW. Previous work in pwMS has demon-
strated that the SDMT was shown to have components from
multiple cognitive domains, including working memory and
visuospatial memory [71, 72], suggesting that SDMT perfor-
mance may be better interpreted as a measure of general
cognitive abilities rather than a specific measure of informa-
tion processing speed [73]. Therefore, impairments in pro-
cessing speed could be indicative of deficits pertaining to
general disease-related changes in cognition, which may
explain why the SDMT had a negligible unique effect
mediating disease severity (PDDS) on BW. Taken together,
these findings demonstrate that by considering the specific
cognitive domains of verbal immediate recall, visuospatial

GCog

Backward
Walking
(BW)

PDDS
−0.179⁎⁎

−2.887⁎⁎ −0.005

BV
M
T

CV
LT

SD
M
T

Figure 2: A path diagram of the general cognition (GCog) mediation model. Depicted is the outcome BW that is predicted by PDDS,
mediated by the latent GCog. The arrows depicted represent regression paths, with the unstandardized path coefficients (b weights)
reported. ∗p < 0:05 and ∗∗p < 0:01.
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memory, and information processing speed, we can strengthen
the understanding of how disease severity relates to BWvelocity.

In clinical trials that are targeting reduction of fall risk
with cognitive intervention, our findings support the use of
BW velocity as a primary assessment. Prospective fall data
as a primary outcome measure may be problematic due to
the unknowable frequency of previous falls and the possibil-
ity of having no fall occurrence within the clinical trial
period for at least some participants, which may not truly
reflect reduction in fall risk. To supplement prospective fall
data, BW can be used as a feasible clinical measure that
can be easily assessed in everyone on repeated occasions
and is a continuous scale that offers good reliability and
power for analysis. Further, BW has been validated to be
predictive of fall risk, regardless of cognitive status, and the
current study has shown it to be sensitive to the cognitive
vulnerabilities in MS, with greater sensitivity than FW.

4.1. Limitations. The results from this study should be con-
sidered in terms of strengths and limitations. Our sample
consisted of primarily female participants with RRMS, with
only few males included. However, considering that MS
affects women more than men at a 3 : 1 ratio [74], the sample
is representative of the clinical population. Importantly, we
recognize that our sample is relatively low disability, with
an average PDDS score of 3.26 (Table 1), limiting the ability
to generalize our findings to the broader MS community.
Additionally, we acknowledge that our sample size is rela-
tively small. Future studies should examine the cognitive
correlates of backward walking in a larger sample size with
greater variability of disease severity. Further, the findings
highlighted were from a single time point of assessment;
therefore, we did not examine the potential longitudinal
effects of cognition and how this might differentially affect
BW abilities in pwMS. Importantly, the findings presented
here highlight the effects of only three cognitive domains:
verbal immediate recall, visuospatial memory, and informa-
tion processing speed. Previous work has demonstrated that
performance in other cognitive domains such as attention
and sensory-motor functions including vision and proprio-
ception, can be predictive of fall risk in healthy older adults
[32, 75]. In pwMS, deficits in attention have also been
associated with an increased fall risk [76], and visuo-
proprioceptive training has been shown to reduce fall risk
and increase FW velocity [77]. Impairments in BW relating
to fall risk may be due to declines in these specific domains that
make it more challenging for individuals to walk while simulta-
neously engaging in other high-demand motor and cognitive
functions. Moreover, greater dual-task cost is associated with
executive dysfunction and decreased walking velocity in pwMS
[31, 60]; therefore, future studies should consider the impact of
other domains of cognition on mediating BW velocity.

5. Conclusion

To our knowledge, the findings demonstrated from this
study are the first to examine the distinct, but correlated,
cognitive domains to improve the description of PDDS-
related deficits in BW for pwMS. When we compared the

unique effects across cognitive assessments, meaningful
sources of impairment related to visuospatial memory and
verbal immediate recall were identified. Our results provide
insight into potential neural and cognitive targets to prevent
falls in pwMS. Given these findings and considering the clin-
ical advantages of BW [20] over FW, clinical trials that are
aimed at reducing the prevalence of falls in pwMS using cog-
nitive interventions should consider incorporating BW as a
specific functional indicator of fall risk.
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