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Abstract

Background

Walking capacity tests are commonly used to evaluate interventions aiming at reducing

walking impairment in people with multiple sclerosis (pwMS). However, their ecological

validity has recently been questioned. The aim of the present study was to investigate the

ecological validity of the 2- and 6-minutes walking tests (2MWT and 6MWT) and the timed

25-foot walk (T25FW) after 28 days of multidisciplinary inpatient rehabilitation (MIR) in

pwMS using accelerometry.

Methods

PwMS wore an accelerometer on 7 consecutive days within a 14-day period prior to MIR,

performed 2/6MWT and T25FW at the beginning and at the end of MIR, followed by another

7 consecutive days of accelerometry.

Results

Significant improvements in 2/6MWT and T25FW after MIR in a cohort of 76 pwMS (mean

age = 47.9, SD 8.3 years) were overall correlated to a significant gain in everyday life mobil-

ity (total steps/day). However, the correlation was strongly dependent on pre-existing walk-

ing disability defined by EDSS and only pwMS with “mild” walking impairment (EDSS 2–3.5)

were able to transfer benefits measurable by walking capacity tests into improved everyday

life mobility, while pwMS with “moderate to severe” walking disability (EDSS 4–6.5) were

not.

Conclusion

Ecological validity of changes in walking capacity tests following MIR is strongly dependent

on pre-existing walking impairment.
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Introduction

Walking impairment in people with multiple sclerosis (pwMS) is highly prevalent, occurs early

in the disease course, and has a profound negative effect on health-related quality of life

(HRQoL) [1,2]. Furthermore, it was associated with an increased risk for cardiovascular dis-

eases [3]. Therefore, treatment of walking limitations in pwMS is crucial and addressed by

pharmacotherapy and rehabilitation interventions. It is therefore of importance to be able to

measure walking disability in pwMS with confidence.

The Expanded Disability Status Scale (EDSS) is an established clinical measure of disability

in MS; it assesses disability using maximal walking distance and the need for a walking aid in

the range between 4.0 and 7.0 [4]. However, substantial intra- and inter-rater variability, low

sensitivity to change and the non-linear measurement limit the use of the EDSS for the assess-

ment of walking disability [5–7]. Short and long walking tests, i.e. the timed 25-foot walk

(T25FW), the 2-minute walking test (2MWT) and the 6-minute walking test (6MWT), but

also the self-reported Multiple Sclerosis Walking Scale-12 (MSWS-12) have proven as objec-

tive but also valid and reliable walking-specific measures [8,9]. Changes in the T25FW that

occur over time [10,11] or after medical treatment [12,13] that exceed�20% are considered as

being clinically meaningful, irrespective of a potential statistically significant difference. In

addition, reference values for clinically meaningful changes occurring over time or after reha-

bilitation interventions have also been reported for long walking tests and the MSWS-12

[14,15]. However the ecological validity of these walking-specific measurements, that is the

extent to which changes in these tests can be generalized to everyday life, has recently been

questioned. Concerns arise from the observation that uninterrupted walking over 2 or 6 min-

utes is very uncommon in daily lives of pwMS thereby challenging its real life relevance

[16,17]. In addition, short and long walking tests mainly sample walking capacity in an artifi-

cial setting instead of real-life walking performance of pwMS, which is further reflected by the

T25FW, 2MWT and 6MWT correlating only weakly with everyday life walking reported in

cross-sectional studies [18,19]. Though only improvement in walking tests that also depict a

change in everyday life walking can slow worsening of symptoms, reduce the risk for cardio-

vascular diseases and enhance participation in pwMS [20,21].

Free-living accelerometry offers a valuable opportunity for gaining objective, reliable and

ecologically valid mobility data of pwMS by detecting raw acceleration and activity counts

based on the intensity of body displacement [22–26]. In comparison to pedometers, acceler-

ometers present higher accuracy across different walking speeds in pwMS, independent of

mobility impairment [27], although algorithms used for estimating walking speed from raw

accelerometer data are crucial [28].

The aim of the present study was to longitudinally investigate whether an improvement in

short and long clinical gait tests after multidisciplinary inpatient rehabilitation (MIR), the cur-

rent golden standard in treating mobility impairment, is related to an increased everyday life

mobility of pwMS according to the degree of walking disability.

Methods

Study design and participant recruitment

The study was approved by the ethics committee of the Medical University Innsbruck, Austria,

and all participants provided written informed consent (AN5228 329/4.11).

Study participants were consecutively recruited from all pwMS referred to MIR to the

Clinic for Neurological Rehabilitation Münster, Austria, which is the primary rehabilitation
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clinic in the region of Tyrol providing MIR for patients with neurological diseases and there-

fore likely to include most pwMS from this geographic area.

Applied eligibility criteria were age (18–70 years), diagnosis of MS of any disease subtype

[29], a score on the expanded disability status scale (EDSS) of�2 and�6.5 and a primary

rehabilitation goal of improving mobility as defined by the international classification of func-

tioning, disability and health (ICF) [30]. To ensure a clinically stable MS cohort and to rule out

a potential prolonged effect of methylprednisolone on motor recovery, pwMS, who had a

relapse 30 days prior to study entry, were excluded in line with similar studies [11,15]. Further

exclusion criteria concomitant diseases associated with mobility impairment or severe cogni-

tive impairment (mini mental status examination<27). To account for the impact of walking

disability on mobility outcome measures, pwMS were grouped into “mild” (EDSS<4) and

“moderate to severe” (EDSS�4) as suggested previously [15].

Measurements

Measurements were performed according to the time schedule outlined in Fig 1. Compliance

with standardized protocols, including detailed test procedures, verbal instructions and level

of encouragement during testing was ensured by two experienced raters (AM, KH), who have

participated in previous multicenter studies applying walking tests.

2-minute and 6-minute walking test (2MWT and 6MWT). The 6MWT was chosen as a

sub-maximal aerobic walking exercise test. To account for the restricted walking performance

of participants with EDSS values�4, the 2MWT was chosen, since it has recently been sug-

gested as an appropriate replacement because of its strong correlation with the 6MWT [18,31].

Participants were asked to walk as fast and as far as possible back and forth along a 30-m hall-

way, turning around cones at each end, using their usual walking aids and/or orthotics [32].

The distance was recorded to the nearest meter, with longer distances indicating better

mobility.

Timed 25-Foot Walk (T25FW). After the 2MWT or 6MWT, participants performed two

T25FWs less than five minutes apart as detailed in the MSFC recommendations [33]. Partici-

pants were instructed to walk the T25FW safely, but at fastest possible speed. Walking times

were averaged and transformed into speeds (m/s).

Accelerometry. Everyday walking behavior was measured using ActiGraph accelerome-

ters (model GT3X) according to the manufacturers’ protocol (ActiGraph, Pensacola, Florida).

ActiGraph GT3X uses microelectromechanical sensing resulting in an electric signal

Fig 1. Time schedule of study procedures.

https://doi.org/10.1371/journal.pone.0220613.g001
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proportionate to the force acting upon it during movement. Acceleration is captured by a 12

bit analog to digital converter at a rate of 30 Hz and merged over one-minute sampling inter-

vals. Post-processing in ActiLife6 software results in step counts that are based on accelerome-

ter data collected on the vertical axis only (ActiGraph, Pensacola, Florida). For a reliable

estimate of everyday walking of pwMS only data of at least three or more available days with a

minimum daily wear time of 600 minutes was included. The decision for three or more days

was based on a previously published reliability analysis supporting this threshold consistently

yielding an intra-class correlation coefficient exceeding 0.80 [34].

Self-reported mobility and fatigue questionnaires. The 12 Item MS Walking Scale

(MSWS-12) measures walking ability by assessing the impact of MS on 12 aspects of walking

function and quality (walking, running, climbing stairs, standing, balance, distance, effort,

support needed indoors and outdoors, speed, smoothness, and concentration needed to walk)

that have been identified as being important by pwMS [35]. To ease interpretation, scores of

all 12 items were summed (ranging from 12–60) and transformed (transformed score =

[(observed score—12)/60–12)] � 100) to 0–100 (minimum to maximum walking disability). A

negative MSWS-12 change score implies that the respondent perceived walking ability to have

improved.

A seven-point Likert-type global rating of change scale (GRS) on mobility from patient per-

spective was further applied after completing MIR. The GRS question asked, “Compared to

before rehabilitation, how would you rate your mobility now?” Possible response categories

were: very much improved, much improved, improved, no change, worse, much worse, very

much worse.

The impact of MS-related fatigue on mobility was evaluated using the Fatigue Severity Scale

prior and after MIR [36].

Multidisciplinary inpatient rehabilitation

Following the standard procedure at the facility, MIR at the Department of Neurology, Clinic

for Rehabilitation Muenster, Muenster, Austria was multidisciplinary and organized as four

weeks of continuous hospitalization with 25 days of scheduled rehabilitation. According to the

primary rehabilitation goal of improving mobility, the program consisted predominantly of

individual and group physiotherapy. Group physiotherapy was supervised and guided by a

physiotherapist, included a maximum number of ten participants and consisted of balance

and gait training, endurance and resistance training. Adherence to the program was ensured

by the therapist. MIR was complemented with occupational and speech therapy, sessions with

neuropsychologists, consultations with the neurologist and educational lessons on different

topics (e.g. pharmacological and non-pharmacological treatment strategies in MS).

Statistical analysis

Variables are presented as absolute numbers and percentages, mean and standard deviation

(SD) or median and inter-quartile range (IQR). Participants were categorized according to

walking distance restriction as either “mild” (EDSS<4) or “moderate to severe” (EDSS�4).

Differences between groups in categorical variables were evaluated using chi-square test.

Numeric variables were analyzed by independent t-test or Mann-Whitney U test depending

on normal distribution tested by Kolmogorov-Smirnov-test. One-way analysis of variance for

repeated measures and Wilcoxon matched-pairs test were used to examine the significance of

changes in walking measures after MIR. The Pearson test was used for correlation analysis of

EDSS and change in steps/day and steps performed in one-minute intervals. The influence of
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mobility outcome measures on the change in steps/day after MIR was evaluated by multivari-

ate linear regression models correcting for age, gender, disease duration and EDSS.

A sample size calculation was not undertaken as the study was exploratory in intent and

there is no definitive guidance on calculating sample size for ecological validity studies. Signifi-

cance was based on a p-value of<0.05 and data was analyzed using SPSS Statistics-Version

22.0 (SPSS Inc., Chicago, IL, USA).

Results

Participants and drop outs

Of the 86 consecutively recruited pwMS, ten had to be excluded from the final analysis: three

pwMS could not be assessed after MIR because of unforeseen medical circumstances leading

to premature termination of MIR (clinical relapse, fracture, pneumonia); accelerometer data

from another six pwMS was either insufficient (less than 3 days with a wear time of 600 min-

utes/d; n = 5) or worn after a period of more than 14 days after MIR (n = 1); one patient

refused to wear the accelerometer after MIR. There were no significant differences between

the ten excluded pwMS and the 76 pwMS finally analyzed in the study with respect to age, gen-

der, disease duration, disease subtype and EDSS (S1 Table).

A median EDSS of 3.0 indicated moderate disability in the final cohort. There was a pro-

nounced female predominance (65%). The majority of pwMS was diagnosed with relapsing-

remitting MS (61%) and on a disease modifying treatment (DMT; 52%). Table 1 details base-

line characteristics of the whole cohort.

Content of multidisciplinary inpatient rehabilitation

PwMS received a mean of 712 minutes (SD 222) of individual and 846 minutes (SD 222) of

group-based physiotherapy; and 410 minutes (SD 252) of individual therapy other than phys-

iotherapy and 311 minutes (SD 204) of group-based therapy other than physiotherapy. Con-

tent of MIR did not significantly differ between disability subgroups (S2 Table).

Baseline comparison between disability subgroups

At baseline, subgroups differed significantly with respect to T25FW (p<0.001), MSWS-12

(p = 0.001) and total steps count per day (p<0.001). Further, a significant larger proportion of

people with primary and secondary progressive MS was found in the “moderate to severe”

walking disability subgroup (p<0.001). These significant disparities among the subgroups

indicate an EDSS cut-off score of 4.0 to be justified for differentiating pwMS with “mild” ver-

sus “moderate to severe” walking disability. Subgroups did not differ significantly with respect

to age, gender, BMI, status of employment, disease duration, presence of DMT, fatigue and

adherence to seven-days accelerometry (Table 1).

Correlation of everyday walking behavior with short and long walking tests

and self-reported questionnaires

Total steps count per day of the investigated MS-cohort was positively correlated with 2MWT

(correlation coefficient ρ = 0.47; p = 0.018), 6MWT (ρ = 0.49; p<0.001), T25FW (ρ = 0.63;

p<0.001) and negatively correlated with EDSS (ρ = -0.73; p<0.001) and MSWS12 (ρ = -0.49;

p<0.001).
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Effect of multidisciplinary inpatient rehabilitation on mobility outcome

measures

Objective clinical gait testing, i.e. T25FW showed statistically significant improvement in the

whole cohort (p<0.001), indicating overall better performance after MIR. In addition, total

steps count per day showed statistically significant improvement after MIR (p = 0.033;

Table 2). Improvement of total steps count per day was negatively correlated with EDSS (ρ =

-0.298; p<0.001).

When grouping pwMS according to walking disability, the subgroup with “mild”

impairment (EDSS<4) improved in 6MWT and T25FW (p<0.001 and p = 0.001 respectively)

but also in the total number of steps performed per day (p = 0.017). However, while the sub-

group with “moderate to severe” walking disability (EDSS�4) also improved in the 2MWT

and in the T25FW (p = 0.008 and p = 0.015 respectively), accelerometer data was comparable

to pre-MIR values and did not differ significantly (Table 2).

Table 1. Baseline characteristics of study cohort.

Whole Group "Mild"

(EDSS 2–3.5)

"Moderate-severe"

(EDSS 4–6.5)

p-value

N 76 49 27

Age (years)1 47.9 (8.3) 47.4 (8.7) 48.8 (7.7) 0.483�

Females2 49 (64.5) 32 (65.3) 17 (63.0) 0.838��

Body mass index (kg/m2)1 25.1 (4.2) 25.4 (3.9) 24.7 (4.8) 0.518�

Status of employment2

unemployed 43 (56.6) 26 (53.1) 17 (63.0) 0.689��

partial employment 9 (11.8) 6 (12.2) 3 (11.1)

full employment 24 (31.6) 17 (34.7) 7 (25.9)

Disease duration (years)1 11.9 (8.8) 11.3 (9.0) 12.9 (8.6) 0.337���

Disease course2

Relapsing remitting 46 (60.5) 39 (79.6) 7 (25.9) <0.001��

Secondary progressive 13 (17.1) 1 (2.0) 12 (70.4)

Primary progressive 17 (22.4) 9 (18.4) 8 (29.6)

EDSS3 3.0 (2.0–5.5) 2.0 (2.0–3.0) 6.0 (5.5–6.5) <0.001���

Disease modifying treatment2

Treated 40 (52.6) 27 (55.1) 13 (48.1) <0.561��

Untreated 36 (47.4) 22 (44.9) 14 (51.9)

T25FW (meters/second)1 1.5 (0.6) 1.8 (0.4) 0.9 (0.4) <0.001�

Daily step count1 5258.2 (3148.1) 6529.9 (3046.4) 2950.4 (1696.0) <0.001���

MSWS-121 43.9 (29.6) 34.9 (24.3) 65.0 (30.7) 0.001�

FSS1 4.9 (1.6) 4.7 (1.5) 5.2 (1.7) 0.232�

Accelerometer wear time (min)1 822.7 (92.9) 824.6 (93.4) 819.3 (93.5) 0.987���

Abbreviations: EDSS, Expanded disability status scale; T25FW, Timed 25-Foot Walk; MSWS-12; Multiple Sclerosis Walking Scale-12; Fatigue Severity Scale.

Values are given as
1mean and standard deviation
2absolute number and percentage
3median and interquartile range.

Differences between walking disability subgroups were evaluated using

�independent t-test

��chi-square test or

���Mann-Whitney U test depending on normal distribution.

https://doi.org/10.1371/journal.pone.0220613.t001
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Low EDSS is an independent predictor for an increase in everyday mobility

after MIR

In a multivariate model, lower EDSS was found to be an independent predictor of a greater

gain in total steps count per day after MIR, while age, gender and disease duration were not

(Table 3).

Self-reported effect of MIR on mobility and fatigue

We found a statistically significant improvement in the MSWS-12 after MIR in the total cohort

(p = 0.002), but also in the subgroups with “mild” and “moderate to severe” walking

impairment group (p = 0.014 and p = 0.049, respectively; Table 2).

In line with these results, the majority of pwMS (83%) reported a positive change in overall

mobility when completing the GRS at the end of MIR. Twenty percent of pwMS classified the

Table 2. Changes in walking measures and self-reported questionnaires after multidisciplinary inpatient rehabilitation.

Pre-MIR Post-MIR Changea p-value
Whole Group (n = 76)

T25FW (meters/second) 1.5 (0.6) 1.6 (0.7) 0.2 (0.3) <0.001�

Daily step count 5258.2 (3148.1) 5582.0 (3172.9) 323.8 (1331.3) 0.033�

MSWS-12 43.9 (29.6) 34.4 (24.5) -9.5 (20.6) 0.002��

FSS 4.9 (1.6) 4.2 (1.7) -0.7 (1.3) <0.001��

"Mild" walking disability (EDSS <4; n = 49)

T25FW (meters/second) 1.8 (0.4) 1.9 (0.5) 0.2 (0.3) 0.001�

6MWT (meters) 489.9 (91.7) 538.8 (96.6) 48.9 (48.7) <0.001��

Daily step count 6529.9 (3046.4) 7069.4 (2765.7) 539.5 (1530.1) 0.017�

MSWS-12 34.9 (24.3) 25.5 (19.5) -9.5 (21.7) 0.014��

FSS 4.7 (1.5) 3.8 (1.6) -0.8 (1.4) 0.001��

"Moderate-severe" walking disability (EDSS 4–6.5; n = 27)

T25FW (meters/second) 0.9 (0.4) 1.0 (0.4) 0.1 (0.2) 0.015�

2MWT (meters) 85.6 (34.5) 100.4 (46.8) 14.8 (35.1) 0.008��

Daily steps count 2950.4 (1696.0) 2882.8 (1784.1) -67.6 (737.2) 0.442�

MSWS-12 65.0 (30.7) 55.1 (22.7) -9.7 (18.5) 0.049��

FSS 5.2 (1.7) 4.8 (1.9) -0.5 (1.0) 0.032��

Abbreviations: T25FW, Timed 25-Foot Walk; 6/2MWT, 6/2-Minute Walking Test; MSWS-12; Multiple Sclerosis Walking Scale-12; Fatigue Severity Scale.

Values are given as mean and standard deviation.

Analyzed using �Wilcoxon’s matched-pairs test and ��one-way analysis of variance for repeated measures.
a Improvement is indicated by positive change scores except for MSWS-12 and FSS

https://doi.org/10.1371/journal.pone.0220613.t002

Table 3. Multivariate model of change in total steps count after multidisciplinary inpatient rehabilitation.

Coefficient1 95% confidence interval p-Value

Age 0.034 -1.703–2.285 0.772

Female -0.074 -2.648–1.340 0.515

EDSS -0.272 -4.379 - -0.392 0.020

Disease duration -0.133 -3-131–0.857 0.259

1Calculated by multivariate linear regression model indicating an association between lower EDSS scores and a

higher increase in total steps count after MIR.

https://doi.org/10.1371/journal.pone.0220613.t003
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change in mobility as “very much improved”, 30% as “much improved” and 33% as improved.

Only 12% of pwMS scored “no change” and 3% “deteriorated”.

MIR was associated with a significant decrease in levels of fatigue in the total cohort

(p<0.001). The effect of MIR on fatigue was more pronounced in the subgroup of “mild”

(mean change -0.8± 1.4; p = 0.001) as compared to the subgroup with “moderate to severe”

walking impairment (mean change -0.5±1.0; p = 0.032) resulting in a strong trend towards a

statistical significant difference between the subgroups at the end of MIR (p = 0.051).

Discussion

The present study explored the ecological validity of improvements in short and long clinical

gait tests following MIR in a cohort of 86 pwMS using accelerometry. Due to drop outs 76

pwMS were finally analyzed. While pwMS were able to significantly increase their walking per-

formance when assessed with short and long clinical gait tests, the transferability of these find-

ings to real-life conditions was dependent on pre-existing walking disability determined by

EDSS.

In an MS cohort with mild to severe walking disability we were able to document significant

walking improvements after four weeks of MIR in walking tests. A recent multicenter study

evaluating different mobility outcome measures after rehabilitation reported reference values

for clinically meaningful changes of 9.6 and 21.6 meters for the 2MWT and the 6MWT respec-

tively [15]. Mean change levels of 14.8 meters in the 2MWT and 48.9 meters in the 6MWT

detected in our cohort clearly exceeded these values and are therefore indicative for having

also a daily life impact apart from statistical difference. PwMS also perceived a significant gain

in walking ability after MIR as evidenced in the MSWS-12. An improvement of 9.5 is above

the recently reported clinically meaningful change after medical treatment [12] and close to

changes found after rehabilitation interventions in MS [15], also suggesting a relevant impact

on everyday life in our cohort. However, change levels in the T25FW of 0.2 m/s representing a

5.6% improvement were below the commonly accepted threshold for clinically meaningfulness

of 20% [10–12], a finding that has also recently been observed in a multicenter rehabilitation

study [15].

While significant increases in short and long clinical gait tests after MIR are important

results, the primary goal of motor rehabilitation in pwMS is to increase everyday life mobility

of pwMS, possibly also leading to improved participation and HRQoL. Using accelerometry as

an objective and reliable outcome measure of real-life mobility in the present cohort [22–27],

the number of steps performed per day as a marker of real life mobility was found to be com-

parable to previous studies with pwMS with “mild” walking disability averaging significantly

more steps than those with “moderate and severe” walking disability [17,18]. We could dem-

onstrate that an intervention of twenty-eight days of MIR resulted indeed not only in a signifi-

cant better performance in walking capacity tests, but also in an overall increase in everyday

life mobility, a finding that has not been reported so far. Noteworthy, this improvement was

strongly correlated to the degree of pre-existing walking disability determined by EDSS.

Dichotomising pwMS according to their walking restriction revealed that only pwMS with

“mild” walking disability (EDSS<4) were able to transfer improvement in short and long gait

tests into their everyday life by increasing also the number of daily steps performed. A multi-

variate analysis revealed a lower EDSS score, but not age, gender or disease duration to be pre-

dictive of a higher gain in everyday mobility after MIR. Therefore, the presence of “moderate

to severe” walking impairment seems to be the major limiting factor for translating mobility

improvements measured by short and long clinical gait tests after MIR into everyday life in

our cohort. Sustained benefit of MIR on everyday mobility as a function of pre-existing
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walking disability further underscores the notion, that there is not only a window of opportu-

nity for DMTs, but also for early motor rehabilitation in MS [37].

Why do improvements in short and long gait tests are not properly reflected in daily step

count as a surrogate for everyday-life mobility in pwMS with “moderate and severe” walk-

ing disability? First, the presence of MS-related fatigue is likely to have only a minor effect

on short and long walking tests, but can significantly influence everyday-life mobility espe-

cially in pwMS with advanced walking disability [17]. Indeed, fatigue levels were lower in

the group with “mild” as compared to the group with “moderate and severe walking” dis-

ability after MIR, thereby pointing at the potential impact of MS-related fatigue on real-life

mobility, that is not depicted in walking capacity tests also in our cohort. Second, the labo-

ratory setting of a standard clinical measurement that is restricted to a quiet environment

and flat surfaces [33] is likely to affect its generalizability to real life conditions, especially in

pwMS with more severe walking disability [18]. Since everyday life mobility is often chal-

lenged, e.g. with distracting noise, barriers, ascents and descents that are much more diffi-

cult to overcome for pwMS with walking restrictions, these barriers may limit an

improvement in everyday life mobility despite a better performance in walking capacity

tests. However, in order to increase everyday life mobility also in pwMS with “moderate and

severe” walking disability, these potentially limiting factors have to be thoroughly identified

and eliminated wherever possible.

Nevertheless in light of the significant better performance in walking capacity tests, pwMS

could have probably also benefitted from an additional behavioral intervention specifically

aimed at increasing everyday life mobility as recently has been reported [38,39]. In this con-

text, accelerometry can serve not only as an outcome measure but also as a direct feedback tool

for pwMS to enhance mobility.

We used accelerometry as a reference point to investigate the ecological validity of

mobility assessments but are aware that this approach has limitations. Wearing an acceler-

ometer itself could potentially alter the behavior of pwMS and might thereby influence the

outcome of the results and jeopardize the objectivity of the measurement. However, this

restriction seems to be widely negligible when the minimum wearing time exceeds 600 min-

utes on at least three days a week [34]. Further, the responsiveness of daily steps as a mobil-

ity outcome measured by accelerometry may also have influenced the detection of a

significant mobility change following MIR in our cohort of pwMS with more pronounced

walking disabilities. Ecological validity of short and long walking tests was evidenced to be a

function of pre-existing walking disability in the investigated MS cohort. When grouping

pwMS according to walking disability we have to acknowledge the smaller sample size of

the subgroup with “moderate to severe” walking disability, which limits the generalizability

of the findings on the group level at this stage. In addition, although daily step count has

been established as walking outcome it cannot precisely differentiate between walking

capacity and acitivity behaviour [40]. More sophisticated accelerometer output date like

maximum or habitual walking step rate have been reported to better capture real-life walk-

ing capacity [41]. The acknowledgment of these new parameters and the implementation of

recently published recommendations for the use of mobile technologies in clinical research

[42] will potentially result in a clearer picture of real-life walking capacity of pwMS with dif-

ferent degrees of mobility impairment.

In conclusion, this is the first study that longitudinally investigated the ecological validity of

short and long clinical gait tests after MIR in pwMS. The impact of significant improvements

in the T25FW, the 2MWT and 6MWT on everyday life mobility is dependent on pre-existing

walking disability and was restricted to pwMS with “mild” walking disability only.

Ecological validity of MS walking measures

PLOS ONE | https://doi.org/10.1371/journal.pone.0220613 August 1, 2019 9 / 12

https://doi.org/10.1371/journal.pone.0220613


Supporting information

S1 Table. Comparison of baseline characteristics between included and excluded patients.

Data is presented as 1mean and standard deviation; 2absolute number and percentage; 3median

and interquartile range. Data is analysed using �independent t-test, ��chi-square test or
���Mann-Whitney U test depending on normal distribution. Abbreviations: EDSS, expanded

disability status scale.

(DOCX)

S2 Table. Quantity of multidisciplinary inpatient rehabilitation (MIR). Data is presented as

mean and standard deviation. Differences between walking disability subgroups were evalu-

ated using �chi-square test or ��Mann-Whitney U test depending on normal distribution.

(DOCX)

Author Contributions

Conceptualization: Rainer Ehling, Christian Brenneis.

Data curation: Rainer Ehling.

Formal analysis: Rainer Ehling, Gabriel Bsteh.

Funding acquisition: Rainer Ehling.

Investigation: Rainer Ehling, Andreas Muehlbacher, Kay Hermann.

Methodology: Rainer Ehling, Gabriel Bsteh, Christian Brenneis.

Project administration: Rainer Ehling.

Resources: Christian Brenneis.

Supervision: Christian Brenneis.

Writing – original draft: Rainer Ehling.

Writing – review & editing: Gabriel Bsteh, Andreas Muehlbacher, Christian Brenneis.

References
1. The Canadian Burden of Illness Study Group. Burden of illness of multiple sclerosis: Part II: Quality of

life. Can J Neurol Sci 1998; 25: 31–38. PMID: 9532278

2. Larocca NG. Impact of walking impairment in multiple sclerosis: perspectives of patients and care part-

ners. Patient 2011; 4: 189–201. https://doi.org/10.2165/11591150-000000000-00000 PMID: 21766914

3. Wens I, Dalgas U, Stenager E, Eijnde BO. Risk factors related to cardiovascular diseases and the meta-

bolic syndrome in multiple sclerosis—a systematic review. Mult Scler 2013; 19: 1556–1564. https://doi.

org/10.1177/1352458513504252 PMID: 24048545

4. Kurtzke JF. Rating neurologic impairment in multiple sclerosis: an expanded disability status scale

(EDSS). Neurology 1983; 33: 1444–1452. https://doi.org/10.1212/wnl.33.11.1444 PMID: 6685237

5. Goodkin DE. EDSS reliability. Neurology 1991; 41: 332. https://doi.org/10.1212/wnl.41.2_part_1.332

PMID: 1992392

6. Hobart J, Freeman J, Thompson A. Kurtzke scales revisited: the application of psychometric methods

to clinical intuition. Brain 2000; 123: 1027–1040. https://doi.org/10.1093/brain/123.5.1027 PMID:

10775547

7. EMA guideline. Online Referencing. https://www.ema.europa.eu/en/documents/scientific-guideline/

guideline-clinical-investigation-medicinal-products-treatment-multiple-sclerosis_en-0 (accessed 18

June 2019).

8. Goldman MD, Motl RW and Rudick RA. Possible clinical outcome measures for clinical trials in patients

with multiple sclerosis. Ther Adv Neurol Disord 2010; 3: 229–239. https://doi.org/10.1177/

1756285610374117 PMID: 21179614

Ecological validity of MS walking measures

PLOS ONE | https://doi.org/10.1371/journal.pone.0220613 August 1, 2019 10 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0220613.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0220613.s002
http://www.ncbi.nlm.nih.gov/pubmed/9532278
https://doi.org/10.2165/11591150-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/21766914
https://doi.org/10.1177/1352458513504252
https://doi.org/10.1177/1352458513504252
http://www.ncbi.nlm.nih.gov/pubmed/24048545
https://doi.org/10.1212/wnl.33.11.1444
http://www.ncbi.nlm.nih.gov/pubmed/6685237
https://doi.org/10.1212/wnl.41.2_part_1.332
http://www.ncbi.nlm.nih.gov/pubmed/1992392
https://doi.org/10.1093/brain/123.5.1027
http://www.ncbi.nlm.nih.gov/pubmed/10775547
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-clinical-investigation-medicinal-products-treatment-multiple-sclerosis_en-0
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-clinical-investigation-medicinal-products-treatment-multiple-sclerosis_en-0
https://doi.org/10.1177/1756285610374117
https://doi.org/10.1177/1756285610374117
http://www.ncbi.nlm.nih.gov/pubmed/21179614
https://doi.org/10.1371/journal.pone.0220613


9. Kieseier BC, Pozzilli C. Assessing walking disability in multiple sclerosis. Mult Scler 2012; 18(7): 914–

924. https://doi.org/10.1177/1352458512444498 PMID: 22740603

10. Kragt JJ, van der Linden FA, Nielsen JM, Uitdehaag BM, Polman CH. Clinical impact of 20% worsening

on Timed 25-foot Walk and 9-hole Peg Test in multiple sclerosis. Mult Scler 2006; 12: 594–598. https://

doi.org/10.1177/1352458506070768 PMID: 17086905

11. Learmonth YC, Dlugonski DD, Pilutti LA, Sandroff BM, Motl RW. The reliability, precision and clinically

meaningful change of walking assessments in multiple sclerosis. Mult Scler 2013; 19: 1784–1791.

https://doi.org/10.1177/1352458513483890 PMID: 23587605

12. Hobart J, Blight AR, Goodman A, Lynn F, Putzki N. Timed 25-foot walk: direct evidence that improving

20% or greater is clinically meaningful in MS. Neurology 2013; 80: 1509–1517. https://doi.org/10.1212/

WNL.0b013e31828cf7f3 PMID: 23535489

13. Motl RW, Cohen JA, Benedict R, Phillips G, LaRocca N, Hudson LD, Rudick R; Multiple Sclerosis Out-

come Assessments Consortium. Validity of the timed 25-foot walk as an ambulatory performance out-

come measure for multiple sclerosis. Mult Scler 2017; 23: 704–710. https://doi.org/10.1177/

1352458517690823 PMID: 28206828

14. Paltamaa J, Sarasoja T, Leskinen E, Wikström J, Mälkiä E. Measuring deterioration in international

classification of functioning domains of people with multiple sclerosis who are ambulatory. Phys Ther

2008; 88: 176–190. https://doi.org/10.2522/ptj.20070064 PMID: 18029390

15. Baert I, Freeman J, Smedal T, Dalgas U, Romberg A, Kalron A, et al. Responsiveness and clinically

meaningful improvement, according to disability level, of five walking measures after rehabilitation in

multiple sclerosis: a European multicenter study. Neurorehabil Neural Repair 2014; 28: 621–631.

https://doi.org/10.1177/1545968314521010 PMID: 24503204

16. Stellmann JP, Neuhaus A, Götze N, Briken S, Lederer C, Schimpl M, et al. Ecological validity of walking

capacity tests in multiple sclerosis. PLoS One 2015; 10: e0123822. https://doi.org/10.1371/journal.

pone.0123822 PMID: 25879750

17. Neven A, Vanderstraeten A, Janssens D, Wets G, Feys P. Understanding walking activity in multiple

sclerosis: step count, walking intensity and uninterrupted walking activity duration related to degree of

disability. Neurol Sci 2016; 37: 1483–1490. https://doi.org/10.1007/s10072-016-2609-7 PMID:

27207680

18. Gijbels D, Alders G, Van Hoof E, Charlier C, Roelants M, Broekmans T, et al. Predicting habitual walk-

ing performance in multiple sclerosis: relevance of capacity and self-report measures. Mult Scler 2010;

16: 618–626. https://doi.org/10.1177/1352458510361357 PMID: 20207785

19. Motl RW, Pilutti L, Sandroff BM, Dlugonski D, Sosnoff JJ, Pula JH. Accelerometry as a measure of walk-

ing behavior in multiple sclerosis. Acta Neurol Scand 2013; 127: 384–390. https://doi.org/10.1111/ane.

12036 PMID: 23240822

20. Motl RW, Arnett PA, Smith MM, Barwick FH, Ahlstrom B, Stover EJ. Worsening of symptoms is associ-

ated with lower physical activity levels in individuals with multiple sclerosis. Mult Scler 2008; 14: 140–

142. https://doi.org/10.1177/1352458507079126 PMID: 18089672

21. Goldman MD, Motl RW, Scagnelli J, Pula JH, Sosnoff JJ, Cadavid D. Clinically meaningful performance

benchmarks in MS: timed 25-foot walk and the real world. Neurology 2013; 81: 1856–1863. https://doi.

org/10.1212/01.wnl.0000436065.97642.d2 PMID: 24174581

22. Ng AV and Kent-Braun JA. Quantitation of lower physical activity in persons with multiple sclerosis. Med

Sci Sports Exerc 1997; 29: 517–523. PMID: 9107635

23. Motl RW, Sandroff BM and Sosnoff JJ. Commercially available accelerometry as an ecologically valid

measure of ambulation in individuals with multiple sclerosis. Expert Rev Neurother 2012; 12: 1079–

1088. https://doi.org/10.1586/ern.12.74 PMID: 23039387

24. Sandroff BM, Motl RW, Pilutti LA, Learmonth YC, Ensari I, Dlugonski D, et al. Accuracy of StepWatch™
and ActiGraph accelerometers for measuring steps taken among persons with multiple sclerosis. PLoS

One 2014; 9: e93511. https://doi.org/10.1371/journal.pone.0093511 PMID: 24714028

25. Motl RW, McAuley E and Klaren R. Reliability of physical-activity measures over six months in adults

with multiple sclerosis: implications for designing behavioral interventions. Behav Med 2014; 40: 29–

33. https://doi.org/10.1080/08964289.2013.821966 PMID: 24512363

26. Bradshaw MJ, Farrow S, Motl RW, Chitnis T. Wearable biosensors to monitor disability in multiple scle-

rosis. Neurol Clin Prac 2017; 7: 354–362.

27. Sasaki JE, Sandroff B, Bamman M, Motl RW. Motion sensors in multiple sclerosis: Narrative review and

update of applications. Expert Rev Med Devices 2017; 14: 891–900. https://doi.org/10.1080/

17434440.2017.1386550 PMID: 28956457

Ecological validity of MS walking measures

PLOS ONE | https://doi.org/10.1371/journal.pone.0220613 August 1, 2019 11 / 12

https://doi.org/10.1177/1352458512444498
http://www.ncbi.nlm.nih.gov/pubmed/22740603
https://doi.org/10.1177/1352458506070768
https://doi.org/10.1177/1352458506070768
http://www.ncbi.nlm.nih.gov/pubmed/17086905
https://doi.org/10.1177/1352458513483890
http://www.ncbi.nlm.nih.gov/pubmed/23587605
https://doi.org/10.1212/WNL.0b013e31828cf7f3
https://doi.org/10.1212/WNL.0b013e31828cf7f3
http://www.ncbi.nlm.nih.gov/pubmed/23535489
https://doi.org/10.1177/1352458517690823
https://doi.org/10.1177/1352458517690823
http://www.ncbi.nlm.nih.gov/pubmed/28206828
https://doi.org/10.2522/ptj.20070064
http://www.ncbi.nlm.nih.gov/pubmed/18029390
https://doi.org/10.1177/1545968314521010
http://www.ncbi.nlm.nih.gov/pubmed/24503204
https://doi.org/10.1371/journal.pone.0123822
https://doi.org/10.1371/journal.pone.0123822
http://www.ncbi.nlm.nih.gov/pubmed/25879750
https://doi.org/10.1007/s10072-016-2609-7
http://www.ncbi.nlm.nih.gov/pubmed/27207680
https://doi.org/10.1177/1352458510361357
http://www.ncbi.nlm.nih.gov/pubmed/20207785
https://doi.org/10.1111/ane.12036
https://doi.org/10.1111/ane.12036
http://www.ncbi.nlm.nih.gov/pubmed/23240822
https://doi.org/10.1177/1352458507079126
http://www.ncbi.nlm.nih.gov/pubmed/18089672
https://doi.org/10.1212/01.wnl.0000436065.97642.d2
https://doi.org/10.1212/01.wnl.0000436065.97642.d2
http://www.ncbi.nlm.nih.gov/pubmed/24174581
http://www.ncbi.nlm.nih.gov/pubmed/9107635
https://doi.org/10.1586/ern.12.74
http://www.ncbi.nlm.nih.gov/pubmed/23039387
https://doi.org/10.1371/journal.pone.0093511
http://www.ncbi.nlm.nih.gov/pubmed/24714028
https://doi.org/10.1080/08964289.2013.821966
http://www.ncbi.nlm.nih.gov/pubmed/24512363
https://doi.org/10.1080/17434440.2017.1386550
https://doi.org/10.1080/17434440.2017.1386550
http://www.ncbi.nlm.nih.gov/pubmed/28956457
https://doi.org/10.1371/journal.pone.0220613


28. Sandroff BM and Motl RW. Comparison of ActiGraph activity monitors in persons with multiple sclerosis

and controls. Disability and Rehabilitation 2013, 35: 725–731. https://doi.org/10.3109/09638288.2012.

707745 PMID: 23557239

29. Polman CH, Reingold SC, Banwell B, Clanet M, Cohen JA, Filippi M, et al. Diagnostic criteria for multiple

sclerosis: 2010 revisions to the McDonald criteria. Ann Neurol 2011; 69: 292–302. https://doi.org/10.

1002/ana.22366 PMID: 21387374

30. WHO. International Classification of Functioning, Disability and Health. World Health Organization

(WHO). 2001. Online Referencing, https://www.who.int/classifications/icf/en/ (accessed 11 March

2019).

31. Gijbels D, Eijnde BO and Feys P. Comparison of the 2- and 6-minute walk test in multiple sclerosis. Mult

Scler 2011; 17: 1269–1272. https://doi.org/10.1177/1352458511408475 PMID: 21642370

32. Goldman MD, Marrie RA, Cohen JA. Evaluation of the six-minute walk in multiple sclerosis subjects and

healthy controls. Mult Scler 2008; 14: 383–390. https://doi.org/10.1177/1352458507082607 PMID:

17942508

33. Timed-25-Foot-Walk-(T25-FW). Online Referencing, https://www.nationalmssociety.org/For-

Professionals/Researchers/Resources-for-Researchers/Clinical-Study-Measures (accessed 11 March

2019).

34. Motl RW, Zhu W, Park Y, McAuley E, Scott JA, Snook EM. Reliability of scores from physical activity

monitors in adults with multiple sclerosis. Adapt Phys Activ Q 2007; 24: 245–253. PMID: 17916920

35. Hobart JC, Riazi A, Lamping DL, Fitzpatrick R, Thompson AJ. Measuring the impact of MS on walking

ability: the 12-Item MS Walking Scale (MSWS-12). Neurology 2003; 60: 31–36. https://doi.org/10.

1212/wnl.60.1.31 PMID: 12525714

36. Krupp LB, LaRocca NG, Muir-Nash J, Steinberg AD. The fatigue severity scale. Application to patients

with multiple sclerosis and systemic lupus erythematosus. Arch Neurol 1989; 46: 1121–1123. https://

doi.org/10.1001/archneur.1989.00520460115022 PMID: 2803071

37. Riemenschneider M, Hvid LG, Stenager E, Dalgas U. Is there an overlooked "window of opportunity" in

MS exercise therapy? Perspectives for early MS rehabilitation. Mult Scler 2018; 24: 886–894. https://

doi.org/10.1177/1352458518777377 PMID: 29889008

38. Motl RW and Dlugonski D. Increasing physical activity in multiple sclerosis using a behavioral interven-

tion. Behav Med 2011; 37: 125–131. https://doi.org/10.1080/08964289.2011.636769 PMID: 22168329

39. Feys P, Tytgat K, Gijbels D, De Groote L, Baert I, Van Asch P. Effects of an 1-day education program

on physical functioning, activity and quality of life in community living persons with multiple sclerosis.

NeuroRehabilitation 2013; 33: 439–448. https://doi.org/10.3233/NRE-130975 PMID: 23949075

40. Weikert M, Motl RW, Suh Y, McAuley E, Wynn D. Accelerometry in persons with multiple sclerosis:

measurement of physical activity or walking mobility? J Neurol Sci 2010; 290: 6–11. https://doi.org/10.

1016/j.jns.2009.12.021 PMID: 20060544

41. Engelhard MM, Patek SD, Lach JC, Goldman MD. Real-world walking in multiple sclerosis: Separating

capacity from behavior. Gait Posture 2018; 59: 211–216. https://doi.org/10.1016/j.gaitpost.2017.10.

015 PMID: 29078135

42. Clinical Trials Transformation Initiative. Online Referencing. https://www.ctti-clinicaltrials.org/sites/

www.ctti-clinicaltrials.org/files/mobile-devices-recommendations (accessed 18 June 2019).

Ecological validity of MS walking measures

PLOS ONE | https://doi.org/10.1371/journal.pone.0220613 August 1, 2019 12 / 12

https://doi.org/10.3109/09638288.2012.707745
https://doi.org/10.3109/09638288.2012.707745
http://www.ncbi.nlm.nih.gov/pubmed/23557239
https://doi.org/10.1002/ana.22366
https://doi.org/10.1002/ana.22366
http://www.ncbi.nlm.nih.gov/pubmed/21387374
https://www.who.int/classifications/icf/en/
https://doi.org/10.1177/1352458511408475
http://www.ncbi.nlm.nih.gov/pubmed/21642370
https://doi.org/10.1177/1352458507082607
http://www.ncbi.nlm.nih.gov/pubmed/17942508
https://www.nationalmssociety.org/For-Professionals/Researchers/Resources-for-Researchers/Clinical-Study-Measures
https://www.nationalmssociety.org/For-Professionals/Researchers/Resources-for-Researchers/Clinical-Study-Measures
http://www.ncbi.nlm.nih.gov/pubmed/17916920
https://doi.org/10.1212/wnl.60.1.31
https://doi.org/10.1212/wnl.60.1.31
http://www.ncbi.nlm.nih.gov/pubmed/12525714
https://doi.org/10.1001/archneur.1989.00520460115022
https://doi.org/10.1001/archneur.1989.00520460115022
http://www.ncbi.nlm.nih.gov/pubmed/2803071
https://doi.org/10.1177/1352458518777377
https://doi.org/10.1177/1352458518777377
http://www.ncbi.nlm.nih.gov/pubmed/29889008
https://doi.org/10.1080/08964289.2011.636769
http://www.ncbi.nlm.nih.gov/pubmed/22168329
https://doi.org/10.3233/NRE-130975
http://www.ncbi.nlm.nih.gov/pubmed/23949075
https://doi.org/10.1016/j.jns.2009.12.021
https://doi.org/10.1016/j.jns.2009.12.021
http://www.ncbi.nlm.nih.gov/pubmed/20060544
https://doi.org/10.1016/j.gaitpost.2017.10.015
https://doi.org/10.1016/j.gaitpost.2017.10.015
http://www.ncbi.nlm.nih.gov/pubmed/29078135
https://www.ctti-clinicaltrials.org/sites/www.ctti-clinicaltrials.org/files/mobile-devices-recommendations
https://www.ctti-clinicaltrials.org/sites/www.ctti-clinicaltrials.org/files/mobile-devices-recommendations
https://doi.org/10.1371/journal.pone.0220613

