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Purpose 

The aim of this study was to examine the effect of six minutes of walking on fatigue, exertion and 

spatiotemporal, kinematic and kinetic gait parameters in people with Multiple Sclerosis (MS). 

Methods 

Thirty-four people with MS with moderate levels of disability completed measures of fatigue, 

exertion and instrumented gait analysis before and after six-minute trials of rest and walking (using a 

modified six-minute walk test, m6MWT). Ten age and gender matched healthy controls completed 

analysis before and after the m6MWT. 

Results 

The MS group had a significant increase in self-reported fatigue following the m6MWT, however 

there was no effect on spatiotemporal gait parameters. During stance on the more affected side 

ankle dorsiflexion at initial contact decreased, while knee and hip flexor moments and hip power 

absorption increased. On the less affected side ankle and knee power absorption, and hip extensor 
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moment all increased. Healthy controls showed increases in joint kinetics likely due to increased 

walking speeds following m6MWT. 

Conclusion 

For people with MS, ankle dorsiflexion angle reduces at initial contact following walking induced 

fatigue, while increased power absorption at the hip, knee and ankle indicate gait inefficiencies that 

may contribute to higher levels of fatigue and exertion. 

 

 

Introduction 

Difficulty walking is often rated as the most challenging aspect of living with Multiple Sclerosis (MS) 

and is associated with reduced quality of life and increased financial burden [1, 2]. Weakness [3], 

sensory loss [4], ataxia [5] and spasticity [6] may impair walking ability in people with MS, while 

reduced speed [7] and increased energy cost [8] can reduce the capacity to walk long distances. 

Fatigue, another common symptom reported by people with MS [9], may also contribute to reduced 

walking capacity [10]. Muscle fatigue is known to worsen with physical activity [11] and is related to 

perceived fatigue levels in people with MS [12] . 

 

To date, research into muscle fatigue in people with MS has focussed on the neurophysiological 

aspects of activity-dependent fatigue induced by controlled muscle contractions [13]. These studies 

have found muscle fatigue is caused by deterioration in both central and peripheral neuromuscular 

function and is associated with slower gait speed and reduced cadence [14]. Other studies have 

reported that the energy cost of walking is positively associated with perceived fatigue and double 

limb support time, and inversely associated with gait speed and stride length [8]. Presently there has 

been limited research into the direct effects of muscle fatigue on daily activities such as walking in 

people with MS. Higher levels of fatigue are reported in the afternoon by people with MS, however 

previous work has reported no significant differences in spatiotemporal characteristics of gait 
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measured in the afternoon of a day compared to the morning [15]. A more detailed study of gait 

mechanics in people with MS found reduced ankle power at push-off, reduced knee power 

absorption and reduced peak knee extensor moments to be associated with increased levels of self-

reported fatigue [16], suggesting that fatigue is associated with gait changes in people with MS. 

 

A few studies have investigated the effects of walking-induced fatigue on the variability of gait 

kinematics in people with MS. Crenshaw et al. found no change in kinematic or kinetic variability 

following a fatiguing walk in 20 people with MS [17], while a pilot study by Sehle et al. reported 

some increased kinematic variability in individual patients following walking at preferred speed to 

the point of exhaustion on a treadmill [18]. It is unclear whether these inconsistent findings in 

kinematic variability might be due to differences in the distance walked, as these were not 

documented in either study. The amount of walking that is likely to induce changes in gait mechanics 

in people with MS requires clarification.  

 

Walking distance is often used to classify disability and disease progression in people with MS [19, 

20]. The six-minute walk test (6MWT) is recognised as a measure of functional mobility in people 

with MS [21] and leads to increased levels of perceived fatigue [10, 22], reduced cadence in slower 

walkers [23] and poorer balance after walking [24]. In addition, we have recently reported that a 

modified 6MWT (m6MWT) using a 10-metre walkway can cause a deterioration in lower limb muscle 

strength and standing balance in people with MS, however the effects on gait mechanics are 

unknown [22]. While there is no standardised 6MWT protocol to assess mobility in people with MS, 

modified protocols that involve frequent 180-degree turns have been shown to be more physically 

demanding when compared to using square walkways [25]. 

 

Identifying changes in gait kinematics and kinetics due to walking-related fatigue would assist in 

designing gait re-training interventions that aim to increase walking capacity. The aim of this study 
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was to investigate the effect of six minutes of walking on perceived fatigue, exertion, and 

spatiotemporal, kinematic and kinetic gait parameters in people with MS with moderate levels of 

disability, and to compare these effects with those induced in healthy control participants. We 

hypothesized that in people with MS with moderate disability, the m6MWT would induce increased 

levels of perceived fatigue and exertion, with an associated deterioration in gait mechanics, not seen 

in healthy control participants. 

 

Methods 

Participants 

Thirty-four people with MS were recruited from the MS Society of South Australia, a 

multidisciplinary hospital clinic and private physiotherapy clinics in South Australia via email and 

newsletter advertisements. Eligible participants were required to have a confirmed diagnosis of MS 

from a neurologist and an Expanded Disability Status Scale (EDSS) score of 3.0-6.0 indicative of 

moderate disability (people who can ambulate, yet have a number of mild to moderate neurological 

impairments.) [26]. Participants were excluded if they: (i) had an exacerbation or relapse of MS 

within the past 3 months; (ii) used medication prescribed for fatigue or mobility such as Amantadine, 

Modafinil or Fampridine; (iii) had significant cardiac or respiratory disease; (iv) suffered from severe 

depression; or (v) had arthritis, fibromyalgia, pain or other illness that severely limited their walking. 

Ten healthy controls well matched in terms of age, sex, height and weight were recruited from the 

hospital and university staff. All participants provided informed written consent prior to involvement 

in the study, which was approved by the Repatriation General Hospital Research and Ethics 

Committee (EC00191). 

 

Protocol 

Participants in the MS group were initially screened for disease severity with the EDSS by a certified 

Neurostatus investigator (www.neurostatus.net). Participants were then randomised using sealed, 
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opaque envelopes to either a six minute walk or a six minute rest trial, and returned within 2 weeks 

to complete the other trial at the same time of day. Measures of acute fatigue and gait mechanics 

were collected immediately before and after the 6-minute walk/rest trials. 

 

For the walking trial we used a m6MWT version with the aim to induce fatigue [22]. Participants 

were instructed to walk back and forth along a 10-metre walkway as fast as possible for six-minutes 

following the instructions “walk as fast as you comfortably can, bearing in mind that you will be 

walking for six minutes”. Participants were permitted to use assistive devices (i.e. canes) if required. 

Distance walked was recorded at each minute. For the rest trial, participants were instructed to sit 

comfortably in a chair and relax for six minutes. Healthy control participants completed the m6MWT 

trial only. 

 

Self-reported fatigue and perceived exertion 

Participants indicated their fatigue levels using the Visual Analogue Scale for Fatigue (VAS-F) 

immediately before and after each six-minute trial. [27] Perceived exertion was recorded at each 

minute for both rest and walking trials using the 10-point Modified Borg Rating of Perceived Exertion 

(RPE) scale [28]. 

 

Gait analysis  

 

Gait analyses were performed using an eight-camera Vicon MX3 system (Vicon, Oxford, UK). The 

camera system recorded the trajectories of reflective markers attached to the body according to the 

Helen Hayes lower limb marker set [29] as participants walked along a level floor walkway. External 

ground reaction forces were also measured from clean foot strikes onto one of four AMTI force 

plates (AMTI, Watertown, MA) embedded in the floor. Repeated walking trials were undertaken 

until at least three trials with satisfactory marker data and force data from each leg were recorded. 
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Vicon Nexus software (v1.4) was used to process the acquired data and calculate spatiotemporal 

parameters and joint kinematics (joint angles) and kinetics (internal joint moments and powers) of 

the hip, knee and ankle for both left and right limbs. Customised LabView software (v7.1, National 

Instruments, Texas, USA) was used to extract spatiotemporal, kinematic and kinetic parameters of 

interest from a gait cycle of each walking trial. Appendix A includes the list of parameters extracted 

for analysis.  

 

Mean spatiotemporal, kinematic and kinetic data for both limbs were calculated from three walking 

trials for each participant. The ‘more affected’ and ‘less affected’ limbs of the MS participants were 

determined by the level of muscle power within the pyramidal score of the EDSS examination. There 

was no significant difference between gait data of left and right legs for the healthy controls so the 

left leg was analysed as the majority of MS participants exhibited a ‘more affected’ left side. 

 

Statistical analysis 

Data were analysed using SPSS version 19 (IBM, Chicago, USA). An initial inspection of the data for 

normal distribution revealed VAS-F to be positively skewed, so this variable was log transformed to 

permit parametric analysis. In the MS group, within-subject pairwise comparisons were used to 

determine minute-by-minute change in distance walked during the m6MWT. Independent samples 

t-tests were used to compare RPE scores and distance walked for each minute of the m6MWT 

between the healthy controls and people with MS.   For the MS group a repeated measures 2 factor 

General Linear Model Analysis of Variance was used to investigate the effect of six minutes of 

walking on perceived fatigue and gait parameters with condition (rest versus walking) and time (pre 

or post 6 minute condition) as factors. For healthy controls a paired t-test was used to compare 

perceived fatigue and all gait parameters before and after the m6MWT. For all tests, the level of 

statistical significance was set to 0.01 to account for multiple comparisons and minimise the chance 

of type I errors. 
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Results 

Thirty-four participants (26 female) with MS, mean age 49.1 ± 10.4 years, 8.2 ± 7.9 years since 

diagnosis, completed the study without incident. At the initial assessment, participants had EDSS 

scores (mean ± SD) of 3.7 ± 0.7, median (range) 3.5 (3-6). Gait data for two MS participants were 

unusable due to data corruption, leaving data for 32 people with MS (24 female), mean age 50.3 ± 

9.9 years, EDSS 3.6 ± 0.6, median 3.5 (3-6), height 167.0 (1.0) cm, weight 77.2 (17.7) kg for inclusion 

in the analyses. All data were successfully obtained from the 10 healthy controls (7 females) with a 

mean age 45.1 ± 14.0 years, height 169.2 ± 8.7 cm, weight 78.7 ± 13.7 kg. 

 

Self-reported fatigue and perceived exertion 

In the MS group there was a significant effect of condition, F (1,33)=18.93, p<0.001, time 

F(1,33)=9.66, p<0.001 and interaction F(1,33)=66.78, p<0.001 on self-reported fatigue, 

demonstrating an increase of fatigue following the m6MWT compared with rest (Figure 1). Paired t-

test showed a significant increase in exertion level in MS compared with healthy controls in only the 

last minute of the m6MWT (p<0.01) (Figure 2). In the healthy controls, self-reported fatigue 

increased following the m6MWT, although this was not statistically significant (p=0.05). 

 

Insert Figure 1 about here 

 

Distance walked 

The total distance walked during the m6MWT was significantly less in the MS group (p<0.001), 

compared with the healthy control group, as was the distance walked in each minute of the test (all 

p<0.001)  (Figure 2). Within group pairwise comparisons showed no differences in the distance 

walked between each minute for the healthy control group. In the MS group, there was a trend 
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towards a reduced distance walked in the final three minutes compared to the first minute (minute 

4, p=0.02, minute 5, p= 0.02, minute 6, p= 0.01).  

 

Insert Figure 2 about here 

 

Gait parameters – healthy control group 

Table 1 shows that the healthy controls significantly increased their walking speed and cadence 

following the m6MWT (p<0.01), and that joint kinematic parameters did not change significantly.   

Table 2 shows significant increases in joint kinetic parameters following the m6MWT in the healthy 

control group, including maximum hip flexor moment, maximum knee extensor moment, maximum 

knee flexor moment during stance, maximum ankle dorsiflexor moment and maximum ankle plantar 

flexor moment (all p < 0.01). There was also a significant increase in maximum hip power absorption 

in mid stance, maximum hip power generation in stance and ankle push-off power generation 

following the m6MWT (all p < 0.01). 

 

Gait parameters – MS group 

The gait data for people with MS presented in table 1 shows that there was no significant 

condition*time interaction effects on spatiotemporal parameters, indicating a similar change in 

speed, cadence, double support, stride and step length following the walking and rest periods. There 

was only one condition*time interaction effect for kinematic parameters, which showed a decrease 

in ankle dorsiflexion angle at initial contact in the more affected leg following the m6MWT, relative 

to the rest condition (F1,31 = 7.95, p < 0.01) (Table 1).  

 

Insert Table 1 about here 
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On the more affected side there was a number of significant condition*time interaction effects for 

gait kinetics. These results showed that following the m6MWT relative to the rest condition, there 

was an increased maximum hip flexor moment in swing (F1,31 = 11.90, P < 0.01), increased knee 

flexor moment in early stance (F1,31 = 11.01, p <0.01) and increased hip power absorption in late 

stance (F1,31 = 11.33, p <0.01) (Table 2). 

 

On the less affected side there were significant condition*time interaction effect for gait kinetics 

showing that following the m6MWT relative to the rest condition, there was an increased maximum 

hip extensor moment (F1,31 = 16.71, p < 0.01), increased knee power absorption in early stance 

(F1,31 = 15.08, p < 0.01) and increased ankle power absorption (F1,31 = 12.36, p < 0.01) (Table 2). 

 

Insert Table 2 about here 

 

Discussion  

 

Healthy control participants 

The healthy control participants walked with significantly increased speed and cadence following the 

m6MWT. While the instruction for the instrumented gait analysis was to walk at comfortable speed, 

healthy controls appeared to carry over some speed from the m6MWT for which they were 

instructed to walk ‘as fast as you comfortable can’. While there were no changes in gait kinematics, 

kinetic changes revealed significant increases in positive work, which correspond to the increased 

speed and cadence. In particular, the increases in maximum hip flexor moment and power 

generation, and ankle plantar flexion moment and power generation evident post m6MWT 

demonstrate key speed related gait kinetic increases [30]. 

 

People with MS 
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Self-reported fatigue and perceived exertion 

The study findings indicate that six minutes of walking elicited acute changes in self-reported fatigue 

and perceived exertion and demonstrable changes in gait mechanics in people with MS with 

moderate levels of disability. The m6MWT, therefore appears to be a challenging task for people 

with MS that requires significant effort (Figure 2) and increases self-reported fatigue (Figure 1), 

changes that were less evident in healthy controls. Previous work examining the energy cost of 

walking in people with mild MS during the 6MWT has not shown any association with self-reported 

fatigue [31] with cardiorespiratory demands or exertion dyspnoea  [32]. However, associations 

between self-reported fatigue and reduced distance and velocity have been reported [33, 34], which 

likely relate more directly to the motor impairments observed in gait [16]. 

 

Walking speed during m6MWT 

The MS group also walked significantly shorter m6MWT distances compared to healthy controls with 

a trend towards reduced gait speed in the second half of the m6MWT (Figure 2). This finding is 

supported by other studies that have found reduced speed in the last one to five minutes of the 

6MWT in people with MS [35, 36]. Gait slowing appears to coincide with steady state aerobic 

metabolism, as Motl et al. demonstrated with physiological measurements during the final three 

minutes of the 6MWT [37]. A ‘deceleration index’ may be a useful measure of walking behaviour in 

MS [7], as a recent study showed ‘decline’ in walking speed , rather than ‘mean’ walking speed over 

the 6MWT to have a stronger association with self-reported fatigue [34]. While there has been some 

support for a shortened two-minute walk test to assess walking ability in people with MS [36], our 

findings suggests six minutes may be required to gain important clinical information on walking-

induced fatigue. 

 

Spatiotemporal parameters 
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The lack of change in spatiotemporal parameters is consistent with a previous study, which found no 

changes in spatiotemporal parameters other than reduced cadence following a 6MWT in a slower 

and more disabled group of people with MS [23]. While our group of people with MS with moderate 

disability levels were able to maintain similar spatiotemporal features, instrumented gait analysis 

identified some key kinematic and kinetic changes indicative of movement compensations and poor 

movement control following the m6MWT. 

 

Kinematics 

The only kinematic changes detected following the m6MWT was the reduced ankle dorsiflexion at 

initial contact. This may indicate increased motor fatigue in the tibialis anterior muscle, which is 

susceptible to activity-induced fatigue in people with MS [11, 14, 38]. A delayed activation of the 

tibialis anterior muscle after initial contact in people with MS has also been previously measured 

[39], with reduced dorsiflexion angles observed in more mildly disabled groups of people with MS 

[40, 41]. The less dorsiflexed position following the m6MWT may indicate a further delay of tibialis 

anterior activity upon loading [39]. Assisting dorsiflexion is therefore a target for orthotic 

intervention with functional electrical stimulation shown to increase dorsiflexion angle [42,43], with 

a twelve-week training program shown to reduce perceived exertion over a two-minute walk test 

[43]. Both functional electrical stimulation [44,45] and a dynamic dorsiflexion orthosis [46] have also 

demonstrated an ability to improve walking efficiency in people with MS. Assisting toe-clearance in 

swing is an important objective, since trips are the most frequent type of falls experienced by people 

with MS [47]. This compensation may be aided by progressive resistance training since this has 

previously been shown to lead to improved toe clearance during gait in people with MS [48]. 

 

Kinetics 

There were a number of kinetic changes that suggest fatigue-induced increases in internal moments 

and power absorption in stance for both the more and less affected legs in the MS group. In the 
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more affected leg, the increase in knee flexor moment at initial contact indicates poor 

neuromuscular control at the knee. During early stance the knee extensor moment, used as a shock 

absorber, which has previously been shown to be reduced in people with MS when compared to 

healthy controls [49], showed no further reduction following the m6MWT. The increase in hip power 

absorption on the more affected side may indicate a useful compensation for reduced 

neuromuscular control at the hip, as a previous study as shown that reduced hip power absorption is 

associated with increased disability levels in people with MS [49].  

 

In the less affected leg there was an increase in knee power absorption at loading response, which 

has been previously shown to correlate with fatigue impact using the modified fatigue impact scale 

[16]. The increased ankle power absorption on the less affected leg in stance phase may also 

indicate poor eccentric control in the ankle plantarflexors due to muscle fatigue. A recent study has 

shown that plantarflexor strength has been shown to be a predictor of walking capacity as measured 

by the 6MWT [50]. All of the observed increases in ‘negative work’ during stance following the 

m6MWT are likely to contribute to energy-absorbing and inefficient movement strategies [51]. This 

negative work may indicate walking-induced muscle fatigue, supported by previous findings of 

walking-induced reductions in lower limb strength and balance control in people with MS [22]. 

Furthermore, another recent study also demonstrated that reduced 6MWT walking distance is 

associated with reduced muscle oxidative capacity in people with MS [52]. 

 

There were also some compensatory kinetic changes that indicate increased positive work in both 

the more and less affected legs of the MS group. The large increase in hip extension moment in the 

less affected leg demonstrates some capacity to work harder as a compensation to maintain speed. 

Increased hip flexor moment at ‘pull-off’ is also likely to assist forward momentum to compensate 

for reduced ankle power at push-off which has been reported in people with MS compared with 

heathy controls [39, 49]. The observed increases in positive work may also contribute to the 
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reported increase in effort and fatigue in people with MS, compared to healthy controls. People with 

MS are likely to increase the underlying central corticomotor activity needed to increase or maintain 

muscle power during walking, which could contribute further to walking-induced fatigue [38, 53-55]. 

 

Study Limitations 

Our study used a modified version of the 6MWT with a 10m walkway and frequent 180 degree turns, 

instead of a more standardised 6MWT protocol with longer walking paths. Therefore, the distances, 

fatigue and effort cannot be compared to other studies. It has been demonstrated that a 6MWT 

involving walking in a corridor with 180 degree turns is significantly more demanding in terms of 

physiological energy cost, when compared to square walking using 90 degree turns [25]. Our method 

however, was consistent throughout the study and did result in a ‘fatiguing walk’. Our gait analysis 

was also limited to the sagittal plane, therefore any movement compensations in other planes 

were not characterised in the present study. In addition, our results may only be inferred to 

people with moderate levels of disability as we did not include people with MS with more severe 

disability, who are likely to demonstrate more pronounced changes in gait following six-minutes of 

walking [23]. Finally, it is acknowledged that the sample of healthy normal participants included for 

comparison purposes was small (n=10) and was therefore not an ideal control group for the larger 

sample of MS participants (n=34). 

 

Conclusion 

This study provides important information about walking behaviour over extended distances in 

people with MS. In particular, joint kinetics revealed increases in moments and power absorption at 

the hip, knee and ankle during stance phase, which are likely to increase the energy cost of walking 

[43]. The large increase in hip extensor moment in the less affected side and hip flexor moment in 

the more affected side may indicate some capacity for positive compensatory output to maintain 

speed. These walking induced gait changes should be monitored and targeted within therapeutic 
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interventions that aim to increase walking capacity and reduce walking-induced fatigue in people 

with moderately disabled MS.  

 

 

Declaration of interest 

The authors report no conflict of interest. This research was supported by financial grants from 

Multiple Sclerosis Research Australia (grant number 00045) and The Repat Foundation. 

  

 

References 

1. LaRocca NG. Impact of Walking Impairment in multiple Sclerosis. Patient 2011; 4:189-201. 

2. Pike J, Jones E, Rajagopalan K., et al. Social and economic burden of walking and mobility 

problems in multiple sclerosis. BMC Neurol 2012; 12:94. 

3. Yahia A, Ghroubi S, Mhiri,C and Elleuch, MH. Relationship between muscular strength, gait 

and postural parameters in multiple sclerosis. Ann Phys Rehabil Med 2011; 54:144-55. 

4. Thoumie P. and Mevellec E. Relation between walking speed and muscle strength is affected 

by somatosensory loss in multiple sclerosis. J Neurol Neurosurg Psychiatry 2002; 73:313-315. 

5. Armutlu KR, Karabudak R, and Nurlu G. Physiotherapy approaches in the treatment of ataxic 

multiple sclerosis: a pilot study. Neurorehabil Neural Repair, 2001; 15:203-11. 

6. Sosnoff JJ, Gappmaier E, Frame A, and Motl RW. Influence of spasticity on mobility and 

balance in persons with multiple sclerosis. J Neurol Phys Ther 2011; 35:129-32. 

7. Phan-Ba R, Calay P, Grodent P, et al. Motor Fatigue Measurement by Distance-Induced Slow 

Down of Walking Speed in Multiple Sclerosis. PLoS One 2012; 7:e34744. 

8. Motl RW, Sandroff BM, Yoojin  S, Sosnoff JJ. Energy cost of walking and its association with 

gait parameters, daily activity, and fatigue in persons with mild multiple sclerosis. Neurorehabil 

Neural Repair 2012; 26: 1015-1021. 



 15 

9. Bakshi R. Fatigue associated with multiple sclerosis: diagnosis, impact and management. 

Mult Scler 2003; 9:219-27. 

10. Karpatkin H, and Rzetelny A. Effect of a Single Bout of Intermittent versus Continuous 

Walking on Perceptions of Fatigue in People with Multiple Sclerosis. Int J MS Care 2012; 14:124-131. 

11. Schwid SR, Thornton CA, Pandya S, et al. Quantitative assessment of motor fatigue and 

strength in MS. Neurology 1999; 53:743-50. 

12. Steens A, de Vries A., Hemmen J, et al. Fatigue perceived by multiple sclerosis patients is 

associated with muscle fatigue. Neurorehabil Neural Repair 2012; 26:48-57. 

13. Dobkin, BH. Fatigue versus activity-dependent fatigability in patients with central or 

peripheral motor impairments. Neurorehabil Neural Repair 2008; 22:105-110. 

14. Ng AV, Miller RG, Gelinas D and Kent-Braun JA. Functional relationships of central and 

peripheral muscle alterations in multiple sclerosis. Muscle Nerve 2004; 29:843-52. 

15. Morris ME, Cantwell C, Vowels L and Dodd, K. Changes in gait and fatigue from morning to 

afternoon in people with multiple sclerosis. J Neurol Neurosurg Psychiatry 2002; 72:361-5. 

16. Huisinga JM, Filipi ML, Schmid KK. Stergiou, N. Is There a Relationship Between Fatigue 

Questionnaires and Gait Mechanics in Persons With Multiple Sclerosis? Arch Phys Med Rehabil 2011; 

92; 1594-601.  

17. Crenshaw SJ, Royer TD, Richards JG and Hudson DJ. Gait variability in people with multiple 

sclerosis. Mult Scler 2006; 12:613-9. 

18. Sehle A, Mündermann A, Starrost K, et al. Objective assessment of motor fatigue in multiple 

sclerosis using kinematic gait analysis: A pilot study. J Neuroeng Rehabil 2011; 8:1-13. 

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

scale (EDSS). Neurology 1983; 33:1444-52. 

20. Hohol MJ, Orav EJ, and Weiner HL. Disease steps in multiple sclerosis: a simple approach to 

evaluate disease progression. Neurology 1995; 45:251-5. 



 16 

21. Savci S, Inal-Ince D, Arikan H, et al, Six-minute walk distance as a measure of functional 

exercise capacity in multiple sclerosis. Disabil Rehabil 2005; 27:1365-71. 

22. McLoughlin JV, Barr C, Crotty M, et al. Six minutes of walking leads to reduced lower limb 

strength and increased postural sway in people with Multiple Sclerosis. NeuroRehabilitation 2014. In 

press. 

 

23. Feys P, Severijns D, Vantenderloo S, et al. Spatio-temporal gait parameters change 

differently according to speed instructions and walking history in MS patients with different 

ambulatory dysfunction. Mult Scler Relat Disord 2013; 2:238-46. 

24. Jackson K and KE. Bigelow. Measures of balance performance are affected by a rested versus 

fatigued testing condition in people with Multiple Sclerosis. PM R 2013; 5:949-56. 

25. Sandroff BM, Pilutti LA, Dlugonski D, et al. Comparing Two Conditions of Administering the 

Six-Minute Walk Test in People with Multiple Sclerosis. Int J MS Care 2014; 16:48-54.  

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

sclerosis subjects and healthy controls. Mult Scler 2008; 14:383-90. 

27. Lee KA, Hicks G, and Nino-Murcia G. Validity and reliability of a scale to assess fatigue. 

Psychiatry Res 1991; 36:291-8. 

28. Borg GA. Psychophysical bases of perceived exertion. Med Sci Sports Exerc 1982; 14:377-81. 

29. Kadaba MP, Ramakrishnan HK and Wootten ME. Measurement of lower extremity 

kinematics during level walking. J Orthop Res 1990; 8:383-92. 

30. Lelas JL., Merriman GJ, Riley PO and Kerrigan DC. Predicting peak kinematic and kinetic 

parameters from gait speed. Gait Posture 2003; 17:106-112. 

31. Kempen JC, de Groot V, Knol DL, et al. Self-reported fatigue and energy cost during walking 

are not related in patients with multiple sclerosis. Arch Phys Med Rehabil 2012; 93:889-895. 

32. Chetta A, Rampello A, Marangio, E, et al., Cardiorespiratory response to walk in multiple 

sclerosis patients. Respir Med 2004; 98:522-529. 



 17 

33. Motl R, Balantrapu S, Pilutti L, et al. Symptomatic correlates of six-minute walk performance 

in persons with multiple sclerosis. Eur J Phys Rehabil Med 2013; 48:59-66 

34. Burschka JM, Keune PM, Menge U, et al. An exploration of impaired walking dynamics and 

fatigue in Multiple Sclerosis. BMC Neurol 2012; 12:161. 

35. Dalgas U, Kjølhede T, Gijbels D, et al. Aerobic Intensity and Pacing Pattern During the Six-

Minute Walk Test in Patients with Multiple Sclerosis. J Rehabil Med 2014; 46:59-66. 

36. Gijbels D, Eijnde B and Feys P. Comparison of the 2- and 6-minute walk test in multiple 

sclerosis. Mult Sler 2011; 17:1269-72. 

37. Motl RW, Suh Y, Balantrpu S, et al. Evidence for the different physiological significance of the 

6-and 2-minute walk tests in multiple sclerosis. BMC Neurol 2012; 12:6. 

38. Thickbroom GW, Sacco P, Faulkner DL, et al. Enhanced corticomotor excitability with 

dynamic fatiguing exercise of the lower limb in multiple sclerosis. J Neurol 2008; 255:1001-1005. 

39. Kelleher KJ, Spence W, Solomonidis S and Apatsidis D. The characterisation of gait patterns 

of people with multiple sclerosis. Disabil Rehabil 2010; 32:1242-50. 

40. Benedetti MG, Piperno R, Simoncini L, et al. Gait abnormalities in minimally impaired 

multiple sclerosis patients. Mult Scler 1999; 5:363-8. 

41. Martin CL, Phillips BA, Kilpatrick TJ, et al. Gait and balance impairment in early multiple 

sclerosis in the absence of clinical disability. Mult Scler 2006; 12:620-8. 

42. van der Linden ML, Scott SM, Hooper JE, et al. Gait kinematics of people with Multiple 

Sclerosis and the acute application of Functional Electrical Stimulation. Gait Posture 2014; 39:1092-6 

43. van der Linden ML, Hooper JE, Cowan P, et al. Habitual Functional Electrical Stimulation 

Therapy Improves Gait Kinematics and Walking Performance, but Not Patient-Reported Functional 

Outcomes, of People with Multiple Sclerosis who Present with Foot-Drop. PLoS One 2014; 

18:e103368. 

44. Taylor PN, Burridge JH, Dunkerley AL, et al. Clinical use of the Odstock dropped foot 

stimulator: its effect on the speed and effort of walking. Arch Phys Med Rehabil 1999; 80:1577-83. 



 18 

45. Paul L, Rafferty D, Young S, et al. The effect of functional electrical stimulation on the 

physiological cost of gait in people with multiple sclerosis. Mult Scler 2008; 14:954-61. 

46. McLoughlin JV, Lord SR, Barr C, et al. A dorsiflexion assist orthosis reduces the physiological 

cost and mitigates deterioration in strength and balance associated with walking in people with 

Multiple Sclerosis. Arch Phys Med Rehabil 2014; In press. 

47. Matsuda PN, Shumway-Cook A, Ciol MA, et al., Falls in multiple sclerosis. PM R 2011; 3:624-

32. 

48. Gutierrez GM, Chow JW, Tilman MD, et al. Resistance training improves gait kinematics in 

persons with multiple sclerosis. Arch Phys Med Rehabil 2005; 86; 1824-9. 

49. Huisinga, JM, Schmid KK, Filipi ML and Stergiou N. Gait Mechanics are Different between 

Healthy Controls and Patients with Multiple Sclerosis. J Appl Biomech 2012; 29:303-11. 

50. Wagner JM, Kremer JM, Van Dillen LR and Naismith RT. Plantarflexor weakness negatively 

impacts walking in persons with multiple sclerosis more than plantarflexor spasticity. Arch Phys Med 

Rehabil 2014; 95:1358-65. 

51. Kuo AD, Donelan JM and Ruina A. Energetic consequences of walking like an inverted 

pendulum: step-to-step transitions. Exerc Sport Sci Rev 2005; 33:88-97. 

52. Hansen D, Feys P, Wens I and Eijnde BO. Is Walking Capacity in Subjects with Multiple 

Sclerosis Primarily Related to Muscle Oxidative Capacity or Maximal Muscle Strength? A Pilot Study. 

Mult Scler Int 2014;doi: 10.1155/2014/759030 

53. Morgante F, Dattola V, Crupi D, et al. Is central fatigue in multiple sclerosis a disorder of 

movement preparation? J Neurol 2011; 258:263-72. 

54. Thickbroom GW, Sacco P, Kermode AG, et al. Central motor drive and perception of effort 

during fatigue in multiple sclerosis. J Neurol 2006; 253:1048-53. 

55. Schubert M, Wohlfarth K, Rollnik JD and Dengler R. Walking and fatigue in multiple sclerosis: 

the role of the corticospinal system. Muscle Nerve 1998; 21:1068-70. 

 




