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Abstract

Stroke is a leading cause of long-term disability. Impairments resulting from stroke lead to 

persistent difficulties with walking and subsequently, improved walking ability is one of the 

highest priorities for people living with a stroke. In addition, walking ability has important health 

implications in providing protective effects against secondary complications common after a 

stroke such as heart disease or osteoporosis. This paper systematically reviews common gait 

training strategies (neurodevelopmental techniques, muscle strengthening, treadmill training, 

intensive mobility exercises) to improve walking ability. The results (descriptive summaries as 

well as pooled effect sizes) from randomized controlled trials are presented and implications for 

optimal gait training strategies are discussed. Novel and emerging gait training strategies are 

highlighted and research directions proposed to enable the optimal recovery and maintenance of 

walking ability.

Keywords

gait; walking; systematic review; meta-analysis; stroke; CVA; rehabilitation; treadmill; mobility; 
exercise

I. Walking ability of people with stroke

Stroke is a leading cause of long-term disability which results from brain cell damage due to 

either an interruption of the blood supply to the brain or hemorrhage into the brain tissue. As 

a result of an increasing older adult population, coupled with an ever improving acute phase 

survival rate, the absolute number of persons with stroke is increasing[1]. Of the individuals 

who survive, approximately 75 to 85% are ultimately discharged home [2,3]. Ninety percent 

of stroke survivors have some functional disability with mobility being a major impairment 

[4].
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Although some individuals with stroke will have received some rehabilitation during the 

acute and sub-acute phases, rarely does rehabilitation extend beyond one year post-injury 

due to the belief that a plateau in functional recovery has been reached by this time and also 

due to a lack of resources for long term services. Impairments resulting from stroke, such as 

muscle weakness, pain, spasticity and poor balance can lead to a reduced tolerance to 

activity and further sedentary lifestyle. Community-dwelling individuals with stroke 

undertake extremely low levels of physical activity [5].

Although 65% to 85% of stroke survivors learn to walk independently by 6 months post 

stroke [6], gait abnormalities persist through the chronic stages of the condition. Walking 

endurance, as measured by the distance walked in 6 minutes (Six Minute Walk Test or 

6MWT), remains the most striking area of difficulty among individuals with chronic stroke 

[7].

Patients with stroke spend more of their rehabilitation time practicing walking compared to 

all other activities [8]. Improved walking ability is one of the most often stated goals by 

people with stroke undergoing rehabilitation [9] and with those individuals living with stroke 

in the community [10].

Walking ability has important implications for health in the older adult population. Newman 

et al. [11] found that the ability and time to walk 400 meters was an important predictor for 

mortality, cardiovascular disease and mobility disability in 3075 community-dwelling older 

adults. Slow walking speed, the inability to walk a mile (1609 m) or inability to walk up a 

flight of stairs contribute to the transition to greater frailty or disability states in older adults 

[12]. Similarly, walking is an important predictor in people with stroke. The inability for 

independent walking is a predictor for discharge to nursing homes following a stroke [3] and 

increased probability of death [13]. Walking endurance as assessed by the 6MWT has been 

shown to relate to community reintegration in people with a stroke [7,14]. In addition, 

walking ability may also provide some protective effects against secondary complications 

common after a stroke such as osteoporosis and heart disease. For example, poorer walking 

endurance (6MWT) [15] or lower ground reaction forces during walking in people with 

stroke [16] correlate to lower paretic hip bone density, a condition which contributes to hip 

fracture risk. Furthermore, self-selected walking speed and walking endurance (6MWT) 

correlate to the maximal oxygen uptake (VO2peak) during a treadmill stress test [17] in 

people with stroke. VO2peak is the criterion measure of cardiovascular fitness and is related 

to the functional capacity of the heart [18].

II. Major determinants of ambulation function in stroke

Understanding the impairments that primarily determine walking ability of individuals with 

stroke will help with the development of effective gait training strategies. Of the common 

impairments, muscle strength, motor control, and balance appear to have the strongest 

relation with walking. Lower extremity muscle strength, especially that of the ankle 

plantarflexors, hip flexors, knee extensors, and knee flexors of the paretic leg and that of the 

knee flexors and ankle plantarflexors of the non-paretic leg, is moderately to highly 

correlated (r= .5~.8) with self-paced or fast walking speed and self-paced stair-climbing 
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speed [19,20]. Motor control of the paretic lower extremity, measured by the Fugl-Meyer 

Assessment or Chedoke-McMaster Stroke Assessment, is moderately correlated (r= .5~.75) 

with self-paced or fast gait speed [19,21].

Standing postural control measures do not seem to be the most significant determinant of 

walking in regression analysis [22]. However, performance on the Berg Balance Scale, 

which measures postural control ability while performing functional tasks, is moderately to 

highly correlated (r= .66~.78) to walking endurance (6MWT) [17,21]. Michael et al. [5] 

reported that postural control ability while performing functional tasks accounted for 30% of 

the variance of ambulatory activity as measured by the number of steps performed per day.

Other impairments provide less of a contribution to walking. The contribution of 

cardiovascular fitness (measured by VO2peak) to walking endurance (6MWT) has been 

found to be moderate to high (r= .56~.84) in subacute stroke [23,24] and low to moderate 

(r=.4 to .57) for chronic stroke [15,17,25]. Low or nonsignificant correlations have been 

found between spasticity and passive joint stiffness of the knee extensors or ankle 

plantarflexors with walking speed [19,26,27]. Sensory impairment of the paretic lower 

extremity has low correlations to walking speed [19]. It is possible that walking speed 

requires more descending central drive than peripheral input for rhythmic movement 

generation.

III. Using the International Classification of Functioning (ICF) model to 

guide the development of gait training strategies and the selection of 

appropriate assessments of training effects

Given the importance of walking ability to people with stroke, we suggest the use of the 

International Classification of Functioning (ICF) model (Figure 1) [28] as a conceptual 

framework to assist with (1) the identification of primary factors resulting in particular gait 

problems post-stroke, (2) the selection of appropriate walking ability-related outcome 

measures that are reliable, valid and sensitive to changes, (3) the development of tailored 

training programs to enhance walking ability in individuals with stroke, and (4) the 

identification of potential environmental or personal factors that facilitate or impede an 

individual’s goal to improve walking ability. Researchers and clinicians can identify the 

body functions and structures that are major determinants of walking ability in stroke and 

select the appropriate outcome measures that reflect an individual’s ability to undertake 

activities and participation accordingly. Consideration of contextual (including 

environmental and personal) factors allows the identification of potential barriers and 

facilitators that may influence an individual to engage in exercise programs to improve 

walking ability.

Body Functions and Structures that are major determinants of walking ability in stroke 

primarily belong to the b7 (neuromusculoskeletal and movement-related functions), s7 

(structures related to movement), b2 (sensory functions and pain), s2 (the eye, ear and 

related structures), b4 (functions of the cardiovascular, haematological, immunological and 

respiratory systems) and s4 (structures of the cardiovascular, immunological and respiratory 
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systems) categories in the ICF model (Figure 1). When attempting to establish links between 

frequently used functional outcomes in stroke rehabilitation and the ICF model, Schepers 

and colleagues [29] noticed that these outcome measures often contain multiple constructs 

that can fit into different domains of the ICF model. Nevertheless, the outcome measures 

that reflect an individual’s ability to perform daily activity-related ambulatory and mobility 

tasks are primarily coded under d4 (mobility) at the Activities domain in the ICF model 

(Figure 1).

In particular, self-paced gait speed is the most common outcome measure for gait training 

strategies and reflects the ability to transport the body from one place to another in a timely 

manner. Perry et al. [30] suggested that individuals with stroke who can walk at a self-paced 

speed of 25m/min (~0.4 m/s) are more likely to be able to walk in the community. The 

6MWT is the second most common walking measure used in clinical trials; it is a convenient 

tool to measure walking endurance and reflects an individual’s mobility limitation. The 

distance walked in the 6MWT by individuals with subacute or chronic mild-to-moderate 

stroke usually ranges from 200 to 300 meters [17,21,23], which is far shorter than that 

(approximately 400 meters) of healthy age-matched adults [31,32]. Timed stair ascending 

and descending tests have also been shown to be highly reliable in stroke [33] and are 

important tasks for community mobility. Although biomechanical studies have shown that 

people with stroke have an increased risk of falls while walking across obstacles [34], no 

clinical measures have been developed to rate an individual’s ability to walk across obstacles 

or over different terrains.

The Timed “Up & Go” Test (TUG) challenges dynamic balance ability in a series of 

locomotion-related mobility tasks, including rising up from a chair, walking, turning, and 

sitting down. The TUG is a highly reliable and responsive mobility measure in chronic 

stroke [32,33]. Individuals with chronic stroke who walk at a self-paced speed of 0.49 m/s 

require an average of 22.6 seconds to complete the TUG, much longer than that of the age-

matched healthy individuals (mean= 9.1 s) [32].

Among the previously mentioned outcome measures, Flansbjer et al. [33] reported that the 

standard error of the measure (amount of change necessary to detect changes beyond the 

expected error) was 0.07 m/s for self-paced gait speed, 18.6 m for the 6MWT, 0.67 second 

for ascent of 12 steps, 0.90 second for descent of 12 steps and 1.14 second for the TUG for 

individuals with stroke. Self-paced walking speed, stair climbing speed, TUG, and 6MWT 

performance accounted for 32%, 32%, 40%, and 28% of the variance, respectively, of the 

participation domain from the Stroke Impact Scale [35].

In addition, walking categories (e.g., Modified Functional Walking Categories [30]), which 

classify an individual’s walking ability according to independence level, needs of a 

wheelchair, and the environment (home and community), could also reflect the ICF 

Activities domain. Approximately 53% to 68% of community-dwelling individuals with 

chronic stroke can walk in their immediate community environment, assisted or unassisted, 

whereas only 16% of these individuals can achieve unlimited community ambulation 

[30,36].
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Daily step counts, a new method of assessing the amount of daily walking-related activities 

by utilizing step counters, also reflect the ICF Activities domain [5]. The number of steps 

walked per day for community-dwelling mild-to-moderate chronic (> 6 months post onset) 

stroke has high individual variability (60 to 6000 plus steps/day), but the mean value is 

approximately 2800 to 3000 steps/day, far below the daily step counts recorded from age-

matched sedentary healthy older individuals (5000–6000 steps/day) [5,37].

Walking ability-related outcome measures at the Participation domain of the ICF model are 

rarely directly employed. However, as mentioned previously, outcome measures at the 

Activities domain, such as self-paced walking speed, stair climbing speed, TUG, and 

6MWT, are all highly related to the participation domain of the Stroke Impact Scale. Thus, it 

is likely that improvement in these Activities domain outcomes could potentially lead to 

changes in Participation [35]. Indeed, recently Schmid and colleagues [38] revealed that 

patients with subacute stroke who gained sufficient gait velocity over a 3 month training 

period to change to a higher walking category (e.g., improved from household ambulation 

(< .4 m/s) to limited community ambulation (.4 – .8 m/s) scored better on the Participation 

domain of the Stroke Impact Scale. This study supports the suggestion made by Perry et al. 

[30] that an average self-paced walking speed of .4 m/s and of .8 m/s was the minimum 

criterion for limited and unlimited community ambulation, respectively. In addition, being 

able to overcome a curb height has also been suggested as one of the criteria of becoming an 

independent community walker [39].

The measure of daily step count could potentially fit into the Participation domain as well 

because it does provide an indication of how much an individual with stroke is engaged in 

walking in the real world situation. It has been found that the daily step counts improved 

from a mean of 1536 ± 106 steps/day at 2 weeks post rehabilitation discharge to 2765 

± 1677 steps/day 3 months later [40]. It would be of value to assess how the improvement in 

daily step counts influences an individual’s social participation, such as return to 

employment or to one’s regular roles in society.

In the Contextual Factors component of the ICF model, identifying personal and 

environmental factors may help determine which gait training interventions would be better 

suited for which individual with stroke to improve their walking ability. Two important 

personal factors which may be considered prior to a gait training intervention are the 

readiness to change (motivational factor) (e.g., Stages of Change Questionnaire [41]) and 

self-efficacy (e.g., Activities Balance Confidence score, Ambulatory Self-Confidence 

[42,43]) (Figure 1). Those who are psychologically ready to change may be more likely to 

undertake and adhere to an intervention program [44]. Self-efficacy scores could help 

determine whether an individual has the confidence to undertake an unsupervised, versus a 

supervised program. Environmental evaluation might measure the accessibility to the 

training intervention (including the frequency of inclement weather, accessibility to 

transportation and community services) as well as the safety of the home or intervention 

setting (Figure 1).

Finally, falls (and their resulting injuries) are an adverse event that relates to all levels of the 

ICF model (Figure 1). Falls occur frequently during walking in people with stroke [45] and 
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are influenced by the surrounding environment, as well as by impairments and restrictions in 

the Activities and Participation domain. Improvement of Body Functions such as muscle 

strength and balance can reduce falls, while a single fall can result in a reduction in self-

efficacy and restriction in participation. Falls should be monitored to quantify adverse effects 

and when sample sizes permit, it would be ideal to assess this variable through methods such 

as monthly fall diaries and follow-up phone calls.

Given the importance of gait speed and endurance (6MWT), in addition to their frequency of 

reporting, we would recommend that these two measures be the minimal outcome measures 

assessed in a gait training intervention. Common outcome measures will facilitate the 

undertaking of meta-analyses to evaluate the effects of gait training across trials. Some 

walking category outcome measure is essential for those individuals with stroke who might 

change from dependent to independent walking status to capture this meaningful transition.

III. Training strategies to improving walking ability in people with stroke

A systematic review of training strategies to improve walking ability in people with stroke 

was undertaken. A keyword search using Medline (1950 to June 2007), CINAHL (1982 to 

June 2007), and Cochrane Collaboration was undertaken using the terms gait, locomotion, 

walking, ambulation combined with stroke or cerebrovascular disease (CVA). In addition, 

hand searching of references from these articles was undertaken. Primary importance was 

placed on recent meta-analyses and systematic reviews if they were available. Individual 

randomized controlled trials (RCTs) were also assessed. For areas with multiple RCTs 

where current meta-analyses were not available, a pooled standardized effect size with 

confidence intervals (CI) was constructed across trials based on methods reported previously 

[46].

Exercise is the most common therapeutic intervention currently used to improve walkings. 

Thus, the review focused on exercise interventions and did not evaluate the literature 

pertaining to assistive devices (e.g., canes) or modalities (e.g., functional electrical 

stimulation, biofeedback). Following the search (n=1482), studies were eliminated if they 

did not involve a randomized controlled trial, involved populations other than adults with 

stroke, reported no walking outcome measures, were not journal publications (e.g., 

abstracts), or were not written in English, There were 9 systematic reviews or meta-analyses 

which included gait outcomes [47–55]. Common interventions were collated and the 

literature was sorted into the topics of neurodevelopmental techniques (n=7) [56–62], 

strength training (n=5) [63–67] and task-specific training (treadmill (n=17) [58,68–83] and 

intensive mobility training (n=10) [84–93].

A. Neurodevelopmental approaches to improve walking ability

Traditional approaches to stroke recovery have a focus on neurofacilitation or 

neurodevelopmental techniques (NDT) to inhibit excessive tone, stimulate muscle activity if 

hypotonia is present and to facilitate normal movement patterns through hands-on 

techniques. Practice based on the framework advocated by Berta Bobath remains the 

predominant physical therapy approach to stroke patients in the UK [94], and is also 

common in many other parts of the world, including Canada, United States, Europe, 
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Australia, Hong Kong and Taiwan. The Bobath framework has evolved from its original 

foundations, however, therapists surveyed on the core Bobath elements still emphasize 

normal tone and the necessity of normal movement patterns to perform functional tasks [94].

Paci [47] evaluated 6 trials (of which 3 were controlled trials) which used NDT/Bobath 

Concept for gait re-training post-stroke and concluded that neurofacilitation programs were 

equivalent or inferior to other approaches to improving walking ability. One study was a 

randomized controlled trial [56] which compared NDT to EMG biofeedback but found no 

differences between groups for walking speed. Two non-randomized controlled trials found 

NDT to be inferior for improving walking speed and walking category compared to 3 weeks 

body-weight supported treadmill training (BWSTT) during inpatient rehabilitation [95] or 

BWSTT with functional electrical stimulation in chronic stroke [96]. Systematic reviews by 

Pollock et al. [51] and Van Peppen et al. [52] also found no evidence for traditional 

neurological treatment approaches in terms of walking ability. Recent individual trials have 

reported similar findings. Thaut et al. [62] reported that 3 weeks of daily rhythmic auditory 

stimulation improved walking speed more than NDT/Bobath training. van Vliet et al. [61] 

reported that a Bobath or a motor learning approach to inpatient stroke physical therapy 

produced equivalent results in walking speed at approximately 1, 3, and 6 months following 

stroke onset. Table 1 presents the results of 7 randomized controlled trials [56–62] which 

compared NDT/Bobath to other interventions and measured walking outcomes. Not one of 

the seven studies showed significant gait improvements with NDT/Bobath over the other 

interventions. Our meta-analysis of the four studies with gait speed [56,58,59,62] showed 

that the alternative interventions (e.g. treadmill training, functional training) had a large 

effect on improving gait speed compared to Bobath/NDT (significant heterogeneous effect 

size; d=−0.90, 95% CI −1.80 to −0.01, p=0.02).

The lack of effect from NDT practice compared to other therapies may be in part from the 

diverse opinions even among experienced practitioners as to what constitutes NDT [94]. 

Marsden and Greenwood [97] commented that it would help to have a more rigorous 

definition of these physical therapy practices which include the exact content, schedule and 

intensity of the practice. Others have questioned the theoretical foundation of 

neurodevelopmental practice; Lennon et al. [98] found that the walking patterns of 

individuals with stroke following outpatient Bobath treatment did not result in more normal 

movement patterns (a major goal of the Bobath Concept). However, patients did improve in 

temporal gait parameters.

B. Strength training to improve walking ability

Bobath [99] advocated that decreased muscle function was not due to weakness but to the 

opposition of spastic antagonists and that strenuous activity would increase spasticity and 

reinforce abnormal movement. There was a presumed thought that patients with stroke were 

“fragile neurologically and physiologically and may not tolerate intensive exercise 

programs” [100]. The last decade has demonstrated that intensive training to improve 

walking has not been found to be associated with increases in spasticity. A 6 week isokinetic 

muscle strengthening program of the knee flexors and extensors was found to improve 

walking speed in people with stroke, but leg muscle spasticity was not increased [101]. In 
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fact, Welmer et al. [102] followed a consecutive sample of 66 people who had a first stroke 

and noted that few people exhibited leg spasticity 18 months after their stroke. In addition, 

the importance of muscle strength has been fueled by the many studies which have 

demonstrated strong correlations between walking speed and lower limb muscle strength of 

the paretic side.

Several recent systematic reviews or meta-analyses [49,52–55] have evaluated the effect of 

graded muscle strengthening on walking ability post-stroke using 3 to 6 RCTs. Both 

subacute inpatient and chronic patients are represented in these studies. These studies 

generally used weights or machines (e.g., isokinetic dynamometer or leg press machine) to 

add a resistive component. Thus, these studies do not utilize task-specific muscle 

strengthening which are described later in this review. In general, the authors of these 

reviews conclude that graded strength training can improve the ability to generate force, but 

does not transfer to improvements in walking.

The meta-analysis by Van Peppen et al. [52] reported a nonsignificant effect size (0.32) in 

favor of strength training on walking speed based on 3 RCTs [63–65]. van de Port et al. [53] 

used one additional study [67] in their meta-analysis and reported an effect size of −0.13 and 

concluded that lower limb strengthening did not improve walking speed. Similarly, our 

meta-analysis of five studies [63–67] showed that strength training did not have an effect on 

walking speed (non-significant homogeneous effect size; d=−0.11, 95% CI −.46 to 0.24, 

p=0.28) (Table 2). In addition, two studies using participants with chronic stroke found no 

effect of muscle strengthening on stair-climbing ability [64,67].

Kim et al. [64] used a particularly rigorous double-blind randomized controlled design. Both 

groups used an isokinetic dynamometer for 3 times a week for 6 weeks. However, the 

control group was put on “passive mode” so experienced the same range of motion, but 

without the resistance. Both the strengthening and passive group improved their walking 

speed, but there were no group differences. This study highlights the importance of an 

appropriate control group. Several factors may have contributed to the improvement in 

walking ability of the control group such as the focus on the leg, attention from the therapist, 

familiarity with the outcome measures and increased activity from coming three times a 

week to the centre.

Thus, it appears that graded muscle strengthening can improve the ability to generate force, 

but this improvement in strength does not appear to transfer to improved walking ability. 

These results contrast to the older adult literature which has found that graded strengthening 

can improve walking speed [103] and stair climbing time [104]. Altered motor and sensory 

coordination following stroke may require that task-specific practice be utilized to take 

advantage of strength gains from resistive training. An optimal trial may involve strength 

training plus walking practice or incorporate strengthening within functional tasks. Muscle 

strengthening should not be disregarded in stroke rehabilitation as there are other positive 

effects from strength training. For example, muscle strengthening can improve bone strength 

which is particularly important since osteoporosis is common on the paretic side [105] and 

there is a seven-fold increase in fracture risk for individuals with stroke within the first year 

[106].
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C. Task-specific training to improve walking ability

Stroke results in a number of deficits which may affect motor unit recruitment and rate 

coding, proprioception, viscoelastic characteristics of muscle and connective tissues, sense 

of effort, postural reflexes, vestibular function and vision. Although the debate continues as 

to how motor representations are coded in the nervous system [107], repetitive practice of a 

task may facilitate the development of new motor programs or refinement of existing 

programs necessary to accommodate to these deficits. Repetitive practice may facilitate the 

integration of remaining and altered sensory and motor systems, given the new state 

following a stroke.

In the literature, there exists two main approaches to task-specific training to improve 

walking. One approach is treadmill training with or without a harness system to provide 

bodyweight support so that walking can be practiced repetitively under controlled 

conditions. The other approach is intensive practice of a wide variety of functional mobility 

tasks (e.g., walking, rising from a chair, turning, stepping over an obstacle). Challenge to 

these mobility tasks are provided by incorporating endurance components, functional 

strengthening, balance challenges and varying speed requirements.

Treadmill training—The benefits from treadmill training may have neurophysiological 

underpinnings; spinalized animals demonstrate coordinated activation of spinal neural 

circuits from the alternating limb movements facilitated from a treadmill [108]. Treadmill 

practice could also be considered “forced use” which maximizes the use of the paretic limb 

through a large number of steps, and consequently a greater amount of load-bearing and 

activation of the paretic muscles, particularly at faster speeds. Lastly, treadmills with a body-

weight support system may enable lower functioning individuals who cannot be safely 

supervised using traditional therapy methods to undertake early walking practice.

Moseley et al. [50] undertook a meta-analysis which included 15 treadmill training RCTs 

post-stroke and concluded that there was no statistical difference between treadmill training 

(with or without body weight support) compared to other physical therapy interventions for 

walking speed or category. There was a non-significant trend for people independent in 

walking to walk faster following BWSTT. Treadmill training was at least as effective as 

other gait interventions. Previous reviews concur with the conclusions of Moseley et al. [50]. 

Van Peppen et al. [52] reported a significant standardized effect size (0.70) for three BWSTT 

RCTs [68,69,73] for walking endurance (30% mean change), but this was not significant for 

walking speed or walking category. For treadmill training without BWSTT, Van Peppen et 

al. [52] reported a significant effect size (1.09) for walking ability, but a non-significant 

effect size (0.58) for walking speed. From their systematic review of 6 RCTs of BWSTT and 

2 RCTs without BWSTT, Teasell et al. [49] concluded that there was conflicting evidence 

that treadmill training with or without BWSTT resulted in improvements in gait 

performance over standard treatments. Although the evidence supporting treadmill training 

appears to be conflicting, two recent clinical practice guidelines [109,110] recommended 

that BWSTT be included as an intervention for stroke.

Previous meta-analyses have not differentiated between clinical trials involving sub-acute 

and chronic subjects or the specific type of control comparison. Our search produced 17 
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treadmill studies (Table 3) and our meta-analysis of nine sub-acute stroke studies [58,69–

73,76,78,111] which compared treadmill training (with or without body-weight support) to 

an equivalent amount of conventional physiotherapy showed that treadmill training did not 

have a significant effect on walking speed (non-significant heterogeneous effect size; 

d=0.23, 95% CI −0.14 to 0.59, p=0.11). Note for the studies with three different groups, we 

combined the early and late conventional physiotherapy group of Richards et al. [58] and 

also combined the structured speed-dependent treadmill group with the limited progressive 

treadmill training of Pohl et al. [72] for this meta-analysis.

Our meta-analysis of three chronic stroke studies [79,80,82] which compared treadmill 

training (with or without body-weight support) to an equivalent amount of physical therapy 

or slow treadmill training produced a significant effect on walking speed (small homogenous 

effect size; d=0.31, 95% CI −0.06 to 0.69, p=0.05) (Table 3). Note for the Sullivan et al. 

study [79], we combined the fast and variable speed treadmill groups for this meta-analysis. 

The number of the randomized controlled trials with common walking outcome measures in 

the literature is still scant and this is apparent by the different meta-analyses which change 

from significant to non-significant status (or vice versa) based on one or two additional 

studies. Hence, the results from treadmill training are not yet robust.

Four of the sub-acute stroke treadmill studies [69,70,77,112] did not produce any greater 

improvement over conventional treatment. Such findings echo the systematic review of 

BWSTT in spinal cord injury which concluded that there is strong evidence that functional 

ambulation outcomes following BWSTT are comparable to an equivalent intensity of 

overground gait training in sub-acute spinal cord injury [113]. Perhaps the equivalent 

effectiveness of treadmill training to other treatments is due to the nature of the control 

group intervention. For most trials, the standard of care gait training served as a control 

group. Current physical therapy practices have evolved over time with a greater emphasis on 

early task-specific gait re-training with more repetition which may provide a comparable 

stimulus for gait recovery. Given the greater intensity of conventional therapy, perhaps 

treadmill training requires faster speeds or longer durations to be effective over conventional 

therapy. There is some evidence that BWSTT applied at fast or maximal walking speeds 

[72,79] in people with stroke who can walk without physical assistance is more effective 

than BWSTT at slower speeds or conventional gait training.

An alternative explanation for the equivalent effects is that BWSTT may offer advantages in 

promoting a larger number of steps, but overground gait training provides a more natural 

stimulus to challenge different components necessary for walking. Successful overground 

walking requires anticipatory postural control (e.g., step around another person or over an 

obstacle), in addition to reactive control (e.g., respond to a slip, trip or push). Furthermore, 

visual sampling is task-specific and critical for negotiating realistic environments [114]. 

Treadmill training may not allow participants to experience the normal postural demands or 

visual flow stimuli that occurs during walking. The many functional variations in gait cannot 

be easily practiced on the treadmill such as turning, rising from a chair and walking, starting 

or stopping which are all requirements of common gait outcome measures like the 6MWT or 

TUG. Lastly, balance confidence has been shown to be an important factor contributing to 

walking speed [42]. One mechanism for enhancing self-efficacy is through positive 
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experiences and successful execution of relevant tasks [115]. Thus, successful overground 

practice of the variety of tasks that represent community walking (e.g., stepping up a curb, 

walking around a person, walking in a crowded hallway) may enhance self-efficacy, and 

consequently walking ability.

The optimal training might be a combination of treadmill with task-specific practice. In 

individuals with moderate stroke severity, Eich et al. [111] found that 6 weeks, 5X/day, 30 

minutes standard inpatient stroke physical therapy (focused on walking practice) plus 30 

minutes treadmill training (maximum of 15% of bodyweight) was superior to 60 minutes of 

standard physical therapy for walking speed and walking endurance (6MWT). Gait speed for 

the treadmill combination group improved from a mean of 0.4 to .71 m/sec, but only 

improved from 0.44 to 0.6 m/sec for the standard physical therapy group. The improvement 

with the treadmill combination group was maintained at 3 months post intervention. Ada et 

al. [80] found similar results in people with chronic stroke. A combination of treadmill 

training and overground gait training (4 weeks, 3X/week) was compared to a low intensity 

home program (matched for time). There were minimal changes with the home program, but 

the combination group increased their walking speed 21% (0.62 to 0.75 m/sec) and their 

6MWT distance 28% (from 296 to 379 m). These improvements were maintained at a 3 

month follow-up.

Intensive mobility training—Given the many mechanisms which contribute to gait and 

the varying tasks and environments under which gait is utilized, an intervention that 

addresses different elements underlying walking and the broader framework of mobility 

might be optimal. A number of intensive training programs have been developed that 

incorporate repetitive practice of a wide variety of mobility tasks. What makes these 

programs “intensive” from traditional rehabilitation programs which may have repetitive 

tasks or gait oriented training? Table 4 summarizes the tasks of published randomized 

controlled trials which have used intensive mobility training. These programs generally have 

two, if not all three of the following components: graded strengthening using functional 

tasks (e.g., repetitive rise from a chair, stepping up and down a stepper), aerobic component 

(e.g., graded walking activity, stationary bicycle or goal of continuous period of functional 

tasks at least at a moderate intensity) and a variety of challenging walking activities with 

substantial postural control demands (e.g., walking backwards, on foam or stepping over 

obstacles). More importantly, the intensity (amount of activity within a given time) and the 

challenge of the activity (e.g., balance task) are continually incremented to provide a 

maximal challenge to the participant. The authors of these studies provide some indication 

of how the intensity is progressed (e.g., increasing heart rate or perceived exertion at set 

target zones, increasing number of repetitions, reduction of rest breaks). In contrast to 

traditional hands-on neurofacilitation programs, these intensive mobility programs often 

have one therapist or instructor working with multiple participants and thus there is an 

emphasis for the participant to work independently under supervision. Often a circuit of 

workstations is used to ensure that participants can eventually continue from one task to 

another with little rest between. Given the requirement to participate in walking tasks, the 

ability to walk 10 m with or without assistive devices independently or with supervision is 
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one of the most common inclusion criteria (see Table 4) for these intensive mobility 

programs.

We identified 3 trials which evaluated an intensive mobility training program early after 

stroke (within 6 months) (Table 4). The three trials were not statistically combined due to 

differences in purpose and protocol. The inpatient study by Blennerhassett and Dite [86] 

added a 4 week, 50 min group mobility and endurance circuit to standard of care treatment 

and had large effects with a 120% improvement in 6MWT of the circuit group compared to 

60% improvement in the control group and these effects were maintained at 6 months after 

the extra training ended. However, it is not possible to determine whether the results are 

from the specific mobility tasks practiced in the circuit program or the increase in the 

amount of therapy as the circuit group got an additional 20 hours of mobility training. Both 

studies by Duncan et al. [84,85] evaluated the effects of a therapist-supervised home 

program which targeted balance, endurance, strength, flexibility and upper extremity 

function compared to usual care (about half of which received no physical therapy or 

occupational therapy services). The small sample (n=20) study [84] found a trend towards 

improvement in gait speed, while the larger study (n=100) [85] found greater improvement 

in the 6MWT and gait speed with participants in the home program. Intensive mobility 

programs are feasible and efficacious early after stroke in those individuals with some 

walking ability.

The majority of these intensity mobility programs have been evaluated for community-

dwelling individuals beyond 6 months post-stroke who have mild to moderate severity of 

stroke and can walk to some extent. Seven RCTS assessed the effect of an intensive mobility 

training program with individuals greater than 6 months post-stroke (Table 4). We performed 

a meta-analysis and found that intensive mobility training had a small significant 

homogeneous effect size (d=0.20, 95% CI −0.03 to 0.44, p=0.04) for the 6WMT [87,89,91–

93] and a small homogenous effect size for walking speed (d=0.45, 95% CI 0.14 to 0.77, 

p< .002) [87–89,92] in favor of the intensive mobility training. The TUG had a non-

significant homogeneous effect size (d=0.17, 95% CI −0.11, 0.45, p=0.11) based on 4 

studies [87,89,90,92].

The group setting in these mobility studies promotes socialization and collegiality which 

may be particularly important as stroke can be an isolating condition in which depression is 

frequent. Peers are generally supportive and encourage each other to attend the classes and 

do the exercises. Group, versus individual treatment, also facilitates the implementation of 

the program into the community as it does not require costly one-on-one training and can be 

done in local recreational centres. In addition, the group setting may provide a positive 

environment for enhancing self-efficacy. Self-efficacy can be enhanced by an individual 

having positive experiences in executing walking tasks (mastery experience) or receiving 

verbal affirmation of their abilities from others (verbal persuasion), and also by the 

individual observing others successfully practising the tasks (vicarious experience) [115].

The Olney et al. [93] study contrasted from the other trials in that the supervised mobility 

group had equivalent effects to the control group. However, their control group was unique 

from the other trials. Their supervised experimental group was compared to a control group 
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that was provided 3 supervised sessions prior to 9 unsupervised weeks. This study raises 

important issues about what motivates individuals to adhere to exercise. If results from an 

unsupervised program can produce similar benefits, the cost savings could be substantial 

since this reduces the cost of instructors and the necessity of finding a facility for the 

program. In addition, participation may be higher as transportation to a centre is not required 

and individuals can do the exercise on their own schedule. Olney et al. [93] attribute their 

improvements to three factors: 1) the exercise equipment could be used at home and 

exercises could be progressed independently, 2) a high level of social support may have 

motivated participants and 3) the follow-up assessment may have provided incentive to 

adhere to the program. Understanding factors which promote adherence to exercise in people 

with chronic conditions is an area of research with limited literature and we have only begun 

to comprehend motivators for exercise. For example, Liu-Ambrose et al. [116] found that 

three groups (stretching control group, resistance exercise group and agility exercise group) 

of older adults all continued to improve their function in the year after the intervention 

ended. They attributed this continued improvement to the intervention acting as a catalyst to 

increase physical activity. More research is required on long-term adherence to exercise, as 

well as innovative methods to stimulate physical activity such as “report cards” to the client 

which provide feedback on one’s current walking performance and targets for improvement.

There does appear to be a minimal requirement for intensity; for example, a limited number 

of low intensity home visits resulted in small, transitory improvements in gait post-stroke 

[117]. Kwakkel et al. [48] reviewed 6 randomized controlled trials [58,117–121] for the 

effect of treatment time (total number of hours of therapy) on walking speed in people with 

stroke and found a significant effect size of 0.19. They concluded that an additional 16 hours 

was necessary to have a positive effect on activities in daily living (however, this number did 

not specifically refer to walking). Although one method of quantifying intensity is tracking 

the number of treatment hours, the type of tasks performed will be critical factors in 

determining the challenges to muscle, movement, endurance and balance. Although the key 

components appear to be paretic limb loading, functional strengthening, repetitive 

movements, balance, agility and aerobics (Table 4), the exercises are individualized to the 

level of the participant. These protocols are not as easy to replicate as a treadmill program 

where the intensity can be manipulated by the speed and slope of the treadmill. In addition, 

training background of the instructors, instructor: participant ratio and how much assistance 

instructors provide could be influencing factors. Furthermore, often journal articles do not 

provide sufficient details to implement the program. We have developed a detailed evidence-

based group exercise manual for people with stroke at http://www.rehab.ubc.ca/jeng and it is 

freely available.

Interestingly, one of the control groups which participated in an intensive upper extremity 

exercise program improved their balance and walking speed, although not as much as the 

intensity mobility group [91]. The seated upper extremity program encompassed reaching 

tasks (and consequently weight-bearing through the lower limbs), trunk movements (e.g., 

push-ups against a table while sitting) and arm and hand strengthening. Such tasks have the 

potential to improve trunk control and weight-bearing ability which can contribute to 

improved gait. These findings have important implications as the optimal gait training 

program should likely involve the practice of upper extremity and trunk mobility tasks.
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The benefits from multi-dimensional mobility programs extend beyond walking. These 

studies have improved cardiorespiratory fitness [88,91], bone density [91], balance 

confidence [90,122] and muscle strength [88,91]. Marigold et al. [90] also reported that 

individuals who had fallen prior to the trial were less likely to fall in the year following the 

intervention. As mobility deteriorates over time post-stroke [123] maintaining walking 

ability and preventing secondary complications become increasingly important.

IV. Expert commentary

The evidence suggests that the optimal program to improve walking ability involves 

repetitive and intensive practice which is continually incremented in difficulty according to 

the tolerance of the participant. Additional intensive mobility practice can enhance recovery 

of walking ability early after stroke. Furthermore, community-based intensive mobility 

exercise can maintain or even improve walking abilities in the chronic phase. This review is 

limited by its exclusion of assistive devices and modalities like electrical stimulation. The 

appropriate prescription of assistive devices like ankle foot orthoses, canes and walkers 

should not be overlooked. Assistive technology such as functional electrical stimulation may 

play an important role in maximizing gait recovery, however, regular use of this modality 

beyond the hospital setting is currently restricted to a very small number of people.

Paretic limb weight-bearing, aerobic, functional strengthening and balance appear to be 

critical components to improving walking ability. Strengthening appears to be most effective 

when incorporated in functional activities (e.g., repetitive rise from a chair, walking uphill 

on a treadmill). Ideal programs are likely a combination of activities which promote a large 

number of steps, plus training on a variety of walking tasks. Treadmill training, particularly 

at faster speeds, is effective for improving walking speed. A body-weight supported 

treadmill system may reduce the physical strain of the therapist to support a lower 

functioning client to participate in walking practice. For community ambulation, tasks 

should also include also curbs, stairs, escalators, turning, quick stops, stepping over 

obstacles, and walking on different terrains (slopes, uneven ground). If space, safety or 

resources prevent practice in varying indoor and outdoor environments, then environments 

need to simulate realistic visual stimuli (crowded walkways, obstacle on the ground, low 

lighting for an evening effect).

When possible, the chronicity of the stroke should be considered. Individuals admitted to 

inpatient stroke rehabilitation undertake a full day multi-disciplinary program which could 

involve a number of physical activities from physical therapy, occupational therapy, 

recreation therapy or nursing management (e.g., practice of transfers and self-care). Even 

walking to the many scheduled appointments (e.g., speech therapy, psychology) could 

provide an exercise stimulus. Thus, an additional 30 minute inpatient treatment must have 

sufficient effect to outweigh the already intensive schedule of physical activities, subject 

variability, and large natural recovery in walking ability which occurs in the first few months 

following a stroke [6]. Kwakkel et al. [124] reported that spontaneous recovery due to time 

alone accounted for 22% of the change in functional ambulation category in the first 10 

week post-stroke. In contrast, individuals with chronic stroke may be leading a relatively 

sedentary lifestyle and there will be little competing physical activities. In fact, maintaining 
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or reducing deterioration of walking ability (rather than improving) may be of clinical 

importance in the chronic stage [123].

V. Five-year view

In terms of future research, there is no doubt that the quality of clinical trials in this field will 

continue to improve. The last ten years has seen a surge of randomized controlled trials to 

improve walking ability following a stroke. The next 5 years will produce multi-site 

collaborations with larger sample sizes to enable long term follow-up of walking ability and 

the evaluation of important secondary complications, like falls, fractures, heart disease and 

recurrence of stroke. Models like the International Classification of Functioning will help to 

guide our assessment of walking ability in stroke and evaluation of treatment effects. We 

will see an increase in use of common outcome measures like gait speed and 6MWT, as well 

as new meaningful measures relevant to participation in walking activities. Clinical trials 

will attempt to quantify and manipulate the mechanisms (e.g., aerobic, brain plasticity, 

postural control, strengthening) which contribute to the gains in walking following an 

intervention. In addition, there will be pioneering methods to quantify the dose and intensity 

of the training. For example, the intensity during the intervention to improve walking ability 

can be monitored and quantified using accelerometers, step counters and/or heart rate 

monitors. In addition, such outcome measures could also be used to gauge whether the 

intervention promoted an increase in walking in the home and community setting (i.e., 

participation measure of walking).

There will be more consideration of real world issues like the cost-benefits, accessibility, 

long term effects and adherence to the program which are factors that contribute to the 

feasibility of continuing the program after the research funding has expired. The effect of 

innovative delivery methods which manipulate the training environment and levels of 

supervision will be explored (e.g., group versus individual, self-managed home program 

versus supervised program, community center versus rehabilitation center) to determine 

candidates who might be most appropriate for which program.

Research which is able to draw conclusions about effects on high impact outcome measures 

(e.g., recurrence of stroke or fractures), coupled with innovative methods to make these 

programs accessible, cost-effective and easy to implement will result in more people with 

stroke engaging in programs to improve and maintain their walking ability long after the 

initial occurrence of their stroke.

VI. Key issues

• Impairments resulting from stroke, such as muscle weakness, incoordination, 

poor endurance, pain, spasticity and poor balance lead to persistent difficulties 

with walking.

• Improved walking ability is one of the highest priorities for people living with a 

stroke.

Eng and Tang Page 15

Expert Rev Neurother. Author manuscript; available in PMC 2011 October 19.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



• Gait training interventions have potential to improve walking ability across the 3 

levels of functioning (Body Functions and Structures, Activities and 

Participation) and it would be ideal to have outcome measures representing each 

level.

• Gait retraining through different types of exercise is the most common approach 

to improving walking ability.

• Neurodevelopmental approaches were equivalent or inferior to other approaches 

to improve walking ability.

• Graded muscle strengthening (not using functional activities) has been found to 

improve muscle strength, but not transfer to improved walking ability.

• Treadmill training has been found to have equivalent effects to overground gait 

training in sub-acute rehabilitation, but beneficial effects compared to low 

intensity control groups in chronic stroke. A combination of treadmill with task-

specific practice may be optimal.

• Intensive mobility training which incorporates functional strengthening, balance 

and aerobic exercises and practice on a variety of walking tasks improves gait 

ability both in sub-acute and chronic stroke.
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Figure 1. 
Use of the International Classification of Functioning (ICF) Model to guide the 

identification of primary factors resulting in particular gait problem, the selection of 

appropriate walking ability-related outcome measures that are reliable, valid and sensitive to 

changes, and the identification of potential environmental or personal factors that facilitate 

or impede an individual’s goal to improve walking ability.
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