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Abstract

Purpose of review—Research findings from the fields of motor learning and exercise
physiology suggest specific training parameters that can be manipulated during physical
rehabilitation profoundly influence skilled task performance. This review details the rationale for
some of these training variables and their application in selected intervention studies focused on
improving walking function in patients post-stroke.

Recent findings—Basic and applied studies have shown that the amount, intensity and
variability of specific task-practice applied during rehabilitation interventions can affect recovery
of walking post-stroke. Many studies detailing the effects of conventional, therapist- and
mechanically assisted interventions may incorporate some of these training parameters but
minimize others, and their relative contributions may influence walking outcomes. Specific patient
factors, such as the stroke acuity and degree of impairments, appear to influence the relative
contributions of these training variables, and different patient subgroups may benefit from greater
emphasis on specific parameters.

Summary—The present findings suggest these training parameters should be considered when
evaluation or implementing physical interventions directed towards improving locomotor function
post-stroke. More work is needed to understand their optimal combinations to maximize walking
outcomes in patients with different levels of impairment post-stroke.
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Introduction

Recovery of independent ambulation post-stroke is a primary determinant of community
participation and a major focus of rehabilitation [1], although it is not clear which
interventions maximize walking outcomes. Various training strategies have demonstrated
positive results, including traditional impairment-based strategies, gait training interventions,
use of robotic devices, and orthotics or electrical stimulation [2]. However, the relative
efficacy of many interventions is uncertain, and their adoption into clinical practice
following preliminary studies occurs prior to understanding what contributed to the positive
results. Subsequent larger trials often demonstrate more limited success of these same
strategies, and their use may be abandoned without appreciation of why they failed. Given
these ambiguous results, rehabilitation professionals lack clarity on the best strategies for
locomotor recovery post-stroke.

An alternative strategy to avert this cycle is to determine how various interventions
incorporate specific training parameters thought to influence locomotor function. Previous
work in the fields of motor control and exercise physiology has suggested that the amount,
intensity and variability of task-specific practice can strongly influence neuromuscular and
cardiopulmonary changes underlying improved locomotor function [3, 4**]. Many studies
incorporate some of these parameters, but limit use of others, which may influence the
overall results of these interventions in different patient subgroups. This review delineates
evidence underlying the potential utility of these parameters, with subsequent evaluation of
how different studies apply these variables. Understanding the relative contributions of these
factors and their application in specific patient populations may provide insight into the
relative success or failure of published training protocols.

Training parameters that influence locomotor function

While many demographic and health-related variables contribute to walking recovery post-
stroke, specific modifiable training parameters also appear to influence locomotor outcomes.
Recent reports describe some of these parameters as the “dose” of an intervention [5, 6**],
analogous to medication prescription, and focus on the number of sessions. While this is a
critical variable, other factors likely play important roles. In the present discussion, we
describe the rationale of a few of these training parameters, and data to support their use
during rehabilitation interventions.

Across multiple studies, the specificity and amount of task practice appear to influence the
connectivity of residual neural circuits following neurology injury to improve enhance motor
recovery [7, 8]. For walking recovery, both the number of sessions and activities performed
within sessions influence the amount of practice [5, 6, 9], and number of steps may be a
more accurate measure of “amount” [10]. Long-standing data in animal models of spinal
cord injury (SCI) suggest large amounts of stepping practice leads to greater locomotor
performance as compared to little practice [11, 12] or practice of non-stepping tasks [13].
The success of many interventions utilized in patients post-stroke may be due to provision of
large amounts of stepping practice, as focused stepping training can achieve 1500-4000
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steps during 1-hr sessions. Recent studies further suggest these amounts are related to
walking outcomes [3, 4, 10](Fig 1A).

Providing stepping practice alone may be insufficient to maximize walking outcomes, and
the intensity of locomotor activities may be an important factor. In the field of exercise
physiology, the intensity of walking tasks is commonly defined as power output [i.e.,
workload] and manipulated by increasing walking speed [10, 14, 15] or carried loads [16]*.
Relative power output is estimated using cardiopulmonary and metabolic measures, which
reflect the underlying neuromuscular activity during locomotor tasks. High-intensity training
is associated with greater release of modulatory [17] and trophic factors [18] that contribute
to increased synaptic connectivity of active neural circuits [19],improved muscle strength
[20] and greater cardiovascular capacity [15] that underlie improved locomotor performance
(Fig 1B).

In addition, variability of task-specific practice, rather than practice of variable tasks, has
also been shown consistently to modulate motor learning [21-23]. Although less studied
during walking training, variability during locomotor tasks has been described and tested in
separate ways. In animal models of SCI, the role of kinematic variability was evaluated by
testing the effects of strict kinematic guidance during training as compared to providing
assistance only as needed to continue stepping [24]. Separately, the effects of task variability
was tested by comparing forward treadmill training to stepping training in different
directions [25], or as compared to overground and stair climbing [26]. Consistent with the
motor learning literature, variability of stepping practice leads to greater errors and, with the
most difficult tasks, less overall amounts of practice, but results in greater locomotor
recovery on retention tests. Mechanisms underlying the effects of variable training are not
certain, but could involve increased recruitment of residual circuits subserving these multiple
varied tasks [23, 25], resulting in greater locomotor recovery. To date, however, there are
limited additional data regarding the effects of variable stepping training, although the use of
these three parameters appear to modulate motor learning across multiple studies.

Interventions to improve locomotor function post-stroke

With these training parameters in mind, we now evaluate the current evidence for specific
types of interventions, and how the incorporation of these parameters, or lack thereof, may
influence the results of many intervention studies. In Table 1, we summarize the
characteristics of various physical interventions applied to patients post-stroke, and the
relative incorporation of these training parameters (categorized as low, medium, or high) as
described in primary studies.

Conventional interventions

Observational data [10, 27] suggest interventions utilized in the clinical setting to improve
locomotor function incorporate traditional strategies that address multiple impairments and
functional limitations post-stroke. Interventions focusing on deficits in strength, postural
stability and coordination are often combined with whole or part practice of walking and
other functional tasks. As higher intensity exercises lead to short-term increases in spasticity
and abnormal movement patterns [28], therapists may limit patient effort to prevent these
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patterns. Collectively, these studies suggest that clinical interventions result in limited
amounts of practice of any single activity [27] and patients seldom reach higher exercise
intensities [29-31]. As expected, small gains in walking function are often observed using
these strategies [4, 10]. In meta-analyses the describe studies focused on specific
impairments, such as strength or balance training [32, 33], gains in these impairments are
observed, with limited walking improvements.

Therapist assisted stepping training

Clearly, more practice can be achieved when interventions focus directly on stepping
activities. A number of therapist-assisted stepping (locomotor or gait) training protocols
have been evaluated, although many tested interventions vary in the amount, intensity and
variability of stepping practice provided. Some of the initial studies that provided focused
stepping practice utilized therapist-assisted treadmill training with body weight support
(BWS). These studies were modelled from investigations of animal models of SCI [12], with
attention towards ensuring afferent-related stepping feedback during training [34]. When
applied to patients post-stroke, therapists provided practice on a motorized treadmill using
BWS and physical assistance to approximate normal stepping kinematics [35], including
weight-shifting for limb loading and facilitation of limb advancement in an effort to provide
these afferent cues. Early treadmill studies with BWS generated substantial enthusiasm with
greater gains as compared to training without BWS [36], overground training [37], or no
interventions [38], particularly in patients with limited function. Meta-analyses combining
multiple treadmill training approaches suggest gains are observed primarily for ambulatory
patients [39], although well-controlled studies involving non-ambulatory patients comparing
treadmill vs overground training decreases the time to achieve independent walking [40, 41].

While much attention has been directed towards normalizing kinematics during training, the
positive outcomes of these trials could also be explained by provision of greater amounts of
stepping practice. Previous and recent studies suggest a consistent relation between the
amount of stepping practice and improvements in walking outcomes post-stroke [4, 10].
Provision of BWS over a treadmill may allow greater amounts of stepping practice at
potentially higher speeds. The importance of normalizing kinematics remains unclear
however, as facilitation strategies results in similar gains as compared as assist-as-needed
strategies [42].

The efficacy of treadmill training with BWS was questioned by the multicenter LEAPS trial
(Locomotor Experience Applied Post-Stroke) [43], in which walking gains were similar
following stepping training primarily on a treadmill as compared to a strength and balance
interventions. While the amount of practice provided in each training group is debated [44],
one potential explanation for these results is the low cardiovascular intensities achieved
during stepping practice. Despite training at higher speeds, restriction of heart rates [HR]
achieved resulted in average mid-training values that can be lower than those observed
during walking at self-selected speeds [16]. Conversely, previous data suggest aerobic
treadmill training with goals to achieve 60-85% of maximum HR results in consistent
changes in gait endurance [45], even when stepping amounts are controlled [16, 46].
Importantly, selected measures of gait quality (i.e., symmetry) are improved and not
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worsened with high vs lower intensity training [4, 47, 48]**. Certainly treadmill training
with BWS can target higher intensities [49], although explicit focus on achieving aerobic
training zones may be necessary.

Despite some positive findings of aerobic treadmill training, changes in overground gait
speed and community mobility are sometimes small and often not greater than gains
observed with non-specific or lower-intensity training [10, 15]. A hypothesis that may
account for this finding is that training on a treadmill may entrain walking patterns, and may
not be as specific to the variable demands of overground walking [50]. A recent study in
ambulatory chronic stroke survivors suggests greater gait improvements with overground vs
treadmill training when training intensity is controlled [51]*. These data conflict directly
with results in non-ambulatory stroke survivors [40], which may be due to the ease of
providing stepping practice on a treadmill in a more dependent patients. These data highlight
the potential importance of selecting different training parameters in patients with different
levels of impairment.

An alternative to overground or treadmill training is the use of variable stepping training,
which involves practice of multiple stepping tasks, including walking over variables
distances, in different directions, and around or over obstacles including curbs/stairs [3, 4,
52]. A common goal of variable stepping paradigms is to provide stepping practice that is
more specific to the demands of community mobility [44], although animal studies suggest
gains in standard walking assessments as well [24-26]. Application of variable stepping may
not be utilized clinically, however, possibly due in part to the notion that increasing errors
during practice does not focus on normalizing gait kinematics, although recent studies
suggest variable, high intensity training results in large changes in function and gait quality
in subacute and chronic stroke survivors [3, 4], even as compared to conventional strategies
[4]. Conversely, a recent study evaluating the effects of variable overground training to
treadmill training without focusing on intensity revealed no differences in recovery between
these strategies, however [44], and more studies are needed to understand its impact when
applied singly or with other training parameters.

Robotic-assisted stepping training

The development and clinical use of robotic devices that facilitate locomotor training has
evolved over 2 decades, with initial efforts to minimize therapist’s burden to provide
stepping assistance. The present discussion focuses on devices that facilitate limb
advancement, as no data suggest superiority of robotic vs non-motorized devices to provide
BWS. Most systems are classified as exoskeletal devices, which are secured to patients’
limbs and allow stepping within specified kinematic trajectories, or elliptical devices which
use end-point control to facilitate practice. The Lokomat exoskeleton [53] and elliptical
GaitTrainer [54] have garnered the most attention, although many available devices now
provide advanced features such as compliant assistance [55] and visual feedback [56], with
newer exoskeletons allowing stepping overground [57]. The clear value of these systems is
to provide greater amounts of stepping practice, and recent meta-analyses in non-ambulatory
patients demonstrate improve independent walking compared to conventional interventions
[58]. Conversely, other measures such as gait speed do not change significantly, particularly
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in chronic stroke survivors, with greater changes following elliptical vs exoskeletal training
[59].

While these data are promising, the findings are hampered by comparisons of robotic
training that focuses on stepping practice, to conventional interventions that limit stepping
activities. When robotic training protocols are compared to strategies that prioritize stepping
in patients with subacute or chronic stroke, negligible differences are observed [60, 61] or
non-robotic interventions demonstrate superiority [48, 62]. Potential short-comings of
robotic training are likely the intensity and variability of practice these systems provide.
Robotic-assisted walking often results in lower muscular and metabolic costs as compared to
providing assistance only as needed [63, 64]. Kinematic and task variability is also limited
during robotic assisted training, possibly more so during exoskeletal training [59, 63], and
may minimize patients’ ability to explore strategies to relearn locomotor tasks. Most
overground exoskeletal training strategies face similar limitations, and many may provide
less stepping practice than treadmill-based systems. Indeed, recent analyses of the effects of
overground exoskeletal systems indicate negligible differences in walking as compared to
conventional strategies [57].

Electrical and mechanical ankle devices

Strategies to improve ankle function has been a research priority for decades given its
importance during normal locomotor function, and the loss of dorsi- and plantarflexor
function post-stroke. Passive mechanical bracing using an ankle foot orthosis (AFO) is the
easiest and most often performed strategy to offset dorsiflexion weakness or ankle
instability. These devices have been shown to elicit immediate and sustained increases in
walking speed [65] likely due to the ability to ambulate to a greater extent without risk of
injury or falls. Alternative strategies include use of functional electrical stimulation (FES) to
enhance dorsiflexion [66—68], with some interest in plantarflexor FES to promote greater
propulsive forces [69].

When the comparative efficacy of these different strategies is evaluated, however, small
differences in functional outcomes are observed. Three recent multicenter trials have
compared the effects of AFOs or dorsiflexion FES on immediate or long-term effects of
walking function without accompanying training [66—68], resulting in no difference in
walking gains. A recent study comparing the effect of FES during faster walking training as
compared to fast or slow training without FES demonstrated very little changes in walking
distance between fast training groups, but with a potential benefit on cost of walking [69]. A
potential explanation for the negligible differences is that the stepping activities provided
during these studies were similar. Importantly, however, there appears to be a subset of
limited community ambulators that respond to FES systems, indicating that single
intervention strategies may not be appropriate for all participants [70].

Conclusion

The present review suggests that identification of how various rehabilitation interventions
incorporate specific training parameters may provide insight into their potential utility.
Strategies that prioritize stepping training appear to be superior to non-stepping strategies,
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and practice at higher intensites with use of orthotics may facilitate gains in walking. The
larger amounts of stepping practice using mechanically-assisted devices may be helpful in
more impaired individuals, although the optimal assistance is not clear. If allowing or
increasing variability and achieving high intensity can enhance recovery over practicing
normal kinematics, perhaps less therapist or robotic assistance may be needed. Accordingly,
while “dose” can be characterized by number of therapy sessions, what is actually done in
those sessions (i.e., how much, how intense, how difficult) may be more important, and can
elucidate the strengths and weaknesses of many interventions. These concepts, while
relatively simple, are complicated by the notion that specific strategies may be important
early during stroke recovery, whereas others may need to be prioritized in the later stages.
Identifying the contributions of these parameters single or in combination in patients with
varying levels of impairment may lead to more efficient training interventions to minimize
walking disability.
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Key Points

1 The amount, intensity and variability of specific task practice are well-known
training parameters that influence neural, muscular and cardiopulmonary
function during skilled learning and locomotor recovery following neurology
injury.

2. Identifying how specific training studies directed towards improving walking

post-stroke incorporate these parameters may provide insight into the relative
success of many interventions.

3. A priority for future studies is to understand how the incorporation of these
parameters applied singly or in combination may vary to maximize recovery
during the different stages of stroke rehabilitation.
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Figurel.
Scatterplot of relations of A) amount of stepping practice (steps/session) and B) intensity of

stepping practice (percentage of predicted peak HR reserve) on changes in gait speed in
subacute stroke following high intensity stepping activity vs conventional (control)
interventions (modified from (4)).

Curr Opin Neurol. Author manuscript; available in PMC 2020 March 04.



Hornby et al. Page 14

Table 1.

Incorporation of identified training parameters during specific physical interventions directed towards

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

improved walking outcomes as described in published studies.

specificity amount intensity variability

conventional training

traditional exercises low low low low™
therapist-assisted training

treadmill with BWS medium high low-medium low

aerobic treadmill training medium high high low

overground training high medium low-high medium

variable training high medium low-high high
robotic-assisted training

exoskeletal devices medium high low low

elliptical devices medium high low low-medium
ankle devices

ankle foot orthoses - medium - -

FES systems - medium -- -

Classification of low, medium, high delineate the relative contribution of each parameter during this intervention; where selected interventions vary
in their application of some of these interventions (* - traditional exercise may provide practice of variable tasks but not variable stepping practice;

** -AFOs and FES systems in themselves may allow greater practice)
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