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Abstract
Introduction Functional walking requires the ability to modify one’s gait pattern to environmental demands and task goals
—gait adaptability. Following incomplete spinal cord injury (ISCI), gait rehabilitation such as locomotor training (Basic-LT)
emphasizes intense, repetitive stepping practice. Rehabilitation approaches focusing on practice of gait adaptability tasks
have not been established for individuals with ISCIs but may promote recovery of higher level walking skills. The primary
purpose of this case series was to describe and determine the feasibility of administering a gait adaptability retraining
approach—Adapt-LT—by comparing the dose and intensity of Adapt-LT to Basic-LT.

Case presentation Three individuals with ISCIs (>1 year, AIS C or D) completed three weeks each (15 sessions) of Basic-
LT and Adapt-LT. Interventions included practice on a treadmill with body weight support and practice overground
(≥30 mins total). Adapt-LT focused on speed changes, obstacle negotiation, and backward walking. Training parameters
(step counts, speeds, perceived exertion) were compared and outcomes assessed pre and post interventions. Based on
completion of the protocol and similarities in training parameters in the two interventions, it was feasible to administer
Adapt-LT with a similar dosage and intensity as Basic-LT. Additionally, the participants demonstrated gains in walking
function and balance following each training type.

Discussion Rehabilitation that includes stepping practice with adaptability tasks is feasible for individuals with ISCIs.
Further investigation is needed to determine the efficacy of Adapt-LT.

Introduction

Recovery of walking function is a primary goal and focus of
rehabilitation for individuals with incomplete spinal cord
injuries (ISCIs) [1]. To walk safely within the home and
community, individuals must generate a basic stepping
pattern and also modify one’s gait pattern to changing
environmental demands (e.g., obstacles, speed changes) and
task goals [2]. Locomotor training (LT) is an established
gait rehabilitation approach for improving walking function
in individuals with ISCIs [3–5]. However, this approach
emphasizes practice of a basic stepping pattern and the
majority of studies have focused outcomes on '‘steady state’'
walking conditions [6]. Few reports of individuals with
ISICs have addressed retraining of gait adaptations neces-
sary for walking in varied environments—walking
adaptability.

In our search of the literature, only two reports have
focused on strategies for retraining gait adaptability skills
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following ISCI [7, 8]. In a case series of four adults with
ISCIs, Musselman et al. (2009) compared overground skill
training that included walking on different surfaces, varying
environments, and walking with a secondary task such as
carrying an object, to training that focused on '‘steady state’'
treadmill walking with body weight support. Participants
improved following both forms of training and the skill
training was reported to be as effective as the treadmill-
based intervention [7]. Subsequently, Yang and colleagues
[8] conducted a clinical trial to compare outcomes following
overground training with visually-guided tasks such as
stepping over obstacles and on targets ('‘precision’' training)
to treadmill-based '‘endurance’' training. Although indivi-
duals demonstrated improvements following both types of
training, the greatest gains in walking speed and endurance
were achieved following rehabilitation involving repetitive
stepping practice on a treadmill. Interestingly, the authors
reported that repetitive treadmill stepping involved speeds
and step counts three-times faster and greater during each
session than during overground training [8]. These differ-
ences in speeds and amount of practice (i.e., dosage) were
likely important factors in the study outcomes since it is
well-established that amount of practice is critical for
inducing motor re-learning and plasticity [9, 10]. Addi-
tionally, stepping speed is an important training parameter
since faster speeds induce greater and more reciprocal lower
extremity muscle activation during treadmill walking in
adults with SCI [11] and training at higher speeds is asso-
ciated with improvements in treadmill walking speed [12].
Thus, it may be a detrimental trade-off if dosage and
intensity are compromised when adaptability tasks are
incorporated into gait rehabilitation.

Spinal cord injury (SCI) gait rehabilitation principles that
emphasize repetitive stepping practice and speed [13] are
based on animal studies in which the spinal neural networks
involved in basic stepping patterns contribute to recovery
and have been shown to respond to training [14, 15].
In contrast, walking adaptations such as visually-guided
limb movements (e.g., stepping over obstacles) and
stepping backward (e.g., to back up to a chair) involve
greater cortical activation [16, 17]. Overall, since functional
walking requires activation of both spinal and cortical
neural networks [18], it may be that gait rehabilitation
should incorporate all of these features—repetitive
stepping practice, increased speeds, as well as practice of
adaptability tasks.

Although SCI gait rehabilitation that incorporates all of
these features has not been established, different types of
adaptability training have been successfully applied to
adults post-stroke, and in other populations [19–22]. For
instance, overground adaptability training that included an
obstacle course to simulate daily walking and walking
exercises such as speed changes was shown to reduce falls

and improve obstacle avoidance skills in older adults
[19, 20]. Recent studies in adults post-stroke have demon-
strated that gait adaptability training on a treadmill with
augmented virtual targets and obstacles (C-Mill) improves
walking speed, balance, and increases performance of
adaptability tasks, which is associated with reduced atten-
tional demands [21, 22].

Overall, these prior studies suggest that gait rehabilita-
tion with adaptability tasks may be beneficial for individuals
with ISCIs, but there may be challenges to achieving a
sufficiently high dosage (number of steps) and intensity
during adaptability training. Furthermore, adaptability
training could be particularly difficult to implement for
individuals with ISCIs due to common impairments such as
severe bilateral weakness and spasticity. To address these
challenges, a gait rehabilitation approach, referred to as
Adapt-LT was developed. Adapt-LT includes basic step-
ping practice (Basic-LT), but also implements repetitive
practice of gait adaptability tasks—obstacle negotiation,
backward walking, and speed changes. Therefore, the goals
of this case series were to describe the Adapt-LT approach
and determine the feasibility of delivering Adapt-LT at a
dosage and intensity similar to training with Basic-LT. We
specifically focused on whether a similar number of steps,
stepping speeds, and self-reported exertion levels could be
achieved for both Adapt-LT and Basic-LT. Walking func-
tion and balance also were assessed at the end of each
intervention.

Case Presentation

Participants

This case series was conducted at the Malcom Randall
Veterans Affairs Medical Center Brain Rehabilitation
Research Center in Gainesville, Florida. Institutional and
federal regulations concerning ethical use of human
volunteers were followed; all protocols were approved by
the University of Florida and Veterans Affairs Medical
Center (Gainesville, FL). Participants provided informed
consent prior to enrollment. Eligibility criteria included ≥ 18
years old with a singular, motor ISCI (≥6 months post-
injury), medically stable, discharged from physical therapy,
and able to ambulate at speeds of ≥0.3 m/s at the time of
enrollment.

Three adult males (26–77 years) with ISCIs (durations >
18 months) were enrolled. Descriptive information was
obtained through review of medical records, participant
self-report, and assessment at time of enrollment. A licensed
physical therapist completed all clinical assessments. The
International Standards for Neurological Classification of
Spinal Cord Injury (ISNCSCI) American Spinal Injury
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Association Impairment Scale (AIS) was used to classify
each participant’s neurologic level of injury (Table 1) [23].
Strength in five key muscle groups was assessed using
the AIS guidelines for Lower Extremity Motor Scores
(Table 2) [24].

Procedures

The participants completed two interventions—15 sessions
of Basic-LT, followed by 15 sessions of Adapt-LT.
Each intervention consisted of five sessions per week
for 3 weeks, with a minimum 3-week wash-out period
between interventions (Fig. 1). Basic-LT is an established
intervention with which we have experience [3, 25–27].
For that reason and to ensure the safety of each
participant, Basic-LT was administered first which
allowed baseline training responses to be established.
Feasibility outcomes reflecting intervention dose and
intensity included step count, participant’s perceived exer-
tion, and training speed. Clinical outcomes to characterize
walking function and balance were assessed one week prior
to and within one week after the completion of each
intervention.

Interventions overview

Figure 1 details the intervention timeline and Adapt-LT
features. Intervention sessions were 30 min (minimum) in
duration and included ~20 min of training on a treadmill,
followed by ~10 min of overground practice. Standing
breaks were provided as needed and did not count toward
the training duration. Practice on the treadmill (Biodex

Table 1 Participant
characteristics

Participants SCI01 SCI02 SCI03

Age (gender) 66 years old (male) 67 years old (male) 26 years old (male)

Mechanism of injury Non-traumatic Non-traumatic; surgery Traumatic; car accident

Type of injury lesion UMN UMN UMN and LMN

Neurologic injury level T4 C6 L2

AIS classification C D C

Time post-injury 108 months 25 months 18 months

Rehabilitation history Home health PT Inpatient rehab PT
and OT

Inpatient rehab PT and OT

Inpatient rehab PT
and OT

Outpatient PT and OT Outpatient PT and OT

Gait status Limited household Community Limited household

Assistive devices RW None RW and bilateral AFOs

Primary mode of mobility Wheelchair Ambulation Wheelchair

Home environment and
level of independence

Lives alone in house;
independent

Lives with spouse in
house; independent

Lives with girlfriend in
apartment; independent

Employment Retired Retired Unemployed since car
accident

Other activities and
participation

Swimming regular
exercise

Travels frequently Regular walking practice
and exercise

UMN upper motor neuron lesion, LMN lower motor neuron lesion, C cervical, T thoracic, L lumbar (number
that follows refers to vertebral level), PT physical therapy, OT occupational therapy, RW Rolling walker,
AFO Ankle-foot orthosis, AIS American Spinal Injury Association Impairment Scale

AIS level and classification (level= neurologic level of injury; classifications: C= Incomplete; motor
function is preserved below the neurological level and more than half of key muscles below the neurological
level have a muscle grade less than 3; D= Incomplete; motor function is preserved below the neurological
level and at least half of key muscles below the neurological level have muscle grade greater than or equal
to 3) [23]

All case information reflects status at time of enrollment

Table 2 Lower extremity motor scores at time of enrollment

Participants SCI01 SCI02 SCI03

Total lower extremity motor score 23/50 46/50 22/50

R L R L R L

Hip flexors 2 4 4 3 5 5

Knee extensors 3 2 5 5 5 5

Ankle dorsiflexors 1 2 5 4 0 0

Long toe extensors 4 3 5 5 0 0

Ankle plantar flexors 1 1 5 5 1 1

Lower extremity motor scores were assessed according to the
International Standards for Neurological Classification of Spinal Cord
Injury [23]
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Medical, Shirley, NY) included use of a harness (Robertson
Mountaineering, Henderson, NV) and partial body weight
support (Robomedica, Culver City, CA). An initial body
weight support of <40% was targeted. Training on the
treadmill was progressed by increasing speed and lowering
body weight support. Manual assistance was provided
during training on the treadmill and overground to promote
appropriate kinematics. Arm swing was encouraged and
treadmill rails were not used. Training overground was
completed on a level surface with assistive devices/braces,
if needed to assure safe participation. Verbal cues and
encouragement, as well as performance and results feedback
were provided during training sessions.

Basic locomotor training

Basic-LT involved repetitive stepping practice with the
goals of increasing speed, promoting gait quality, and
enhancing lower extremity weight bearing [3, 13]. Specifi-
cally, each participant trained at the fastest speed they could
safely achieve and sustain with adequate loading on the
lower limbs and use of body weight support ≤40%.
Appropriate gait kinematics were promoted during treadmill
and overground training by providing verbal cues and
manual assistance as needed, at the lower limbs and trunk.
During overground training participants were encouraged to
walk at their maximal speed.

Adapt locomotor training

The goal in developing Adapt-LT was to apply principles of
LT such as repetitive stepping, increased training speeds
and intensity, and to incorporate practice of adaptability
tasks. Adaptability tasks were selected based on several
factors: (a) common tasks representing different adaptability
domains; [2, 28] (b) tasks that could be practiced both on
the treadmill and overground and; (c) tasks known to

emphasize different aspects of neuromuscular control
such as increased cortical engagement and visuomotor
coordination (e.g., obstacle negotiation) or different motor
strategies (e.g., backward walking) [16–18].

Thus, based on these factors, Adapt-LT emphasized the
same general principles as Basic-LT and also included
practice of adaptability tasks (obstacle negotiation, back-
ward walking, and speed changes) (Figs. 1b and 2a–d).
During training on the treadmill the goal was to spend a
minimum of 5 min on each adaptability task (Fig. 2):
1. Obstacle negotiation -Obstacles were delivered bilat-
erally and included foam blocks and boxes of variable sizes
(height range: 5–14 cm; width range: 20–39 cm; depth
range: 5–24 cm). Progression of the task included increas-
ing obstacle frequency, varying rates of obstacle delivery,
and increasing obstacle size. 2. Speed changes-Speed
changes consisted of abruptly and unexpectedly changing
from faster speeds to and from slower speeds. 3. Backward
walking -For progression, backward walking speed was
increased and body weight support was decreased. During
overground training, participants performed the same tasks
and the goal was to spend a similar amount of time on
each task.

Training parameters and intervention feasibility

Feasibility was determined based on the successful com-
pletion of the Adapt-LT protocol and focused on compar-
isons of dosage (amount of steps) and intensity (speeds,
perceived exertion) parameters across Basic-LT and Adapt-
LT. Additionally, these parameters were assessed because
of their importance in motor relearning (i.e., rehabilitation)
and association with improved outcomes in studies of
walking function after SCI [9–11].

Fig. 1 Case series design and
training parameters. LT
locomotor training, Basic-LT
basic locomotor training, Adapt-
LT Adapt locomotor training
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Amount of stepping practice

During training on the treadmill, steps were counted for
15–30 s at each speed and the total number of steps was
estimated for each session. During training overground, the
total number of steps was counted by an assistant.

Maximal treadmill training speeds

The average maximal treadmill training speed was deter-
mined for sessions 11–15 based on the highest speed sus-
tained for at least 30 s or, as in the case of speed changes

during Adapt-LT, a speed achieved at least twice during the
session.

Training intensity

For each training bout, participants were asked to report
their exertion level using the 20-point Borg Rating of Per-
ceived Exertion Scale [29]. Reported Rating Scale scores
were averaged within and across the 15 sessions for Basic
and Adapt-LT.

Clinical walking function and balance outcomes

Clinical assessments of walking function and balance were
administered before and after 15 sessions of Basic-LT and
15 sessions of Adapt-LT (Fig. 1). The 10 meter walk test
(10 MWT), [30, 31] Timed Up and Go (TUG) [32]
and Spinal Cord Injury Functional Ambulation Profile
(SCI-FAP [33] were used to characterize walking function;
and the Mini Balance Evaluations Systems Test or
MiniBESTest (MBT [34] and Activities-Specific Balance
Confidence Scale (ABC) [35, 36] were administered to
assess balance. The 10MWT was used to measure fastest
comfortable gait speed. [30, 31] The TUG assesses the
capacity to perform transitional movements such as rising
from a chair and turning around [32]. The SCI-FAP assesses
walking function during seven walking tasks (e.g., walking
around obstacles, stepping over obstacles) [33]. The
MBT assesses dynamic balance during sitting, standing,
and stepping tasks [34] while the ABC was used to assess
self-reported balance confidence during a variety of gait
activities [35, 36].

Outcomes

Overview

All three participants completed the training protocols and
exceeded the goal of training for 30 min per session; the
average total training time was 40 min for Basic-LT and
41 min for Adapt-LT. SCI01 did not complete the Basic-LT
post-assessment due to illness and holiday travels; therefore,
outcome scores for the Adapt-LT pre-assessment were used
for the Basic-LT post-assessment values.

The overall outcomes indicate that the Adapt-LT was
feasible and was administered at a similar dosage and
intensity as Basic-LT (Fig. 3). The participants, all of whom
had chronic injuries (>18 months duration) and two indi-
viduals required the use of a wheelchair for mobility,
demonstrated improvements in walking function and bal-
ance. Individual outcomes are described below and are
summarized in Fig. 3 and Table 3a, b. Results that exceed

Fig. 2 Treadmill and Overground Adapt-locomotor training. a Parti-
cipant SCI01 performing obstacle negotiation on treadmill. b Partici-
pant SCI02 performing backward walking on treadmill. c Participant
SCI03 performing obstacle negotiation overground. d Participant
SCI02 performing backward walking overground. TM treadmill,
OG overground
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the established Minimal Clinically Important Difference
(MCID) for individuals with SCIs also are reported.

Participant outcomes

SCI01 Dosage and Training Intensity. SCI01 achieved an
average of 1790 steps during Basic-LT on the treadmill
and 1453 steps during Adapt-LT. During each session of
overground training an average of 72 steps were practiced
for both types of training. Average maximal treadmill
speeds were higher for Adapt-LT (Basic-LT= 0.61 m/s,

Adapt-LT= 0.87 m/s) and Borg ratings of exertion
were similar for both training types (Basic-LT= 12.92,
Adapt-LT= 13.31). SCI01’s walking pattern was char-
acterized as stiff and he had particular difficulty in
flexing his lower extremity joints. Therefore, the treadmill
environment and hands-on assistance may have been
helpful in achieving sufficient stepping practice. Addition-
ally, the adaptability tasks may have encouraged less stiff
movements (e.g., lower extremity flexion to step over
obstacles or use of a different movement pattern to step
backward) and enabled training at higher speeds.

Fig. 3 Training parameters for
the three participants (SCI01-
SCI03) during Basic- and
Adapt-locomotor training.
a Average number of steps
during training on the treadmill.
b Average number of steps
during training overground.
c Average Borg Ratings of
Perceived Exertion during
training. d Maximum training
speeds. BLT Basic locomotor
training, ALT Adapt locomotor
training

Table 3 Summary of clinical outcomes

(a) Walking function

TUG (s) SCI-FAP (score/2100) Gait Speed (m/s)

Pre-BLT Post-BLT Pre-ALT Post-ALT Pre-BLT Post-BLT Pre-ALT Post-ALT Pre-BLT Post-BLT Pre-ALT Post-ALT

SCI01 35.97 43.75 43.75 33.53 156.34 181.92 181.92 166.84 0.35 0.34 0.34 0.36

SCI02 13.16 14 11.21 10.2 15.89 11.57 9.2 13.17 1.18 1.56 1.29 1.48

SCI03 59.44 59.4 48.46 45.19 967.9 706.7 433.41 425.23 0.28 0.31 0.33 0.44

(b) Balance

MBT (score/28) ABC (%)

Pre-BLT Post-BLT Pre-ALT Post-ALT Pre-BLT Post-BLT Pre-ALT Post-ALT

SCI01 7 8 8 10 50.94 41.25 41.25 54.06

SCI02 21 26 24 24 Not tested 57.5 66.88 67.5

SCI03 6 7 7 9 33.75 34.38 40.63 45

Walking Function: TUG Timed Up and Go, SCI-FAP Spinal Cord Injury Functional Ambulation Profile, Gait Speed obtained from 10 Meter Walk
Test

Balance: MBT Mini Balance Evaluation Systems Test (MiniBESTest), ABC Activities-Specific Balance Confidence Scale

Pre-BLT pre Basic-LT, Post-BLT post Basic-LT, Pre-ALT pre Adapt-LT, Post-ALT post Adapt-LT

SCI01 did not complete the post Basic-LT assessment due to illness and holiday travels; therefore, outcome scores for the Pre Adapt-LT
assessment were used as the Post Basic-LT values. SCI02 did not complete the ABC prior to Basic-LT; therefore, the overall change was obtained
from comparing post Basic-LT scores to post Adapt-LT scores
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Basic and Adapt-LT Outcomes. Following 3 weeks of
Basic-LT, no gains in walking function or balance
were seen for SCI01. In contrast, after Adapt-LT,
SCI01 showed a reduced TUG time (Δ=↓10.22 s),
increased MBT score (Δ↑= 2), and increased ABC score
(Δ=↑12.81%).
Overall Outcomes. At the conclusion of the

study, SCI01 demonstrated increased walking function
(ΔTUG=↓2.44 s) and increased balance (ΔMBT=↑3;
ΔABC=↑3.12%) compared to baseline. The changes,
however, did not exceed MCID values for individuals with
SCIs. Prior to his enrollment, SCI01 could not stand without
support for >5 s. It is, therefore, note-worthly that following
the completion of both interventions he stood without
support for >1 min. SCI01 reported that he perceived
improvement in his walking function and general mobility.
He stated that he now believed getting better was
possible, whereas he did not believe this was possible
before training.

SCI02 Dosage and Training Intensity. SCI02 achieved
similar average treadmill step counts during both types of
training (Basic-LT= 3718 steps, Adapt-LT= 3822 steps),
but performed nearly double the number of steps
overground during Basic-LT (Basic-LT= 1675 steps,
Adapt-LT= 865 steps). For this individual who walked at a
faster speed, the adaptability tasks likely took a relatively
greater time to complete. His average maximal training
speeds and Borg ratings were similar for both training types
(Basic-LT= 1.45 m/s, Adapt-LT= 1.38 m/s; Borg ratings:
Basic-LT= 11.20, Adapt-LT= 11.59).
Basic and Adapt-LT Outcomes. SCI02 demonstrated

greater improvements following Basic-LT. His gains in
gait speed (Δ=↑0.38 m/s) exceeded the MCID value for
individuals with SCIs [37]. He also achieved an increased
MBT score (Δ=↑5) as well as improved his SCI-FAP
score (Δ=↓4.32).
Overall Outcomes. At the conclusion of the study, SCI02

demonstrated an increase in walking function (Δgait speed
=↑0.30 m/s; ΔTUG=↓3.16 s) and increased balance
(ΔMBT=↑3; ΔABC=↑10%) compared to baseline.
SCI02 did not complete the ABC prior to Basic-LT;
therefore, this overall change was obtained from comparing
post Basic-LT scores to post Adapt-LT scores. The increase
in gait speed exceeded the MCID value (0.13 m/s) for
individuals with SCIs [38]. SCI02 anecdotally reported
more confidence in community walking; he stated this high
confidence contributed to more participation in walking,
longer walking distances and durations.

SCI03 Dosage and Training Intensity. SCI03 performed
an average of 2161 steps during each session of Basic-LT
on the treadmill and 2006 steps during Adapt-LT. During

each session of overground training an average of 147 steps
were practiced during Basic-LT and 203 steps for Adapt-
LT. Average maximal treadmill speeds were similar (Basic-
LT= 0.86 m/s, Adapt-LT= 0.77 m/s) and Borg ratings of
exertion also were similar for both training types (Basic-LT
= 13.08, Adapt-LT= 13.62).
Basic and Adapt-LT Outcomes. SCI03 showed

greater positive changes in almost all clinical outcomes
following Adapt-LT compared to BLT. He demonstrated
increased gait speed (Δ=↑0.11 m/s), reduced TUG time
(Δ=↓3.27 s), a higher MBT score (Δ=↑2) and a higher
ABC score (Δ=↑4.38%). In contrast, only the SCI-FAP
score (Δ=↓261.2) showed a greater positive change
following Basic-LT. The improvements following Adapt-
LT exceeded the MCID value (0.13 m/s) for gait speed in
individuals with SCIs [38].
Overall Outcomes. At the conclusion of the study, SCI03

demonstrated increased walking function (Δgait speed
=↑0.16 m/s; ΔTUG=↓14.25 s; ΔSCI-FAP=↓542.67)
and balance (ΔMBT=↑3; ΔABC=↑11.25%). The
increase in gait speed and decrease in TUG time both
exceeded the MCID values for individuals with SCIs
(0.13 m/s and 10.8 s, respectively) [38]. Interestingly,
SCI03 was previously excluded from enrollment in studies
of walking function post SCI due to evidence of peripheral
lumbar nerve injury. Due to paralysis of the ankle muscles
(Table 2), he completed overground training with ankle-foot
orthotics. However, ankle-foot orthotics were not used
during training on the treadmill because it was thought that
this would alter afferent input associated with training.
Thus, training on the treadmill required careful hands-on
assistance to assure ankle stability and safety.

Discussion

The focus of this case series was to describe Adapt-LT and
determine the feasibility of administering Adapt-LT at a
dosage and intensity similar to Basic-LT. Three adults with
chronic ISCIs completed 15-sessions of Adapt-LT and
the amount of stepping practice, treadmill speeds, and
perceived exertion were similar to Basic-LT. Moreover,
outcomes at the conclusion of training indicated that
participants improved in walking and balance function,
suggesting that ongoing improvements are achievable
in individuals with chronic ISCIs. Overall, our goal in
developing Adapt-LT was to build off of previous SCI
rehabilitation strategies and address the challenges of
implementing a gait adaptability intervention with a similar
dosage and intensity of Basic-LT [8].

Gait rehabilitation principles applied in the development
and administration of Adapt-LT are well-established [3, 13]
and focus on training parameters to promote activation of
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spinal neural networks, induce neural plasticity, and engage
supraspinal pathways [16, 39–42]. While activation of these
pathways was not assessed, the Adapt-LT emphasized
parameters to enhance afferent feedback, repetition, and
intensity to promote plasticity [9, 10, 43, 44]. Engagement
of supraspinal and visual-motor pathways was emphasized
through the demand to negotiate obstacles by adjusting foot
trajectory [17]. Further, balance and stepping challenges
were incorporated by performance of backward stepping
and by inducing speed changes [16].

A recent study of retraining gait adaptability post-ISCI
reported potential limitations of their approach were
reduced amounts of practice and slower training speeds [8].
To overcome these challenges, we used a treadmill, partial
body weight support and hands-on assistance during train-
ing. These elements enabled us to safely administer Adapt-
LT and provide a similar dosage and training intensity as
Basic-LT. Further, use of the treadmill and body weight
support reduced fall risk and reduced participants’ fears of
falling during practice of challenging adaptability tasks.
This was particularly important for SCI01 and SCI03 who
had more severe impairments and required a wheelchair for
mobility. Training on the treadmill and overground for these
two partcipants often utilized three trainers (1 physical
therapist and 2 assistants), as well as an assistant to manage
the equipment and set-up adaptability tasks (e.g., deliver
obstacles on the treadmill). While this amount of assistance
and personnel may pose a challenge in clinical settings,
new paradigms are emerging for SCI rehabilitation
to address issues pertaining to resources and service
delivery [45].

Overall, the general training parameters we applied
across Basic- and Adapt-LT were consistent with
previously-reported studies describing intense SCI gait
rehabilitation. Specifically, the duration of training and
training speeds used during both interventions were con-
sistent with prior reports [6]. In addition, the amount of
steps practiced and training intensities achieved during
Adapt-LT were in-line with prior reports of SCI walking
adaptability [7, 8]. The participants achieved an average
of 1500–4000 steps per session of Adapt-LT, which is
consistent with the number of steps practiced during
'‘Endurance Training’' (treadmill stepping),’ as reported by
Yang et al. (2014). Our participants reported slightly lower
levels of perceived exertion (range 11.6–13.6 for Adapt-LT)
relative to the ratings reported by Musselman et al. (2009)
(range 12.5–17.6 for Skill Training). Additionally, the
walking and balance outcomes achieved following each
type of training (Basic- and Adapt-LT) and overall were
generally consistent with previous research [6, 46].
Comparisons between studies, however, are challenging not
only because prior investigations have applied different
research designs, but also because details regarding training

parameters (e.g., intensity and amount of steps practiced)
are rarely reported.

Limitations

A potential limitation in the design of this case series
was the consistent order of the two types of training.
Specifically, the Adapt-LT training parameters and out-
comes may have been different had Basic-LT not been
administered first. However, based on the goals of this case
series, Basic-LT was provided prior to Adapt-LT for a
variety of reasons. First, since our focus was to establish
feasibility of Adapt-LT, we thought it was important to
provide each participant with an established intervention to
determine their ability to safely participate and identify
baseline training responses. The use of only three adapt-
ability tasks—obstacle negotiation, speed changes, and
backward walking—also poses another potential limitation.
While these tasks are important elements of community
mobility, other features such as uneven terrains, doorways,
and stairways were not practiced [47]. Finally, although this
case series focused on only three individuals, this provided
an opportunity to examine individual responses to Adapt-
LT in a cohort of participants with heterogeneous injury
characteristics and varied walking abilities. In particular,
each participant anecdotally reported they felt backward
walking practice was particularly challenging and bene-
ficial. Consistent with this, recent reports of backward
walking training in individuals with ISCIs suggest this
strategy may be useful for promoting recovery of balance
and forward walking function. [48, 49]

Conclusions and future directions

Adapt-LT, a gait rehabilitation intervention focused on
repetitive practice of walking and tasks requiring gait
adaptability was feasible for the three individuals with
chronic ISCIs. In most instances, the training parameters of
amount of practice, walking speed, and perceived exertion
were consistent across Basic- and Adapt-LT. Although
responses to training were varied, gains in walking and
balance function were achieved. Overall, the outcomes
provide preliminary insight into how individuals with ISCIs
may respond to varied forms of training. Future studies are
necessary to assess the efficacy of Adapt-LT and to further
develop this approach to maximize its potential effective-
ness for promoting walking recovery.

Acknowledgements This work was funded by the Department of
Defense Telemedicine and Advanced Technology Resource Center.
The Malcom Randall Veterans Administration, Brooks Rehabilitation
and the Brooks-PHHP Research Collaboration also provided resources
and support. The Rebecca F. Hammond Chair for Spinal Cord Injury
Research (D Howland), the Foundation for Physical Therapy (PODS I

 17091 Page 8 of 10 Spinal Cord Series and Cases  (2017) 3:17091 



to K Butera) and the National Institutes of Health National Center for
Medical and Rehabilitation Research and the National Institute for
Neurological Disorders and Stroke (K12 HD055929 support for E Fox)
provided support to the authors to complete this work. We thank the
participants and volunteers for their roles in conducting this case series
as well as the members of the Human Motor Performance Laboratory.

Compliance with ethical standards

Conflict of interests The authors declare that they have no competing
interests.

Disclaimer The contents are solely the responsibility of the authors
and do not necessarily represent the official views of the NIH,
Department of VA, or the U.S. Government.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/

References

1. Ditunno PL, Patrick M, Stineman M, Ditunno JF. Who wants
to walk? Preferences for recovery after SCI: a longitudinal and
cross-sectional study. Spinal cord. 2008;46:500–6.

2. Balasubramanian CK, Clark DJ, Fox EJ. Walking adaptability
after a stroke and its assessment in clinical settings. Stroke Res
Treat. 2014;2014:591013.

3. Harkema SJ, Hillyer J, Schmidt-Read M, Ardolino E, Sisto SA,
Behrman AL. Locomotor training: as a treatment of spinal cord
injury and in the progression of neurologic rehabilitation. Arch
Phys Med Rehabil. 2012;93:1588–97.

4. Jones ML, Evans N, Tefertiller C, Backus D, Sweatman M,
Tansey K, et al. Activity-based therapy for recovery of walking in
chronic spinal cord injury: results from a secondary analysis to
determine responsiveness to therapy. Arch Phys Med Rehabil.
2014;95:2247–52.

5. Field-Fote EC, Roach KE. Influence of a locomotor training
approach on walking speed and distance in people with chronic
spinal cord injury: a randomized clinical trial. Phys Ther.
2011;91:48–60.

6. Yang JF, Musselman KE. Training to achieve over ground
walking after spinal cord injury: a review of who, what, when, and
how. J Spinal Cord Med. 2012;35:293–304.

7. Musselman KE, Fouad K, Misiaszek JE, Yang JF. Training of
walking skills overground and on the treadmill: case series on
individuals with incomplete spinal cord injury. Phys Ther.
2009;89:601–11.

8. Yang JF, Musselman KE, Livingstone D, Brunton K,
Hendricks G, Hill D, et al. Repetitive mass practice or focused
precise practice for retraining walking after incomplete spinal cord
injury? A pilot randomized clinical trial. Neurorehabil Neural
Repair. 2014;28:314–24.

9. Cha J, Heng C, Reinkensmeyer DJ, Roy RR, Edgerton VR,
De Leon RD. Locomotor ability in spinal rats is dependent on the
amount of activity imposed on the hindlimbs during treadmill
training. J Neurotrauma. 2007;24:1000–12.

10. Lang CE, Macdonald JR, Reisman DS, Boyd L,
Jacobson Kimberley T, Schindler-Ivens SM, et al. Observation
of amounts of movement practice provided during stroke rehabi-
litation. Arch Phys Med Rehabil. 2009;90:1692–98.

11. Beres-Jones JA, Harkema SJ. The human spinal cord
interprets velocity-dependent afferent input during stepping.
Brain: J Neurol. 2004;127(Pt 10):2232–46.

12. Leech KA, Kinnaird CR, Holleran CL, Kahn J, Hornby TG.
Effects of locomotor exercise intensity on gait performance in
individuals with incomplete spinal cord injury. Phys Ther.
2016;96:1919.

13. Behrman AL, Harkema SJ. Physical rehabilitation as an agent for
recovery after spinal cord injury. Phys Medicine Rehabil Clin N
Am. 2007;18:183–202.

14. de Leon RD, Hodgson JA, Roy RR, Edgerton VR, Locomotor
capacity attributable to step training versus spontaneous
recovery after spinalization in adult cats. J Neurophysiol.
1998;79:1329–40

15. Lovely RG, Gregor RJ, Roy RR, Edgerton VR, Effects of training
on the recovery of full-weight-bearing stepping in the adult spinal
cat. Exp Neurol. 1986;92:421–35

16. Kurz MJ, Wilson TW, Arpin DJ. Stride-time variability and
sensorimotor cortical activation during walking. NeuroImage.
2012;59:1602–07.

17. Drew T, Andujar JE, Lajoie K, Yakovenko S. Cortical mechan-
isms involved in visuomotor coordination during precision
walking. Brain Res Rev. 2008;57:199–211.

18. Musienko PE, Zelenin PV, Lyalka VF, Gerasimenko YP,
Orlovsky GN, Deliagina TG. Spinal and supraspinal control of the
direction of stepping during locomotion. J Neurosci.
2012;32:17442–453.

19. Weerdesteyn V, Rijken H, Geurts AC, Smits-Engelsman BC,
Mulder T, Duysens J. A five-week exercise program can reduce
falls and improve obstacle avoidance in the elderly. Gerontology.
2006;52:131–141.

20. Weerdesteyn V, Nienhuis B, Duysens J. Exercise training can
improve spatial characteristics of time-critical obstacle avoidance
in elderly people. Hum Movement Sci. 2008;27:738–48.

21. Heeren A, van Ooijen M, Geurts AC, Day BL, Janssen TW,
Beek PJ, et al. Step by step: a proof of concept study of C-Mill
gait adaptability training in the chronic phase after stroke.
J Rehabil Med. 2013;45:616–22.

22. van Ooijen MW, Heeren A, Smulders K, Geurts AC, Janssen TW,
Beek PJ, et al. Improved gait adjustments after gait adaptability
training are associated with reduced attentional demands in per-
sons with stroke. Exp Brain Res. 2015;233:1007–1018.

23. Kirshblum SC, Burns SP, Biering-Sorensen F, Donovan W,
Graves DE, Jha A, et al. International standards for neurological
classification of spinal cord injury (revised 2011). J Spinal Cord
Med. 2011;34:535–46.

24. Marino RJ, Jones L, Kirshblum S, Tal J, Dasgupta A.
Reliability and repeatability of the motor and sensory
examination of the international standards for neurological
classification of spinal cord injury. J Spinal Cord Med. 2008;
31:166–70.

25. Behrman AL, Nair PM, Bowden MG, Dauser RC, Herget BR,
Martin JB, et al. Locomotor training restores walking in a non-
ambulatory child with chronic, severe, incomplete cervical spinal
cord injury. Phys Ther. 2008;88:580–90.

26. Spiess MR, Jaramillo JP, Behrman AL, Teraoka JK, Patten C.
Unexpected recovery after robotic locomotor training at

Spinal Cord Series and Cases  (2017) 3:17091 Page 9 of 10  17091 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


physiologic stepping speed: a single-case design. Arch Phys Med
Rehabil. 2012;93:1476–84.

27. Fox EJ, Tester NJ, Phadke CP, Nair PM, Senesac CR,
Howland DR, et al. Ongoing walking recovery 2 years after
locomotor training in a child with severe incomplete spinal cord
injury. Phys Ther. 2010;90:793–802.

28. Patla AE, Shumway-Cook A. Dimensions of mobility: defining
the complexity and difficulty associated with community mobility.
J Aging Phys Act. 1999;7:7–19.

29. Borg G. Perceived exertion as an indicator of somatic stress.
Scand J Rehabil Med. 1970;2:92–8.

30. Rossier P, Wade DT. Validity and reliability comparison of
4 mobility measures in patients presenting with neurologic
impairment. Arch Phys Med Rehabil. 2001;82:9–13.

31. van Hedel HJ, Wirz M, Dietz V. Assessing walking ability in
subjects with spinal cord injury: validity and reliability of
3 walking tests. Arch Phys Med Rehabil. 2005;86:190–96.

32. Podsiadlo D, Richardson S. The Timed up and Go - a test of basic
functional mobility for frail elderly persons. J Am Geriatr Soc.
1991;39:142–48.

33. Musselman K, Brunton K, Lam T, Yang J. Spinal cord injury
functional ambulation profile: a new measure of walking ability.
Neurorehabil Neural Repair. 2011;25:285–93.

34. Franchignoni F, Horak F, Godi M, Nardone A, Giordano A. Using
psychometric techniques to improve the Balance Evaluation
Systems Test: the mini-BESTest. J Rehabil Med. 2010;42:
323–31.

35. Powell LE, Myers AM. The Activities-specific Balance
Confidence (ABC) Scale. J Gerontol. 1995;50A:M28–34.

36. Botner EM, Miller WC, Eng JJ. Measurement properties of the
Activities-specific Balance Confidence Scale among individuals
with stroke. Disabil Rehabil. 2005;27:156–63.

37. Lam T, Noonan VK, Eng JJ, Team SR. A systematic review of
functional ambulation outcome measures in spinal cord injury.
Spinal Cord. 2008;46:246–54.

38. Alexander MS, Anderson KD, Biering-Sorensen F, Blight AR,
Brannon R, Bryce TN, et al. Outcome measures in spinal cord
injury: recent assessments and recommendations for future
directions. Spinal Cord. 2009;47:582–91.

39. Beloozerova IN, Farrell BJ, Sirota MG, Prilutsky BI. Differences
in movement mechanics, electromyographic, and motor cortex
activity between accurate and nonaccurate stepping. J Neuro-
physiol. 2010;103:2285–300.

40. Edgerton VR, Kim SJ, Ichiyama RM, Gerasimenko YP, Roy RR.
Rehabilitative therapies after spinal cord injury. J Neurotrauma.
2006;23(3-4):560–70.

41. Grillner S, Wallen P, Saitoh K, Kozlov A, Robertson B. Neural
bases of goal-directed locomotion in vertebrates--an overview.
Brain Res Rev. 2008;57:2–12.

42. Hoogkamer W, Meyns P, Duysens J. Steps forward in under-
standing backward gait: from basic circuits to rehabilitation. Exerc
Sport Sci Rev. 2014;42:23–9.

43. Harkema SJ, Hurley SL, Patel UK, Requejo PS, Dobkin BH,
Edgerton VR. Human lumbosacral spinal cord interprets loading
during stepping. J Neurophysiol. 1997;77:797–811.

44. Maegele M, Muller S, Wernig A, Edgerton VR, Harkema SJ.
Recruitment of spinal motor pools during voluntary movements
versus stepping after human spinal cord injury. J Neurotrauma.
2002;19:1217–29.

45. Harkema SJ, Schmidt-Read M, Behrman AL, Bratta A, Sisto SA,
Edgerton VR. Establishing the NeuroRecovery Network: multisite
rehabilitation centers that provide activity-based therapies and
assessments for neurologic disorders. Arch Phys Med Rehabil.
2012;93:1498–1507.

46. Morawietz C, Moffat F. Effects of locomotor training after
incomplete spinal cord injury: a systematic review. Arch Phys
Med Rehabil. 2013;94:2297–2308.

47. Musselman KE. Clinical significance testing in rehabilitation
research: what, why, and how? Phys Ther Rev. 2007;12:287–96.

48. Moriello G, Pathare N, Cirone C, Pastore D, Shears D, Sulehri S.
Comparison of forward versus backward walking using body
weight supported treadmill training in an individual with a spinal
cord injury: a single subject design. Physiother Theory Practi.
2014;30:29–37.

49. Foster H, DeMark L, Spigel PM, Rose DK, Fox EJ.
The effects of backward walking training on balance and
mobility in an individual with chronic incomplete spinal cord
injury: A case report. Physiother Theory Pract. 2016;32:
536–45.

 17091 Page 10 of 10 Spinal Cord Series and Cases  (2017) 3:17091 


	Retraining walking adaptability following incomplete spinal cord injury
	Abstract
	Introduction
	Case Presentation
	Participants
	Procedures
	Interventions overview
	Basic locomotor training
	Adapt locomotor training
	Training parameters and intervention feasibility
	Amount of stepping practice
	Maximal treadmill training speeds
	Training intensity
	Clinical walking function and balance outcomes
	Outcomes
	Overview
	Participant outcomes
	SCI01
	SCI02
	SCI03

	Discussion
	Limitations
	Conclusions and future directions

	ACKNOWLEDGMENTS
	ACKNOWLEDGMENTS
	References




