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Neuroplasticity After Spinal Cord
Injury and Training: An Emerging
Paradigm Shift in Rehabilitation and
Walking Recovery

Physical rehabilitation after spinal cord injury has been based on the premise
that the nervous system s hard-wired and irreparable Upon this assumption
clinicians have compensated for irremediable sensorimotor delicits using
braces, assistive devices, and wheelchairs to achieve upright and seaied
mobility Evidence from basic science. however, demonstrates that the central
nervous system after injury is matleable and can learn, and this evidence has
challenged our current assumptions. The evidence is especially compelling
concerming locomotion. The purpose ot this perspective atticle is 1o summa-
rize the evidence supporting an impending paradigm shift from compensa-
tion for deficits to rehabilitation as an agent for walking recovery. A
phsiologically based approach for the rehabilitation of walking has devel-
oped, translating evidence for activity-dependent neuroplasticity after spinal
cord injury and the neurobiological control of walking. Advanced by partner-
ships among newroscientists, clinictans, and vesea chers, critical rehabilitation
concepts arc emerging for activity-based therapy to improve walking recovery,
with promising clinical findings. [Behrman AL, Bowden MG Nalr PM
Newroplasticity after spinal cord injury and training: an emerging paradigm
shift in rebabilitation and walking recovery. Phys Ther 2006:86: 14061425 |

Key Words: [ocomotion, Recovery of function, Spinal cord injuries.

Andrea L Behrman, Mark G Bowden, Preeti M Nair

1406

Physical Therapy  Volume 86 Number 10 Cetober 2006



he purpose of this perspective is 1o sunnnarize
the evidence supporting an emerging paradigm
shift' for the rehabilitation ol walking afler
incomplete spinal cord injury (SCD from com-
pensation for deficits to activity-dependent neural adap-
tation and training. I new basic science findings are
cfficiently and effectively integrated inio clinical prac-
tice. it will no longer be possible for scientisis andd
clinicians to work independently. Rather. this integia-
tion will require a partnership between clinicians aned
scientists and a shilt in mindset from compensatory
training to activity-hased therapies as the foundation for
rehabilitation  This shift could create a temporary
pertod of discomfort as clinicians move from paditional
practice to the challenge of creadve wanslaion of sci-
ence into clincal practice.

A series of hypothesis-based studies are proposed to
examine important issues defined by clinicians in part-
‘nership with neuroscientists, exercise and muscle physi-
ologists. engineers, biomechanists, physicians, and con-
sumers. Furthermore, the theoretical analysis supporting
a recovery model of locomotor lunctien alter SCI based
on activity-dependent plasticity and neurobiclogy mav
he applicable to other biological systems such as respi-
“ration and upper-extremity function.

Current Model of $CI and Rehabilitation:
Compensatory Clinical Model

Since the 1928 work of Santiago Ramdn v Cajal famed
neuroscientist, the prevailing assumption has been that
the-central nervous system (ONS) is hard-wired, nonmal-
leable, and incapable of 1epairing iself * This perspec-
tive has provided the foundation that has battressed and
guided decision making for physical rehabilitation after
SCI Clintcians have selected compensation as a rehabil-
itation strategy for nonremediable deficits of swength
(force-generating  capacity), voluntary motor control,
sensation, and balance. This approach enables. rather
than remediates, disablemient The patlent leans so
compensate, using other abilities to complete a sk, or

Advances in neuroscience are
unlocking the mysteries of recovery
after 5CI. Although all of the pieces of
the puzzle are not in place, physical

therapists should shift their paradigm.

to modify the task or the environment to accomplish the
goal * Clinical decision making has been guided by
expecied outcomes based on the degree of motor and
sensory loss [rom total to partial 4

A review of texis published in 2000 and 2001 f{or
instructon of adult neurorchabilitation in physical ther-
apist educatinn programs™* supports compensation as a
predominant foundation for physical  rehabilitation
practice for people with SCL Typical gouls of 5CT reha-
bilization are o strengthen wailable muscles under
vohmtary control; to support and compensate for paresis
or paralysis asing braces and assistive devices; to teach
new movemncent strategies to accomplish activities of daihy
living, inchiding dressing, transters, and bed mobility: 1o
teach new strategies tor upright mohility that incorpo-
rate braces and assistive devices: and to teach wheelehair
maobiligy skills. -7 Clinical decision making has stemmned
from the associned expected functional outcomes
according to the level and severity of complete SCL.

Basis for New Model for SCl and
Rehabilitation: Activity-Dependent

Plasticity and Recovery

Over the past 30 vears, newroscientists have sought o
derernine the role of the spinal cord in conuolling
movement in general and locomotion in pardcular
Some pewrosciendsts have inestigated the capacity of
the CONS, i partcular the spinal cord, o lean 1o
respond, and o control walking in animals with com-
plete spinal cord fesions. Seminal work in this area can
be reviewed in numerows primary and review artcles ~-#
Lovely et al'' demonsuated that cats with complewe
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spimil transections respond to intense walking vaining
When cats were provided with truncal suppor Lomanually
assisted loading, and stepping kinematics over a iread-
mill, they generated a hind-imb stepping response even
in the ahsence of supraspinal input. Additonalls. the
cals increased their cadence and step length appropri-
atch when treadmill speed was increased. One explana-
tion for this response is the spinal cord’s capacity 10
respond to afferent input associated with the increased
veadmill speed Whether that input is proprioception.
muscle length cutaneous feedback or load. it indicates
a change in context and signals a change in motor
output o meet the demand. An inact feedback loop
herween atferent and cfferent nerves with an uppe
motor neuron (LIMNY lesion (above the lumbosacral
area} provides a means for input to the neural axis and
for generation of a motor response  [his phenomenon
ol appropriarcty responding to sensory input supports
the view of the intrinsic capacity of the neural network at
the level of the spindd cord to integrate incoming
information . interpret it and respond with a motor
ouwtpat. Similarly, Hodgson et al'¥ observed that when
cats with complete midthoracic spinal nansections were
trained either to stand or ¢ hind-limhb step on a (reac-
mill, each group leamed its respective task Neither
oroup. however. could perform the nontrained, alter-
mitte tasks stepping or standing This Anding bas lent
support to the concept of “task specificity” whenetraine
ing atter SCL

The activin-dependent plasticity of the spinal cord, once
thought to he unresponsive and mcapable of recovery,
serves as one prong of sdentific evidence challenging
the assumptions of cuprent dlinical practice. A second is
the scope of research examining the role of specific
afferent input to the newrobiclogical conuol of walk-
ing ** 1t Two examples of this evidence and its implica-
tois for retaining walking after SCH are emphasized
here One example deals with the elffect of hip positon
and the second example deals with the effect of load

Shertington'™ was the hest authot o propose that pro-
praceptors responding o hip extension arc important
for initating swing. Geillner and Rossignol®* found thal
preventing the hip from extending in chronic spinal cats
inhibited the generation ol the flexor burst and thus the
onsel of the swing phase. The most direct ovidenee {o
this conclusion. howeser, came from vibrating the hip
Hexor muscle (Hiopsoas) duting stance  This vibiation
led to an eartier onset of swing in walking decerehraie
cats.” Vibradon likely stimulated the primary and sec-
ondary endings of muscle spindles in hip Gexor muscles,
simulating the stretch. which occurs when the hip is
extended during stance. Similaly in humans, involun-
tary andd altervating stepping-like movements  were
ohserved in an individual after incompiete SCEwhen the
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hip was extended in the supine position ™ The findings
of rescarch examining infant stepping also support the
rote of hip extension position for the initation ol swing,
From the recorded hip motion and elecrromyographic
(EMG) data. scientists concludedd that the preferred hip
position was extension in late stance which stretches the
hip Aexors and wiggers fonward swing of the limb. ™
These data sugest that the hip position is important in
initating the transition om stance o swing.

Another imporant sensorn input regulating the stance-
toswing transition is the extensor load relaved by the
Golgi tendon organs {Ib) in the ankle extensor mus-
eles ' M During locomotor activity, electrical stimulation
of the group Ib afferents from the ankle extensor
inhibits the generation of flexor bursts which prolongs
the duration ol extensor activity. Duvsens and Pearson™
observed that graduatly increastng the load applied 1o
the Achilles tendon resulted in increases in both ampli-
tude and dwation of the rhythmic EMG busts ol the
ankle extensors. In humans researchers found that
untoading the ankle extensors by a portable device in
the stance phase of walking redeced soleus muscle EMG
activing this reduction was maintained even when trans-
mission in I afferonis was bDlocked by local anesthesia
This finding pointed 10 group b o1 group Ul afferents
cortributing 1o the extensor EMG activity in the stance
phase 2 Flarkema er al®® observed that the amplitude of
extensor muscle activation in the legs was divectly related
10 the level of hody weight loading on the legs duing the
manuatly assisted stepping of sabjects with and without
SCY on a treadinill. Furthermore limb peak load was
more closely ussociated with modulation of the extensor
EMG amplitude than muscle streteh or velociy  of
streich Thetr e al®™ also found that phyvsiological
locomotor-like ey movements alone  (180% body

unloading} generared by the ;1;)]jlic;]{i()11 of & driven gait
orthosts on a beadmill were not sefficient o generate
leg muscle actvation in cither subjects with complete
partaplegia or whaplegia or subjects without injury. In
this studhy, leg moevements in combination wi

of the legs led to appropriate leg muscle activation

Hip extension position and load are 2 cxamples of
sensory input specific w the wsk of walking that conirib-
we o the inherent mechanisins in the neural axis
generating stepping ! These serwory signals are inter-
proted by o newwork of spinal interncurons  often
releived o as o “central panern generaror’ (CPG)
which combine with descending supraspinal input
order 1o controb watking * The pattern of locomaotion is
atkributed o the CPGL which promotes the rhythmic
oscitlations of the exwemities. Thus, it s ataithe o
develop rehabittiative sirategies that emphasize the pro-
vision of hip extension and load, as well as other sensony
clements conuibuting @0 the conmol ot walking. A
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complete ensemble of sensory information relative 1o
walking (ie, speed, interlimb and intralimb coordina-
ton, and Kinematics) provided during oaining would
likely enhance the neural outpur gencrating walking,
Greater clarity of the sensory experience of walking may
be necessary for people with more severe injuries and
lecomotor delicits,

bvidence from this literature can be translated into
therapeutic guidelines and incorporated inwo interven-
tions 10 promote the recovery of walking 6= The term
“locomotor taining” (LT) has arisen to desaribe a
physiologicatly based approach to retraining walking
after neurologic injury that capitalizes on the intrinsic
mechanisms of the spinal cord to generate stepping in
response to specific afferent input associated with the
task of walking **-* Guidelines for L1, for instance,
inchude maximizing loading of the lower mbs instead of
- the upper extremities during training Although. body-
weight suppoit systems provide this oppertunity, facili-
‘tating more upright standing and adjusting the height of
assistive devices (if used) overground also may promote
greater load bearing by the lower limbs relatve w the
arms. Instructions to ensure that the leg hits the ground
betore a forearm cruich emphasizes load bearing
through the legs. Synchronizing hip exiension and limb
unloading with simultanecus loading of the other lower
limb to promote swing initiation and activation of con-
tralateral imb extensors also is an important guideline.
Equally critical is prometing the inittation of stepping
trom a suide position w allow weight transfer from an
extended and loaded limb forward 1o the unloaded
limb. Certainly other training guidelines may be trans-
lated from basic and dinical evidence 23 2828 553

Translation of Animal Basic Science to Human
Clinical Science

Findings from basic scientists provide s foundation for
recovery afier SCI based on an understanding of activity-
dependent plasticity and of the neurobiological controt
of walking The nervous SYStem is responsive (o input
and can lfearn even after injury. The wraining experience
afforded 1o the nervous system s critdcal and specilic to
the sensory experience associated with the goal: standing
or walking

The basts For a paradigm shift in clinical rehabilitation of
people with SCI has been recorded in scientific publica-
tons as early as 19919 by the neuroscience community
proposing “a physiological basis for development of
rehabilitative strategies for spinally injured patients™!
and continues through publications in 2004 describing
plasticity after SCI and locomotor activity atter SCI in
hunans 109 Similarly and in paratlel, publications by
clinical scientsts with docroral training in neuroscience
ol motor control {or collaborating with neuroscientists)
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offer concepts that will Form the basis for a new direction
in locomotor recovery and rehabilitation after necure-
logic injury ¥ 234" These “emerging 1ehabilitation
concepts 32100 qnclude recovery based on iniense
practice of the specific task, locomotion: providing
appropriate sensory input (loading and unloading,
trunk posture, hip extension, limb kinematics) associ-
wted with the locomotor sk to tap the intrinsic neural
networks generating stepping activity: permissiveness of
the waining environment (treadmill speed, body-weight
support [BWS]) to enhance pracuce of the locomotor
task; integraton of postural control as a corequusite for
locomotion; and minimizing compensation (load bear-
ing thiough the legs versus load bearing through the
arms, hip hiking for swing) +

The dialogue among nearoscientists, clinical sdentists,
and chnicians will allow them to inform one another ot
the critical questions unanswered in the nanslatton from
basic science to human applicadon. Clinicians also may
identify important questions from their experiences that
require preliminary work in animal models prior 1o
testing in huwmans. For instance baclofen is a refatively
commmon drug used to reduce spasticity by altering reflex
activity. The porential interactive effect of baclofen on
walking recovery, and in particula s elffect on the
activation of stepping, 18 not known. Neuroscientists can
readily examine issues of severity ol injury, dose. timing,
and training interactions on walking recovery while
using animal models of SCI. Basic science findings may
divect clinical practice or clinical research relative to
pharmacological interactions with wraining and enhance
sensithvity of measures

A Proposed Shift in Clinical Decision Making
Based on the Recovery Model

Evaluation

Evaluation liom a compensatory model is primarily
accomplished using the American Spinal Injury Associ-
ation  {ASIA) classification  system of impaiiments
including both manual muscle testing and sensory est-
ing. " From this evaluation, injury severity is classificd as
ASIA A, B, C. D, or k. and the neurological level of the
fesion is estabiished. This svstem 13 used to classily
residual funection, 1w group and compuare patients in
tmpairment categories, and 1o predict functional oue
comes, including walking abiliy akeer SCE? - The
evaluation of isolated. voluntary motor conuol during a
manual muscle test has been identified, in conjunction
witht lesion level, as primary predictors for ambulation
when in the acute stage alter SCIA7°0 Achievement of
quadticeps femoris muscle sirength greater than 375
within 3 months of SCI, in particular, has been strongly
associated with ambulatory potential ¥ Interestingly,
presenvation or recovery of pinprick sensation after



acute SCI (within 72 hours) is highl predictive of
recovery of walking function at time of discharge trom
rehabilitation * These indicators. turthernuote. are used
i assess the more homediate potential for ambulation
in people with chronic SCI This evaluation model is set
in a hierarchical maodel for the neural control of move-
ment toting a wop-down svstem  fol the control of
walking®? and the ability to perform isolated voluntan
movements while lying supine. The ASIA classitication
systert and lower-exlremify motor scores {manual mus-
cle test scores) are excellent predicrors associated with
walking recovery wlen applied acutely afeer SCI Henw-
ever, evidence indicates that people with chronie, incom-
plete motor SCI aiay recover or improve walking func-
tion atter taining withont associaied improvements in
ASIA Jower-extremity motot scores #2735 Jueh €Vi-
dence. as well as the basic science literature in animal
models of SCILW 5 suggests an altermative mechanism for
improved walking ability and warrants speculation as to
how this neurally difven capacity may be assessed and
trained

Within the recovers model, an evaluation is proposed®
to examine the capacity to generate walking behavior
within a conducive environment and within the context
of a nonhierarchical model for the conuel of wabtking #
capitalizing on sensory INPUt Lo generte @ motor output
for walking in combination with supraspinal drive Usc
of 2 BWS system and treadmill may provide a permissive
evatuaton emvironment in that they afford the condi-
tions for exhibiting such behavior Walking overground
for people with compromised nervous system function
after SCI requires significant nenrophysiological and
bicmnechanical demand to suppott body weight. o bal:
ance, and to generate the necessary forces for walking
As u result. the individual walks with an altered pattern
overground, compensating for various motor and sen-
sory deficits and using braces and assistive devices ™
Although walking capacity ultimately must be applied
overground. the BWS and wreadmill emvironment with
manual assistance may provide an alternative means to
discern the potential of the nervous system and a viable
training environment. The Appendix prosides a detailed
compartson of the compensatory and recovery-based
approaches to cvaluation and wreatment.

As iltustrated i the Figure walking entails 3 uenrad
control mechanisms: a reciprocal stepping pattern (for
propulsion), balance (upright and dvnamic equilib-
rivm) and adapiabiliv (the ability of the individual to
respond to the demanes of the emvironment and to mect
his o1 her own behmvioral goals) 5 The evaluation of
walking. therefore, should assess each of these elements
of control. This evaluation approach would atford clini-
cians the means to classifv people after SClaccording to
a discriminative examination of motor control deficits

1T a1M [ S SO —

Equilibrium
during
propulsive
movement

Basic
feC*Pfoca't Adaptation to
movemen behavioral
synergy goals and
external

constraints

Figure.
Functional walking controf requirements by the nervous system

and abilities spucific to the sk of walking > Fach newral
control mechanism can be expanded. identifving the
specific subcomponents necessarny 1o accomplish the
task. Fou instance, the extensive work modeling the tisks

vequired [or-the control of balance and the contol of

adaptability may provide the basis lor an cvaluation of
these 2 subtasks "9 Evaluating and categorizing toco-
motor abitines 1 such an covironment uhimately may
contribute to a clinical dedision-making atgorithm for
the rehabilitation of walking ¥ % Such an approack also
would afford researchers and clinicians i means o assess
the dilferential effect of various modalities and training
protocols on these B essential clements of walking:
stepping, balance, and adaptability, Thus. the model
serves ot oy as a framework for evaluation. but also as
a framework for developing owcome measures and
weatment planning

As previously noted. the compensation mode] targets
isolated muscle stength as aritical for ambulation, From
arecovery and mskspectfic view. however the locomoto
requirement is not simply for wolated, volunmn muscle
strengrth, For instance. newromusculy control of an
extensor moment is required for a synergistic. reciprocal
stepping pattern throughout the gait ovele and ding
the transfer of body weight. Furthermore cantrol of the
extensor moment provides a stable base of support to
the head, arms, and vunk. Although guadriceps femoris
muscle strength is an impoitant conuibwor to this
capacity. the control of this extensor force during the
wpright and propulsive task specific to walking is critical
[or successiul ambulation ™
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Treatment

[ the compensatory model. the goal of upright mobilit
is achieved by modifving the wsk and environment.
T'hese conventional strategies “enable * rehabilitation 3
In the recovery model, decisions regarding the use of
equupment, assistive devices, or braces are considered
within the context of providing a uaining experience
comsistent with the “emerging rehabiliagon concepis”
to maximize the intrinsic mechanisms within the CNS
generate stepping. The introduction and use of assistive
devices, braces wheeled mobility, the overall uaining
environments, and the progression process will differ for
these 2 perspectives. Comparisons of the 2 dedision-
making processes ave identified in the Appendix 572

An example of divergent paradigms is the initial assess-
ment of the locomotor limitation and choice of inter-
ventions, In the compensatory model weakness and loss
of voluntary motor control are considered problems for
which a walker or parallel bais can provide compensa-
ton. Weight bearing through the arms on an assistive
device and. a forward flexed tunk may restrict hip
extension, . loading of the lower limbs. production of
ground reaction forces associated with propulsion, anet
activation of flexion during transiion from stance 0
swing: Visintiti and Barbean®? investigated the conse-
quences of weight bearing on the upper estremities
LDlnpdlLd with load bearing through the legs. both with

% BWS provided Upper-exiremity weight bearing
msulted in decreased EMG activity in the lower limbs
and more asymmetry in- the limb kinematics Thus. a
compensatory stiategy emerged when individuals used
an_ assistive device for weight-bearing support in con-
trast. overhead BWS resulted in a more symmenical
pattein of EMG activity and gait, Thus. a recovery-based
approach incerporating thi.s evidence would suggest a
benefit w0 using overhead BWS without a handrail or
upper-extrenity support while taining on the treadmill
and diminished ‘use of the upper extremity during
uaining overall. In this case crect posture and dimin-
ishing load b wifg on e anns beconte criiicat compo-
nents of the waining. The BWS provides a permissive
environment to elicit walking capacit

Decision making for use of a walker or overhead BWS
tHustrates the process of uwanslation hom animal 1o
human research to dinical practice. Other hypotheses
may be generated around this single domain, use of BWS
assistance  in developing a physiologically based L1
mrogram Certainly, guidelines for BWS will continue to
be refined us evidence for varied taining protocols are
wlentified for specific walking deficits 53

In exumining the inoduction of a walker relative 1o

balance control  compensation and recovery models
again result in 2 different approaches. When clinicians
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are uaining balance specific o the task of walking, use of
a walker is not appropriate. because its presence moci-
fies the task. Maintining balance while using a walker
becomes task specific  to the presence ol a walker Asa
pattent so honesthy explained o us when asked i he
could be evaluated while walking withow his walker, 1
was wained 10 walk with 6 legs, not with 2 ff we
anticipate uaining the corequisite task of balance 162 we
must wain it during the sk of walking with 2 legs and
not with "6 legs * Balance is a corequisite of the wsk of
walking and a significant requirement (o successtul
walking ©! % Retraining balance may more effectively be
trained within the specific rask ol walking without upper-
exIremiyy support

Comparable elements such as the wse of an ankle-foot
orthosis {AF()) during wraining o1 for walking ower-
ground may be hyvpothesized and studied, Use of an AFO
may be recommended atter SCI due to weakness, an
unstable and uncontrolled position of the foot during
swing or stance. or lack of foot clearance duu Ing swing,
or for safery. Clinicians suggest that the AFO solves the
problem of ankle contiol by connolling the degrees of
freedom at the hip and knee thereby allowing the
patient to gain more proximal control for walking. The
biace is used to enable mobitin. Several researchers
purposetully de not wain with an AFO when using a
physiolagical, activity-dependent therapy for renaining
walking. ®#7%% The AFO, il used during uaining. may
alter the himb mechanics ground reaction forees, and
alferent input. thus inhibiting the responsiveness (o
sensory input to generate stepping. Whether the patient
ulomately uses an AFO for walking in the home and
community is a matter ol benefit, safety, and clinical

judgment. The implications of training with en without
Juag 14

an AFO provide a hypothesis<driven study criticat to
determining an ellective taining protocol.

State-of-the-Translation to Clinical Science ond Practice

The discovery of the spinal cord's capacity for activity-
dependent plasticin and afferent-based generaton ol
locomotion atter SCI in animal models ted o a transla-
tion of these findings to humans afrer SCIL Application
1o the human condition formed the basis for a bridge in
communication across the newoscience and clinical
rehabilitation professional communitics. Flugues Bar-
bean. a physical therapist and newescientist was one of
the ewrly scientisis to wanstate the animal model findings
for SCL and LT o humans© He explored the use of
BWS placed over a treadmill within the context of
providing the sensory expertence of walking in order 1o
generate walking after SCI and stroke. The BWS and
readmill were wols used w0 provide an emvironment
‘permissive” o practice the ask of walking intenseh and
to atford the specific, sensory experience associated with
the task. Although a primany vaining envitonment o
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develop the capacity to step and the corequisite posture
and equilibrium is critical, this capacity and skill must
transfer and be praciiced in the overground environ-
ment as well. 296 Other researchers®™# and the medical
equipment industry 1esponded with the development ol
comnmercially available BWS systems. Current clinical
enthusiasm for the BWS system may be prematurc
without evidence for practice guidelines addressing clin-
ical decision making, precawtions, and satety. Transla-
tion to the human condition atter SCI has been investi-
gated in both clinical and research settings over the past
15 vears. Here we review 3 suudies relative 1o the taining
effects of LT for people with acute SCI and 11 studies
relative 1o people with chronic SCI (>5 months alter
SCI): these studies mav provide some clinical guidance.
Cross-sectional studies also have targeted an understand-
ing of the parameters of training aud their immediate
effect 223242

Six criteria for evaluating how physical therapy treat-
ment approaches should be critiqued for scientific meri
have been proposed: (1) theories underlying the treae
ment approach are suppoited by valid anatomical and
physiological evidence, (2) the approach is designed for
a specific type of patient population, {3) potenal side
effects are presented, (4) studies from peerrevievwed
journals are provided that support the treatment’s cffi-
cacy, (5) studies include welldesigned, randomized,
controlled clinieal trials or single-subject experimental
studies. and (6) proponents of the treatment approach
are open and willing to discuss its fimitations * We
applied these criteria to examine LT as a new therapy
being nanslated into clinical practice.

In the exampie of LT, the available evidence indicates
that the first criterion for theoretical support validated
by biological evidence has been well met through the
work of Edgerton et al * Barbeau and Rossignol, % and
other rescarchers'2 in animal models and basic soi-
ence With regard to the second criterion. there is a
substaniial body of Hierature based on transiation of the
basic science findings for clinical appitcation atter SCI
and stroke and evidence is emerging for other neuro-
logical disorders. The third criterion for safety of the
intervention has been addressed by the lack of signifi-
cant adverse events when compared with conventional
gait training. A recent SCI wrial of LT in acute rehabili-
tation demonstrated safety and feasibility for delivery of
this intervention in carly rehabilitation after SCI®
Other studies?™ 7 71 support safe delivery 10 people with
chronic SCI Safe delivery is important relative to the
ttming of delivery, the chronicity of injury, and the
severity of injury (complete or incomplete). Complica-
tions such as bone loss. sensory delicis, range-of-motion
and flexibility lmitations, heterotopic ossification habit-
ual compensatory behaviors, autonomic  dysreflexia.
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orthostatic hypotension, and others may complicate the
abilin to provide LT safely and cffectively. but the
current literature has not addressed these  points
directly. In order for LT to be transitioned 1o the clinic
for appropriate populations. these critical safery issucs
will need o be examined

To address the fourth criterion of efficacy a synopsis of
peer-reviewed and published srudies is provided in
Tables 1 and 2. These tables summarize: (1) LT and
outcomes in people with SCIL and (2) specific training
parameters and their immediate cifects in people with
SCL respectively. To examine the efficacy established via
these studies, Sackett's levels ol evidence were applied 1o
cach study, and the resulting levels are indicated in
Table 1.7% For clarity, the studies have been separated
inte those that examined LT in people with acute SCI
and those that focused primarily on people with chronic
SCI (greater than 5 months postinjury)

The best evideuce {level 1) for people with acute SCI
comes from a recently completed RCT comparing LT
aned a control group that received an overground tain-
ing program matched in intensity for people with ASTA
B-, - and D-classified injuries within 8 weeks of their
SCIL Sixth-month outcomes for both ASIA C and [ with
UMN injuries regardless of the therapy received indi-
cated remarkable achievements of normal watking speed
{1.1 m/s) after 45 1o 6{) sessions ot therapy during acute
rehabilitation 2 Much of the additional, positive evi-
dence for LT, though, has come trom case repotts and
small-group  studies of people with chronic SGL*
Although the results are promising in people with
chronic S3CE the majority of evidence is cither Sackett
level IV o1 V. and efficacy cannot fully be determined
without an appropriately designed randomized clinical
il (RCTH.

Regarding the sixth and final criterion of being open
and willing to discuss the limitations, it should be noted
that the scientific commuity has led the effort w show
resteaint in the notverjustificd translation to unstudied
poputations and dinkal practice. The advent ot technol-
ogy has inspired many people in the clinical community
to assune efficacy because of novelty of the equipment
and atiempts to brand a therapewtic intervention by the
equipment used should be met with caution. The term
“hody-weight-supported treadmill taining” has becomne
a lexicon for any therapy that uses these 2 picces of
equipment regardless of the therapeutic goal, The use of
this language may mask the active ingredients ol the
therapy by overemphasizing the vole of the equipment as
opposed to emphasizing the goal of the therapy and the
scientific underpinnings guiding clinical decision mak-
ing for this physiologically based intervenuon. Thus not
all studies identified as “bodv-weight-supported nead-
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mill training” adhere to the same principles of training,
training variables. progression, or theoretical context.

For the purpose of this article, the aim of LT is to
enhance or restore walking after neurologic injury or
discase. Locorotor training is a physiologically based
therapy affording intense practice and repetition of the
task of walking in environments affording a locomotor-
specific experience of walking, skill progression and
acquisition, and transfer of this capacity to community
ambulation. The theoretical underpinnings recognize a
tripartite model of the neural control of walking and
thus the opportunity to both activate stepping pattern
generation from supraspinal, descending pathways and
afferent, ascending pathways in the neural axis ** In the
presence of a compromised and dysfunctional descend-
ing circuliry, training that capltalizes on the intrinsic
mechanisms. of the CNS to generate rhythmic move-
ments via sensorimeotor pathways and its capacity to learn
is the basis for locomotor training. Available supraspinal
drive is incorporated by engagement of the patient in
critical tasks {ie; holding an upright posture, weight
transfer) and goal identification and setting *#

Analysis using the suggested set of eriteria illustrates that
LT, despite its detailed investigation from animal models
1o RCTs, cannot be indiscriminately recommended for
widespread application across all people with 8CI tor the
recovery of walking Case reports and case series have
described Iittle effect in people with lower motor neuron
injuries. There are no reports of someone with ASIA A
or B injuries being able to tanslate improved walking
hehavior 1o an overground environment, and the only
ROCT that has been published on the topic indicates that
LT i equally effective in achieving overground gait
specd in people  with acute SCI, ASIA € and D
Achievement of gait speed outcomes in both groups
exceeded expectations for recovery;, 92% walked as
opposed to B8% historieally ® Evidence from studies
with smaller samples of subjects with SCI offer very
COMpEing evidenoe; however, 1ecovery of
bevond - that cwrrently seen -with compensation-based
approaches may be actualized in human populations.
Translation into dinical practice, according to the
Megans and Harris ariteria, ™ would be contingent upon
several factors. that are currently absent from the current
state of evidence, including: (1} seandardizaton of crit
ical elements of training parameters, (2) identification
of individuals for whom the therapy is most appropriate
{bevond the ASIA classification), ™ ™ and (3) evidence
for benefits in peaple with chronic 5CIin the form of a
welb-desipned RCT Other areas also warrant consider-
wation, including tming of delivery postinjury, staffing
patierns, costbenefit, equipment options  and by
products of training for health *®

P
FOCOIMIOTION
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In order to develop the "best practice” for the recoven
of walking, certain critical questions must be answeved
To most effectively apply LT, clinicians need to know
which patients will benefit and when postinjury that
benefit will be maximized. The interventions that maxi-
mize recovery of walking the interventions that should
he paired with each other as a hybrid treavment. and the
interventions that will augment the training by address-
ing other deficits such as srength and activation shoulbd
be identified. Finally questions about how best 1o dehver
the intervention (including intensity, duration. fre-
quency, safery, deciston making, and progression)
should be investigated. Such information would torm a
"Guidelines for the Recovery of Walking After SCIY
comparable to the Paralyzed Veterans of America guide-
lines for functional outcomes after SCI+ The cuwrrent
literature begins to answer these questions o inform
clinical practice {Tab. 1) but wany questions remain
unanswered When reviewing the literature, each of
these elements should be identified, as should an under-
standing of the critical components (active ingredients)
ol the therapy to which its success is atributed . Future
studies are needed to address these questions and to
continue 1o provide evidence for the parameters and
progression for specific training protocols 7% hybrid
therapies. ™77 and augmented therapies.

As shown in Table I, the majority of work has focused on
people with incomplete SCL Although incomplete SCIs
accounted for 55.3% of the total number of annual SCls
e 2004,7% clinicians  have not  developed  clinical
decision-making guidelines for this population as they
have for peopie with complete spinal injuries When
motor and sensory function are evident, the capacity for
recovery for walking, upper-extremity function, and
howel and bladder or other biological system functions is
likely significant®  This  population may  benefit
immensely from a model of recovery tor locomoton™ or
for other system functions.

As described in iable 1 ouicomes for people with
incamplete SCIL, ASIA € and D UMN lesions vary
following wraining with BWS and a weadmill. Current
evidence indicates that people atter SCI with sparing of
some voluntiry control of 1solated feg movements (ASIA
 and D) likely benefit more from locomotor training
for improved walking abilin™ 7 than people lacking
voluntary contiol (ASIA A and B) . Improversenss in gait
speed varied widely. Additionally, individuals achieved
the ability to walk more wdependently (less assistive
device use or removal of braces). increased endurance,
transitioned from being a limited household ambtdator
10 a fulltime ambulator, and made changes in muscle
activation patterns and coordination  Many outcomes
are presented and vary from physiological measures such
as strength and endurance w mechanistic measures such
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as EMG quantification and He-reflex analysis, but walking
speed was by far the most common outcome assessed
and is reflected in a separate column in Table 1
Although gait speed correlates with functional ability in
people with stroke® and undoubtedly has great impli-
cations for measuring physical performance in people
with SCT as well, results of changes in gait speed should
he reviewed critically within the context of dlinically
meaningful change. In particular, percentage change
scores for people whose gait speeds tall far below normal
values (0 8~12 m/s)# may not reflect a functional gain
or increase in walking capacity At this time, the standard
error of measurement has vet to be determined for
people with incomplete SCIs and severe ambulation
deficits, and minimal changes expiessed in high percent-
ages may fall below a minimal detectable change neces-
sary to describe meaningful improvement 8 Alerna-
tively, walking speed may not be the most appropriate
outcome measure for people who are highly impaired,
and' other measures of functional performance also
should be used in addition to walking speed.

Variahility in outcomes may reflect protocol differences,
intensity and duration ot training, and the heterogeneity
-within the population of people with incomplete SCls.
Heterogeneity is associated with direct consequences of
the injury (ie, severity and location of injury, age at time
of injury, time since injury, and presence ol interactive
medications) and personal factors {ie, premorbid his-
tory, personal motivation, and family support) Being
able to better characteuize people with SCI beyond the
ASIA classification system and to thus categorize the
population according to neurophysiological, lesion, and
neural control measures? ™9 may assist in identifying
who specifically benefits from an intervention and thus
advance clinical decision making. The severity and spe-
cific constellaion of deficits that contribute to gait
disability (stepping, balance, and adaptability) may be
important for evaluation and treatment planping. iden-
tifving the mechanisims accounting for benefit are criti-
cal needs for Rature reseaich and for developing “best
practice” guidelines. The theorctical basis for LT s
readily applied to people with intact lumbosacral senso-
rimotor neural circuits, as in people with UMN SCI
lesions. Application of LT for recovery of walking for
people with mixed injuries or lower motor newron
injuries should be studied specifically, although the
theoretical basis for benefir is likely different than tor
UMN lesions. The majority of studies have been con-
ducted following inpatient and outpatient rehabilitation
in people from 1 month up to 18 years after SCI. Dobkin
et al® Wernig et al® and Nymark et al,*' however.
tested LT during inpatient rehabilitation and extending
into outpatient rehabilitation.

7414 . Behrman et ol

Inherent in these evaluative criteria is the examination
of the state-of the-evidence for continuity of the critical
training components. For example, in examining LT
relative to these criteria, it is essential to identifv the
specific aspects of the training that define the interven-
tion in comparison with other interventions or training
protocols. Table 2 highlights some of these components
and the variability that is seen in the literature describing
graining programs incorporating BWS and treadmill
equipment. Consumers of this literature are encouraged
to assess it examining the critical training components
and the scientific basis provided for selection of the
training components, It may be more important to
identify the therapeutic goal (ie, recovery or restitution
ot walking, endurance training) and its guidelines, deci-
sion making, and progression first, and then to select
the equipment and decide how it is used consistent with
the therapeutic paradigm to achieve the goal Although
the BWS and treadmill are current tools to optimize
delivery of this intervention, other equipment or devices
may vet offer alternative modes for delivery ¥ In addi-
fion, application of physiologically based training guide-
lines are not limited to training on a treadmill, but have
been extended to the overground environment 2027 51 53

A review ol published studies requires an identification
of the specific training that is used All training protocols
using a BWS system or treadmill are not alike simply
because of the common equipment, and compa isons
among studies thercfore are often difficult. Forther-
more, differences exist among BWS systems that may be
critical to training henefit 8657 Inquiry relative to the role
of the BWS system itselt is needed because its use has
become more prevalent in clinical practice Guidelines
for progression during training also vary among the
studies and may include simple directions to increase
walking speed and decrease BWS, predesignated rules
for altering walking speed and BWS, or more complex
algorithms of decision making % As Hidier™ and Field-
Fote et al*! contended, there is little consistency among
training protocols, Mere importantdy, many questions
remain to be answered in order to define the optimal
training for people atter SCI

In summary, the basic premise guiding current clinical
practice is that recovery is not expected after SCI
Consequently, clinical decision making for rehabilita-
tion of patents after SCI is founded on a model of
compensation  However, neuroscientists are providing
new therapeutic intervention strategies based on the
neurcbiological control of walking and physiologically
based activity-dependent plasticity Essential elements
fer LT have been proposed from experimental evidence,
and ganslation to the human condition continues to be
examined. Comparable training strategies that remedi-
ate disability. in lieu of compensating for impairments.
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may promote recoverv of lunction for other biological
systems after SCI

Recommendations for Advancement of
Paradigm Shift

The wanskation of scientific evidence into elinical prac-

tice is challenging.™ and advancing a paradigm shift

requires overcoming many obstacles. The shift means a

change in expectation, realized by a change in recovery

in people with SCI after injury and after training.
(A‘.linic'_ians and neuroscientists partmered in this efforc as
one .community provide multiple perspectives and
insights into problem:soling recovery and rehabilitation
after SCL This partnership has led and wil continue to
iead 10 more meaningful scientific inquiry and the more
rapid infusion of evidence into clinical practice

In order to promote advancement of this translation, itis

critically important to take advantage ol cuirent innova-
tive approaches to research partnerships and to dissem-
inate findings ™ One cunent opportunity  includes
responding (o a new request for calls (June 2005 and
2006) tor applications from the Christopher Reeve
Foundation to develop specialized centers to join the
NeuroRecovery Network to "apply advances from basic
science and applied research for intensive activity-based
rehabilitation treatments™ assessing outcomes and cost-
bcncﬂtﬁ‘?’ A second opportuniry involves responding to a
National Institutes of Health request for applications
(*Research Parmerships for Improving Functional Out-
comes, PAR-04-077"}% encouraging basic, applied, and
ranskuional rescaich directed toward improving the

‘health of people with acute o1 chronic diseases who may

benefit from rehabilitation Additionally, we would sug-
gest new divections, including: (1) updating current
physical therapy curricula to inciude teaching the basis
and evidence for a. paradigm shift in recovery and
rehabilitation after SCI and its implications for clinical
practice, (2) refocusing the National Institure on Disabil-
ity and Rehabilitation Research model SCI Centers as a
network for implementation and assessment of new
therapies partnering neuroscientists aned  doctorally
nained therapists with each clinic, (3) developing a
Paralyzed Veterans of America clinical practice guide-
lines specific to locomotor rehabilitation after SCI,
(4) developing a report on the state of locomotor rehabil-
itation with researchers and clinicians  through  the
National Institutes of Health to idenaly specitic research
needs for fiture requests for applications (with 11 STEP
proceedings serving as an initial step}, (5} incomporating
dissernination strategies into grant funding mechantsms to
mrain therapist teams at clinics and provide support for
wanslation into practice, (6) establishing dissemination of
research as a priority of the Foundation for Physical Ther-
apy.™ und (7) including consumers (eg, Working 2 Walk")
throughout each of these processes
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This paradigm shift requires that new generations of
therapists enter the clinic with the perspecuve that
people with SCI recover and that physical rehabilitation
is an agent for recovery. Today’s therapisis will need 1o
come face-to-face with possibilities for recovery that
chatlenge their current practice and its assumptions. and
they will need to learn a new perspective that will change
how they think and how they practice. This is not an easy
task, but partnerships between clinicians and neurosci-
entists {and other scientists) may more effectively garner
a new cra for rehabilitation and greater recovery after
8CI. Advances in SCI medical care and physical rehabii-
itation that actually change how we practice and alter the
course of outcomes following SCI have been tew. When
such advances have ocawmred, though, they have been
meaningfil. The advent of antibiatics, spine stabilization
by emergency medical technicians at the scene of an
accident, external stabilizaton devices, the modular and
customi-hit wheekchair, and methylprednisolone are such
advances that have improved the care and 1ehabilitation
of people alter SCI. We propose that intense activing-
based therapies, such as LT based on the alferent
experience of walking and understanding ol the neuro-
biological control of walking, are the basis for an emarg-
ing paradigm shift advancing rehabilitation and recovery
after SCI. Questions remain, however, and the opportu-
nity 1o harness this newfound potentiad for recovery ot
locomotion and perhaps other biological functions after
SCI is upon us Behavioral therapies alone will not
produce full recovery, but they may play an important
role 1o enhancing recovery potential As regenerative
neuroscience advances,™ " physical therapy interven-
tions will be paired, as complementary agents for recov-
ery, with plasticity-enhancing neurophysiologic agents to
oplimize recovery from neurologic injury and disease.

Summary

Advances in neuroscience arve unlocking the mysieries of
recovery after SCL Although all of the pieces of the
puzzsie are not in place. physical therapisis should shift
their paradigm of rehabilitation from eompensation to
recovery. Clinicians examining people afier SCI for
walking capacity may in the future add an evaluation of
the neural conwol mechanisins of walking (eg, recipro-
cal stepping, balance, and adaptability) to cuirtent clas-
sification of voluntary movement by ASIA impairment
paired with manual muscle testing. New BWS and oread-
mill systems may provide an alternative and permissive
environment for taining and allow clinicians o differ-
entiate mechanisms of control. The partnership among
clinicians, physical therapist researchers neuroscen-
tists, and consumers will allow patents to benefit from
current applications of science during rehabilitation
and provide feedback from clinicians o the neurosce
entists modeling SCI and recovery.

Rehrman et al 1415
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Appendix.

Comparison of Compensation Model and Recovery Model for Rehabilitation of Walking After Incomplete Sginal Cord Injury®

Compensation Model

Recovery Model

Assumption of capacity for
repair and recovery

after SCI

Who will benefit

Evaluation of patential for
benefit or walking
oulcome

When will person benefit
after 3CI

Training environment

Use of assistive devices

Use of braces

» Naturcl recovery: rate of recovery is greatest
early after injury; oiter 6 months . expect
fewer goins

» Alfter spinaf injury. unable to repair,

respond, or learn

+ Prediction of walking recovery dependent on

level of lesion, degree of veluntary motor
canfrol demanstrated by manual muscle test
scores

+ Manual muscle test results and fesion level

Walking potential evaluated overground

Rehabilitation services provided
predominantly within first year of injory

Training is conducied overground
May use parallel bars for support or
introduce assistive devices immediately

Assistive devices are intreduced early in gait
training and compensate for UE and LE
weakness and provide balance

Assistive device may alier gait pattern and
gait kinemalics {ie, forward flexed truni] for
walking

Assistive devices shift load bearing copacity
from the legs to the arms

Assistive devices may dlter speed ability

L d

» Braces are selected to compensate for
waaknass, paralysis. or overactivity resuliing
in adverse limb positioning during stance or
swing phoses of walking

Braces (AFQs) are introduced ecrly in the
rehabilitation process

Braces, particularly ot the cnkle eliminate
toe drop. provide ankle stability, and
eliminate the degrees of freedom af the
ankle, allowing the individual the ability to
relearn to watk by concentrating on hip and
knee ccnirol

« Capacity for recovery dependent on UMN lesion. activity-
dependent experience. and understanding
neurcbiclogical control of walking

Unelear relative to LMN injuries

People with incomplete lesions demonstrate greaier
capuacity for recovery

Unclear from ASIA scores or level of lesion who will
banefit

Walking capacity evaluated while in the constrained
BWST environment, yet permissive for promoting upright
posture and aclivating stepping

Acute: eurly evidence indicales improved ambulatory
mobifity; o recemt RCT demonsirated a high degree of
successful ambulation for LT intervention and control
groups

Chronic: effect of locomator training in people with
chrenic, motor incomplete SC) demonstrales benefit
[Sackett levels IV-V}

tocomotor training occurs in 2 environments with

guidatines from basic science incorporated into both

environments:

1} BWS and treadmill with manual assistance us needed
to provide appropriate sensory experience; refraining
capacity primarily occurs in the BWST envicorment

2] overground, the ability lo transfer skills acquired on
the freadmill 1o overground is assessed. ond
instructions for community mobility/home practice are
provided

L

Assistive devices are introduced only in translation of
skills to community ambulation

Assistive devices are not infroduced immediately because
primary irairing oceurs in the BWST enviranment

The leastrestrictive deviee or mostpermissive device is
selected

Meore than one device may be recommended; one device
may be setected for limited and chaflenging practice. and
another device may afford speed, a more upright posture.
or better kinematics or safety within the home or
community

The device may be adjusted to promote upright posture
and limit UE load bearing

Alternative patterns for use of the device may be
instrycted to increase foad bearing on the legs versus the
arms

Braces are aof used while training in the BWST
environment

Braces are not used while assessing the fronsiation of
skifts from the treadmill to overground

Braces may be recommended if required for safety

A hinged AFO is recommended over a nanhinged
posterior leaf brace

8races may be used in the community; however, praclice
without is encouraged in a sofe home environment
Braces may alter the sensory experience critical to the
recovery of walking

{Continued)
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Appendix.
Continued

Compensation Model

Recovery Model

Speed of walking during

training

Balance training for the
task of walking

Endurance fraining

-Adaptability to the
environment-and

the individual

behavioral demands of

Walking fraining speed is limited by the
capacity of the individual and the interactive
effect of bracing and assistive device

Balonce often is defined by the incorparation
of an assistive device for support

Endurance training may incorporate braces
and assistive devices

Adaptability s trained using braces and
assistive devices far negotiation of
environmental obstacles

Demands of the heme environment |eg
stairs, uneven ferrain] are addressed

Walking training speed can be within normal walking
limits

Manual assistance may be required at the frunk. pelvis
ar legs to meet the kinematic demands at increased
speeds

Walking speeds may be externclly varied

-

Balance is a corequisite of the task of walking

BWS assists in maintaining upright posture and
development of balance of trunk over the base of support
Weight bearing through the arms is not used while
training over the treadmill

Arm swing is encouraged as on importont component of
balance activity while walking on the treadmill and, if
possible, overground

Assistive device height is adjusted and patterns of use are
selected to limit UE weight bearing

*

-

Endurance training begins on the freadmill with BWS and
manual assistance to achieve 20 minutes of lotal stepping
time as an intensity goal for fraining

Endurance training will persist in conjunction with
changes in the requirements for BWS speed and manual
assisiance

Adaptability may be inilioted on the freadmill after the
capacity to step and balance {upright posture} have been
adequately developed ot a moderate to normal walking
speed

Adaptations to stop/start, speed changes, and obstacles
may be challenged on the trecdmill

Transfer of adaptability may be practiced overground
without assistive devices or with their introduction

Stair climbing may be introduced early as a mechanism
requiring interlimb coordination

P AFO=aakle-foot-arthosis ASIA=Americm Spival Tnjury Associadon chusification of injury. BWS=hodvasciphi support. BWST s hodtyase isht-supporcd treadnsill
LE=lower extremity, [ MN=tower motor newton. ET=locometor training. RCT=mndomized cinieab vl SCT=spingl cord injury. U upper oxteamiy

LIMN=upper raotor acuson
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