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Summary: Therapeutic activity is a mainstay of clinical neu-
rorehabilitation, but is typically unstructured and directed at
compensation rather than restoration of central nervous system
function. Newer activity-based therapies (ABTs) are in early
stages of development and testing. The ABTs attempt to restore
function via standardized therapeutic activity based on princi-
ples of experimental psychology, exercise physiology, and neu-
roscience. Three of the best developed ABTs are constraint-
induced therapy, robotic therapy directed at the hemiplegic
arm, and treadmill training techniques aimed at improving gait
in persons with stroke and spinal cord injury. These treatments
appear effective in improving arm function and gait, but they
have not yet been clearly demonstrated to be more effective
than equal amounts of traditional techniques. Resistance train-

ing is clearly demonstrated to improve strength in persons with
stroke and brain injury, and most studies show that it does not
increase hypertonia. Clinical trials of ABTs face several meth-
odological challenges. These challenges include defining dos-
age, standardizing treatment parameters across subjects and
within treatment sessions, and determining what constitutes
clinically significant treatment effects. The long-term goal is to
develop prescriptive ABT, where specific activities are proven
to treat specific motor system disorders. Activity-based thera-
pies are not a cure, but are likely to play an important role in
future treatment cocktails for stroke and spinal cord injury.Key
Words: Rehabilitation, cerebrovascular accident, spinal cord
injuries, clinical trials, review.

INTRODUCTION

This review has two purposes. The first is to introduce
readers outside of rehabilitation to the rationales for ac-
tivity-based therapies (ABTs) and to provide an update
on the clinical trial results of ABTs for the restoration of
motor system function in persons with stroke or spinal
cord injuries (SCI). This review will focus on treating
motor impairment, but similar efforts are underway with
cognitive and language restoration. The second is to
consider how lessons from decades of systematic drug
development can be applied to the development and val-
idation of ABT and ask: How can new rehabilitation
strategies be developed more rigorously?

REHABILITATION IS ACTIVITY

Modern clinical neurorehabilitation is grounded in the
premise that activity is beneficial to persons with central

nervous system injury. The notion of activity having
therapeutic properties is so deeply ingrained within the
field that even in the absence of direct evidence for the
efficacy of most therapeutic activities, clinical trials in
which patients are not provided therapeutic activity are
generally considered unethical. Even the names of the
major clinical disciplines imply activity: the primary re-
habilitation medical specialty, physiatry, is the joining of
two Greek words: physis for physical phenomena, and
iatreia, referring to healing.1 Similarly, the therapy dis-
ciplines of physical, occupational, speech, recreational,
and vocational therapy all have obvious activity impli-
cations, often improvised during the treatment session.
Billions of dollars are spent each year providing such
activities to patients with brain and spinal cord injuries.
However, while the use of ABT to restore lost function

may seem obvious, most of the activity in the rehabili-
tation clinic is focused on compensation rather than res-
toration. Current treatment practices (“traditional” ther-
apies) focus on the goals of returning the patient to
independence as soon as possible while preventing sec-
ondary complications such as contracture and joint de-
formity. In clinical practice, much of the return to inde-
pendence is by the use of compensatory strategies, such
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as strengthening the unaffected side to assume more
work, learning to dress one-handed, and using devices
like canes and braces for mechanical support. Contrac-
tures and deformities are prevented by teaching the pa-
tient to passively stretch the affected upper extremity
(UE) with the unaffected UE and by placing the affected
limb in a splint or sling. Thus, in traditional treatments,
much of the therapy actually discourages use of the
affected body parts. What motor retraining that does take
place primarily attempts to reduce spasticity and mini-
mize primitive motor reflexes.2

SCIENTIFIC BASIS OF THERAPEUTIC
ACTIVITY

Results from rigorous prospective studies of specific
ABTs are only now becoming available, but there is
nonetheless a substantial scientific foundation for the
idea in studies of normal humans and in animal models
of injury. While a detailed review is beyond the scope of
this review, the scientific foundation of ABT is drawn
from many fields. Principles of educational psychology
have been applied in both systematic and ad hoc ways
for many decades. Many of the newer “restorative” treat-
ments are more rigorous applications of findings regard-
ing the advantages of various training schedules. For
example, there are studies comparing random practice
versus blocked practice schedules,3 skilled versus un-
skilled task practice,4,5 and those which study the gen-
eralizability of training in one task to other untrained
tasks. Findings from musculoskeletal physiology have
been applied by physical therapists in virtually all reha-
bilitation diagnoses, where, for example, muscle
strengthening protocols are routinely used in many clin-
ical care settings, including those for stroke and SCI (see
below). Cardiovascular physiology has gained new cur-
rency as an important means to improve mobility by
increasing the aerobic capacity to tolerate the increased
demands of abnormal gait in persons with motor deficits
due to stroke and spinal cord injury (see Macko review;
this issue). Data from kinesiology the study of normal
movement, and motor system neuroscience, now inform
decisions about retraining strategies applied by physical
and occupational therapists.
The recent findings in neuroplasticity have also led to

the current proliferation of work on ABTs. Functional
imaging data have demonstrated changes in patterns of
brain activation associated with clinical improvement.
While a causal link between recovery and these func-
tional imaging changes has not been clearly established,
these changes, at minimum, demonstrate the attempt by
the injured brain to access alternative anatomical struc-
tures and use secondary and tertiary areas to accomplish
motor and language tasks. New understanding of the
complexity and fluidity of motor cortex representation

have led to the realization that, while there is a relatively
fixed anatomic representation of large body segments,
such as the arm or leg, the representation of subsegments
such as a single joint overlaps considerably with the
representation of adjacent structures.6,7 Moreover, ani-
mal models now demonstrate that the representation of
these subsegments can be influenced by training such
that shifts take place with the trained segment’s repre-
sentation increasing in size.8,9 In humans, acquisition of
juggling skills has been associated with thickening of the
visual association cortex.10 While the actual size of these
shifts may be only a few millimeters, the magnitude is
considerable on a neuroanatomical scale. These findings
open the possibility that shifts from injured to uninjured
areas could be prescriptively achieved by systematic
training protocols; studies of this strategy are now un-
derway in animal models and in humans.

RELEVANT PARAMETERS OF ABTs

If ABTs were a pharmaceutical, one early step in
development would be to determine specific properties
including dose, scheduling of administration, half-life,
safety, and so on. Activity-based therapies are therapeu-
tic behaviors, not therapeutic molecules, but some pa-
rameters analogous to pharmacological properties have
been explored.

Better? Or just more?
A fundamental question in evaluating ABTs is whether

specific activities have unique benefits or whether the
reported superiority of a particular ABT is simply related
to the amount of time or “dosage” of treatment. Until
recently, trials of ABTs used usual and customary care as
the control, and usually the control groups receive less
treatment.
The absolute magnitude of the effects of conventional

therapy in the acute and subacute phases after stroke has
not been confirmed because a placebo control is gener-
ally considered unethical, and because subjects typically
make substantial gains due to spontaneous recovery.11

Instead, there has been an effort to determine if conven-
tional therapy has a significant dosage effect, which
would provide evidence for increasing the amount of
therapy above what is currently provided. Several meta-
analyses of controlled studies have found that conven-
tional therapies have a weak, but significant, dosage ef-
fect. Two early studies found that greater intensities of
conventional therapy result in decreased levels of impair-
ment and disability,12,13 with larger effects in the neuro-
muscular variables than in functional outcomes.12 A
more recent analysis separated outcomes into activities
of daily living (ADL), walking speed, and dexterity and
found that in ADL, significant dosage effects were
present when the treatment was delivered within the first
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six months, while nonsignificant effects were seen in the
chronic phase.14 They estimated that an additional 16
hours of treatment in the first six months after stroke was
needed to obtain significant gains in ADL. Significant
dosage effects were also seen in instrumental ADL and
walking speed, but not in dexterity.
In addition to these meta-analyses, large retrospective

studies also support the conclusion that conventional
therapy has a significant dosage effect. In a study of
outcomes at 70 skilled nursing facilities, an increased
intensity of physical therapy and occupational therapy
resulted in increased ADL ability and decreased length
of stay.15 In two retrospective studies of high and low
intensity rehabilitation settings, functional gains were
significantly related to therapy intensity and rehabilita-
tion duration, but again effects were considered
small.16,17 Thus, the evidence for a weak, but significant,
dosage effect in conventional therapy provides a ratio-
nale for aggressively pursuing ABT development.

Safety of ABT: could activity be harmful?
Despite the general perception that activity is thera-

peutic, or at worst not harmful, there are concerns re-
garding ABT. Few data are available, in part because
relatively few rigorous trials are available, and in part
because safety of ABT is assumed. The cardiovascular
safety issues surrounding treadmill training are reviewed
elsewhere in this issue. Schallert et al.18,85 raised the
possibility that too much activity too soon after injury
could increase brain pathology. They found activity-de-
pendent lesion enlargement in a rodent model of stroke
recovery. Animals forced to use the hemiparetic forelimb
immediately after surgically induced stroke were found
to have larger stroke lesions than those not forced to use
the forelimb. This effect was blocked by MK-801, sug-
gesting an excitotoxic mechanism. No similar effect has
been demonstrated in humans, and one small study of
constraint therapy19 found no evidence of worse results
in subjects who received intense motor training during
the inpatient rehabilitation phase of stroke care.
The wrong kind of activity might also be deleterious.

Taub et al.21 suggested “learned nonuse” could account
for improvements from constraint-induced movement. In
the model of Taub et al. the patient (or lesioned animal)
that has difficulty using the affected side will quickly
learn to compensate by using the unaffected side. Be-
cause the patient or animal continues to use compensa-
tory strategies, the intrinsic recovery that occurs remains
“masked.” Forcing the animal or patient to use the im-
paired UE reinforces the long-term use of the UE in
ADLs. Another study by Taub et al.21 directly supports
this concept of learned nonuse; in this experiment, pri-
mates whose unaffected arm was restrained until intrin-
sic recovery occurred showed full use of the now-recov-
ered limb once restraint was removed. Because a

substantial portion of clinical rehabilitation is spent
teaching patients compensatory strategies, the possibility
that current rehabilitation treatments actually increase
learned nonuse cannot be dismissed.

SELECTED MOTOR TRAINING METHODS
AND CLINICAL TRIAL RESULTS TO DATE

Constraint-induced therapy
Behavioral research with deafferented monkeys led to

the development of constraint-induced (CI) therapy for
humans with impaired upper limbs after stroke.21 The
procedures of CI therapy involve promoting use of the
more-affected upper extremity for a target of 90% of
waking hours by constraining the less-affected extremity
for 2 or 3 consecutive weeks with a padded mitt that
prevents use of the hand in ADLs. The patients receive a
type of task practice from therapists termed “shaping”
for many hours per day, for all weekdays during this
period (massed practice).
There have been several reviews that support use of CI

therapy in chronic stroke populations.22–24 This opti-
mism is based mostly on several uncontrolled studies
that found CI therapy was effective for improving move-
ment ability in chronic stroke subjects who met a mini-
mal motor criteria of at least 20 degrees of extension at
the wrist and 10 degrees of extension at the finger
joints.21,25–28 Significant pretreatment to post-treatment
gains were reported in laboratory scales of motor impair-
ment and measures of amount of use of the impaired
limb outside of the lab. A recent placebo-controlled
study showed that the gains from CI therapy are not
associated with the amount of therapist attention, and so
must be due to the activity from the training.29

However, the lack of a large scale randomized clinical
trial (RCT) that compares CI therapy with dose-matched
traditional therapy has led some to argue that the specific
merits of CI therapy are currently inconclusive.30–32

Skeptics argue that traditional training methods currently
used by therapists may be just as effective if delivered at
the same high dose used in CI therapy. A few studies do
provide evidence that protocols with high levels of motor
activity, such as CI therapy, are superior to equal doses
of conventional treatment after stroke. The most com-
prehensive study was done by van der Lee et al.33 and
involved 66 chronic stroke subjects. They reported that
the CI therapy group performed statistically better than a
group of subjects who received an equal dose of neuro-
developmental treatment in terms of an arm movement
scale. This result is less impressive than it might be
because, using minimal clinically important difference
estimates, they determined that clinically relevant gains
were present only in patients with sensory disorders and
hemineglect. Another recent study34 also found advan-
tages in a modified form of CI therapy compared with
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traditional therapies in chronic stroke. Dromerick et al.19

performed a study with 23 acute stroke subjects that
compared CI therapy with an equal dose of traditional
therapy. They found that the CI therapy group outper-
formed the traditional therapy group on an arm impair-
ment scale, with the largest difference in the pinch sub-
scale. While not explicitly using CI therapy procedures,
another study of stroke patients 1 to 5 weeks after stroke
reported that additional treatment in the form of repeti-
tive practice of movements and functional activities with
a trained assistant was more effective than additional
conventional treatment from a physical therapist that
focused on teaching techniques and encouraging self-
practice.35

Robotic arm training
There has been growing interest over the last 10 years

in robotic devices to assist movement retraining.36 Ro-
botic systems may provide a novel sensorimotor experi-
ence that enhances recovery of movement compared
with equal doses of conventional treatment. In subjects
that require physical assistance to complete movement
tasks, robots might be a cost-effective alternative to
hand-over-hand therapy from a therapist. In the upper
limb, this is particularly relevant as attempts at neurore-
habilitation are often abandoned early on in favor of
compensatory strategies.
The robotic device that has received the most clinical

testing is the MIT-MANUS (Massachusetts Institute of
Technology, Cambridge, MA),37 a two degree-of-free-
dom robot manipulator that assists shoulder and elbow
movement by moving the hand of the patient in the
horizontal plane. A clinical trial in subacute stroke sub-
jects (4 to 6 weeks after) found that patients who re-
ceived 25 hours of treatment with MIT-MANUS had
greater gains in motor function than controls who only
received a placebo treatment (see review38). Recent trials
with chronic stroke subjects have demonstrated that
MIT-MANUS training produces significant clinical
gains in this population as well.39,40 A multisite clinical
trial of MIT-MANUS compared with conventional ther-
apy is under way.
Another robotic device that has been highly influential

is the assisted rehabilitation and measurement (ARM)-
Guide.41 A motorized linear constraint provides active-
assisted reaching movements in different directions. Af-
ter 8 weeks of training in the ARM-Guide, chronic stroke
subjects had functional gains and improvements in
reaching kinematics42; however, a control group that
received a matched amount of unassisted reaching move-
ments had identical gains. This emphasized the fact that
highly repetitive active movements have therapeutic
value, and the added value of assistance from a robot
during active movements remains to be demonstrated.

Clinical trials of the mirror-image motion enabler
(MIME) robotic device have shown that robotic devices
can have advantages compared with equal doses of con-
ventional therapy.43 The MIME device incorporates a 6
degree-of-freedom robot that applies forces to the paretic
limb during 3-dimensional movements. Chronic stroke
subjects who received 8 weeks of training in the MIME
had greater gains in terms of clinical and biomechanical
measures of strength and reaching extent than a control
group that received an equal dose of conventional ther-
apy. Gains in the robot-trained subjects were due, at least
in part, to improved muscle activation patterns.44 How-
ever, gains in clinical scales were identical between the
two groups at the 6-month follow-up. A follow-up study
in subacute stroke subjects confirmed these results. Arm
impairment scores at post-treatment were in favor of the
robot-trained group, but both groups were equivalent at
the 6-month follow-up (Lum, in press).

Strength training
Strength training (maximal effort, resistance exercise)

has benefits at both muscular and neural levels. Increased
torque output within the first month of strength training
in deconditioned limbs is predominantly due to neural
adaptation and not muscle hypertrophy. Neural adapta-
tion has been reported after strength training in patients
with all types of neuromuscular disorders.45,46 While the
mechanisms that underlie neural adaptation are not fully
understood, the result is increased force output accom-
panied by increased amplitude of surface electromyo-
gram.47 After approximately 4 weeks of training, mus-
cular adaptations produce additional gains in peak
torque.
Despite the prevalence of weakness after stroke and

the potential for positive adaptations at both muscular
and neural levels, the belief that excessive effort exac-
erbates hypertonia has prevented widespread use of
strength training in persons with poststroke hemiparesis.
Several studies have challenged this belief and found that
significant gains in strength are possible without in-
creased hypertonia.48,49 However, functional gains were
generally smaller or nonexistent. While it is clear that
some muscle groups are responsive to strengthening pro-
tocols, promoting clinically relevant functional outcomes
may hinge on whether strengthening is effective at in-
creasing torque output in joint actions that are pro-
foundly weak after stroke (i.e., elbow extension, finger
extension, knee flexion, etc.). If so, it may serve as an
effective method for reducing the strength imbalances
between agonist and antagonist muscle groups that are
common after stroke.50 Another relevant factor that may
limit the effectiveness of strengthening protocols is task
specificity, the concept that gains are greatest in activities
that are trained, with reduced effects in similar, but un-
trained tasks.51 For example, previous studies have re-
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ported that isokinetic training produces large gains in
isokinetic strength, but smaller gains in isometric
strength.52 Thus, interventions that combine strengthen-
ing with task practice are likely to be the most effective
use of strengthening protocols. The strengthening com-
ponent serves to promote muscular and neural adapta-
tions to decrease the weakness impairment and the task
practice promotes transfer of this enhanced ability to
performance of functional tasks.

Treadmill training for gait
First reported by Barbeau et al.,53 treadmill training in

humans is a direct byproduct of the extensive research in
animals evaluating activity-dependent neural plasticity in
the spinal cord.54 After locomotor treadmill training, spi-
nalized cats are able to walk on their hindlimbs with near
normal gait patterns at different speeds, while maintain-
ing their full body weight.55,56 Without repeated loco-
motor training sessions, recovery of locomotor ability is
significantly compromised.57,58 These studies demon-
strate that within the rodent and feline spinal cord there
exist neuronal circuits capable of producing patterned
movements and exhibiting a large degree of neural plas-
ticity that is trainable with appropriate afferent inputs.59

In the absence of afferent activity, locomotor patterns are
less precise, less coordinated, and weaker.60 In fact, an-
imals trained only to stand do so well, but either do not
step or step with patterns inferior to untrained animals,61

thus strengthening the argument for task-specific thera-
pies. As spinal “learning” is thought to be important in
facilitating the return of motor function after spinal cord
injury, effective therapeutic interventions must optimally
stimulate the necessary afferent inputs needed to train
spinal circuits responsible for producing desired rhyth-
mic motor patterns such as walking.
One such intervention that has been touted as “appro-

priate” for improving walking ability in individuals with
neurological injuries such as stroke and SCI is manual-
assisted body-weight-supported treadmill training.62 In
this intervention, SCI patients are suspended in a sling in
the upright position over a motorized treadmill; thera-
pists manually assist the patient in moving the legs in a
gait-like pattern. It is postulated that treadmill training in
humans provides a rich sensory environment that pro-
motes spinal plasticity such that central circuits are more
receptive to sensory modalities during stepping; there-
fore, the spared descending drive has a more pronounced
effect on eliciting motor output. Early studies evaluated
the effectiveness of manually assisted body-weight-sup-
ported treadmill training in both individuals with spinal
cord injuries63–65 and in stroke survivors,66–68 reporting
that this treatment was more effective than conventional
gait training in improving a number of important gait
metrics. These included increases in overground walking

speed,67,68 more natural electromyogram activation pat-
terns,65,68 and higher functional walking ability.64

Missing from all of these studies was a phase III RCT.
Most of these reports were based on a limited subject
sample that was not adequately screened or randomized
into particular training modalities. In response, Dobkin et
al.69 launched a large RCT across 6 rehabilitation centers
that sought to determine whether this training modality
would lead to higher gains in walking ability and lower
extremity function than overground gait training. After
training 146 individuals with incomplete spinal cord in-
jury, Dobkin et al. reported that gains in walking ability,
assessed by overground walking speed in ambulatory
subjects, and lower extremity function, assessed using
the locomotor portion of the Functional Independence
Measure (Dodds et al.89) for nonambulatory, were no
different between treatment groups.70 Most subjects
demonstrated improvements in walking ability and lower
extremity function, gains that exceeded expectations;
however, the gains in treadmill-trained subjects were not
statistically different than the conventional group.
In summary, the studies reviewed above demonstrate

effectiveness of these ABTs in improving aspects of
motor performance in patients with stroke and SCI. This
confirms the underlying doctrine of rehabilitation,
namely that activity is therapeutic. What remains to be
determined is whether the tested protocols were opti-
mized, and whether these newer ABTs are superior to
equal doses of the more traditional, improvised clinical
treatments currently delivered to these patient popula-
tions.

APPLYING THE PRINCIPLES OF DRUG
DEVELOPMENT TO ABT

We submit that developing a drug and an ABT are
fundamentally similar processes, modified only slightly
for the properties of ABT. The development and testing
of therapeutic interventions are most fully developed for
pharmaceuticals, and developers of ABTs might hasten
progress by systematically applying these methods to
rehabilitation treatments. In particular, most ABTs at this
time are tangled up in premature phase III and IV eval-
uation; our discussion will focus on key aspects of phase
II development of ABTs.
TABLE 1 outlines the phases of drug development;

this model is used by pharmaceutical regulatory agen-
cies around the world.71 While the parallels for ABTs
are obvious, there are some differences between the
development of a therapeutic molecule and a thera-
peutic behavior. First, “preclinical” development may
take place in vitro or in animal models, but many
ABTs emerge from the sports training or experimental
psychology world and the “preclinical” studies may
occur in healthy humans. Second, while manufactur-
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ing a reproducible and pure drug molecule is usually
reasonably straightforward, the “manufacturing” pro-
cess of an ABT is more complicated. The ABTs are,
by their nature, a structured interaction between an
injured patient, a therapist, and any device involved in
the treatment. Defining and standardizing this interac-
tion between 2 human beings in a reproducible way is
a key development step, and a necessary condition for
rigorous testing. This definition and standardization is
manifested in a treatment protocol that outlines the
activities that constitute the ABT, the criteria for ad-
vancing in difficulty or duration, and the modifiable
parameters available to the therapist. Thus, the under-
lying “product” being tested is the treatment protocol
itself, and despite the plethora of small scale treatment
studies published, few include a description of the
experimental intervention that allows the reader to
determine how reproducible that intervention might
be. Finally, regulatory barriers to new drug introduc-
tion are quite high in developed countries. In contrast,
there are no barriers, other than cost, to the introduc-
tion of new ABTs into clinical practice, regardless of
supporting data. This unstructured practice compli-
cates the definition of “standard treatment” control in
the phase II and III trial setting, and potentially sub-
jects neurologically impaired individuals to interven-
tions which could be ineffective or even harmful.

PRECLINICAL DEVELOPMENT OF ABT

Targeting “changeable” parameters
In many management models, it is often constructive

to generate a list of factors that may impact the desired
goal, and then determine the ability of the organization to
change each factor. A similar methodology can be useful
in activity-dependent therapies. For example, in FIG. 1.,
we list a number of factors that may influence a patient’s
recovery. These range from an individual’s age and mo-
tivation to the intensity of the intervention. If we plot
these factors against our ability to change them, we can
target those that lie in the upper right quadrant. Here
these factors have a significant impact on an individual’s
recovery, while at the same time we can strongly influ-
ence them. For example, lesion location, age, and cog-
nitive state may be very influential on a patient’s recov-
ery yet it is difficult, if not impossible, for clinicians to
change them. Conversely, time after injury and the type
of intervention may also impact the magnitude of motor
recovery and are controllable within the neurorehabilita-
tion setting. It is these factors that should be the target of
RCTs as well as clinical interventions.

Animal models
Animal models are a mainstay of biomedical research,

but few rehabilitation treatments undergo animal testing;
constraint therapy72,73 and treadmill training74 being no-

TABLE 1. Development Scheme for Pharmaceuticals and Activity-Based Therapies

Development
Phase Primary Activity Goal

Discovery Discovering changes in motor
system properties driven by a
specific activity

-Identify effects at molecular, cellular
or organ level, or characterization
of effects in normals

Preclinical Testing in animal models -Confirmation of therapeutic effect in
lesioned animal or healthy human
models

Phase I Testing in healthy volunteers, or in
selected patient population

-Proof of principle, feasibility
-Dose ranging

Phase II Testing in target patient population
● Multiple smaller studies
● Controls: dosage, social
interaction, other

-Preliminary efficacy data
-Refinement of treatment parameters
-Refinement of inclusion–exclusion
criteria

-Estimation of optimal dose
-Evaluation of potential endpoints
-Sample size estimation
-Safety determination
-Development of treatment protocol,
case report form

Phase III Testing in population of interest -Efficacy determination
-Safety determination
-Economic evaluation

Phase IV Postimplementation evaluation -Evaluation of implementation outside
study centers

-Safety surveillance
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table exceptions. Relevant subject treatment parameters
(see below) can be quickly evaluated in animals at rela-
tively low cost before moving into more complex phase
II human studies, hastening the rational development of
clinical treatments. But results in animals are not always
replicable in human patients. Particularly relevant is the
recent experience in acute stroke, where results of neu-
roprotectant studies in animal models do not always pre-
dict phase III results.75 Activity-based therapies directed
at the motor system face two specific challenges in ani-
mal modeling: the differences between human bipedal
locomotion and rodent quadripedal locomotion,76 and
the differences in stroke lesion locations between hu-
mans and animal models of stroke.77

PHASE I/II DEVELOPMENT OF ABT

The topic of phase II development of ABT is worthy
of extensive examination, and we will highlight only a

few of the aspects outlined in TABLE 2. Before launch-
ing into a large-scale study to test the effectiveness of
any intervention focused on treating motor impairments,
a number of important intervention factors need to be
considered.

Refinement of dosage
Dosage in a pharmaceutical trial is usually defined

as the number of molecules administered. Defining
dosage in the context of a motor ABT is more com-
plex. It could be measured by the amount of time spent
in the therapeutic activity, the number of repetitions
during treatment, the difficulty of activity, or the in-
tensity (number of repetitions per unit time). In prac-
tice, most investigators choose some duration-based
ABT delivery schedule that either resembles typical
clinical treatment in their home institution or is based
on some arbitrary number of treatment sessions or
time period. Dose-response curves are rarely if ever

FIG. 1. Factors that may impact an individual’s recovery and our ability to change them. Plotting these factors in quadrants allows us
to target those factors that have a high impact while at the same time are “changeable” (yellow quadrant).
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generated; at most, a second higher or lower dosage is
attempted.78

One possible solution to determining the correct dos-
age of an intervention is to continue to train subject
populations in a pilot study until the primary outcome
measure of interest plateaus for a predetermined amount
of consecutive sessions; for example, many locomotion
studies use overground walking speed as the primary
outcome measure for ambulatory subjects.68,69 For such
studies, prior to each training session, the subject’s gait
speed could be measured and if the change in speed does
not vary by some noise interval over 6 to 8 sessions, the
training stops. Furthermore, rather than basing individual
training sessions on time, perhaps it would be best to
schedule based on intervention volume. For upper limb
studies, this may include the number of attempted (or
successful) reaches toward a target. For lower limb stud-
ies, it may be the number of steps the individual takes.
Each metric would have to be normalized, perhaps by
time, which would account for intensity because walking
1500 steps in one hour is significantly different than
1500 steps in 15 minutes!

Refinement of training parameters
Training parameters are distinct from dosage, as de-

fined above, and consist of the conditions under which
the intervention is delivered within a particular treatment
session. It is generally assumed that training parameters
may significantly influence motor recovery, but they are
often selected through experience and heuristic rules.
While clinical experience can be helpful in phase I, a
critical product of phase II development is quantitative
evidence demonstrating how training should be initiated
and progressed. The recent publication of a case report

using a functional electrical stimulation (FES) cycling
paradigm in a celebrity with SCI79 is a case in point,
because it has led to widespread application of the tech-
nique in SCI. Few studies have investigated FES pedal-
ing characteristics such as stimulation intensity (e.g.,
stimulation frequency and amplitude), or turnover rate
(e.g., cadence), and the number of interacting factors
complicates analysis. For example, a flywheel can be
used to help maintain pedaling momentum and relieve
some of the subject’s propulsion requirements through-
out the cycle. Thus, once a steady pedaling rate is
achieved, there is a continuous interaction between ac-
tive subject pedaling and crank momentum. So pedaling
at a higher cadence may be an illusion that the subject is
being trained at a higher workload. Similar misinterpre-
tations are often reported in locomotor studies where it
has been suggested that training subjects at faster speeds
reduces the amount of assistance trainers must provide
apply to the subject’s legs and therefore the individual
must be stepping better. While the subjects may appear
superficially improved, they may simply be taking ad-
vantage of momentum rather than truly producing stable
stepping patterns under voluntary control.
More preclinical and phase I work would hasten and

rationalize development. For example, in the case of FES
cycling, evaluating the amount of active work produced
during the crank cycle can be compared with healthy
individuals so that parameters such as stimulus fre-
quency, timing, and amplitude parameters could be es-
tablished. These parameters could then be configured so
that an SCI subject generates active propulsion at the
proper phases of the crank cycle. Similar procedures can
be used in locomotion studies. For example, muscle ac-

TABLE 2. Phase II Evaluation of Activity-Based Therapies

Factor to Be Evaluated Comments

Preliminary efficacy data -Often uses surrogate endpoints (strength, coordination,
electrophysiological measure, etc.)

Refinement of treatment parameters -Timing of administration after injury
-Dosing schedule
-Treatment-specific factors: task properties, gait speed, etc.

Controls -Consider placebo, Hawthorne, socialization, and dosage effects
Inclusion–exclusion criteria -Consider neurological impairment, lesion characteristics, demographics,

cognitive impairment, medications, comorbidities
Dosing -Testing of multiple doses provides a dose-response curve
Evaluation of candidate endpoints for phase III -Choice of clinically significant endpoint

-Framed by a “number need to treat” analysis
Sample size estimation for phase III -Dependent on properties of candidate endpoints

-Accuracy of estimate improves with Phase II sample size
Safety evaluation -Presumed low risk for most activity-based therapies, but rarely

systematically collected
Development of treatment protocol -Definable and concrete

-Replicable, so that different clinicians treating same subject would
provide similar treatment

-Distinguishable from control or other treatment
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tivation patterns can be compared with normative pat-
terns in order to determine the training conditions (e.g.
walking speed, level of body-weight support, etc.) under
which the subject activates their lower extremity muscles
appropriate to the gait cycle.80 The idea is to understand
how training parameters should be established and then
progressed so that the resulting motor pattern(s) are ap-
propriate to the task.

Timing of administration
It is difficult to envision how to determine the optimal

time after injury for a particular intervention other than
through direct experimentation. Gresham81 referred to
timing of treatment as “perhaps the most urgent meth-
odological issue that (rehabilitation) investigators must
resolve.” Remarkably few studies in the literature, either
animal or human, directly address this question in any-
thing but a descriptive fashion. Most of these studies use
activity of daily living function as their endpoint rather
than the underlying impairments that drive disability.
The assumption in the field has been that earlier is

better,82 and most case series and a meta-analysis83 show
a correlation between early intervention and overall out-
come. These studies are limited both by their correlative
methods and by defining “early” as whenever the patient
actually started rehabilitation. One exception is Paolucci
et al.,84 who randomized 145 stroke patients to receive
inpatient stroke rehabilitation at less than 20, 20 to 40, or
40 to 60 days after stroke onset. Those who were ran-
domized to the earliest group showed the largest Barthel
Index response to treatment upon discharge. A study of
CI therapy during inpatient rehabilitation19 found a con-
siderably larger effect size than a similar study33 done in
chronic patients. Animal models are of uncertain rele-
vance to humans, but they generally support early treat-
ment. The early recovery events in the brains of rodents
and primates suggest a period of particular receptivity to
experience-dependent mechanisms soon after injury, in-
cluding synaptogenesis and neurogenesis.85–87 But in-
vestigators must either systematically determine the best
time window, or make their best guess.

Refinement of inclusion–exclusion criteria
Another important goal of phase II development is

refining the target population so as not to include partic-
ipants in a phase III study who cannot respond to the
intervention, yielding a falsely negative result. Even
seemingly minor decisions about inclusion and exclusion
criteria can profoundly affect the characteristics of sub-
jects enrolled in a study, and these characteristics may
determine whether or not an intervention has an effect.
We have already mentioned two good examples in ABT,
one involving treadmill training, and the other CI ther-
apy. In an important study of treadmill training68 it was
found that, in general, stroke survivors that received
partial body-weight-supported treadmill training demon-

strated significantly higher gains in walking ability than
those who did not receive body-weight support. A sub-
sequent secondary analysis,88 found that only in the most
severely impaired subjects were the differences in train-
ing modalities significantly different. Similarly, in the
study of CI therapy by van der Lee et al.,33 the positive
effect of CI therapy was found primarily in those sub-
jects with hemisensory loss or neglect, and not in those
with pure motor impairments. Both studies would have
been negative had inclusion criteria excluded these sub-
populations, and might have been more strikingly posi-
tive had nonresponding classes of patients not been ran-
domized.

CONCLUDING COMMENTS

As rehabilitation practice becomes more evidence
based, and as ABT trial methodology improves, a few
points become apparent. First, it is clear that therapeutic
activity will retain an important role in rehabilitation for
quite some time. Whether theory-driven and well-defined
ABT protocols are an improvement over the clinical
judgment of experienced clinicians remains to be deter-
mined.
Second is the maximal effect size of any ABT: what

treatment response can be reasonably expected of ABT
interventions? In the absence of directly relevant data
perhaps the best answer lies in the exercise physiology
world, where different training paradigms and schedule
are applied to elite athletes with the goal of improving
their performance. While on a relative scale, better train-
ing techniques can give an important advantage over
other elite competitors; on an absolute scale of speed or
strength most changes are small in magnitude. The target
clinical populations for ABT interventions are not elite
athletes and often have injuries to the neural mechanisms
necessary for new learning. Whether this increases or
reduces the potential response to ABT interventions is
not clear, but the results in treadmill training88 and CI
therapy33 suggests that treatment response can vary
across different subpopulations.
Finally, another looming question is the role of ABT

interventions within a “cocktail” of therapies. There is
much discussion that transplanted stem cells may need
activity to help target axonal growth and synaptic con-
nections. Phase I/II trials of recovery agents such as
growth factors, transcranial magnetic or direct current
stimulation, and amphetamine include standardized ABT
protocols. These are provided in part to minimize heter-
ogeneity in treatment between subjects, but typically
constitute part of the experimental intervention. These
combinatorial treatments will complicate clinical trial
design and execution, but may offer new therapeutic
choices for those with stroke and spinal cord injury.
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