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The goal of regenerative medicine is to restore function through therapy at levels such as the
gene, cell, tissue, or organ. For many disorders, however, regenerative medicine approaches
in isolation may not be optimally effective. Rehabilitation is a promising adjunct therapy given
the beneficial impact that physical activity and other training modalities can offer. Accordingly,
“regenerative rehabilitation” is an emerging concentration of study, with the specific goal of
improving positive functional outcomes by enhancing tissue restoration following injury. This
article focuses on one emerging example of regenerative rehabilitation—namely, the integra-
tion of clinically based protocols with stem cell technologies following central nervous system
injury. For the purposes of this review, the state of stem cell technologies for the central
nervous system is summarized, and a rationale for a synergistic benefit of carefully orchestrated
rehabilitation protocols in conjunction with cellular therapies is provided. An overview of
practical steps to increase the involvement of physical therapy in regenerative rehabilitation
research also is provided.
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Regenerative medicine can be
defined as the use of materials,
such as cells or molecules, to ulti-

mately restore function in damaged sys-
tems.1 Significant developments in gene
therapy,2 cell replacement,3,4 artificial
prostheses (eg, indwelling electrodes),5,6

and tissue or organ engineering7,8 are
bringing regenerative medicine toward
judicious clinical implementation. This
advancement reflects a large fiscal invest-
ment in relevant technologies. More than
$4 billion has been directed at regenera-
tive medicine to date, and spending is
projected to exceed $100 billion in the
next 5 to 10 years.9 The state of Califor-
nia alone has invested $3 billion over a
10-year period just on stem cell
technologies.10

Physical therapy as an adjunct to regen-
erative approaches is a timely consider-
ation given that a major goal of ongoing
research efforts is to investigate thera-
pies that can complement regenerative
tools and thereby maximize functional
outcomes. Avant-garde examples include
movement therapy following hand trans-
plantation,11 augmentation of motor
function after spinal cord injury (SCI) via
physical therapist–administered intermit-
tent hypoxia,12 and peripheral muscle
loading to augment skeletal muscle
regeneration following stem cell trans-
plantation.13,14 To continue this prog-
ress, important questions must be
addressed through systematic investiga-
tion regarding the effective combination
of rehabilitation with regenerative medi-
cine. Will aggressive rehabilitation fol-
lowing introduction of a biological
device (eg, a scaffold or cell) help or
hinder regenerative approaches? What is
the optimal window of opportunity for
delivering and dosing such therapies?
Can they be successfully applied to sys-
tems with limited regeneration, such as
the central nervous system (CNS)? The
answers may lie in a disciplinary inter-
face between regenerative medicine
and rehabilitation—namely, “regenera-
tive rehabilitation.”15,16

As a complement to recent publica-
tions,15–17 the present article will discuss
the rationale for rehabilitation as an
essential component of and promising
partner to regenerative medicine. Our

primary purpose is to focus on one
of the more challenging goals—CNS
repair or regeneration. As daunting as
this goal may seem, the nervous system’s
capability for substantial plasticity18 (ie,
physiological or morphological changes
that could underlie “regeneration”) is
well known. Here, we specifically dis-
cuss CNS stem cell therapy as one such
intervention. Information on stem cells,
CNS-derived stem cells, and challenges
to their efficacy will be presented—in
particular with regard to transplantation.
This information is followed first by evi-
dence that activation of the nervous sys-
tem can positively affect stem cell biol-
ogy and then by a discussion of the
ongoing integration of rehabilitation
with regenerative medicine approaches.
We conclude by broadening our
focus to proposed action items that sup-
port the critical involvement of physical
therapy as a major player in the develop-
ment of regenerative rehabilitation
approaches.

Stem Cells for Neural
Regeneration
A fundamental goal of CNS regenerative
medicine is to circumvent the inherent
inability of CNS tissue to regenerate.19,20

Tools used for neural regeneration have
been reviewed elsewhere,21 and here we
expand on stem cells as one promising
choice. The very biology of a stem cell
makes it an attractive option for neural
regeneration (Fig. 1). The term “stem
cell” refers to a cell that can: (1) repop-
ulate a given tissue through division into
additional stem cells (self-renewal) and
(2) progress or differentiate from an
immature cell to a postmitotic, mature
cell such as a neuron or astrocyte (mul-
tipotency). To further explain self-
renewal, stem cells asymmetrically
divide, generating one identical daughter
stem cell and one daughter progenitor
cell. The former daughter stem cell
replenishes the original stem cell reser-
voir, thus “self-renewing” the popula-
tion. The latter progenitor cell is more
“committed” and thus closer to its final
differentiative state. To further explain

Figure 1.
General lineage of neural stem cells. Neural stem cells undergo asymmetric division period-
ically for normal maintenance or in response to injury or other stimuli. One daughter cell
(black) is an identical stem cell that renews or repopulates stem cell numbers. The other
daughter cell (white) is a more committed progenitor cell that also may divide, one or more
times, to create an even greater number of presumptive progeny cells. In the neural system,
progeny cells will become postmitotic and mature into the mature central nervous system cell
types: neurons, astrocytes, and oligodendrocytes. Reprinted with permission from Elsevier
Sciences Ltd from: Weiss S, Reynolds BA, Vescovi AL, et al. Is there a neural stem cell in the
mammalian forebrain? Trends Neurosci. 1996;19:387–393.
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multipotency, daughter progenitors
divide at least once and ultimately
become the mature cell types of a given
tissue (ie, neurons and glia in the CNS).

Stem cells in the CNS are robustly pres-
ent during embryonic development.
They also persist in the postnatal and
adult CNS, albeit at much lower num-
bers22 and only in specific locations.23–26

The 2 most well-characterized adult stem
cell regions of the CNS are the subgranu-
lar zone of the dentate gyrus in the hip-
pocampus and the subventricular zones
of the lateral ventricles.22,27–29 The hip-
pocampal lineage produces neuronal
progenitors that divide once and inte-
grate into the dentate gyrus, likely con-
tributing to hippocampal homeostasis.30

The subventricular zone lineage divides
several times to replenish interneurons
in the olfactory bulb to support the
chemical sense of smell in lower mam-
mals.31 In higher mammals, some evi-
dence suggests the subventricular lin-
eage may respond to injury32,33 by
homing to tumor or stroke foci, although
the significance of this phenomenon is
unclear.

Self-renewal, multipotency, and a pres-
ence in the adult brain are central fea-
tures of the therapeutic application
of stem cells for CNS repair. First,
through a sustained ability to divide
(self-renewal)—stem cells can generate
numerous new cells that replace lost
cells or provide nutritive support (ie,
secretion of molecules that promote
healing) to residual tissue. Second,
because they are multipotent, stem cells
generate multiple cell types for any given
tissue. Accordingly, stem cells from the
CNS (or those that can be programmed
to make CNS cell types) possess the
added benefit of producing not just any
cell, but neural cells in particular (ie,
neurons, astrocytes, and oligodendro-
cytes). These qualities are particularly
important when cell loss occurs, a

characteristic of many CNS pathologies.*
Third, the persistence of stem cells into
adulthood raises possibilities relevant to
rehabilitation. How do these pools con-
tribute to recovery following injury, if at
all? Can we use clinically relevant physi-
cal therapy protocols to augment neuro-
genesis in the injured or diseased CNS
and promote functionally meaningful,
endogenous cell replacement and self-
repair? These are intriguing, yet elusive,
issues that are currently being addressed
by experimental strategies involving
transplantation of stem cells from various
sources in preclinical models of neuro-
logical disease and trauma.

Limitations Associated With
Stem Cell Therapies in the
CNS
Each year, an estimated 50 million peo-
ple sustain CNS damage, including
stroke, traumatic brain injury, SCI, de-
myelinating diseases, and neurodegen-
erative disorders.34 Although CNS
pathologies are variable in mechanism
and presentation, the uniform and resul-
tant regenerative failure is the principal
rationale for pursuing regenerative medi-
cine–based repair—including stem cell
transplantation. The primary regenera-
tive goals are the genesis of new neurons
and supporting glial cells, as well as long-
distance regrowth of injured nerve
fibers. The injured CNS is characterized
by a complex cascade of biochemical
events that contribute to secondary tis-
sue loss beyond the initial insult21,35

(summarized in Fig. 2). In this hostile
host environment, donor or experimen-
tally introduced cells are susceptible to
conditions that can negatively affect cell
engraftment (as noted below). Thus,
donor cell populations shown to be
capable of long-term survival in all neural
cell types in pretransplant culture sys-
tems27,28,36 demonstrate significant
reductions in proliferation and differen-
tiation following transplantation into the

injured CNS environment. This fact dra-
matically limits transplantation efficiency
and underlies the theory that additional
cotherapies such as rehabilitation may be
required to optimize cell therapy
outcomes.

The selection process for therapeutic
stem cells is a topic fueled by both ethi-
cal and logistical considerations. Stem
cell sources from early developmental
time points (eg, embryonic stem cells)
are attractive given their high rate of pro-
liferation. However, cell division must be
harnessed in order to avoid tumor forma-
tion—a major risk factor in using embry-
onic stem cells. Conversely, cells
obtained from a later developmental
time point (eg, fetal or postnatal stem
cells) are less likely to form tumors. Yet,
this option could pose difficulties in gen-
erating ample transplant material due to
the age-related decline in stem cell
robustness with increasing age of the
donor source. Feasibility also remains an
important consideration for obtaining
stem cell populations. Accessing embry-
onic and fetal material is both controver-
sial and heavily regulated in the United
States. On the other hand, harvesting of
autologous stem cells from the postnatal
or adult brain germinal zones is difficult
to envision at this time. Another selec-
tion factor is using a donor cell that
makes the mature cell type required.
“Cell fate” is the identity of a mature cell

* With regard to nomenclature, “stem cell
populations” generally consist of true stem
cells, lineage-restricted progenitors, and post-
mitotic progeny cells maturing into CNS cell
types (Fig. 1). Because of their heterogeneous
nature, it is most accurate to refer to stem cell
populations as neural stem progenitors or
neural progenitors. In the remainder of this
article, we will continue with the terminology
of stem cell populations.

Figure 2.
Overview of damage following central
nervous system injury.
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(ie, neuron, astrocyte, oligodendrocyte)
obtained following lineage progression
from a stem cell to a final progeny cell.
The importance of the potential fates of
engrafted cells is dependent on the ther-
apeutic goals. The general consensus is
that, for robust tissue-specific cell
replacement, postnatal donor material
must come from the tissue of origin.†,37

Reports to the contrary for neural cell
replacement using stem cells from other
tissues are controversial, but should not
be ignored.38–40 Additionally, donor cells
from other tissue types (eg, mesenchy-
mal stem cells for neural injury) offer
the potential for non-cell replacement-
related support, such as nutrition and
counteraction of immune responses.41,42

CNS Stem Cell
Transplantation Studies
Because of the nature and properties
inherent to stem cells, and in light of the
limitations presented by a lesion to an
essentially nonregenerative CNS, stem
cell transplantation is first theorized to
replace neural cells lost due to injury
through cell replacement.43 The notion
that stem cell grafts could additionally
provide trophic or nutritive support44 to
healing tissue is potentially just as pow-
erful. In the case of SCI, transplantation
of many cell types (eg, fetal material,
embryonic and adult neural stem cells,
marrow stromal stem cells, olfactory
ensheathing cells, Schwann cells) from
various donor sources has been tested
in different experimental SCI mod-
els.43,45–47 Collectively, these reports
have demonstrated safety with rare
exception,48 and donor cell survival is
seen weeks to months following trans-
plantation. However, optimal cell deliv-
ery protocols (eg, cell types versus times
of delivery versus means of delivery)—
for human applications especially—re-
main to be defined.49 Furthermore, a
“transplant effect” is often assigned to
behavioral improvements in experimen-
tal animals, but the underlying mecha-
nism of a graft-mediated effect is often

insufficiently demonstrated. Overall, ex-
perimental recovery is quite variable,
and there is little information that corre-
lates recovery with metrics of functional
engraftment. For example, data demon-
strating host-graft synaptic connectivity
are sparse.

Translation of clinical stem cell trans-
plantation to the clinic is an ongoing
effort that is characterized by both prom-
ise and limitation. Clinical fetal cell trans-
plantation studies initiated more than 3
decades ago provided an early road map
for translating the basic science of neural
tissue replacement to the clinical arena,
with safety and feasibility being the
endpoints of primary interest.50–53 Trans-
lational studies initially focused on treat-
ing people with Parkinson disease with
dopamine-producing embryonic CNS
donor tissue, which has since been rec-
ognized to be a rich source of neural
stem cells.50,51 Preclinical results
obtained from animal models of Parkin-
son disease and SCI led to human trials,
which demonstrated that human neural
progenitors could be safely grafted into
human recipients.50–53 Subsequently,
clinical trials have been initiated in the
United States and overseas using stem
cells to treat people with stroke, amyo-
trophic lateral sclerosis, and SCI43,54–56

(Table). An in-depth review of that work
is beyond the scope of this article, but
here we focus on relevant general com-
ments. In addition to being an active and
exciting area of translational research
around the world, current and future
clinical trials can broaden our knowledge
through thoughtful consideration of
experimental variability in areas such as
nonuniform recruitment base, nonstan-
dardized study designs, variability in pro-
cedural control, cell source definition,
and peer-reviewed documentation. Limi-
tations to preclinical central nervous sys-
tem transplant literature include: hetero-
geneity of starting cell material,
differences in cell isolation/preparation
between laboratories, timing of trans-
plant postinjury, mode of cell delivery,
and lack of positive finding in a chronic
injury model. Considerable caution must
be exercised when drawing conclusions
about the safety of different cell sources,
efficacy of engraftment, or reliability of
clinical benefits.43

These overall results would suggest that,
although an incredibly promising ven-
ture, CNS transplantation is still an evolv-
ing approach that will benefit from more
extensive study in preclinical animal
models. Current and future studies
should seek to ensure that the optimal
model is in use so that rehabilitation has
the best opportunity to elicit biologically
relevant improvements.

Building Evidence for
Rehabilitation to Augment
CNS Stem Cell Therapies
Stem cell transplantation offers the
potential benefit of introducing an addi-
tional and sustained source of neuroplas-
ticity. Neuroplasticity in this context
refers to changes in the structure or func-
tion of a neural system in response to a
stimulus. Therefore, following injury,
stem cells would contribute structurally
or functionally to what is essentially a
novel neural substrate, within which lies
an opportunity for the application of
rehabilitation approaches to maximize
the efficacy of current transplantation
approaches. Activation of the nervous
system through injury or sensory or
motor stimuli provides a rationale to pur-
sue combined therapies.

Stem cells in the CNS are responsive to
injury and, therefore, could contribute to
the recovery process. For example, fol-
lowing SCI in rodents, ependymal spinal
cord stem cells rapidly proliferate, pri-
marily producing glial cells.57–59 In ani-
mal models of stroke, endogenous,
subventricular, zone-derived progenitors
proliferate and migrate toward the
lesion.33,60,61 Even more striking, these
cells can differentiate into mature neu-
rons62 and appear to integrate with host
tissue.63 In these studies, the time frame
of donor cell integration occurs over a
period of several months, an interval
that, perhaps only coincidentally, corre-
sponds to a typical poststroke recovery.
In support of a possible endogenous neu-
ral stem cell contribution to recovery,
chemical reduction of the host stem cell
population results in a worse functional
outcome following stroke compared
with naive animals that generate a nor-
mal stem cell response to injury.64 These
data suggest that CNS stem cells are
mobilized following injury and could

† The exception to this rule appears to be
induced pluripotent stem cells, in which skin
fibroblasts are reprogrammed using gene
transfer or small molecules, or both, to make
stem cells that are then induced to make
mature cell types. This technology has been
used to create multiple tissue-specific adult
cell types, including neural cells.
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contribute to recovery.65 What clinical
outcomes affirm, however, is that this
endogenous stem cell response to injury
is inadequate to mount a complete recov-
ery of function following injury without
further intervention.

Stem cells also respond to externally
applied sensory and motor stimuli,
which underlies the potential for rehabil-
itation to augment innate stem cell-
mediated recovery. This finding was
established in studies on the effects of
sensory input and motor activity on the
birth of new neurons (neurogenesis) in
the hippocampus (ie, through prolifera-
tion or survival of stem cells and their
progeny cells).66,67 Animals housed in an
enriched environment (ie, increased sen-
sory input and social interaction) exhib-
ited increased survival of newborn hip-
pocampal neurons over time. In
addition, voluntary exercise on a running
wheel resulted in a temporally significant

increase in the birth of new hippocampal
neurons and improved their overall sur-
vival.67 In aged animals, an average of 3.9
km per day (SD�0.1) on a running wheel
results in a 50% reversal of the natural
decline in hippocampal neurogenesis.68

Thus, appropriately timed and dosed
stimuli may influence endogenous stem
cell responses. Furthermore, the same
stimuli could complement transplanta-
tion by enhancing donor cell survival,
fate, and integration, thereby leading to
more consistent and biologically signifi-
cant functional outcomes.

The mechanisms underlying stem cell
responses to general exercise and envi-
ronmental enrichment are slowly emerg-
ing.69 Teng and colleagues65 have pro-
posed that activity stimulates en-
dogenous or transplanted stem cells to
secrete neurotrophins (molecules that
promote neuronal health and plasticity).
This proposal is supported by correlative

data on the effects of activity at the ana-
tomical and physiological levels. At the
anatomical level, exercise can affect den-
dritic morphology and increase vascular-
ity.70 At the physiological level, exercise
influences expression of synaptic and
receptor proteins.70 Such plasticity can
directly influence neural stem cell
pools.67,68 On the other hand, activity or
physiological modalities could counter-
act negative factors within the injury
environment.

Physical rehabilitation approaches that
focus on activation of the neuromuscular
system could have an impact at the cel-
lular level, with the aim of augmenting a
behavioral change and improving out-
comes.71 In this light, rehabilitation is a
promising partner to stem cell technolo-
gies. A recent review emphasized the
convergent themes of CNS regenerative
medicine and neurorehabilitation
approaches.21 The authors discussed

Table.
Summary of Current Stem Cell Transplantation Trials (Available Reports)

Agency or Individual (Country) Cell Type

Reported
Transplant

(n)
Safety

Reported?
Functional Gains

Reported?

Geron (USA) terminated Human embryonic stem–derived cells
(oligodendrocyte precursors)

2 Yes No

Barros (Brazil) Bone marrow–derived stem cells 39 Yes Yes

Moviglia (Argentina) Bone marrow–derived stem cells 10 Yes Yes

Geffner (Ecuador) Bone marrow–derived stem cells 52 Yes Yes

Callera (Brazil) Bone marrow–derived stem cells 10 Yes No

Jacques (Mexico) Umbilical cord stem cells 59 Yes Yes

Medra Inc (Dominican Republic/United States) Fetal stem cells Unknown Unknown Unknown

Sykova (Czech Republic) Bone marrow–derived stem cells 36 Yes Yes

Klienbloesem (Cells4Health: Turkey/
the Netherlands); (Xcell-Center: Germany)

Bone marrow–derived stem cells 180 Yes Yes

Bussarsky (Bulgaria) Bone marrow–derived stem cells 115 Yes Yes

Trossel (the Netherlands) Umbilical stem cells Unknown Unknown Unknown

Curt/Stem Cells Inc (Switzerland/
United States)

Fetal central nervous system stem cells Unknown Unknown Unknown

Neuralstem Inc Human fetal spinal cord stem cells Unknown Unknown Unknown

Bryukhovetskiy (Russia) Embryonic stem/fetal stem cells
(former); adult stem cells, type
unknown; olfactory ensheathing
cells

�60 Yes Premature

Rabinovich (Russia) Combinations of various cells 122 Yes Yes

Chernykh (Russia) Bone marrow–derived stem cells 18 Yes Yes

Asia (greater than 12 investigators) Multiple sources Unknown Varied Varied

Caribbean Unclear Unknown Unknown Unknown
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that functional gains seen using these
approaches in isolation, to date, are mod-
est. They posited that the introduction of
complementary approaches (eg, motor
stimulation combined with small mole-
cule therapy) will be needed to achieve
improved outcomes. Applied to the cur-
rent topic, patterned input through
modalities and activity could address cur-
rent limitations to cell replacement ther-
apies by conditioning transplanted cells
and the injured environment for survival
and function over long periods.

Experimental evidence is needed to
determine whether rehabilitation, with
the appropriate timing and dosage of
administration, can augment stem cell
therapies aimed at CNS repair. Such evi-
dence is emerging across the neuromus-
cular spectrum. For example, in the mus-
culoskeletal system, exercise augments
stem cell transplantation following mus-
cular injury in a mouse model.13 In the
CNS, locomotor training alone has elic-
ited gains in hind-limb functional recov-
ery in a number of neurological popula-
tions.72–74 Yet, recovery is enhanced
when locomotor training is paired with
regenerative modalities, such as electri-
cal stimulation5 or pharmacological
agents.75 Another recent report demon-
strated that improvements in rodent
motor function following cervical SCI
were absent following gene therapy
unless combined with rehabilitation.76

A final example of particular interest is
intermittent hypoxia, a systemic and
physical therapy–administered physio-
logic stimulus. Relevant to stem cell ther-
apies, recent in vitro findings outline that
CNS neural stem cells harvested follow-
ing intermittent hypoxia are more prolif-
erative and yield a greater percentage of
neurons than those harvested from con-
trol animals.77,78 This is a compelling
finding in that individuals with chronic
incomplete SCI demonstrate greater
plantar flexion force and ambulatory
speed and endurance following acute
mild intermittent hypoxia protocols.12,79

Similar to the aforementioned findings in
conjunction with locomotor training, the
combination of ambulatory training with
mild intermittent hypoxia results in an
additive benefit to gait endurance.79

Together, these findings suggest that sys-

temic intermittent hypoxia is sufficient
to elicit changes in neural stem cell biol-
ogy that support study of their combined
use to offset some limitations to CNS
stem cell therapies (specifically, reduced
proliferation or differentiation of trans-
planted cells with preconditioning and
conditioning of a toxic injury
environment).

Thus, rehabilitation modalities, in the-
ory, gain ground as a component of mul-
tipronged approaches75 to potentially
optimize stem cell transplantation. This
notion is in keeping with the concept of
rehabilitating the patient on the cellular
level13,80 and, if carefully optimized for
timing and dose of administration, may
prove to be effective beyond the capa-
bilities of the injured system alone.

Professional Opportunities
to Forward Regenerative
Rehabilitation
The potential for physical therapy to aug-
ment advanced technologies is sup-
ported by initiatives already set forth to
address progressive therapeutics. In
2006, the American Physical Therapy
Association (APTA) House of Delegates’
Vision 20209 mandated innovative prac-
tice models as part of the profession’s
mission. Subsequently, emphasis has
been placed on the effective translation
of advanced technologies into clinical
practice to meet this mission. In 2010,
the Physical Therapy and Society Summit
(PASS) produced recommendations for
professional growth to meet scientific
advances.81,82 These recommendations
called for effective collaborations in test-
ing new technologies, progression of
technology-based intervention to health
care delivery, establishment of mecha-
nisms to promote clinical competencies
with new technologies, and the promo-
tion of multidisciplinary efforts in sci-
ence and technology developments.
Finally, during the 2011 National Insti-
tute of Child Health and Human Devel-
opment Scientific Vision Workshop on
Plasticity, basic and clinical scientists
identified emerging developments
regarding plasticity-related research. As
outlined in the white paper report,83 rel-
evant questions raised included:

1. Do different modes of plasticity con-
verge to promote healing?

2. How do therapeutic interventions tap
into plasticity, and are multiple inter-
ventions needed to optimize access to
multiple forms of biological plasticity?

3. What new tools and approaches are
needed to study plasticity?

4. How do we evaluate the effects of
combination therapies on plasticity?

5. Do we have the most appropriate pre-
clinical models?

Therefore, there is a significant drive for
physical therapists to engage in
advanced technologies research, such as
those technologies encompassed by
regenerative medicine.

In the spirit of acting on these initiatives,
several recent sessions have focused on
the growth of regenerative rehabilita-
tion. Regenerative rehabilitation has
been the focus of an educational session
(2011) and the Eugene Michels Research-
ers Forum (2012) at the APTA Combined
Sections Meetings. Building on this edu-
cational platform, Ambrosio and col-
leagues have initiated a series of sympo-
sia on regenerative rehabilitation that
overview current research efforts and
progress toward combined therapies,
with other similar symposia now occur-
ring internationally. Regenerative reha-
bilitation was the subject of the 2012
APTA Section on Research retreat and
has been highlighted in print84 and via
podcast in PT in Motion.85 Finally, with
the inception of the Alliance for Regen-
erative Rehabilitation Research and
Training (AR3T), major research institu-
tions are joining together to fund
research and to educate and disseminate
current research to the broadest audi-
ence possible.86

Clearly, more physical therapists are
becoming involved in regenerative med-
icine research. For example, a survey of
the top 27 programs listed in the US
News and World Report revealed that
43% actively participate in some
form of regenerative medicine–oriented
research (unpublished observation). This
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observation supports the growing inter-
face between physical therapy and
regenerative medicine research teams.
Building partnerships between physical
therapy researchers and clinicians will
become a critical next step, where each
can play a significant role in the design
and application of emerging regenerative
rehabilitation protocols. Early collabora-
tion between the 2 disciplines is the root
of a fusion model proposed by Ambrosio
and Russell,15 which contends that reha-
bilitation and regenerative medicine
interactions should be assessed concur-
rently during research development,
rather than in a separated and linear fash-
ion. The rationale is to assess rehabilita-
tion approaches in the context of devel-
oping advanced technologies and as a
component of preclinical trials to ensure
that dosing parameters and clinical out-
comes are optimized.

What does this conceptualization mean
for the experienced clinician and for
interested clinical doctor of physical
therapy (DPT) students? Experienced
clinical insight will be critical to the suc-
cessful and wide implementation of
regenerative rehabilitation. Advanced
knowledge of patient responses to regen-
erative approaches will be important to
the accurate assessment of treatment effi-
cacy. The development of appropriate
clinical outcomes that capture nuanced
aspects of recovery will also be impor-
tant.87 A preliminary step in establishing
prerequisite clinician involvement could
be the creation of specialized clinical
trial sites that will interface novel reha-
bilitation approaches with specific
patient groups receiving novel regenera-
tive approaches. As an example, the mis-
sion of the Christopher and Dana Reeve
Foundation NeuroRecovery Network88 is
to fast-track the translation of scientific
evidence for activity-based therapies into
clinical practice in concert with ongoing
program evaluation. Essential to the
NeuroRecovery Network is the use of:
(1) standardized therapy protocols for
specific patient populations, (2) stan-
dardized outcome measures, and (3)
standardized training of staff across the
NeuroRecovery Network. Parameters
and dosage of locomotor training (cur-
rent activity-based therapy), patient ben-
efit (eg, physical performance, health,

quality of life), population benefit, and
rate of recovery are among the many
aspects of clinical data collected from
the patients. Thus, program evaluation
provides data with which to track the
progress of developing technologies,
problem-solve within the clinical team
(eg, physician, therapist, administrator,
manager, scientist), and ultimately
inform and guide clinical practice.

Although perhaps premature at this
stage, the practice of physical therapy,
specifically neurorehabilitation, will
change as advances continue in brain
and spinal cord repair. This change will
require new material within academic
programs and advanced continuing edu-
cation to prepare physical therapists for
safe and effective implementation of
evidence-based rehabilitation protocols
in patients having undergone treatments
targeting neuroregeneration. Finally, cli-
nicians will need to acknowledge the
current state of practice, as patients are
exposed to considerable unfiltered infor-
mation regarding treatment options, ben-
efits, and controversies. A well-informed
clinician must have resources to best
help their patients to sift through the
“hype versus the hope.” This concern is
important for all therapists dedicated to
best informing their patients, whether or
not engaged in regenerative rehabilita-
tion research.

Conclusions
Physical therapy is poised to play a sig-
nificant role in regenerative medicine
through the development and implemen-
tation of regenerative rehabilitation
approaches. We have used the example
of stem cell therapies following CNS
injury to highlight the potential for reha-
bilitation to augment regenerative pro-
cesses. We hope we also have continued
a discourse that outlines the important
role experienced clinicians can play to
effect meaningful translation of
advanced technologies and to emphasize
that the physical therapy profession
must prepare for its role as a key partner
in the evolution of regenerative
rehabilitation.

Just as advances in electronic communi-
cation have enlightened the world’s pop-
ulace to the immediacy of information,

such technologies also have spawned
the recognition that discovery should
become synonymous with instant gratifi-
cation. These discoveries will inevitably
include the recognition that health is
becoming intimately entwined with mol-
ecules and that translating this informa-
tion into improved health will become
an expectation. Examples of this expec-
tation already abound in recognition of
achievements such as the mapping of the
human genome or the interface between
the delineation of genetic polymor-
phisms and implications for new treat-
ment approaches. Discoveries demon-
strating that human tissue can regenerate
beckons the call for consumer expecta-
tion. There is every reason to anticipate
that as these electronic communications
inform us about the association between
regenerative rehabilitation and quality or
longevity of our lives, the implications
for physical therapist practice will
become obvious to even the most casual
of observers. Our collective spirit of
compassion and creativity demands our
diligence and preparation in becoming
proactive participants in the discovery
and implementation processes.

From an academic perspective, it may be
argued that the incorporation of transla-
tional regenerative rehabilitation con-
cepts (from molecules to man) into DPT
curricula will be sine qua non for train-
ing the next generation of physical ther-
apists, and terminology and principles
commonly implemented in the field of
regenerative medicine should be a part
of our rehabilitation vernacular. Accord-
ingly, given the rapid pace by which
medical advances are occurring, educa-
tors should continually strive toward a
culture of lifelong learning such that
today’s students (and tomorrow’s clini-
cians) may ever be up-to-date with the
latest breakthroughs, well beyond the
time of graduation and throughout clini-
cal practice.

To learn more about regenerative reha-
bilitation, visit the APTA website89 for a
list of resources on the topic, including
references, podcasts, audio courses and
upcoming events.

Dr Ross, Dr Ambrosio, Dr Behrman, and Dr
Wolf provided concept/idea/project design.
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Dr Ross, Dr Ambrosio, Dr Trumbower, Dr
Reier, and Dr Wolf provided writing. Dr Ross
provided data collection and institutional
liaisons. Dr Ross, Dr Trumbower, and Dr
Behrman provided consultation (including
review of manuscript before submission).
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