
Chapter 1
Historical Perspectives of Regenerative
Rehabilitation: Recovering and Restoring
Functional Capacity

Christiana J. Raymond-Pope, Daniel B. Hoffman, David L. Saunders,
and Sarah M. Greising

Abstract Regenerative rehabilitation is an emerging field combining regenerative
medicine strategies with evidence-based rehabilitation practices. The overall aim of
regenerative rehabilitation is to repair and regenerate organ systems and recover
function following injury or illness. This review presents recent advances in regen-
erative rehabilitation with attention to historical context. The state of the field of
development and implementation of therapeutic strategies across anatomic and
physiologic systems is discussed. Providing an overview of relevant strategies and
examples of early successes, the importance of physiologic functional outcomes is
emphasized.
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1.1 Introduction

In his statements on the history of rehabilitation from the Vietnam War, Paul Brown
noted, “Leaders and innovators in the field were asking the question—‘Where does
treatment cease and rehabilitation start?’ The true significance of this basically
rhetorical question lay in the implication that treatment and rehabilitation were
indistinguishable. . .” (Burkhalter 1994). Using a more thoughtful approach to the
importance of the indistinguishable aspects of treatment and rehabilitation, regener-
ative rehabilitation has recently expanded as a field to provide patients with multi-
pronged approaches to restore function after injury, disease, or illness. While the
origins of rehabilitation and regenerative medicine treatments can be traced back
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thousands of years, the establishment of regenerative rehabilitation as a discipline
has occurred relatively recently.

Strategies for rehabilitation can be traced back to the ancient Chinese, who used
movement to relieve pain thousands of years ago through the practice of Qigong.
Greek physician Herodicus used exercise to prevent disease in the fifth century B.C.
E.; Roman physician Galen used rehabilitation for military injuries in the second
century C.E., and during the Middle Ages philosopher-physician Maimonides used
exercise for health (Kleisiaris et al. 2014). Similarly, the use of regenerative medi-
cine techniques for various treatments can be found in the early use of biomaterials
by the Egyptians during the Neolithic age, the Europeans during the Middle Ages,
and as early as 600 A.D. by the Mayan civilization (Marin et al. 2020). The historic
review of the field of regenerative rehabilitation herein seeks to draw attention to
notable recent successes and describe progress in preclinical research and clinical
translation. Through this review, we focus on clinically meaningful and system-
specific functional outcomes as the field collectively works to develop regenerative
rehabilitation practices that repair, regenerate, and rejuvenate the body following
injury or disease.

1.2 Rehabilitation

The objective of rehabilitation, or physical therapy, is to act upon the systems of the
body to facilitate physiologically beneficial adaptations. The medical specialty of
Physical Medicine and Rehabilitation aims to restore functional limitations resulting
from various pathological conditions or injuries by incorporating the expertise of
practitioners involved in all stages of the rehabilitative process (Atanelov et al.
2015). Examples include skeletal muscle hypertrophy and/or bone mineral deposi-
tion following injury or surgery, or to attenuate declines in patients suffering chronic
diseases, such as sarcopenia or heart failure. Toward the beginning of the twentieth
century, patients were often restricted to bedrest and prolonged immobilization
following acute or chronic injury, subsequently followed by a slow progression
back into activity. Unfortunately, bedrest reduces the physiological load on the
musculoskeletal system needed to induce physiological adaptations. This results in
atrophy, net bone resorption, and poor functional outcomes (Koukourikos et al.
2014). In contrast, early weight-bearing and ambulation following surgical pro-
cedures to repair injuries, such as ankle fracture and anterior cruciate ligament
(ACL) injury, have been associated with reduced in-patient hospitalization time,
earlier return to full ambulation, and earlier return to work or sport (Simanski et al.
2006; Dehghan et al. 2016).
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1.2.1 Early History of Rehabilitation

The practice of rehabilitation dates back to written accounts of physical healing
techniques around 400 B.C. However, it was not until World War I that rehabilita-
tion methodologies and education became more prominent in the United States as
physicians began practicing formal physiotherapy, or physical medicine and reha-
bilitation, to rehabilitate injured and disabled military personnel. Although physi-
cians prescribed various physical treatments, no standard physical therapy practices
had yet been established. Consequently, the American Medical Association (AMA)
Council on Physical Therapy was established in 1926 to broadly identify effective
physical rehabilitative treatments. At the forefront of this movement was Dr. John
Coulter, a military physician who served during World War I and as faculty at
Northwestern University Medical School. Coulter was a leader in the educational
development of physical therapy practices. Notably, his collaboration with basic
scientists and other medical and surgical practitioners helped to establish the legit-
imacy of rehabilitative practices. In particular, his collaboration with Dr. Frank
Krusen, founder of one of the first academic departments of physical medicine in
the United States at Temple University Medical School, later resulted in establishing
the American Academy of Physical Medicine and Rehabilitation in 1947. The
practice of rehabilitation became more prevalent and accelerated during and imme-
diately following World War II. During this time period, more injuries were surviv-
able. The focus of physical medicine shifted from the recovery of ambulation to
improving patients’ physical, mental, emotional, vocational, and social capacities.

1.2.2 Progressing to Evidence-Based Practices
in Rehabilitation

In recent years, the rehabilitation field has moved to incorporate sound methodolog-
ical research and evidence-based practice (EBP) into the clinic. One of the first
descriptions of EBP in rehabilitation was in 1992 at McMaster University in Ontario,
Canada. Since then, EBP has been defined as “the conscientious, explicit, and
judicious use of current best evidence in making decisions about the care of
individual patients/clients” (Sackett et al. 1996). Evidence-based practice encom-
passes three main principles. First, it integrates therapists’ individual expertise,
proficiency, and judgment based on clinical experience, with the best available
clinical evidence from systematic and sound methodological research. Second,
individual patient preferences and values must be considered in selecting the best
procedures and practices for the patients’ condition and the severity of that condi-
tion. Third, healthcare economics must be considered, with specific attention paid to
the availability, quality and cost of treatments, facilities, and health insurance. Taken
together, multiple factors must be considered when implementing an EBP
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rehabilitation program for patients across a wide spectrum of pathological conditions
and injuries.

It is well known that physical activity and resistance exercise confer substantial
health benefits, with consistent, progressive training shown to improve a variety of
health and physical outcomes. These outcomes include muscular strength, endur-
ance, power, and cardiorespiratory fitness. The latter includes increased maximal
oxygen uptake and decreased heart rate and blood pressure for a given absolute
submaximal intensity, among other physiological variables. Increased levels of
physical activity and exercise are inversely associated with premature mortality,
cardiovascular disease, stroke, osteoporosis, type II diabetes, and metabolic syn-
drome, among other progressive deleterious conditions. Specific types of exercises
are recommended to improve long-term health and functional outcomes across a
wide spectrum of pathological conditions and injuries.

The purpose of prescribing rehabilitative exercise is to impart various mechanical
stimuli, loads, and/or forces on body systems to effect beneficial responses. These
stimuli are needed to transmit biochemical signals and subsequently activate intra-
cellular signaling cascades; a process referred to as mechanotransduction. These
include tensile (pulling), compressive (pushing), shear (parallel, opposite), torsional
(twisting), and vibrational forces. Mechanotransduction is critical for eliciting a
molecular response involving the activation of transcription factors necessary for
net protein production, extracellular matrix (ECM) synthesis, skeletal or cardiac
muscle hypertrophy, and bone mineral deposition, among others. For example,
protein synthesis rates within skeletal muscle fibers are primarily controlled by the
mechanistic target of rapamycin (mTOR) enzyme, which is activated by the mechan-
ical stretch of muscle and several anabolic hormones, including insulin-like growth
factor and growth hormone (Schoenfeld 2010; Mavalli et al. 2010). In fact, mTOR
has been reported (Dreyer et al. 2006) to increase during and immediately following
an acute bout of resistance exercise, subsequently leading to phosphorylation and
activation of downstream target proteins to increase net protein production. Ulti-
mately, the application of whole-body or regional mechanical stimuli must be
specifically tailored to obtain the desired beneficial adaptations.

To impart specific adaptations on physiologic systems, different rehabilitation
regimens are used in patients depending on age, specific pathological conditions, and
injuries. The foundation of most common types of rehabilitation includes body
weight, resistance, flexibility exercises, and aerobic activity. Body weight and
resistance exercises impart tensile and compressive forces that activate intracellular
signaling cascades. These induce skeletal muscle hypertrophy, increase net bone
mineral deposition, and improve cardiovascular function. For example, loading
specific skeletal muscle groups and bones has been shown to prevent, attenuate, or
reverse bone mass loss in patients with osteoporosis. It has also been shown to
reduce pain and disability in patients with osteoarthritis (American College of Sports
Medicine et al. 2009; Garber et al. 2011; Messier 2008). Common indications for
body weight and resistance exercises include vascular (e.g., myocardial infarction,
heart failure), neurological (e.g., multiple sclerosis, stroke, amyotrophic sclerosis),
and various musculoskeletal conditions (e.g., fractures, joint arthroplasty). Dynamic
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and static flexibility exercises are prescribed to improve range of motion (ROM) and
enhance patients’ ability to perform weight-bearing activities, activities of daily
living, and, in the case of athletes, improve sports performance through increased
speed and rate of force production. In addition to commonly implemented rehabil-
itation methods, other therapies have been developed to improve functional out-
comes, including electrical, magnetic, or mechanical stimulation, whole-body or
targeted vibration, and blood flow restriction. Although these approaches have
demonstrated some promise in improving functional outcomes across clinical
populations, there is a lack of evidence to suggest specific timing and dosing
guidelines to optimize therapeutic benefit. A multimodal rehabilitation program
may act synergistically to confer optimal physiological adaptations on the body,
specific to the stimuli enacted, to enhance functional outcomes.

1.2.3 Overarching Goals of Rehabilitation

Rehabilitation programs are designed to include distinct phases to progressively
improve outcomes related to pain, joint ROM, muscular strength, and overall
function by the end of each stage. Prior to the advancement from one phase to the
next, a series of functional tests are typically administered to ensure patients are
ready to progress. Tests may include loading percentage, number of repetitions for
resistance exercises, or performance intensity of a particular task, such as walking or
jogging.

Generally, the goal of the first phase of rehabilitation following injury or a
surgical procedure is to protect the injured area. In this phase, immobilization may
be prescribed, such as unloading of lower extremity injuries with a cast or a sling for
upper extremity injuries. The goal of the second phase is to increase tissue tolerance
to loading by slowly progressing to weight-bearing exercises such as walking.
During this phase, activities may include performing active and passive ROM
exercises, submaximal isometric exercises for affected muscle groups, and progres-
sive loading. Examples of the latter include unloaded cycling or abdominal stability
exercises for lower extremity injuries. Goals of the third phase include achieving full
ROM of the affected joint, increasing tissue tolerance to loading, and improving
strength and endurance with exercises such as jogging or biking. The final rehabil-
itation phase is aimed to return patients to performing activities at pre-injury or
pre-surgery levels.

Each progressive phase of rehabilitation varies in length of time and types of
exercises performed based upon the heterogeneity, complexity and severity of the
patients’ injury, and pain tolerance level (Myer et al. 2006). For example, mild
hamstring strains generally require up to 1 month to rehabilitate. More complex
injuries such as ACL injury with subsequent surgical reconstruction may require
9 months or longer to rehabilitate before patients return to full activity. As hamstring
strain injuries primarily impact the muscle, do not involve bone or require surgery,
an unloading phase is generally not prescribed. Instead, the first rehabilitative phase
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(acute management) includes early loading of the injured muscle (Heiderscheit et al.
2010). The functional recovery phase follows with the goal of recovering muscle
strength and ROM, in addition to graded running to maintain cardiorespiratory
fitness. Then activities specific to an individual’s sport or vocation are implemented.
Finally, testing to return to full activity is performed. Individuals are encouraged to
continue specific functional exercises to prevent re-injury following clearance for
full activity. Rehabilitation phases are general guidelines. Even across studies
examining optimal strategies to rehabilitate homogeneous mild hamstring injuries,
varying numbers of phases and types of loading have been reported (Heiderscheit
et al. 2010; Lightsey et al. 2018; Wangensteen et al. 2017). Further investigations are
required to determine the optimal timing and loading strategies for each stage of
rehabilitation across various injuries and pathological conditions to promote efficient
repair.

1.3 Regenerative Medicine

Regenerative medicine is based on the principles of cell and tissue biology to
facilitate the restoration of tissue and function. Regenerative medicine has been
described as the “process of creating living, functional tissues to repair or replace
tissue or organ function lost due to age, disease, damage, or congenital defects” by
the United States National Institutes of Health (NIH). Regenerative medicine
includes an array of emerging technologies, such as biomaterials, stem cell therapies,
engineered organs (e.g., trachea, urinary bladder), and/or tissues (e.g., skin, muscle,
cartilage) to promote regeneration in affected body regions. While rehabilitation can
improve tissue restoration and functional outcomes, there are countless conditions
for which rehabilitation alone is not sufficient.

1.3.1 History of Biomaterials

The use of natural materials in medical procedures had a long history of success
before modern biomaterial-based regenerative medicine emerged as a field in the
mid-twentieth century. The use of sutures may be the oldest form of a regenerative
biomaterial, with some reports indicating ancient Egyptians used linen sutures
during the Neolithic age. Europeans used catgut sutures during the Middle Ages,
and nacre dental implants were successfully used as early as 600 A.D. by the Mayan
civilization (Biomaterials Science 2020). Although the first contact lenses were not
developed until the nineteenth century, Leonardo Da Vinci is credited for developing
the concept in 1508. Many synthetic polymers were developed for military use
during World War II and subsequently used by surgeons as experimental treatments
when necessary. For example, polymethylmethacrylate (PMMA) was found to be
biologically inert, or producing minimal foreign body reaction, after fighter pilots
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were injured with PMMA windshield shrapnel (Williams and Isaacson 2014). This
prompted the use of PMMA as intraocular lens replacements while various other
materials began to be tested for biocompatibility.

Historically, biomaterials were designed to be inert and simply replace damaged
tissue rather than assisting in regeneration. To be successful, biomaterials need to
have the necessary mechanical properties for a specific application in addition to
being biocompatible. If a material is cytotoxic, the surrounding tissue will die and
thus it is not biocompatible. Even when not cytotoxic, materials may prove incom-
patible by activating the immune system’s foreign body response. A foreign body
response may create a fibrous capsule around the implant, altering its physical
properties and damaging the surrounding tissue. In many applications today, surface
modifications are made to the biomaterial to reduce the foreign body response and/or
provoke beneficial effects in the surrounding tissue.

While attempting to solve the problem of inert metallic bone implants from being
rejected, Hench et al. developed a bioactive glass material that integrates with the
existing bone (Hench et al. 1971). The interface between the glass and bone was
bound with an active hydroxyapatite layer instead of a fibrous capsule. The bound
interface was not only stronger but also reduced the risk of rejection compared to
inert metallic implants. This study provided a new framework for thinking about
biomaterials by demonstrating inertness is not always advantageous. Instead of
trying to avoid biological interaction, materials can be designed to positively influ-
ence the surrounding tissue. Currently, the most widely accepted definition of a
biomaterial is “any substance or combination of substances, other than drugs,
synthetic or natural in origin, which can be used for any period of time, which
augments or replaces partially or totally any tissue, organ or function of the body, in
order to maintain or improve the quality of life of the individual” (Marin et al. 2020).

1.3.2 Modern Biomaterials

Modern biomaterials can be broken down broadly into three classes: ceramics/
glasses, metals, and polymers. Ceramics have the highest tensile strength but lowest
ductility of the three biomaterial categories, making them suitable for bone and
dental implants. They are often used in articulations of metal joint replacements
because of their friction resistance. Porous ceramics are not suitable for load-bearing
but may provide an ideal bone implant by allowing existing bone to grow within the
pores and create a strong interface. Glasses and glass-ceramics have become popular
choices for bone implants due to the mechanical properties and ability to integrate
bioactive components. As of 2016, it was reported Hench’s 45S5 Bioglass® has been
used in over 1.5 million patients (Hench et al. 1971).

Metallic biomaterials are used commonly in joint replacements and bone fixation,
dental implants, and vascular stents. Common types include stainless steel, cobalt-
based alloys, and titanium-based alloys. These are generally preferred over other
materials because of their mechanical strength and toughness, corrosion resistance,
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and light weight. In addition, they can be processed below their recrystallization
temperature, known as cold working. This creates imperfections in the crystalline
structure that inhibit the movement of atoms, further increasing strength and hard-
ness (Biomaterials Science 2020). Stainless steels are commonly used as expandable
vascular stents because of their ductility and subsequent strain hardening. Further-
more, metals allow for endothelial growth over their surface which reduces the risk
of blood clotting. By the early 2000s, drug-eluting metallic stents proved superior to
bare metal stents for reducing clots and are regularly used today (Silvain et al. 2014).
Metallic implants are thought to promote the regeneration of healthy vascular tissue.
However, due to their strength and general inability to degrade, metallic biomaterials
used for applications such as fracture fixation do not promote regeneration. Instead,
metallic fixation has a stress shielding effect, limiting the load placed on the bone,
and consequently reduces bone remodeling due to Wolff’s law. Therefore, degrad-
able materials, such as polymers, have begun to be tested for viability in bone
fixation to encourage bone remodeling and ultimately function (Kulkarni et al.
1971; Cai et al. 2019).

Polymers comprise a wide range of possible bulk material and surface properties
and may be more useful for tissue regeneration than metals or ceramics due to
potential biodegradability. Polymers consist of multiple repeating molecular sub-
units, or “mers,” which form chains that cross-link together to form the bulk
material. They can be synthetically made (e.g., polyethylene, polypropylene, etc.)
or occur naturally (e.g., collagen, silk, wool, etc.). Polymers can consist of a single
type of repeat unit, called a homopolymer, or can be made up of two or more types of
repeat units called a copolymer. The amount of cross-linking within a polymer
material can dictate the elastic modulus and toughness of that material. Polymers
with lower cross-linking density have a low modulus and are known as elastomers,
as they can stretch and return to the prior shape. Plastic polymers can withstand
higher stress than elastomers with greater ductility and toughness. Finally, brittle
polymers are heavily cross-linked, resulting in lower ductility but increased strength,
similar to ceramics. Because of this wide range, polymers have been used in tissue
engineering, drug delivery, vascular and skin grafts, and joint replacements, among
others. Moreover, highly cross-linked and hydrophilic polymers can form hydrogels,
which are advantageous in a variety of applications. The highly cross-linked struc-
ture of hydrogels allows for withstanding tensile stress, while hydrophilicity allows
for stretch and elasticity.

1.3.3 Tissue Engineering

The field of tissue engineering began to emerge in the 1970s. Bell et al. first reported
that collagen hydrogels cultured with fibroblasts undergo contraction and form skin-
like structures (Bell et al. 1979). Around the same time, Yannas and Burke examined
the ability of a porous, cross-linked collagen-glycosaminoglycan scaffold to regen-
erate skin in vivo. The scaffolds were implanted into the wound beds of excised skin
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of guinea pigs and found to regenerate skin remarkably well (Yannas et al. 1982;
Yannas and Burke 1980). These findings led to the first clinical uses of artificial skin
and provided a basis for engineering other types of tissue.

Providing a conceptual framework, the tissue engineering triad guides the suc-
cessful development of new constructs (Almouemen et al. 2019). The first pillar of
the triad is a biomaterial scaffold, or matrix, which provides structure and an
organized template upon which stem cells and regenerated tissue can align. The
scaffold’s mechanical properties should closely resemble the native ECM of the
desired tissue. Thus, natural polymers such as collagen, silk, cellulose, and various
proteins are often used as tissue engineering scaffolds due to the resemblance of
native ECM. Importantly, because natural polymers are comprised of proteins, they
have the advantage of innate bioactivity. This encompasses the second pillar of the
tissue engineering triad: appropriate signaling and biophysical cues. Natural mate-
rials contain binding sites for various growth factors and cell attachment, which can
dictate cellular differentiation and proliferation. They can also be enzymatically
degraded, allowing for replacement by an endogenously produced matrix. Addition-
ally, modifying polymer alignment and pore size within the scaffold can enhance
organization of regenerated tissue and allow nutrients and metabolites to enter and
exit the region. The third pillar of the triad is the need for cells; specifically,
progenitor cells that will regenerate the desired tissue. This can be accomplished
by the scaffold attracting endogenous cells when implanted, or by seeding the
scaffold before implantation.

Today, tissue engineering using decellularized scaffolds has been attempted for
just about every organ in the body with varying degrees of success (Yu et al. 2016;
Corona and Greising 2016). Although these naturally derived scaffolds offer many
advantages as previously discussed, they typically lack the necessary mechanical
properties for some applications and are difficult to produce with consistent proper-
ties. Synthetic polymer scaffolds can be produced with more precision, consistency,
and stronger mechanical properties, yet do not degrade as readily and are not
innately bioactive materials. Consequently, composite scaffolds and hydrogels
which combine natural and synthetic polymeric aspects are becoming more common
in tissue engineering.

1.3.4 Cellular Therapy

Perhaps a more simplified approach to regeneration than transplantation of
engineered tissues is the use of stem cell therapy. Instead of introducing a foreign
biomaterial and managing the potential host responses, stem cells can be injected or
delivered to the desired tissue and directly contribute to regeneration. Hematopoietic
(HSCs) and mesenchymal stem cells (MSCs) are the most common types used for
tissue regeneration today, though embryonic (ESCs) and induced pluripotent stem
cells (iPSCs) theoretically have greater potential. The first use of the term “stem cell”
in the literature dates back to the late nineteenth century by Ernst Haeckel
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(Ramalho-Santos and Willenbring 2007). However, stem cell research did not truly
gain momentum until the late twentieth century. Today MSCs as they are referred to,
are “adult” stem cells primarily harvested from bone marrow. It is now known that
other types of tissue can be sources of MSCs, including adipose, umbilical cord,
amniotic fluid, and dental pulp. While the term MSC was first coined by Arnold
Caplan in 1991 (Caplan 1991), previous studies identified the osteogenic capacity of
bone marrow, likely due to the presence of such cells (Tavassoli and Crosby 1968).
MSCs are multipotent, meaning they can differentiate to form multiple types of
tissue, including muscle, bone, cartilage, fat, and connective tissue. While MSCs
have been useful for the aforementioned applications, pluripotent stem cells’ ability
to differentiate into any type of tissue presents a likely regenerative advantage.
Thomson et al. were the first to isolate human ESCs (Thomson et al. 1998), which
are pluripotent and can self-renew indefinitely. However, because the embryo
(blastocyst) from which these cells are taken needs to be destroyed, there is contro-
versy regarding the ethics of harvesting ESCs. In 2006, Takahashi and Yamanaka
developed a method for converting mature fibroblast cells to induced pluripotent
stem cells (iPSCs) for which Yamanaka received the Nobel Prize in 2012 (Takahashi
and Yamanaka 2006). This was a breakthrough in the field of stem cell research, as
iPSCs have the virtually unlimited proliferative ability, and avoid ethical issues
surrounding the use of ESCs, significantly advancing the field of stem cell biology
and regeneration.

In theory, multipotent and pluripotent stem cells have the ability to cure a host of
diseases, yet the only current US FDA-approved stem cell products are HSCs
derived from cord blood to treat blood disorders, mainly for end-stage cancer
patients. Common adverse reactions to HSC treatment include acute and chronic
bacterial infections and graft-versus-host disease, with a range of severity (Omrani
and Almaghrabi 2017; Zhao et al. 2019). Thus, the primary limitations of obtaining
FDA approval are safety and efficacy, as numerous severe complications exist with
treatment and little to no improvement has been demonstrated with treatment for
some conditions. Nonetheless, hundreds of clinics providing autologous stem cell
therapies have opened throughout the U.S. and globally. While often justified by the
use of autologous tissue, the legality under which many operate is questionable.
Though long-term complications are not well understood at this point, numerous
patients have reported tumor formation years after an unapproved treatment (Bauer
et al. 2018). Likewise, MSCs have been shown to promote metastatic growth in vitro
and in vivo (Wang et al. 2015).

While there is a promising future for stem cell therapies, refinements need to be
made to reduce adverse complications and improve efficacy. Appropriate methods to
effectively deliver cells remain a significant barrier to use. MSCs have been tested in
animal models for the treatment of various conditions including skeletal muscle
injury, stroke, peripheral nerve injury, cartilage damage, and osteoarthritis among
others (Goldman et al. 2017; Wilke et al. 2007; Guercio et al. 2012; Horita et al.
2006). The most common methods of cell delivery are injection either directly into
the tissue of interest or the systemic circulation. Yet only a small proportion of cells
appear to engraft at the treated site in most cases with, approximately 90% of cells
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lost within the first few hours following transplantation (Mooney and Vandenburgh
2008). Moreover, cells display a weak ability to migrate from the injection site.
Inconsistent results between studies with similar treatments are perhaps linked to
inconsistencies in cell engraftment due to these issues.

1.3.5 Combined Approaches in Regenerative Medicine

Combinatorial approaches that use stem cells in conjunction with biomaterials may
help address the problem of stem cell loss by promoting cell adhesion and encour-
aging cell engraftment within the body region of interest. Current means of the
combination include seeding a 3D biomaterial scaffold with stem cells ex vivo and
subsequent implantation of the engineered tissue construct. Challenges of creating a
useful tissue construct include the efficiency of cell seeding and obtaining a uniform
distribution of cells within the 3D scaffold (Martin et al. 2004). Early attempts at cell
seeding often used static loading methods, resulting in an uneven distribution of cells
throughout the scaffold and poor seeding efficiency. This process is better accom-
plished by using a bioreactor, which typically provides mechanical stimulation to the
cells in addition to maintaining an appropriate physiological environment. Mechan-
ical stress or stimulation has been shown to increase in vitro bioactivity of cells in 3D
matrices (Butler et al. 2000), and thus allows improved tissue regeneration
outcomes.

Bioreactors designed to grow tissues “in situ” have also been widely employed in
regenerative medicine research. Considerations for bioreactor designs include scaf-
fold type, environmental control, mass transport of nutrients and regulatory mole-
cules, physical signals, and scale (Biomaterials Science 2020). It is important to note
that ideal bioreactor conditions will vary based on the specific type of tissue desired.
As previously discussed, scaffold types can include naturally- or synthetically-
derived 3D polymer matrices or a composite of the two. Environmental control of
parameters including temperature, pH, and gas diffusion is an advantageous feature
of the bioreactor approach compared to standard laboratory tissue culture systems.
Gas exchange units can precisely regulate oxygen and carbon dioxide at physiolog-
ical levels, in turn controlling pH of the culture medium and metabolic activity of
seeded cells. Moreover, mass transport of molecules, gas, and nutrients into the
porous scaffold and subsequent waste removal has been a major obstacle. Under
static conditions, little substance successfully migrates into scaffold pores, including
cells, resulting in a shell on the exterior of the scaffold. By manipulating fluid flow
rates, proper transport and uniform distribution of cells and molecules can occur.
One recent approach has been to surgically implant bioreactors into patients them-
selves during the incubation period in an effort to overcome some of these limita-
tions (Watson et al. 2020), with bioreactor harvest prior to tissue implantation.
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1.3.6 Composite Tissue Regeneration

A long-term unrealized goal of regenerative medicine will be the complete regener-
ation of composite tissues in the manner of amphibians and other self-regenerating
animals. Strategies to unlock the body’s natural healing responses have been pursued
using various approaches. While pioneering work has been done, clinically signif-
icant results have remained elusive. Early work in electrical stimulation replicated
the processes of limb regeneration from salamanders through the formation of a
blastemal of germ cells, akin to ESCs which then recapitulated severed limbs.
Reversal of the naturally occurring biological currents could likewise abort amphib-
ian limb regeneration (Becker and Spadaro 1972). This work progressed to mam-
mals with some indication of a partial healing response akin to blastemal formation
(Becker and Spadaro 1972), and this work has been replicated recently (Leppik et al.
2015). Recent investigations have attempted to refine this approach through the use
of tailored small molecule modulation of the underlying bioelectrical circuits that
have been shown to direct spatial patterning and direct anatomic regrowth (Mathews
and Levin 2018).

Building on this work, a more in-depth study of the underlying mechanisms of
these early experiments has been pursued. A host of growth factor, cellular, and
small molecule approaches have been pursued. Cultured human placental cells are
believed to exert a favorable paracrine effect from a host of endogenous growth
factors. Given their intrinsic lack of immunogenicity, they have been found safe and
effective for use in lower extremity critical limb ischemia and hip fracture when
applied locally (Modarai and Patel 2019; Winkler et al. 2018). Signaling molecules
such as small interfering RNA (siRNA) have been tested preclinically for the healing
of a variety of insults by stimulating endogenous repair processes (Hu et al. 2019).
Small molecule interventions have also found application in this regard (Billin et al.
2016). Further advances in composite tissue regeneration are expected to result in
simultaneous regrowth of multiple tissues, with the potential to reduce or eliminate
the need for wound micromanagement following injury and pathology.

1.4 Regenerative Rehabilitation

Regenerative medicine and rehabilitation science were established and have evolved
primarily as separate disciplines. Yet, when implemented alone, each may fail to
fully recover tissue function. Recent calls have been made to combine these two
approaches into a single therapy, termed regenerative rehabilitation. The concept of
regenerative rehabilitation broadly covers all tissues and organ systems of the body.
It is defined as therapy that “integrates regenerative technologies with rehabilitation
clinical practices to restitute function and quality of life in patients with disabilities
due to otherwise irreparable tissues or organs damaged by disease or trauma” (Perez-
Terzic and Childers 2014). Regenerative rehabilitation is an emerging and rapidly
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expanding field, as evidenced by the rise in publications per year since 2000. The
overarching goal of this combined approach is to synergistically improve clinical
outcomes by restoring damaged or lost tissue and recovering tissue functionality to a
pre-pathological or pre-injured state.

The concept of regenerative rehabilitation was initially formalized and integrated
within the past decade (Perez-Terzic and Childers 2014). The first department of
Rehabilitation and Regenerative Medicine was established at Columbia University
in New York and has been led by Dr. Joel Stein since 2008 (Perez-Terzic and
Childers 2014). Subsequently, Columbia’s Stem Cell Initiative research program
became integrated with the University’s rehabilitation medicine and education
entities. Since this establishment and the integration of these entities, several insti-
tutions throughout the United States have integrated regenerative medicine tech-
niques into academic rehabilitation departments, including for example: the
Rehabilitation Medicine Research Center within the Physical Medicine and Reha-
bilitation Department at Mayo Clinic; the McGowan Institute for Regenerative
Medicine at the University of Pittsburgh; the Stanford Institute for Stem Cell
Biology and Regenerative Medicine; and the Department of Physical Therapy and
Rehabilitation Science at the University of California, San Francisco. These institu-
tions, along with others, are part of a larger International Consortium for Regener-
ative Rehabilitation. The Consortium’s mission is to bring together leading scientists
and clinicians to form new interdisciplinary collaborations and exchange ideas for
the development and translation of technologies that restore function and enhance
patients’ quality of life (Willett et al. 2020). Beginning in 2015, the Alliance of
Regenerative Rehabilitation Research and Training (AR3T) program at the Univer-
sity of Pittsburgh received NIH funding to support the expansion of research and
scientific knowledge, expertise, and methodologies across regenerative medicine
and rehabilitation science disciplines. Broadly advancing the field of regenerative
rehabilitation, a growing number of researchers have recently begun investigating
the efficacy of integrating regenerative and rehabilitation strategies for various
traumatic injuries and chronic pathologies (Ambrosio and Rando 2018). Prominent
examples from various fields are subsequently discussed.

1.4.1 Early Successes of Regenerative Rehabilitation

Despite its relative infancy, progress has been made in the study and implementation
of regenerative rehabilitation approaches. The purpose of these combined
approaches is to enhance the local microenvironment, tissue plasticity, and func-
tional capacity following injury or in a pathological condition (Fig. 1.1). To date,
most of this research has been conducted in the preclinical setting. There are
currently only limited clinical research reports, largely case studies and series.
Combined approaches implemented across fields of study have included rehabilita-
tion in the form of physical activity, electrical, magnetic, or mechanical stimulation,
and ultrasonography. These rehabilitation practices have been performed prior to
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and/or following a regenerative strategy, such as stem cell or growth factor delivery
and/or scaffold implantation, with varying success reported. Examples of injuries
and pathologies for which initial regenerative rehabilitation therapies have made
substantial progress include ischemic conditions, such as stroke and peripheral
arterial disease (PAD).

In the central nervous system (CNS), the primary effectors of neural plasticity and
remodeling are electrical and neurotrophic signaling. It is therefore the goal to elicit

Fig. 1.1 The goal of regenerative rehabilitation is to elicit a synergistic effect when combining
regenerative medicine approaches with rehabilitation practices to enhance tissue repair and regen-
eration and recover muscle function. Regenerative rehabilitation practices have been investigated
across fields, with various techniques employed across injuries and pathologies. BMSC bone
marrow-derived stem cells, PRP platelet-rich plasma, ROM range of motion, DASH disabilities of
the arm, shoulder, and hand, MFA musculoskeletal function assessment, VO2 oxygen consumption
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plasticity through these mechanisms following CNS trauma, such as ischemic
stroke. Stroke is a leading cause of disability worldwide (Krause et al. 2019). In
the United States, approximately 800,000 people suffer from a stroke yearly, and at
least two-thirds of stroke survivors require rehabilitation (Virani et al. 2020). During
an ischemic stroke, vessel occlusion and cessation of cerebral blood flow leads to a
lack of oxygen and glucose to the area fed by the occluded vessel. This results in
neuronal cell death by necrosis in the initial phase following injury and long-term
apoptosis due to oxidative stress, chronic inflammation, and glial scar formation at
and surrounding the infarct region (Portis and Sanberg 2017; Tam et al. 2014).
Following stroke, patients may experience various disabilities, including paralysis,
hemiplegia, or hemiparesis, all leading to decreased ambulation; lack of coordination
or balance; sensory disturbances such as pain; difficulty using or understanding
language; and problems with thinking and memory, among others. Currently, the
only FDA-approved treatment for ischemic stroke is tissue plasminogen activator
(tPA), a naturally occurring protein that must be administered within approximately
three hours of a stroke event to dissolve the clot and restore blood flow (Powers et al.
2018). Patients are generally then prescribed rehabilitation that includes aerobic
exercise, such as treadmill walking or ergometer cycling. Patients may also be
prescribed non-invasive repetitive transcranial magnetic stimulation (rTMS) and/or
transcranial direct current stimulation (tDCS) to enhance neuromuscular activation
and cortical reorganization. Stimulation-based rehabilitation has been reported to
improve, but not fully recover ambulation, muscle strength, balance, and postural
control following stroke (Moritz and Ambrosio 2017; Teskey et al. 2003). The
clinical study of regenerative strategies has been limited to small trials or case
studies, primarily using stem cell therapies over the past two decades. Significantly
more research has been conducted in the preclinical setting using rodent models of
stroke.

Early animal models of ischemic stroke, or cerebral ischemia (e.g., middle
cerebral arterial occlusion; MCAO), were developed in the late 1970s. These stroke
models have brought insight into tissue damage mechanisms following cerebral
vessel occlusion. The models have also been used to examine the efficacy of
regenerative therapies, both alone and in combination with rehabilitation strategies,
to improve structural and functional outcomes following stroke (Fluri et al. 2015).
Preclinical regenerative strategies implemented following MCAO have included:
stem cells, such as MSCs, neural stem cells (NSC), and neural progenitor cells
(NPC); decellularized or hydrogel-based scaffolds seeded with or without stem cells;
and pharmacological treatments (Gopalakrishnan et al. 2019). Preclinical rehabili-
tation regimens have included: treadmill running; enriched environments that pro-
vide various sensory, social, motor, and visual stimuli; and electrical stimulation and
rTMS. In a rat model of MCAO and mouse model of hypoxic-ischemic brain injury,
the efficacy of various combinations of regenerative rehabilitation strategies has
been examined. The majority of these studies reported combining MSCs derived
from various sources, such as adipose tissue and bone marrow with treadmill
exercise or with an enriched environment (Cho et al. 2016; Zhang et al. 2015;
Sasaki et al. 2016).
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Across studies, results have demonstrated improved angiogenesis, neurogenesis,
and synaptogenesis while modulating inflammation and decreasing apoptosis, glial
scar formation, and infarct volume. Additionally, in most studies, a beneficial
synergistic effect was reported on behavioral, sensory, and motor function outcomes.
Tests to examine these outcomes included: the limb placement test; cylinder and
ladder walking tests to evaluate forelimb symmetry; Roger’s test to assess simple
motor function, such as reflexes; grip strength; and the rotarod test to examine
coordination and balance. More recently, the use of MSCs combined with
ipsilesional cathodal current stimulation (Morimoto et al. 2018) as well as NSCs
combined with rTMS (Peng et al. 2019) supports similar improved structural and
functional outcomes to studies combining stem cell therapies and rehabilitation, such
as treadmill running. It is evident that regenerative rehabilitation approaches can
synergistically facilitate neuroprotection and enhance structural and functional out-
comes following stroke. This is an important observation, as stem cells, particularly
MSCs, are being considered for stroke treatment in the clinical setting. Phase I/II
trials have shown initial safety and efficacy of bone-marrow-derived MSCs in
combination with rehabilitation (e.g., physical, occupational, and speech therapies)
to improve clinical outcomes following stroke, including scores on the NIH Stroke
Scale (NIHSS) and Fugle-Meyer assessment (Steinberg et al. 2016). More investi-
gations are needed to identify the optimal combination of regenerative rehabilitation
strategies for patients following stroke and the appropriate timing to initiate these
therapies in the clinic.

The field of cardiology has also seen success in implementing regenerative
rehabilitation approaches. One such area is limb PAD, a major vascular complication
that affects over 200 million people worldwide and up to 20% of individuals over the
age of 65 (Shu and Santulli 2018). PAD is characterized by progressive blockage of
at least one peripheral artery in the lower extremity by plaque, resulting in stenosis or
occlusion and leading to decreased blood flow to leg muscles. This disease can lead
to chronic limb ischemia and tissue loss, requiring amputation in severe cases.
Approximately 40% of PAD patients have intermittent claudication, or muscle
pain, cramping, or aching in the calf or thigh. Currently, rehabilitation prescribed
for PAD patients includes walking, with intensity guided by pain. Regenerative
strategies have included delivery of endothelial progenitor cells (EPCs) in animal
models (Yu et al. 2009; Hu et al. 2008) and in clinical trials (Lara-Hernandez et al.
2010). Endothelial progenitor cells, which are isolated from mononuclear cells, are
well known for their ability to self-renew and their potential to differentiate into
functional endothelial cells (Napoli et al. 2011), supporting the effectiveness of
EPCs to improve ischemia-related organ dysfunction through enhanced angiogene-
sis. In clinical trials, EPCs have been shown to be safe and effective in improving
tissue perfusion and ankle-brachial index measurements, the gold standard method
by which PAD is diagnosed, while decreasing leg pain at rest and/or improving pain-
free walking time (Van Tongeren et al. 2008; Higashi et al. 2004; Bartsch et al.
2007). Others, however, have reported null results for these measures (Franz et al.
2011). It is noteworthy that study endpoints have ranged between 1- and 13-months
post-EPC treatment, and different processing techniques and EPC concentrations
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have been used, which may explain conflicting results across clinical studies.
Preclinically, in a rat model of critical limb ischemia, investigators (Yeh et al.
2012) implemented a combined approach delivering bone marrow-derived EPCs
and extracorporeal shock wave therapy, providing mechanical stimulation through
high-energy acoustic waves. This combined approach has been observed to improve
hindlimb angiogenesis and restore blood flow to levels observed in uninjured
animals. Importantly, these improvements were greater than with either approach
alone. However, no measures of function were included in these analyses. These
findings are important as EPCs and shock wave therapy are clinically available (Sun
et al. 2011; Napoli et al. 2011); further clinical investigation is warranted to
determine the efficacy of this combined therapy along with other approaches.

1.5 Historic Systems Biology Approach to Regenerative
Rehabilitation

Across injuries and pathological conditions, it is evident that substantial progress has
been made in the fields of regenerative medicine and rehabilitation. Initial findings
suggest that regenerative rehabilitation approaches can act synergistically to improve
tissue architecture and function. Currently, approaches are at various stages of
success and translation across the body. Herein, using a systems biology approach,
we provide highlights of recent work and emphasize functional evaluation of
regenerative rehabilitation.

1.5.1 Central and Peripheral Nervous System

A host of debilitating conditions can affect the CNS and PNS. Regenerative reha-
bilitation for previously intractable nervous system injuries has come a long way in
the past decade, yet still faces substantial challenges. Despite the development of
stem cell therapies, for the most part, significant injury to the brain and spinal cord
remains largely irreversible from a functional standpoint. Historically, focus has
been on the management of long-term disability, reduction of the rate of loss of
residual function, and preservation of quality of life. Physical and occupational
therapy plays a critical role, along with appropriate medical management and social
support. However, substantial progress in regenerative rehabilitation for injuries to
the brain, spinal cord, and nerves promises to substantially improve the outlook in
the coming years.
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1.5.1.1 Central Nervous System

Vascular insults and cellular degenerative processes can lead to a vast number of
CNS lesions affecting nearly every possible function. Until recently, the mainstays
of therapy have been medical management to prevent ongoing declines, and physical
and occupational rehabilitation to preserve activities of daily living. Due to the
complexity of injuries, there is a need to study the relative contributions of rehabil-
itation and regenerative therapies independently. Improvements in functional recov-
ery have been demonstrated clinically following stem cell transplantation.
Combination with growth factors may further reduce inflammation, stimulate
neurogenesis and improve stem cell survival (Asgharzade et al. 2020). Repetitive
transcranial stimulation to alter brain excitability is also now being used clinically
and found to have use in subcortical stroke, particularly when applied to the
unaffected hemisphere (Ito et al. 2020). Pharmacologic interventions may serve as
adjuvants to recovery and some including citicoline, fluoxetine, niacin, and levodopa
are in clinical trials or current use (Szelenberger et al. 2020). Exercise, including
increasing use of robotic assistance has been demonstrated to induce neural plasticity
and improve motor function by regenerating neurons and intra-hemispheric connec-
tions, along with functional reorganization in unaffected areas (Xing and Bai 2020).
The window for exercise rehabilitation intervention is now thought to be greater than
6 months (Szelenberger et al. 2020). Stem cell therapies have also been used to treat
neurodegenerative diseases including various forms of dementia, with some initial
promise demonstrated (Sivandzade and Cucullo 2021).

1.5.1.1.1 Spinal Cord

More than 300,000 people are estimated to live with spinal cord injury in the United
States, with new cases approaching 20,000 per year due primarily to falls, gunshot,
and motor vehicle accidents (Kiyotake et al. 2020). The current standard of care
includes: early decompression surgery to repair vertebrae, medical management
attempting to increase spinal perfusion, hypothermia, and rehabilitation. The outlook
for recovery generally remains poor for moderate to severe injuries (Khorasanizadeh
et al. 2019). While there are a great deal of potential solutions currently being
studied, neither regenerative medicine or rehabilitation approaches have yet led to
full recovery from moderate to severe injuries (Chhabra and Sarda 2017). Regener-
ative approaches have included a wide range of cellular products alone and in
combination with biomaterials, molecular therapies and/or drugs (Ashammakhi
et al. 2019), including some in clinical stage development. The wide array of
rehabilitation approaches currently in development includes direct electrical
(Courtine and Sofroniew 2019), transcranial (de Araujo et al. 2020), and pharma-
cologic stimulation (Hayashi et al. 2010), as well as conventional locomotor reha-
bilitation techniques. Numerous electrically conductive biomaterials are also in
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preclinical development in an effort to merge regenerative and rehabilitative
approaches (Kiyotake et al. 2020).

1.5.1.1.2 Traumatic Brain Injury

Traumatic brain injury (TBI) has been a signature insult of recent wars and is
common in civilians as well, with more than 280,000 hospitalizations and 56,000
deaths in 2014 (Capizzi et al. 2020). Roughly 20% of injuries are moderate to severe.
Traumatic injuries to the CNS, including the brain (i.e., TBI) and spinal cord, are less
common and less well studied than medical causes of CNS injury. As a result,
progress in regenerative rehabilitation has not been as great as with medical causes.
As a more diffuse process, TBI is more poorly understood, associated more com-
monly with cognitive deficits, and is more difficult to treat. Despite this, there is
limited evidence emerging for modest improvements in even severe TBI symptoms,
cognitive function, and favorable neuroplasticity with both cognitive rehabilitation
and non-invasive brain stimulation techniques (Galetto and Sacco 2017). Immersive
virtual reality rehabilitation has also played an increasing role (Maggio et al. 2019).
Vagal nerve stimulation has demonstrated limited benefit in recovery from both
stroke and TBI (Wu et al. 2020; Pruitt et al. 2016) and may have a favorable impact
on a number of inflammatory conditions as well (Johnson and Wilson 2018).

1.5.1.2 Peripheral Nerve Injury

While injured peripheral nerves tend to regenerate reliably, the slow speed of
Wallerian degeneration limits the speed of distal axonal regrowth past the point of
injury to 1 mm/day. Even with modern diagnostics, including electromyograms and
nerve conduction testing, it remains impossible to determine with confidence
whether or not injured nerves will recover function (Saunders and Rose 2021). As
a result, watchful waiting generally remains the norm for injury repair due to
ongoing diagnostic limitations. Treatment with autologous nerve grafts may commit
patients to longer periods of denervation with greater risk for atrophy of target
muscles, ultimately rendering such repairs useless. Decellularized cadaveric
human nerve grafts have proven to be effective tissue sparing solutions and an
early win for repair of traumatic injuries. Emerging regenerative technologies aim
to overturn this paradigm. Interventions to improve diagnostic accuracy, preserve
partial nerve conduction, and support denervated target end organs during regrowth
are currently in development (Gurjar et al. 2021). Methods to preserve nerve
continuity and short-circuit the process of Wallerian degeneration, including fusion
of the nerve ends with chemical sealants, could potentially shift the current watchful
waiting paradigm to one of surgical emergency akin to that of traumatic vascular
repair (Riley et al. 2017).
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1.5.2 Cardiovascular System

Meaningful regenerative and rehabilitative outcomes are dependent on well-
perfused tissues. In serious injuries and vascular occlusive events early, definitive,
and sustained restoration of blood flow is at the heart of limb and vital organ salvage.
Failure to do so invariably leads to loss of target organ function and in some cases
amputation with a permanent disability. In serious traumatic injuries, arterial dam-
age, laceration, and thrombosis often require urgent vascular reconstruction to save
tissues from ischemia, necrosis, and further amputation. Once the large vessels have
been restored, attention must be turned to microvascular damage to prevent tissue
ischemia. On the macro level, while regenerative vascular replacements have
advanced to clinical-stage investigational therapies including trauma indications
(Amiel et al. 2006), little has changed in surgical practice in the last 30 years.
There are two current methods for vascular reconstruction: harvesting of autologous
vein or using synthetic graft materials. While each has advantages, there are impor-
tant limitations for both. Autologous vessels can be time-consuming to harvest, in
some cases inadequate for the intended use, and difficult or impossible to use,
particularly in complex multi-limb trauma (Fox et al. 2005). Donor-site morbidity
is also an issue including infection, scarring, leg edema, and loss of potential graft
material in young patients who later develop atherosclerotic disease (Terada et al.
1999). Contamination of open traumatic injuries likewise creates challenges for use
of synthetic grafts, commonly of teflon (ePTFE) or dacron due to high risk of
bacterial infection (Owens et al. 2007). In addition to conventional open repair
procedures, endovascular techniques have gained increasing use in trauma in recent
years (Johnson 2010; DuBose et al. 2015).

Advances in biomaterials are currently being investigated in large animal models
for the potential to improve clinical outcomes when coated onto synthetic vascular
grafts and reduce infection rates (Liu et al. 2018). These have had greater application
in recent years for developing interventions for cardiovascular disease (Stapleton
et al. 2020). Recent advances in decellularized scaffolds, vascular cell seeding, and
the design of bioactive polymers for in situ arterial regeneration have yielded
promising results, but are not yet approved for clinical use (Ong et al. 2017). The
ideal engineered vascular graft material would behave like a native vessel, but spare
the harvest of autologous tissue. Originally developed as hemodialysis grafts for
patients with end-stage renal disease (Kirkton et al. 2019), investigational regener-
ative medicine technologies advancing through the clinic (i.e., the human acellular
vessel, or HAV) have shown significant preliminary promise for battlefield trauma
applications (Morrison et al. 2019).

While truly novel regenerative options for vascular trauma remain largely exper-
imental, options for those requiring rehabilitation from cardiovascular disease are
more numerous. The primary financial interest for developing treatment modalities
for injured vessels is the proliferation of cardiovascular disease, including coronary
heart, cerebrovascular, and PAD. The emphasis on cardiovascular disease has
resulted in a technology gap concerning vascular trauma. However, conventional
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grafts, and even those that are tissue-engineered suffer from patency issues as
smaller calibers below 6 mm vessel diameter (Pashneh-Tala et al. 2016). Many
current vascular repair treatments focus on treating occluded or stenosed vessels via
stent-graft insertion, angioplasty, or vascular grafts (Pashneh-Tala et al. 2016).
Importantly, many vascular repair solutions have been studied in the context of
diseased rather than injured vessels. As a result, many products are indicated to
repair, bypass, or improve vessel patency. Although many of these solutions can be
used to replace vessels in cases of traumatic vascular wounds, they may not have
been expressly designed to do so. The primary disadvantage in this regard is the need
to grow vessels ex vivo, often based on tissue culture from patient biopsies and/or
bioreactors. An immediately implantable off-the-shelf solution is needed in severe
trauma, though only one example of a tissue-engineered product has made it to
clinical stage development to date (Morrison et al. 2019).

Traumatic injury rehabilitation tends to be focused more on specific rehabilitation
of the effector organs, primarily muscle, nerve, and soft tissue. While there are no
rehabilitation interventions specifically aimed at blood vessels currently, recent
findings suggest exercise under partial ischemic conditions may improve limb
rehabilitation outcomes (Day 2018). Rehabilitation programs for PAD affecting
the limbs are better defined, with supervised treadmill rehabilitation found to be of
benefit across a meta-analysis of randomized trials (McDermott 2018). Cardiovas-
cular injury rehabilitation paradigms vary between traumatic injury and occlusive
disease. Cardiac rehabilitation programs are the norm with graded exercise pro-
grams, increasingly performed at home following revascularization procedures,
including surgical coronary artery bypass grafting, endovascular interventions, and
medically managed vascular events (Ambrosetti et al. 2020). These programs in
combination with lipid management, dietary interventions, and tobacco cessation
have been shown to improve outcomes as well as physiologic indicators, such as
increased peak VO2 (Izawa 2020). Vascular rehabilitation related to stroke specifi-
cally is described above.

1.5.3 Skeletal Muscle System

Skeletal muscle makes up approximately 40% of body mass and is essential for
movement and locomotion, postural control, respiratory activity, and heat produc-
tion. Although skeletal muscle has a robust capacity for regeneration and repair
following acute injury, endogenous healing mechanisms are impaired in more
complex or traumatic skeletal muscle injuries or chronic pathologies, such as
volumetric muscle loss (VML), muscular dystrophies (e.g., Duchenne’s and limb
girdle), and sarcopenia. These conditions contribute to muscle atrophy and associ-
ated deficits in muscle function, leading to poor quality of life. Patients may also
suffer from a host of related chronic comorbidities, such as fibrosis and inflamma-
tion. The heterogenous nature of skeletal muscle pathologies and related
comorbidities make the establishment of standardized care difficult. Therefore, it is
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essential to investigate various regenerative rehabilitation approaches to treat com-
plex skeletal muscle pathologies.

Duchenne and limb girdle muscular dystrophies are debilitating conditions char-
acterized by skeletal muscle atrophy and weakness. Duchenne muscular dystrophy
(DMD) is the most common genetic disease among pediatric onset dystrophies.
Patients have a mutation in the dystrophin gene, resulting in a lack of the structural
protein, dystrophin, contributing to fragile muscle tissue, atrophy, and weakness
(Emery 2002; Hoffman et al. 1987). Although rehabilitation is currently not pre-
scribed for patients with DMD due to lack of standard guidelines and perhaps fear of
exacerbating outcomes (Markert et al. 2012), clinical trials have recently been
conducted to examine the safety and efficacy of aerobic (NCT03319030) and
isometric resistance (NCT02421523) exercise to improve muscle strength in ambu-
latory and non-ambulatory boys with DMD. In the preclinical setting, rehabilitation,
including treadmill and wheel running and isometric resistance exercise, has been
shown to improve ambulation, maximal isometric force and contractility rates, as
well as decrease the number of regenerating muscle fibers as determined by histol-
ogy (Lindsay et al. 2019; Call et al. 2010).

In addition to rehabilitation, regenerative strategies, including cellular therapies,
have also been examined. The first attempt to transplant cells in a dystrophin-
deficient mdx mouse model occurred in 1989 with the transplantation of healthy
mouse satellite cells which improved numbers of dystrophin positive muscle cells
(Partridge et al. 1989). More recently, iPS cells have been investigated. Within the
past decade, human artificial chromosome (HAC) and CRISPR technologies have
been used to successfully repair the dystrophin gene of DMD patient-derived iPS
cells (Li et al. 2015; Kazuki et al. 2010). The corrected iPS cells were then
differentiated into skeletal muscle cells, with subsequent analysis showing the full-
length dystrophin mRNA to be present (Li et al. 2015). These results provide an
important framework for iPS cell-based gene therapy for genetic disorders such as
DMD. In the mdx mouse model, transplantation of autologous iPS cells has restored
dystrophin to the diseased muscle, while improving, but not fully recovering, muscle
function compared to wild-type mice (Darabi et al. 2012). Collectively, this work
indicates that strategies are needed to improve dystrophin levels and that rehabilita-
tion is needed to enhance muscle function to improve long-term outcomes for
patients with DMD.

Severe skeletal muscle injury, such as VML, is another example of a muscle
pathology that would benefit from a combined regenerative rehabilitation strategy
(Saunders and Rose 2021). Volumetric muscle loss was initially defined in 2011 as
“the traumatic or surgical loss of skeletal muscle with resultant functional impair-
ment” (Grogan et al. 2011). Current treatment strategies include wound closure to
mitigate infection and scar tissue debridement. Following initial wound repair the
most common approach to treat the muscle remaining after VML is rehabilitation,
but limited functional recovery has been reported preclinically and clinically with
rehabilitation alone (Garg et al. 2015). Regenerative strategies have also been
investigated in treating skeletal muscle injury. A recent systematic review and
meta-analysis (Greising et al. 2019) reviewed the effectiveness of various
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regenerative approaches in animal models of VML injury. Decellularized scaffolds
combined with stem cells and/or progenitor cells were found to have the greatest
probability to improve muscle function compared to untreated animals. Although a
treatment approach that combines the preceding regenerative strategy with rehabil-
itation may work to synergistically improve functional outcomes following VML,
few studies have examined this combinatorial approach. Combined approaches have
reported functional improvements resulting from, for example, implantation of bio-
materials within the defect area, seeded with or without stem cells, followed by
rehabilitation, although functional deficits persist (Greising et al. 2019). In the clinic,
a paucity of case studies and series have been conducted to investigate the efficacy of
regenerative rehabilitation strategies to improve functional outcomes post-VML. A
case study of a combat injured soldier who underwent rehabilitation prior to and
following surgical implantation of a decellularized scaffold into the VML defect area
indicated an ~20% improvement in isometric force 27 weeks post-operatively, but
functional deficits were still evident (Gentile et al. 2014). More recently, a clinical
trial (Dziki et al. 2016) conducted in 13 VML-afflicted patients, 7–120 months
removed from the injury date, received a decellularized scaffold followed by early
rehabilitation. Despite ~37% and 27% improvements in force production and ROM,
respectively, significant functional deficits remained. While it is evident that this
type of heterogenous injury necessitates a more involved regenerative rehabilitation
approach, it is necessary to investigate the combination of therapies that optimally
enhance tissue regeneration and functionality following injury.

1.5.4 Skeletal System

Fractures of the bone are one of the most common traumatic injuries in humans and
result from high-energy trauma such as motor vehicle accidents, military combat, or
hard hits in contact sports. Like skeletal muscle, bone displays incredible plasticity
following injury. According to the mechanostat theory, bone adapts its strength and
geometry when subjected to mechanical loading to meet the functional demands
(Frost 2003). Clinically, rehabilitation, including early weight-bearing exercise, low
magnitude electrical stimulation, and low-intensity pulsed ultrasonography (LIPUS),
is generally prescribed across the healing process to elicit various stimuli for
adaptation (Kristiansen et al. 1997; Heckman et al. 1994; Kubiak et al. 2013).
However, complex or compromised fractures, including open fractures that involve
not only bone but also the surrounding muscle, nerves, and vasculature, fail to heal,
resulting in a non-union fracture. In cases of open fracture, infection mitigation and
internal or external fixation is the first treatment priority. Patients also commonly
receive a bone graft, currently considered a gold standard treatment, using either an
autograft or allograft. Yet, bone grafts have limitations, including donor site mor-
bidity, failed bone tissue integration from the host, and vascularization issues, often
leading to a delay in healing and further delayed rehabilitation (Ho-Shui-Ling et al.
2018).
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Complex fractures are an ideal instance where regenerative rehabilitation can
improve return to function sooner. Potential regenerative medicine strategies to treat
complex bone fracture have been largely investigated in the preclinical setting,
including use of bone tissue engineering, gene, and growth factor (e.g., bone
morphogenetic protein-2 and 7) therapies, MSC delivery (e.g., adipose-, bone
marrow-derived), and bioengineered decellularized scaffold implantation (Trohatou
and Roubelakis 2017). Some of these strategies have been evaluated in ongoing or
recently completed clinical case studies or trials. Clinically, the first report of an
autologous bone marrow-derived MSC-seeded hydroxyapatite biomaterial
implanted in large (4–8 cm) bone segmental defects of three patients was published
in 2001 (Quarto et al. 2001). By 12 months following implantation, all patients had
experienced complete bone union and full recovery of limb function. Although
similar strategies have been used in the clinic since this report, various issues have
been raised, including the high complexity and high-cost burdens associated with
implementing cell-based engineering therapies.

Strategies implementing regenerative and rehabilitation approaches in combina-
tion have been investigated in animal models of fracture. These strategies have
included electrical stimulation initiated following implantation of scaffolds incorpo-
rated with MSCs (Leppik et al. 2018) and a LIPUS regimen initiated following MSC
injection (Cheung et al. 2013). A combined strategy of electrical stimulation applied
after implantation of a scaffold seeded with adipose tissue-derived MSCs was first
investigated in 2018 in a rat model of femoral fracture (Leppik et al. 2018). Initial
in vitro analysis showed electrical stimulation following cell seeding on the scaffold
increased osteogenic differentiation, similar to findings from previous studies
(Hardy et al. 2015). A subsequent in vivo analysis showed the combined treatment
strategy to improve bone healing up to 8 weeks following fracture compared to
uninjured animals. Evidence of healing included increased bone formation and
vessel density assessed histologically; bone strength evaluated by 3-point bending
tests; and osteogenic gene expression. Finally, others (Cheung et al. 2013) have
shown MSC injection followed by 4 weeks of LIPUS in a rat model of femoral
fracture improves fracture healing. Healing was evidenced by increased callus width
and area, evaluated by radiology, and greater bone volume, measured via
microcomputed tomography, compared to uninjured animals and injured animals
administered MSCs without LIPUS. Although it is evident that these combined
strategies may facilitate improved structural and functional bone outcomes following
fracture, further study is needed to elucidate the mechanisms underlying these
combined approaches and to determine an optimal therapy combination for transla-
tion into the clinical setting.

1.5.5 Connective Tissue

Connective tissue comes in a variety of types and can be found in all systems of the
body; however, this section will focus on the dense connective tissues of the
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musculoskeletal system, specifically tendons and ligaments. While both tissues are
comprised of collagen, elastin, proteoglycans, fibroblasts, and water, the percentage
of each component differs, leading to different mechanical properties. Tendons
typically have a higher collagen composition coupled with lower elastin, proteogly-
can, and water content (Rumian et al. 2007). This leads to high stiffness and tensile
strength, advantageous for force transmission from muscle to bone that generally
occurs in a uniaxial direction. Ligaments serve as support structures for joints,
connecting bone to bone, and thus not only need high strength but also enough
elasticity to withstand forces from various directions. Therefore, ligaments typically
have lower collagen and higher elastin content than tendons. When injured, both
tendon and ligaments display a range of outcomes based on anatomical location and
severity of injury, but in most cases, the injured tissue never regains full strength.
Rehabilitation alone in some combination of targeted exercise strengthening,
stretching, ultrasound, cryotherapy, or massage is typically recommended for partial
tears and mild tendinopathy (Papadopoulos and Mani 2020; Edwards et al. 2016;
Maffulli et al. 2004). Full-thickness tears and more progressive tendinopathy often
require surgical treatment followed by rehabilitation modalities. While the most
common surgical approach for ligament rupture is reconstruction using autologous
or allogenic tendon grafts, donor site morbidity and infection risk remain significant
limitations (Hardy et al. 2017; Weitzel et al. 2002). Furthermore, of athletes that
undergo ACL reconstruction, only about a third achieve pre-injury level of play after
2 years and the long-term risk of osteoarthritis increases dramatically (Sepulveda
et al. 2017), particularly for athletes that experience more than one ACL rupture.
Tendon ruptures are commonly repaired with similar methods and limitations, or by
anchoring the tendon to the bone. In all cases, the prevalence of re-rupture is high.

Novel strategies for tendon and ligament regeneration have included synthetic
biomaterial grafts, cell therapy (Agung et al. 2006), growth factors and/or gene
therapy, or a combination of these in tissue engineering approaches. Though syn-
thetic ACL grafts have been developed and experimentally used for over a century
(Corner 1914), they have been remarkably unsuccessful to date (Legnani et al. 2010;
Ventura et al. 2010). Likewise, optimism regarding a standalone cell therapy for
tendon and ligament regeneration has generally faded (Hirzinger et al. 2014; Pas
et al. 2017), yet there remains a promise for its use in tissue engineering. Further-
more, while platelet-rich plasma (PRP) emerged in the 1980s to combat blood loss
during cardiac surgery (Ferrari et al. 1987), its use as a therapy for musculoskeletal
injuries has grown in popularity over the past decade (Kia et al. 2018). Platelet-rich
plasma is proposed to stimulate healing by the release and subsequent regulation of
various growth factors from platelets (Boswell et al. 2012). In a rat model of Achilles
tendon injury, PRP treatment improved outcomes of stiffness and force at failure
after 3 and 5 days of muscle unloading using Botox injections; yet, mechanical
loading was necessary for these effects to continue after 14 days (Virchenko and
Aspenberg 2006). Similarly, animal models of tendon tissue engineering have
shown improved outcomes when stem cells are used in conjunction with mechanical
stimulation prior to implantation (Juncosa-Melvin et al. 2006; Juncosa-Melvin et al.
2007) however, when mechanical tension is removed, these beneficial changes are
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lost and inflammation increases (Bayer et al. 2014). Together these findings high-
light the potential importance of a structured rehabilitation program in combination
with regenerative strategies to maintain mechanical loading and thus the tissue
architecture.

1.6 Importance of Functional Outcomes

As an emerging field leveraging the disciplines of regenerative medicine and
rehabilitation, goals to optimize functional repair, recovery, and/or regeneration of
various tissues across the body must be centered on the functional physiologic
outcomes to advance EBP approaches. As more and more regenerative rehabilitation
interventions reach the clinic, there is an ongoing need for investigations to deter-
mine how best to evaluate recovery and restoration of functional capacity. Ulti-
mately, standardized physiologic outcomes are required and should dove-tail into
clinical outcome assessment and patient-centered outcomes as outlined by the
United States FDA. Requiring evaluations both prior to and following the imple-
mentation of regenerative rehabilitation strategies is essential. Often patient-focused
outcomes can be impactful in these instances, and qualitative self or caregiver
assessments of: daily physical activity, extremity function, physical function, and
walking speed can be used to understand ongoing efficacy.

Again, using a systems biology approach (Fig. 1.1), functional measures com-
monly assessed in the clinical setting to determine improvements during the reha-
bilitative process are discussed. Across the cardiovascular system, well-established
outcomes evaluate changes in exercise capacity and endurance by the use of the
submaximal and maximal VO2 tests, resting and submaximal heart rate, blood
pressure, and ejection fraction. Additionally, these are often combined with respira-
tory function tests, such as vital capacity, maximal inspiratory pressure, and maximal
expiratory pressures. Within the central and peripheral nervous systems, a variety of
functional tests are used, including the Fugl-Meyers Assessment, Wolf Motor Arm
Function Test, Action Research Arm Test, 6-min walk test, and Berg Balance Scale.
All in efforts to assess the ongoing efficacy of interventions. Moving into the
musculoskeletal system, broadly function of the extremities is often predicated
on skeletal muscle function. Muscle function, or strength, is often evaluated using
isokinetic or isometric testing or task-specific movements, such as single-leg jumps.
The evaluation of muscle function in these ways is useful for skeletal muscle, bone,
and connective tissue.

1.7 Future Directions in Regenerative Rehabilitation

The field of regenerative rehabilitation has come a long way in the last two decades
with the advent of cellular and regenerative therapies. Automation, adjunctive
therapies, and a greater understanding of effective rehabilitation paradigms through

26 C. J. Raymond-Pope et al.



study have advanced recovery of functional deficits. The long-term goal is to
translate these combined strategies to the clinical setting to optimize patients’
function and quality of life. Given the wide array of potential debilitating insults
and illnesses, a highly ambitious and broad research agenda lies ahead before the
true promise of converging regenerative and rehabilitative modalities can be
realized.

The rehabilitation field continues to suffer from insufficient outcome evidence
from randomized clinical trials. The ideal ‘prescription’ of therapy regimens likely to
be beneficial in many cases remains an educated guess, often tied to traditional
approaches based on an intuitive understanding of the pathology. Studying and
standardizing function outcomes in controlled experiments will help to better quan-
tify the timing, intensity, and specific physiologic approaches to physical medicine
regimens. Randomized clinical trials of regenerative rehabilitation regimens will be
essential in this regard, comparing novel physical medicine prescriptions to com-
monly accepted standards of care. The variability encountered will also help to better
define the need for patient-centric approaches based on specific responses encoun-
tered during locomotor interventions. Advances in automated, individualized self-
guided rehabilitation programs are likely to be of great benefit in this regard, by
providing data-driven feedback to both the patient and the treatment team to guide
therapy. This will in turn improve the capacity for self-care and adherence to
prescribed regimens. Unfortunately, funding for large, controlled trials remains
anemic, in part due to the relative lack of potential commercial indications. In
contrast, emerging rehabilitative adjuncts including device-based electrical and
mechanical stimulation, immersive virtual reality, and robotic assistance are likely
to attract significant commercial backing and help to lead the field forward.

In contrast, the closely aligned field of regenerative medicine has rapidly
expanded into a multibillion-dollar industry and promises to grow exponentially
over the coming decade. As more potential approaches to unlocking the body’s
natural healing powers are discovered, the pace of development is only expected to
increase. Simple autologous therapies such as PRP injection for soft tissue injury, or
MSCs for cosmetic and medical applications have gained substantial clinical accep-
tance in recent years. Autologous ex vivo constructs including personalized meniscal
cartilage replacements grown from biopsy specimens are likely to be approved soon.
Decellularized scaffolds are also on the verge of approval for several applications.
Products combining scaffolds, growth factors, and small molecules are also on the
horizon, along with adjunctive therapies to support immunomodulation and growth.
These early interventions are ultimately likely to be supplanted by composite tissue-
agnostic approaches. Proof of principle has already been found for a plethora of
technologies to include siRNAs, modulation of bioelectrical circuits, electrical
stimulation, antiaging factors, and pluripotent stem cell therapies. These are likely
to dominate the field in coming decades, promising to unlock the potential for full
regeneration of lost and damaged tissues.
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