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Preface

Our ultimate goal with this book is to collectively draw attention to the current field
of regenerative rehabilitation across a broad range of neuromusculoskeletal tissues.
The currently accepted field definition of regenerative rehabilitation is a therapy that
“. . . integrates regenerative technologies with rehabilitation clinical practices to
restitute function and quality of life in individuals with disabilities due to otherwise
irreparable tissues or organs damaged by disease or trauma.” The stated primary
goal of all regenerative rehabilitation is functional restoration to a pre-morbid state.
This field broadly covers bone, skeletal muscle, cartilage, ligaments/tendons, vas-
culature, and the central and peripheral nervous tissue. Fundamental to the physiol-
ogy of these neuromusculoskeletal tissue types is their plasticity, or the ability of
these tissues to adapt to mechanical and/or chemical cues to improve functional
capacity. In practice, rehabilitation is contingent on tissue plasticity as various
rehabilitative stimuli are expected to impart positive changes on tissue function.
We hope this work will advance evidence-based approaches by emphasizing phys-
iologic opportunities and limitations to date.

Minneapolis, MN, USA Sarah M. Greising
Athens, GA, USA Jarrod A. Call
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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.

Keywords Physical therapy · Regenerative medicine · Skeletal muscle · Bone ·
Tendon · Vasculature · Nervous system

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).

2 C. J. Raymond-Pope et al.



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

1 Historical Perspectives of Regenerative Rehabilitation: Recovering. . . 3



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
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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.

Acknowledgments The authors gratefully acknowledge helpful comments and review from
Dr. Jarrod Call. Additionally, we acknowledge the work of many colleagues who contributed to

1 Historical Perspectives of Regenerative Rehabilitation: Recovering. . . 27



the improvement of the understanding of the current state of the field for regenerative rehabilitation,
across our collective goals for the advancement of new solutions.

Funding

This work was supported by funding from the Department of Defense, Clinical & Rehabilitative
Medicine Research Program: W81XWH-18-1-0710 and W81XWH-20-1-0885 (SMG) and
National Institutes of Health T32-AR050938 (CJRP). Opinions, interpretations, conclusions, and
recommendations are those of the authors and are not necessarily endorsed by the Department of
Defense or National Institutes of Health.
Declaration of Interests The authors declare that they have no potential or actual conflict of
interest.

References

AgungM, Ochi M, Yanada S, Adachi N, Izuta Y, Yamasaki T, Toda K (2006) Mobilization of bone
marrow-derived mesenchymal stem cells into the injured tissues after intraarticular injection and
their contribution to tissue regeneration. Knee Surg Sports Traumatol Arthrosc 14(12):
1307–1314. https://doi.org/10.1007/s00167-006-0124-8

Almouemen N, Kelly HM, O’Leary C (2019) Tissue engineering: understanding the role of
biomaterials and biophysical forces on cell functionality through computational and structural
biotechnology analytical methods. Comput Struct Biotechnol J 17:591–598. https://doi.org/10.
1016/j.csbj.2019.04.008

Ambrosetti M, Abreu A, Corra U, Davos CH, Hansen D, Frederix I, Iliou MC, Pedretti RF, Schmid
JP, Vigorito C, Voller H, Wilhelm M, Piepoli MF, Bjarnason-Wehrens B, Berger T, Cohen-
Solal A, Cornelissen V, Dendale P, Doehner W, Gaita D, Gevaert AB, Kemps H, Kraenkel N,
Laukkanen J, Mendes M, Niebauer J, Simonenko M, Zwisler AO (2020) Secondary prevention
through comprehensive cardiovascular rehabilitation: from knowledge to implementation. 2020
update. A position paper from the Secondary Prevention and Rehabilitation Section of the
European Association of Preventive Cardiology. Eur J Prev Cardiol. https://doi.org/10.1177/
2047487320913379

Ambrosio F, Rando TA (2018) The regenerative rehabilitation collection: a forum for an emerging
field. NPJ Regen Med 3:20. https://doi.org/10.1038/s41536-018-0058-z

American College of Sports Medicine, Chodzko-Zajko WJ, Proctor DN, Fiatarone Singh MA,
Minson CT, Nigg CR, Salem GJ, Skinner JS (2009) American College of Sports Medicine
position stand. Exercise and physical activity for older adults. Med Sci Sports Exerc 41(7):
1510–1530. https://doi.org/10.1249/MSS.0b013e3181a0c95c

Amiel GE, Komura M, Shapira O, Yoo JJ, Yazdani S, Berry J, Kaushal S, Bischoff J, Atala A,
Soker S (2006) Engineering of blood vessels from acellular collagen matrices coated with
human endothelial cells. Tissue Eng 12(8):2355–2365. https://doi.org/10.1089/ten.2006.12.
2355

Asgharzade S, Talaei A, Farkhondeh T, Forouzanfar F (2020) Combining growth factor and stem
cell therapy for stroke rehabilitation, a review. Curr Drug Targets 21(8):781–791. https://doi.
org/10.2174/1389450121666200107100747

Ashammakhi N, Kim HJ, Ehsanipour A, Bierman RD, Kaarela O, Xue C, Khademhosseini A,
Seidlits SK (2019) Regenerative therapies for spinal cord injury. Tissue Eng Part B Rev 25(6):
471–491. https://doi.org/10.1089/ten.TEB.2019.0182

Atanelov L, Stiens SA, Young MA (2015) History of physical medicine and rehabilitation and its
ethical dimensions. AMA J Ethics 17(6):568–574. https://doi.org/10.1001/journalofethics.2015.
17.6.mhst1-1506

28 C. J. Raymond-Pope et al.

https://doi.org/10.1007/s00167-006-0124-8
https://doi.org/10.1016/j.csbj.2019.04.008
https://doi.org/10.1016/j.csbj.2019.04.008
https://doi.org/10.1177/2047487320913379
https://doi.org/10.1177/2047487320913379
https://doi.org/10.1038/s41536-018-0058-z
https://doi.org/10.1249/MSS.0b013e3181a0c95c
https://doi.org/10.1089/ten.2006.12.2355
https://doi.org/10.1089/ten.2006.12.2355
https://doi.org/10.2174/1389450121666200107100747
https://doi.org/10.2174/1389450121666200107100747
https://doi.org/10.1089/ten.TEB.2019.0182
https://doi.org/10.1001/journalofethics.2015.17.6.mhst1-1506
https://doi.org/10.1001/journalofethics.2015.17.6.mhst1-1506


Bartsch T, BrehmM, Zeus T, Kogler G, Wernet P, Strauer BE (2007) Transplantation of autologous
mononuclear bone marrow stem cells in patients with peripheral arterial disease (the TAM-PAD
study). Clin Res Cardiol 96(12):891–899. https://doi.org/10.1007/s00392-007-0569-x

Bauer G, Elsallab M, Abou-El-Enein M (2018) Concise review: a comprehensive analysis of
reported adverse events in patients receiving unproven stem cell-based interventions. Stem
Cells Transl Med 7(9):676–685. https://doi.org/10.1002/sctm.17-0282

Bayer ML, Schjerling P, Herchenhan A, Zeltz C, Heinemeier KM, Christensen L, Krogsgaard M,
Gullberg D, Kjaer M (2014) Release of tensile strain on engineered human tendon tissue
disturbs cell adhesions, changes matrix architecture, and induces an inflammatory phenotype.
PLoS One 9(1):e86078. https://doi.org/10.1371/journal.pone.0086078

Becker RO, Spadaro JA (1972) Electrical stimulation of partial limb regeneration in mammals. Bull
N Y Acad Med 48(4):627–641

Bell E, Ivarsson B, Merrill C (1979) Production of a tissue-like structure by contraction of collagen
lattices by human fibroblasts of different proliferative potential in vitro. Proc Natl Acad Sci U S
A 76(3):1274–1278. https://doi.org/10.1073/pnas.76.3.1274

Billin AN, Bantscheff M, Drewes G, Ghidelli-Disse S, Holt JA, Kramer HF, McDougal AJ,
Smalley TL, Wells CI, Zuercher WJ, Henke BR (2016) Discovery of novel small molecules
that activate satellite cell proliferation and enhance repair of damaged muscle. ACS Chem Biol
11(2):518–529. https://doi.org/10.1021/acschembio.5b00772

Biomaterials Science (2020) A history of biomaterials, 4th edn. Academic. https://doi.org/10.1016/
B978-0-12-816137-1.00002-7

Boswell SG, Cole BJ, Sundman EA, Karas V, Fortier LA (2012) Platelet-rich plasma: a milieu of
bioactive factors. Arthroscopy 28(3):429–439. https://doi.org/10.1016/j.arthro.2011.10.018

Burkhalter W (1994) Surgery in Vietnam: orthopaedic surgery. OTSG Department of the Army,
Washington, DC

Butler DL, Goldstein SA, Guilak F (2000) Functional tissue engineering: the role of biomechanics.
J Biomech Eng 122(6):570–575. https://doi.org/10.1115/1.1318906

Cai M, Liu H, Jiang Y, Wang J, Zhang S (2019) A high-strength biodegradable thermoset polymer
for internal fixation bone screws: preparation, in vitro and in vivo evaluation. Colloids Surf B
Biointerfaces 183:110445. https://doi.org/10.1016/j.colsurfb.2019.110445

Call JA, McKeehen JN, Novotny SA, Lowe DA (2010) Progressive resistance voluntary wheel
running in the mdx mouse. Muscle Nerve 42(6):871–880

Capizzi A, Woo J, Verduzco-Gutierrez M (2020) Traumatic brain injury: an overview of epidemi-
ology, pathophysiology, and medical management. Med Clin North Am 104(2):213–238.
https://doi.org/10.1016/j.mcna.2019.11.001

Caplan AI (1991) Mesenchymal stem cells. J Orthop Res 9(5):641–650. https://doi.org/10.1002/jor.
1100090504

Cheung WH, Chin WC, Wei FY, Li G, Leung KS (2013) Applications of exogenous mesenchymal
stem cells and low intensity pulsed ultrasound enhance fracture healing in rat model. Ultrasound
Med Biol 39(1):117–125. https://doi.org/10.1016/j.ultrasmedbio.2012.08.015

Chhabra HS, Sarda K (2017) Clinical translation of stem cell based interventions for spinal cord
injury—are we there yet? Adv Drug Deliv Rev 120:41–49. https://doi.org/10.1016/j.addr.2017.
09.021

Cho SR, Suh H, Yu JH, Kim HH, Seo JH, Seo CH (2016) Astroglial activation by an enriched
environment after transplantation of mesenchymal stem cells enhances angiogenesis after
hypoxic-ischemic brain injury. Int J Mol Sci 17(9). https://doi.org/10.3390/ijms17091550

Corner EM (1914) Notes of a case illustrative of an artificial anterior crucial ligament, demonstrat-
ing the action of that ligament. Proc R Soc Med 7 (Clin Sect):120–121

Corona BT, Greising SM (2016) Challenges to acellular biological scaffold mediated skeletal
muscle tissue regeneration. Biomaterials 104:238–246. https://doi.org/10.1016/j.biomaterials.
2016.07.020

Courtine G, Sofroniew MV (2019) Spinal cord repair: advances in biology and technology. Nat
Med 25(6):898–908. https://doi.org/10.1038/s41591-019-0475-6

1 Historical Perspectives of Regenerative Rehabilitation: Recovering. . . 29

https://doi.org/10.1007/s00392-007-0569-x
https://doi.org/10.1002/sctm.17-0282
https://doi.org/10.1371/journal.pone.0086078
https://doi.org/10.1073/pnas.76.3.1274
https://doi.org/10.1021/acschembio.5b00772
https://doi.org/10.1016/B978-0-12-816137-1.00002-7
https://doi.org/10.1016/B978-0-12-816137-1.00002-7
https://doi.org/10.1016/j.arthro.2011.10.018
https://doi.org/10.1115/1.1318906
https://doi.org/10.1016/j.colsurfb.2019.110445
https://doi.org/10.1016/j.mcna.2019.11.001
https://doi.org/10.1002/jor.1100090504
https://doi.org/10.1002/jor.1100090504
https://doi.org/10.1016/j.ultrasmedbio.2012.08.015
https://doi.org/10.1016/j.addr.2017.09.021
https://doi.org/10.1016/j.addr.2017.09.021
https://doi.org/10.3390/ijms17091550
https://doi.org/10.1016/j.biomaterials.2016.07.020
https://doi.org/10.1016/j.biomaterials.2016.07.020
https://doi.org/10.1038/s41591-019-0475-6


Darabi R, Arpke RW, Irion S, Dimos JT, Grskovic M, Kyba M, Perlingeiro RC (2012) Human ES-
and iPS-derived myogenic progenitors restore DYSTROPHIN and improve contractility upon
transplantation in dystrophic mice. Cell Stem Cell 10(5):610–619. https://doi.org/10.1016/j.
stem.2012.02.015

Day B (2018) Personalized blood flow restriction therapy: how, when and where can it accelerate
rehabilitation after surgery? Arthroscopy 34(8):2511–2513. https://doi.org/10.1016/j.arthro.
2018.06.022

de Araujo AVL, Ribeiro FPG, Massetti T, Potter-Baker KA, Cortes M, Plow EB, da Silva TD,
Tonks J, Anghinah R, Magalhaes FH, Fregni F, de Mello Monteiro CB (2020) Effectiveness of
anodal transcranial direct current stimulation to improve muscle strength and motor function-
ality after incomplete spinal cord injury: a systematic review and meta-analysis. Spinal Cord
58(6):635–646. https://doi.org/10.1038/s41393-020-0438-2

Dehghan N, McKee MD, Jenkinson RJ, Schemitsch EH, Stas V, Nauth A, Hall JA, Stephen DJ,
Kreder HJ (2016) Early weightbearing and range of motion versus non-weightbearing and
immobilization after open reduction and internal fixation of unstable ankle fractures: a random-
ized controlled trial. J Orthop Trauma 30(7):345–352. https://doi.org/10.1097/BOT.
0000000000000572

Dreyer HC, Fujita S, Cadenas JG, Chinkes DL, Volpi E, Rasmussen BB (2006) Resistance exercise
increases AMPK activity and reduces 4E-BP1 phosphorylation and protein synthesis in human
skeletal muscle. J Physiol 576(Pt 2):613–624. https://doi.org/10.1113/jphysiol.2006.113175

DuBose JJ, Savage SA, Fabian TC, Menaker J, Scalea T, Holcomb JB, Skarupa D, Poulin N,
Chourliaras K, Inaba K, Rasmussen TE, Group APS (2015) The American Association for the
Surgery of Trauma PROspective Observational Vascular Injury Treatment (PROOVIT) regis-
try: multicenter data on modern vascular injury diagnosis, management, and outcomes. J
Trauma Acute Care Surg 78(2):215–222.; Discussion 222–213. https://doi.org/10.1097/TA.
0000000000000520

Dziki J, Badylak S, Yabroudi M, Sicari B, Ambrosio F, Stearns K, Turner N, Wyse A, Boninger
ML, Brown EHP, Rubin JP (2016) An acellular biologic scaffold treatment for volumetric
muscle loss: results of a 13-patient cohort study. NPJ Regen Med 1:16008. https://doi.org/10.
1038/npjregenmed.2016.8

Edwards P, Ebert J, Joss B, Bhabra G, Ackland T, Wang A (2016) Exercise rehabilitation in the
non-operative management of rotator cuff tears: a review of the literature. Int J Sports Phys Ther
11(2):279–301

Emery AE (2002) The muscular dystrophies. Lancet 359(9307):687–695
Ferrari M, Zia S, Valbonesi M, Henriquet F, Venere G, Spagnolo S, Grasso MA, Panzani I (1987) A

new technique for hemodilution, preparation of autologous platelet-rich plasma and
intraoperative blood salvage in cardiac surgery. Int J Artif Organs 10(1):47–50

Fluri F, Schuhmann MK, Kleinschnitz C (2015) Animal models of ischemic stroke and their
application in clinical research. Drug Des Devel Ther 9:3445–3454. https://doi.org/10.2147/
DDDT.S56071

Fox CJ, Gillespie DL, O’Donnell SD, Rasmussen TE, Goff JM, Johnson CA, Galgon RE, Sarac TP,
Rich NM (2005) Contemporary management of wartime vascular trauma. J Vasc Surg 41(4):
638–644. https://doi.org/10.1016/j.jvs.2005.01.010

Franz RW, Shah KJ, Johnson JD, Pin RH, Parks AM, Hankins T, Hartman JF, Wright ML (2011)
Short- to mid-term results using autologous bone-marrow mononuclear cell implantation
therapy as a limb salvage procedure in patients with severe peripheral arterial disease. Vasc
Endovascular Surg 45(5):398–406. https://doi.org/10.1177/1538574411405545

Frost HM (2003) Bone’s mechanostat: a 2003 update. Anat Rec A Discov Mol Cell Evol Biol
275(2):1081–1101. https://doi.org/10.1002/ar.a.10119

Galetto V, Sacco K (2017) Neuroplastic changes induced by cognitive rehabilitation in traumatic
brain injury: a review. Neurorehabil Neural Repair 31(9):800–813. https://doi.org/10.1177/
1545968317723748

30 C. J. Raymond-Pope et al.

https://doi.org/10.1016/j.stem.2012.02.015
https://doi.org/10.1016/j.stem.2012.02.015
https://doi.org/10.1016/j.arthro.2018.06.022
https://doi.org/10.1016/j.arthro.2018.06.022
https://doi.org/10.1038/s41393-020-0438-2
https://doi.org/10.1097/BOT.0000000000000572
https://doi.org/10.1097/BOT.0000000000000572
https://doi.org/10.1113/jphysiol.2006.113175
https://doi.org/10.1097/TA.0000000000000520
https://doi.org/10.1097/TA.0000000000000520
https://doi.org/10.1038/npjregenmed.2016.8
https://doi.org/10.1038/npjregenmed.2016.8
https://doi.org/10.2147/DDDT.S56071
https://doi.org/10.2147/DDDT.S56071
https://doi.org/10.1016/j.jvs.2005.01.010
https://doi.org/10.1177/1538574411405545
https://doi.org/10.1002/ar.a.10119
https://doi.org/10.1177/1545968317723748
https://doi.org/10.1177/1545968317723748


Garber CE, Blissmer B, Deschenes MR, Franklin BA, Lamonte MJ, Lee IM, Nieman DC, Swain
DP, American College of Sports Medicine (2011) American College of Sports Medicine
position stand. Quantity and quality of exercise for developing and maintaining cardiorespira-
tory, musculoskeletal, and neuromotor fitness in apparently healthy adults: guidance for pre-
scribing exercise. Med Sci Sports Exerc 43(7):1334–1359. https://doi.org/10.1249/MSS.
0b013e318213fefb

Garg K, Ward CL, Hurtgen BJ, Wilken JM, Stinner DJ, Wenke JC, Owens JG, Corona BT (2015)
Volumetric muscle loss: persistent functional deficits beyond frank loss of tissue. J Orthop Res
33(1):40–46. https://doi.org/10.1002/jor.22730

Gentile NE, Stearns KM, Brown EH, Rubin JP, Boninger ML, Dearth CL, Ambrosio F, Badylak SF
(2014) Targeted rehabilitation after extracellular matrix scaffold transplantation for the treat-
ment of volumetric muscle loss. Am J Phys Med Rehabil 93(11 Suppl 3):S79–S87. https://doi.
org/10.1097/PHM.0000000000000145

Goldman SM, Henderson BEP, Corona BT (2017) Evaluation of bone marrow mononuclear cells as
an adjunct therapy to minced muscle graft for the treatment of volumetric muscle loss injuries.
Stem Cell Res Ther 8(1):142. https://doi.org/10.1186/s13287-017-0589-z

Gopalakrishnan A, Shankarappa SA, Rajanikant GK (2019) Hydrogel scaffolds: towards restitution
of ischemic stroke-injured brain. Transl Stroke Res 10(1):1–18. https://doi.org/10.1007/s12975-
018-0655-6

Greising SM, Corona BT, McGann C, Frankum JK, Warren GL (2019) Therapeutic approaches for
volumetric muscle loss injury: a systematic review and meta-analysis. Tissue Eng Part B Rev.
https://doi.org/10.1089/ten.TEB.2019.0207

Grogan BF, Hsu JR, Skeletal Trauma Research Consortium (2011) Volumetric muscle loss. J Am
Acad Orthop Surg 19(Suppl 1):S35–S37

Guercio A, Di Marco P, Casella S, Cannella V, Russotto L, Purpari G, Di Bella S, Piccione G
(2012) Production of canine mesenchymal stem cells from adipose tissue and their application in
dogs with chronic osteoarthritis of the humeroradial joints. Cell Biol Int 36(2):189–194. https://
doi.org/10.1042/CBI20110304

Gurjar AA, Manto KM, Estrada JA, Kaufman M, Sun D, Talukder MAH, Elfar JC (2021)
4-aminopyridine: a single-dose diagnostic agent to differentiate axonal continuity in nerve
injuries. Mil Med 186(Suppl 1):479–485. https://doi.org/10.1093/milmed/usaa310

Hardy JG, Villancio-Wolter MK, Sukhavasi RC, Mouser DJ, Aguilar D Jr, Geissler SA, Kaplan
DL, Schmidt CE (2015) Electrical stimulation of human mesenchymal stem cells on conductive
nanofibers enhances their differentiation toward osteogenic outcomes. Macromol Rapid
Commun 36(21):1884–1890. https://doi.org/10.1002/marc.201500233

Hardy A, Casabianca L, Andrieu K, Baverel L, Noailles T, Junior French Arthroscopy S (2017)
Complications following harvesting of patellar tendon or hamstring tendon grafts for anterior
cruciate ligament reconstruction: systematic review of literature. Orthop Traumatol Surg Res
103(8S):S245–S248. https://doi.org/10.1016/j.otsr.2017.09.002

Hayashi Y, Jacob-Vadakot S, Dugan EA, McBride S, Olexa R, Simansky K, Murray M, Shumsky
JS (2010) 5-HT precursor loading, but not 5-HT receptor agonists, increases motor function
after spinal cord contusion in adult rats. Exp Neurol 221(1):68–78. https://doi.org/10.1016/j.
expneurol.2009.10.003

Heckman JD, Ryaby JP, McCabe J, Frey JJ, Kilcoyne RF (1994) Acceleration of tibial fracture-
healing by non-invasive, low-intensity pulsed ultrasound. J Bone Joint Surg Am 76(1):26–34.
https://doi.org/10.2106/00004623-199401000-00004

Heiderscheit BC, Sherry MA, Silder A, Chumanov ES, Thelen DG (2010) Hamstring strain
injuries: recommendations for diagnosis, rehabilitation, and injury prevention. J Orthop Sports
Phys Ther 40(2):67–81. https://doi.org/10.2519/jospt.2010.3047

Hench LL, Splinter RJ, Allen WC, Greenlee TK (1971) Bonding mechanisms at the interface of
ceramic prosthetic materials. J Biomed Mater Res 5(6):117–141

Higashi Y, Kimura M, Hara K, Noma K, Jitsuiki D, Nakagawa K, Oshima T, Chayama K, Sueda T,
Goto C, Matsubara H, Murohara T, Yoshizumi M (2004) Autologous bone-marrow

1 Historical Perspectives of Regenerative Rehabilitation: Recovering. . . 31

https://doi.org/10.1249/MSS.0b013e318213fefb
https://doi.org/10.1249/MSS.0b013e318213fefb
https://doi.org/10.1002/jor.22730
https://doi.org/10.1097/PHM.0000000000000145
https://doi.org/10.1097/PHM.0000000000000145
https://doi.org/10.1186/s13287-017-0589-z
https://doi.org/10.1007/s12975-018-0655-6
https://doi.org/10.1007/s12975-018-0655-6
https://doi.org/10.1089/ten.TEB.2019.0207
https://doi.org/10.1042/CBI20110304
https://doi.org/10.1042/CBI20110304
https://doi.org/10.1093/milmed/usaa310
https://doi.org/10.1002/marc.201500233
https://doi.org/10.1016/j.otsr.2017.09.002
https://doi.org/10.1016/j.expneurol.2009.10.003
https://doi.org/10.1016/j.expneurol.2009.10.003
https://doi.org/10.2106/00004623-199401000-00004
https://doi.org/10.2519/jospt.2010.3047


mononuclear cell implantation improves endothelium-dependent vasodilation in patients with
limb ischemia. Circulation 109(10):1215–1218. https://doi.org/10.1161/01.CIR.0000121427.
53291.78

Hirzinger C, Tauber M, Korntner S, Quirchmayr M, Bauer HC, Traweger A, Tempfer H (2014)
ACL injuries and stem cell therapy. Arch Orthop Trauma Surg 134(11):1573–1578. https://doi.
org/10.1007/s00402-014-2060-2

Hoffman EP, Brown RH Jr, Kunkel LM (1987) Dystrophin: the protein product of the Duchenne
muscular dystrophy locus. Cell 51(6):919–928

Horita Y, Honmou O, Harada K, Houkin K, Hamada H, Kocsis JD (2006) Intravenous adminis-
tration of glial cell line-derived neurotrophic factor gene-modified human mesenchymal stem
cells protects against injury in a cerebral ischemia model in the adult rat. J Neurosci Res 84(7):
1495–1504. https://doi.org/10.1002/jnr.21056

Ho-Shui-Ling A, Bolander J, Rustom LE, Johnson AW, Luyten FP, Picart C (2018) Bone
regeneration strategies: engineered scaffolds, bioactive molecules and stem cells current stage
and future perspectives. Biomaterials 180:143–162. https://doi.org/10.1016/j.biomaterials.
2018.07.017

Hu Z, Zhang F, Yang Z, Yang N, Zhang D, Zhang J, Cao K (2008) Combination of simvastatin
administration and EPC transplantation enhances angiogenesis and protects against apoptosis
for hindlimb ischemia. J Biomed Sci 15(4):509–517. https://doi.org/10.1007/s11373-008-
9243-1

Hu B, Weng Y, Xia XH, Liang XJ, Huang Y (2019) Clinical advances of siRNA therapeutics. J
Gene Med 21(7):e3097. https://doi.org/10.1002/jgm.3097

Ito A, Kubo N, Liang N, Aoyama T, Kuroki H (2020) Regenerative rehabilitation for stroke
recovery by inducing synergistic effects of cell therapy and neurorehabilitation on motor
function: a narrative review of pre-clinical studies. Int J Mol Sci 21(9). https://doi.org/10.
3390/ijms21093135

Izawa H (2020) Cardiac rehabilitation as therapeutic strategy after coronary artery bypass grafting.
Circ J 84(3):378–379. https://doi.org/10.1253/circj.CJ-20-0046

Johnson CA (2010) Endovascular management of peripheral vascular trauma. Semin Intervent
Radiol 27(1):38–43. https://doi.org/10.1055/s-0030-1247887

Johnson RL, Wilson CG (2018) A review of vagus nerve stimulation as a therapeutic intervention. J
Inflamm Res 11:203–213. https://doi.org/10.2147/JIR.S163248

Juncosa-Melvin N, Shearn JT, Boivin GP, Gooch C, Galloway MT, West JR, Nirmalanandhan VS,
Bradica G, Butler DL (2006) Effects of mechanical stimulation on the biomechanics and
histology of stem cell-collagen sponge constructs for rabbit patellar tendon repair. Tissue Eng
12(8):2291–2300. https://doi.org/10.1089/ten.2006.12.2291

Juncosa-Melvin N, Matlin KS, Holdcraft RW, Nirmalanandhan VS, Butler DL (2007) Mechanical
stimulation increases collagen type I and collagen type III gene expression of stem cell-collagen
sponge constructs for patellar tendon repair. Tissue Eng 13(6):1219–1226. https://doi.org/10.
1089/ten.2006.0339

Kazuki Y, Hiratsuka M, Takiguchi M, Osaki M, Kajitani N, Hoshiya H, Hiramatsu K, Yoshino T,
Kazuki K, Ishihara C, Takehara S, Higaki K, Nakagawa M, Takahashi K, Yamanaka S,
Oshimura M (2010) Complete genetic correction of ips cells from Duchenne muscular dystro-
phy. Mol Ther 18(2):386–393. https://doi.org/10.1038/mt.2009.274

Khorasanizadeh M, Yousefifard M, Eskian M, Lu Y, Chalangari M, Harrop JS, Jazayeri SB,
Seyedpour S, Khodaei B, Hosseini M, Rahimi-Movaghar V (2019) Neurological recovery
following traumatic spinal cord injury: a systematic review and meta-analysis. J Neurosurg
Spine 1–17. https://doi.org/10.3171/2018.10.SPINE18802

Kia C, Baldino J, Bell R, Ramji A, Uyeki C, Mazzocca A (2018) Platelet-rich plasma: review of
current literature on its use for tendon and ligament pathology. Curr Rev Musculoskelet Med
11(4):566–572. https://doi.org/10.1007/s12178-018-9515-y

Kirkton RD, Santiago-Maysonet M, Lawson JH, Tente WE, Dahl SLM, Niklason LE, Prichard HL
(2019) Bioengineered human acellular vessels recellularize and evolve into living blood vessels

32 C. J. Raymond-Pope et al.

https://doi.org/10.1161/01.CIR.0000121427.53291.78
https://doi.org/10.1161/01.CIR.0000121427.53291.78
https://doi.org/10.1007/s00402-014-2060-2
https://doi.org/10.1007/s00402-014-2060-2
https://doi.org/10.1002/jnr.21056
https://doi.org/10.1016/j.biomaterials.2018.07.017
https://doi.org/10.1016/j.biomaterials.2018.07.017
https://doi.org/10.1007/s11373-008-9243-1
https://doi.org/10.1007/s11373-008-9243-1
https://doi.org/10.1002/jgm.3097
https://doi.org/10.3390/ijms21093135
https://doi.org/10.3390/ijms21093135
https://doi.org/10.1253/circj.CJ-20-0046
https://doi.org/10.1055/s-0030-1247887
https://doi.org/10.2147/JIR.S163248
https://doi.org/10.1089/ten.2006.12.2291
https://doi.org/10.1089/ten.2006.0339
https://doi.org/10.1089/ten.2006.0339
https://doi.org/10.1038/mt.2009.274
https://doi.org/10.3171/2018.10.SPINE18802
https://doi.org/10.1007/s12178-018-9515-y


after human implantation. Sci Transl Med 11(485). https://doi.org/10.1126/scitranslmed.
aau6934

Kiyotake EA, Martin MD, Detamore MS (2020) Regenerative rehabilitation with conductive
biomaterials for spinal cord injury. Acta Biomater. https://doi.org/10.1016/j.actbio.2020.12.021

Kleisiaris CF, Sfakianakis C, Papathanasiou IV (2014) Health care practices in ancient Greece: the
hippocratic ideal. J Med Ethics Hist Med 7:6

Koukourikos K, Tsaloglidou A, Kourkouta L (2014) Muscle atrophy in intensive care unit patients.
Acta Inform Med 22(6):406–410. https://doi.org/10.5455/aim.2014.22.406-410

Krause M, Phan TG, Ma H, Sobey CG, Lim R (2019) Cell-based therapies for stroke: are we
there yet? Front Neurol 10:656. https://doi.org/10.3389/fneur.2019.00656

Kristiansen TK, Ryaby JP, McCabe J, Frey JJ, Roe LR (1997) Accelerated healing of distal radial
fractures with the use of specific, low-intensity ultrasound. A multicenter, prospective, random-
ized, double-blind, placebo-controlled study. J Bone Joint Surg Am 79(7):961–973. https://doi.
org/10.2106/00004623-199707000-00002

Kubiak EN, Beebe MJ, North K, Hitchcock R, Potter MQ (2013) Early weight bearing after lower
extremity fractures in adults. J Am Acad Orthop Surg 21(12):727–738. https://doi.org/10.5435/
JAAOS-21-12-727

Kulkarni RK, Moore EG, Hegyeli AF, Leonard F (1971) Biodegradable poly(lactic acid) polymers.
J Biomed Mater Res 5(3):169–181. https://doi.org/10.1002/jbm.820050305

Lara-Hernandez R, Lozano-Vilardell P, Blanes P, Torreguitart-Mirada N, Galmes A, Besalduch J
(2010) Safety and efficacy of therapeutic angiogenesis as a novel treatment in patients with
critical limb ischemia. Ann Vasc Surg 24(2):287–294. https://doi.org/10.1016/j.avsg.2009.
10.012

Legnani C, Ventura A, Terzaghi C, Borgo E, Albisetti W (2010) Anterior cruciate ligament
reconstruction with synthetic grafts. A review of literature. Int Orthop 34(4):465–471. https://
doi.org/10.1007/s00264-010-0963-2

Leppik LP, Froemel D, Slavici A, Ovadia ZN, Hudak L, Henrich D, Marzi I, Barker JH (2015)
Effects of electrical stimulation on rat limb regeneration, a new look at an old model. Sci Rep 5:
18353. https://doi.org/10.1038/srep18353

Leppik L, Zhihua H, Mobini S, Thottakkattumana Parameswaran V, Eischen-Loges M, Slavici A,
Helbing J, Pindur L, Oliveira KMC, Bhavsar MB, Hudak L, Henrich D, Barker JH (2018)
Combining electrical stimulation and tissue engineering to treat large bone defects in a rat
model. Sci Rep 8(1):6307. https://doi.org/10.1038/s41598-018-24892-0

Li HL, Fujimoto N, Sasakawa N, Shirai S, Ohkame T, Sakuma T, Tanaka M, Amano N,
Watanabe A, Sakurai H, Yamamoto T, Yamanaka S, Hotta A (2015) Precise correction of the
dystrophin gene in Duchenne muscular dystrophy patient induced pluripotent stem cells by
TALEN and CRISPR-Cas9. Stem Cell Rep 4(1):143–154. https://doi.org/10.1016/j.stemcr.
2014.10.013

Lightsey HM, Kantrowitz DE, Swindell HW, Trofa DP, Ahmad CS, Lynch TS (2018) Variability of
United States online rehabilitation protocols for proximal hamstring tendon repair. Orthop J
Sports Med 6(2):2325967118755116. https://doi.org/10.1177/2325967118755116

Lindsay A, Larson AA, Verma M, Ervasti JM, Lowe DA (2019) Isometric resistance training
increases strength and alters histopathology of dystrophin-deficient mouse skeletal muscle. J
Appl Physiol (1985) 126(2):363–375. https://doi.org/10.1152/japplphysiol.00948.2018

Liu RH, Ong CS, Fukunishi T, Ong K, Hibino N (2018) Review of vascular graft studies in large
animal models. Tissue Eng Part B Rev 24(2):133–143. https://doi.org/10.1089/ten.TEB.2017.
0350

Maffulli N, Sharma P, Luscombe KL (2004) Achilles tendinopathy: aetiology and management. J R
Soc Med 97(10):472–476. https://doi.org/10.1258/jrsm.97.10.472

Maggio MG, De Luca R, Molonia F, Porcari B, Destro M, Casella C, Salvati R, Bramanti P,
Calabro RS (2019) Cognitive rehabilitation in patients with traumatic brain injury: a narrative
review on the emerging use of virtual reality. J Clin Neurosci 61:1–4. https://doi.org/10.1016/j.
jocn.2018.12.020

1 Historical Perspectives of Regenerative Rehabilitation: Recovering. . . 33

https://doi.org/10.1126/scitranslmed.aau6934
https://doi.org/10.1126/scitranslmed.aau6934
https://doi.org/10.1016/j.actbio.2020.12.021
https://doi.org/10.5455/aim.2014.22.406-410
https://doi.org/10.3389/fneur.2019.00656
https://doi.org/10.2106/00004623-199707000-00002
https://doi.org/10.2106/00004623-199707000-00002
https://doi.org/10.5435/JAAOS-21-12-727
https://doi.org/10.5435/JAAOS-21-12-727
https://doi.org/10.1002/jbm.820050305
https://doi.org/10.1016/j.avsg.2009.10.012
https://doi.org/10.1016/j.avsg.2009.10.012
https://doi.org/10.1007/s00264-010-0963-2
https://doi.org/10.1007/s00264-010-0963-2
https://doi.org/10.1038/srep18353
https://doi.org/10.1038/s41598-018-24892-0
https://doi.org/10.1016/j.stemcr.2014.10.013
https://doi.org/10.1016/j.stemcr.2014.10.013
https://doi.org/10.1177/2325967118755116
https://doi.org/10.1152/japplphysiol.00948.2018
https://doi.org/10.1089/ten.TEB.2017.0350
https://doi.org/10.1089/ten.TEB.2017.0350
https://doi.org/10.1258/jrsm.97.10.472
https://doi.org/10.1016/j.jocn.2018.12.020
https://doi.org/10.1016/j.jocn.2018.12.020


Marin E, Boschetto F, Pezzotti G (2020) Biomaterials and biocompatibility: an historical overview.
J Biomed Mater Res A 108(8):1617–1633. https://doi.org/10.1002/jbm.a.36930

Markert CD, Case LE, Carter GT, Furlong PA, Grange RW (2012) Exercise and Duchenne
muscular dystrophy: where we have been and where we need to go. Muscle Nerve 45(5):
746–751. https://doi.org/10.1002/mus.23244

Martin I, Wendt D, Heberer M (2004) The role of bioreactors in tissue engineering. Trends
Biotechnol 22(2):80–86. https://doi.org/10.1016/j.tibtech.2003.12.001

Mathews J, Levin M (2018) The body electric 2.0: recent advances in developmental bioelectricity
for regenerative and synthetic bioengineering. Curr Opin Biotechnol 52:134–144. https://doi.
org/10.1016/j.copbio.2018.03.008

Mavalli MD, DiGirolamo DJ, Fan Y, Riddle RC, Campbell KS, van Groen T, Frank SJ, Sperling
MA, Esser KA, Bamman MM, Clemens TL (2010) Distinct growth hormone receptor signaling
modes regulate skeletal muscle development and insulin sensitivity in mice. J Clin Invest
120(11):4007–4020. https://doi.org/10.1172/JCI42447

McDermott MM (2018) Exercise rehabilitation for peripheral artery disease: a review. J Cardiopulm
Rehabil Prev 38(2):63–69. https://doi.org/10.1097/HCR.0000000000000343

Messier SP (2008) Obesity and osteoarthritis: disease genesis and nonpharmacologic weight
management. Rheum Dis Clin North Am 34(3):713–729. https://doi.org/10.1016/j.rdc.2008.
04.007

Modarai B, Patel AS (2019) PLX-PAD treatment of critical limb ischaemia: a clinically effective
cell therapy at long last? Eur J Vasc Endovasc Surg 57(4):546. https://doi.org/10.1016/j.ejvs.
2019.02.004

Mooney DJ, Vandenburgh H (2008) Cell delivery mechanisms for tissue repair. Cell Stem Cell
2(3):205–213. https://doi.org/10.1016/j.stem.2008.02.005

Morimoto J, Yasuhara T, Kameda M, Umakoshi M, Kin I, Kuwahara K, Kin K, Okazaki M,
Takeuchi H, Sasaki T, Toyoshima A, Tajiri N, Agari T, Borlongan CV, Date I (2018) Electrical
stimulation enhances migratory ability of transplanted bone marrow stromal cells in a rodent
ischemic stroke model. Cell Physiol Biochem 46(1):57–68. https://doi.org/10.1159/000488409

Moritz CT, Ambrosio F (2017) Regenerative rehabilitation: combining stem cell therapies and
activity-dependent stimulation. Pediatr Phys Ther 29(Suppl 3):S10–S15. https://doi.org/10.
1097/PEP.0000000000000378

Morrison JJ, McMahon J, DuBose JJ, Scalea TM, Lawson JH, Rasmussen TE (2019) Clinical
implementation of the Humacyte human acellular vessel: implications for military and civilian
trauma care. J Trauma Acute Care Surg 87(1S Suppl 1):S44–S47. https://doi.org/10.1097/TA.
0000000000002350

Myer GD, Paterno MV, Ford KR, Quatman CE, Hewett TE (2006) Rehabilitation after anterior
cruciate ligament reconstruction: criteria-based progression through the return-to-sport phase. J
Orthop Sports Phys Ther 36(6):385–402. https://doi.org/10.2519/jospt.2006.2222

Napoli C, Hayashi T, Cacciatore F, Casamassimi A, Casini C, Al-Omran M, Ignarro LJ (2011)
Endothelial progenitor cells as therapeutic agents in the microcirculation: an update. Athero-
sclerosis 215(1):9–22. https://doi.org/10.1016/j.atherosclerosis.2010.10.039

Omrani AS, Almaghrabi RS (2017) Complications of hematopoietic stem cell transplantation:
bacterial infections. Hematol Oncol Stem Cell Ther 10(4):228–232. https://doi.org/10.1016/j.
hemonc.2017.05.018

Ong CS, Zhou X, Huang CY, Fukunishi T, Zhang H, Hibino N (2017) Tissue engineered vascular
grafts: current state of the field. Expert Rev Med Devices 14(5):383–392. https://doi.org/10.
1080/17434440.2017.1324293

Owens BD, Kragh JF Jr, Macaitis J, Svoboda SJ, Wenke JC (2007) Characterization of extremity
wounds in operation Iraqi freedom and operation enduring freedom. J Orthop Trauma 21(4):
254–257. https://doi.org/10.1097/BOT.0b013e31802f78fb

Papadopoulos ES, Mani R (2020) The role of ultrasound therapy in the management of musculo-
skeletal soft tissue pain. Int J Low Extrem Wounds 19(4):350–358. https://doi.org/10.1177/
1534734620948343

34 C. J. Raymond-Pope et al.

https://doi.org/10.1002/jbm.a.36930
https://doi.org/10.1002/mus.23244
https://doi.org/10.1016/j.tibtech.2003.12.001
https://doi.org/10.1016/j.copbio.2018.03.008
https://doi.org/10.1016/j.copbio.2018.03.008
https://doi.org/10.1172/JCI42447
https://doi.org/10.1097/HCR.0000000000000343
https://doi.org/10.1016/j.rdc.2008.04.007
https://doi.org/10.1016/j.rdc.2008.04.007
https://doi.org/10.1016/j.ejvs.2019.02.004
https://doi.org/10.1016/j.ejvs.2019.02.004
https://doi.org/10.1016/j.stem.2008.02.005
https://doi.org/10.1159/000488409
https://doi.org/10.1097/PEP.0000000000000378
https://doi.org/10.1097/PEP.0000000000000378
https://doi.org/10.1097/TA.0000000000002350
https://doi.org/10.1097/TA.0000000000002350
https://doi.org/10.2519/jospt.2006.2222
https://doi.org/10.1016/j.atherosclerosis.2010.10.039
https://doi.org/10.1016/j.hemonc.2017.05.018
https://doi.org/10.1016/j.hemonc.2017.05.018
https://doi.org/10.1080/17434440.2017.1324293
https://doi.org/10.1080/17434440.2017.1324293
https://doi.org/10.1097/BOT.0b013e31802f78fb
https://doi.org/10.1177/1534734620948343
https://doi.org/10.1177/1534734620948343


Partridge TA, Morgan JE, Coulton GR, Hoffman EP, Kunkel LM (1989) Conversion of mdx
myofibres from dystrophin-negative to -positive by injection of normal myoblasts. Nature
337(6203):176–179. https://doi.org/10.1038/337176a0

Pas H, Moen MH, Haisma HJ, Winters M (2017) No evidence for the use of stem cell therapy for
tendon disorders: a systematic review. Br J Sports Med 51(13):996–1002. https://doi.org/10.
1136/bjsports-2016-096794

Pashneh-Tala S, MacNeil S, Claeyssens F (2016) The tissue-engineered vascular graft-past, present,
and future. Tissue Eng Part B Rev 22(1):68–100. https://doi.org/10.1089/ten.teb.2015.0100

Peng JJ, Sha R, Li MX, Chen LT, Han XH, Guo F, Chen H, Huang XL (2019) Repetitive
transcranial magnetic stimulation promotes functional recovery and differentiation of human
neural stem cells in rats after ischemic stroke. Exp Neurol 313:1–9. https://doi.org/10.1016/j.
expneurol.2018.12.002

Perez-Terzic C, Childers MK (2014) Regenerative rehabilitation: a new future? Am J Phys Med
Rehabil 93(11 Suppl 3):S73–S78. https://doi.org/10.1097/PHM.0000000000000211

Portis SM, Sanberg PR (2017) Regenerative rehabilitation: an innovative and multifactorial
approach to recovery from stroke and brain injury. Cell Med 9(3):67–71. https://doi.org/10.
3727/215517917X693393

Powers WJ, Rabinstein AA, Ackerson T, Adeoye OM, Bambakidis NC, Becker K, Biller J,
Brown M, Demaerschalk BM, Hoh B, Jauch EC, Kidwell CS, Leslie-Mazwi TM,
Ovbiagele B, Scott PA, Sheth KN, Southerland AM, Summers DV, Tirschwell DL, American
Heart Association Stroke Council (2018) 2018 guidelines for the early management of patients
with acute ischemic stroke: a guideline for healthcare professionals from the American Heart
Association/American Stroke Association. Stroke 49(3):e46–e110. https://doi.org/10.1161/
STR.0000000000000158

Pruitt DT, Schmid AN, Kim LJ, Abe CM, Trieu JL, Choua C, Hays SA, Kilgard MP, Rennaker RL
(2016) Vagus nerve stimulation delivered with motor training enhances recovery of function
after traumatic brain injury. J Neurotrauma 33(9):871–879. https://doi.org/10.1089/neu.2015.
3972

Quarto R, Mastrogiacomo M, Cancedda R, Kutepov SM, Mukhachev V, Lavroukov A, Kon E,
Marcacci M (2001) Repair of large bone defects with the use of autologous bone marrow
stromal cells. N Engl J Med 344(5):385–386. https://doi.org/10.1056/NEJM200102013440516

Ramalho-Santos M, Willenbring H (2007) On the origin of the term “stem cell”. Cell Stem Cell
1(1):35–38. https://doi.org/10.1016/j.stem.2007.05.013

Riley DC, Boyer RB, Deister CA, Pollins AC, Cardwell NL, Kelm ND, Does MD, Dortch RD,
Bamba R, Shack RB, Thayer WP (2017) Immediate enhancement of nerve function using a
novel axonal fusion device after neurotmesis. Ann Plast Surg 79(6):590–599. https://doi.org/10.
1097/SAP.0000000000001242

Rumian AP, Wallace AL, Birch HL (2007) Tendons and ligaments are anatomically distinct but
overlap in molecular and morphological features—a comparative study in an ovine model. J
Orthop Res 25(4):458–464. https://doi.org/10.1002/jor.20218

Sackett DL, Rosenberg WM, Gray JA, Haynes RB, Richardson WS (1996) Evidence based
medicine: what it is and what it isn’t. BMJ 312(7023):71–72. https://doi.org/10.1136/bmj.
312.7023.71

Sasaki Y, Sasaki M, Kataoka-Sasaki Y, Nakazaki M, Nagahama H, Suzuki J, Tateyama D, Oka S,
Namioka T, Namioka A, Onodera R, Mikami T, Wanibuchi M, Kakizawa M, Ishiai S, Kocsis
JD, Honmou O (2016) Synergic effects of rehabilitation and intravenous infusion of mesenchy-
mal stem cells after stroke in rats. Phys Ther 96(11):1791–1798. https://doi.org/10.2522/ptj.
20150504

Saunders D, Rose L (2021) Regenerative rehabilitation of catastrophic extremity injury in military
conflicts and a review of recent developmental efforts. Connect Tissue Res 62(1):83–98. https://
doi.org/10.1080/03008207.2020.1776707

1 Historical Perspectives of Regenerative Rehabilitation: Recovering. . . 35

https://doi.org/10.1038/337176a0
https://doi.org/10.1136/bjsports-2016-096794
https://doi.org/10.1136/bjsports-2016-096794
https://doi.org/10.1089/ten.teb.2015.0100
https://doi.org/10.1016/j.expneurol.2018.12.002
https://doi.org/10.1016/j.expneurol.2018.12.002
https://doi.org/10.1097/PHM.0000000000000211
https://doi.org/10.3727/215517917X693393
https://doi.org/10.3727/215517917X693393
https://doi.org/10.1161/STR.0000000000000158
https://doi.org/10.1161/STR.0000000000000158
https://doi.org/10.1089/neu.2015.3972
https://doi.org/10.1089/neu.2015.3972
https://doi.org/10.1056/NEJM200102013440516
https://doi.org/10.1016/j.stem.2007.05.013
https://doi.org/10.1097/SAP.0000000000001242
https://doi.org/10.1097/SAP.0000000000001242
https://doi.org/10.1002/jor.20218
https://doi.org/10.1136/bmj.312.7023.71
https://doi.org/10.1136/bmj.312.7023.71
https://doi.org/10.2522/ptj.20150504
https://doi.org/10.2522/ptj.20150504
https://doi.org/10.1080/03008207.2020.1776707
https://doi.org/10.1080/03008207.2020.1776707


Schoenfeld BJ (2010) The mechanisms of muscle hypertrophy and their application to resistance
training. J Strength Cond Res 24(10):2857–2872. https://doi.org/10.1519/JSC.
0b013e3181e840f3

Sepulveda F, Sanchez L, Amy E, Micheo W (2017) Anterior cruciate ligament injury: return to
play, function and long-term considerations. Curr Sports Med Rep 16(3):172–178. https://doi.
org/10.1249/JSR.0000000000000356

Shu J, Santulli G (2018) Update on peripheral artery disease: epidemiology and evidence-based
facts. Atherosclerosis 275:379–381. https://doi.org/10.1016/j.atherosclerosis.2018.05.033

Silvain J, Cayla G, Collet JP, Fargeot C, Montalescot G (2014) [Coronary stents: 30 years of
medical progress]. Med Sci (Paris) 30(3):303–310. https://doi.org/10.1051/medsci/
20143003019

Simanski CJ, Maegele MG, Lefering R, Lehnen DM, Kawel N, Riess P, Yucel N, Tiling T,
Bouillon B (2006) Functional treatment and early weightbearing after an ankle fracture: a
prospective study. J Orthop Trauma 20(2):108–114. https://doi.org/10.1097/01.bot.
0000197701.96954.8c

Sivandzade F, Cucullo L (2021) Regenerative stem cell therapy for neurodegenerative diseases: an
overview. Int J Mol Sci 22(4). https://doi.org/10.3390/ijms22042153

Stapleton L, Zhu Y, Woo YJ, Appel E (2020) Engineered biomaterials for heart disease. Curr Opin
Biotechnol 66:246–254. https://doi.org/10.1016/j.copbio.2020.08.008

Steinberg GK, Kondziolka D, Wechsler LR, Lunsford LD, Coburn ML, Billigen JB, Kim AS,
Johnson JN, Bates D, King B, Case C, McGrogan M, Yankee EW, Schwartz NE (2016) Clinical
outcomes of transplanted modified bone marrow-derived mesenchymal stem cells in stroke: a
phase 1/2a study. Stroke 47(7):1817–1824. https://doi.org/10.1161/STROKEAHA.116.012995

Sun CK, Shao PL, Wang CJ, Yip HK (2011) Study of vascular injuries using endothelial denuda-
tion model and the therapeutic application of shock wave: a review. Am J Transl Res 3(3):
259–268

Szelenberger R, Kostka J, Saluk-Bijak J, Miller E (2020) Pharmacological Interventions and
Rehabilitation Approach for Enhancing Brain Self-repair and Stroke Recovery. Curr
Neuropharmacol 18(1):51–64. https://doi.org/10.2174/1570159X17666190726104139

Takahashi K, Yamanaka S (2006) Induction of pluripotent stem cells from mouse embryonic and
adult fibroblast cultures by defined factors. Cell 126(4):663–676. https://doi.org/10.1016/j.cell.
2006.07.024

Tam RY, Fuehrmann T, Mitrousis N, Shoichet MS (2014) Regenerative therapies for central
nervous system diseases: a biomaterials approach. Neuropsychopharmacology 39(1):169–188.
https://doi.org/10.1038/npp.2013.237

Tavassoli M, Crosby WH (1968) Transplantation of marrow to extramedullary sites. Science
161(3836):54–56. https://doi.org/10.1126/science.161.3836.54

Terada Y, Fukuda S, Tohda E, Kigawa I, Wanibuchi Y, Mitsui T (1999) Venous function and
delayed leg swelling following saphenectomy in coronary artery bypass grafting. Jpn J Thorac
Cardiovasc Surg 47(11):559–562. https://doi.org/10.1007/BF03218062

Teskey GC, Flynn C, Goertzen CD, Monfils MH, Young NA (2003) Cortical stimulation improves
skilled forelimb use following a focal ischemic infarct in the rat. Neurol Res 25(8):794–800.
https://doi.org/10.1179/016164103771953871

Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ, Marshall VS, Jones JM
(1998) Embryonic stem cell lines derived from human blastocysts. Science 282(5391):
1145–1147. https://doi.org/10.1126/science.282.5391.1145

Trohatou O, Roubelakis MG (2017) Mesenchymal stem/stromal cells in regenerative medicine:
past, present, and future. Cell Reprogram 19(4):217–224. https://doi.org/10.1089/cell.2016.
0062

Van Tongeren RB, Hamming JF, Fibbe WE, Van Weel V, Frerichs SJ, Stiggelbout AM, Van
Bockel JH, Lindeman JH (2008) Intramuscular or combined intramuscular/intra-arterial admin-
istration of bone marrow mononuclear cells: a clinical trial in patients with advanced limb
ischemia. J Cardiovasc Surg (Torino) 49(1):51–58

36 C. J. Raymond-Pope et al.

https://doi.org/10.1519/JSC.0b013e3181e840f3
https://doi.org/10.1519/JSC.0b013e3181e840f3
https://doi.org/10.1249/JSR.0000000000000356
https://doi.org/10.1249/JSR.0000000000000356
https://doi.org/10.1016/j.atherosclerosis.2018.05.033
https://doi.org/10.1051/medsci/20143003019
https://doi.org/10.1051/medsci/20143003019
https://doi.org/10.1097/01.bot.0000197701.96954.8c
https://doi.org/10.1097/01.bot.0000197701.96954.8c
https://doi.org/10.3390/ijms22042153
https://doi.org/10.1016/j.copbio.2020.08.008
https://doi.org/10.1161/STROKEAHA.116.012995
https://doi.org/10.2174/1570159X17666190726104139
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1038/npp.2013.237
https://doi.org/10.1126/science.161.3836.54
https://doi.org/10.1007/BF03218062
https://doi.org/10.1179/016164103771953871
https://doi.org/10.1126/science.282.5391.1145
https://doi.org/10.1089/cell.2016.0062
https://doi.org/10.1089/cell.2016.0062


Ventura A, Terzaghi C, Legnani C, Borgo E, Albisetti W (2010) Synthetic grafts for anterior
cruciate ligament rupture: 19-year outcome study. Knee 17(2):108–113. https://doi.org/10.
1016/j.knee.2009.07.013

Virani SS, Alonso A, Benjamin EJ, Bittencourt MS, Callaway CW, Carson AP, Chamberlain AM,
Chang AR, Cheng S, Delling FN, Djousse L, MSV E, Ferguson JF, Fornage M, Khan SS,
Kissela BM, Knutson KL, Kwan TW, Lackland DT, Lewis TT, Lichtman JH, Longenecker CT,
Loop MS, Lutsey PL, Martin SS, Matsushita K, Moran AE, Mussolino ME, Perak AM,
Rosamond WD, Roth GA, Sampson UKA, Satou GM, Schroeder EB, Shah SH, Shay CM,
Spartano NL, Stokes A, Tirschwell DL, VanWagner LB, Tsao CW, American Heart Associa-
tion Council on Epidemiology and Prevention Statistics Committee and Stroke Statistics
Subcommittee (2020) Heart disease and stroke statistics-2020 update: a report from the Amer-
ican Heart Association. Circulation 141(9):e139–e596. https://doi.org/10.1161/CIR.
0000000000000757

Virchenko O, Aspenberg P (2006) How can one platelet injection after tendon injury lead to a
stronger tendon after 4 weeks? Interplay between early regeneration and mechanical stimula-
tion. Acta Orthop 77(5):806–812. https://doi.org/10.1080/17453670610013033

Wang W, Zhong W, Yuan J, Yan C, Hu S, Tong Y, Mao Y, Hu T, Zhang B, Song G (2015)
Involvement of Wnt/beta-catenin signaling in the mesenchymal stem cells promote metastatic
growth and chemoresistance of cholangiocarcinoma. Oncotarget 6(39):42276–42289. https://
doi.org/10.18632/oncotarget.5514

Wangensteen A, Bahr R, Van Linschoten R, Almusa E, Whiteley R, Witvrouw E, Tol JL (2017)
MRI appearance does not change in the first 7 days after acute hamstring injury-a prospective
study. Br J Sports Med 51(14):1087–1092. https://doi.org/10.1136/bjsports-2016-096881

Watson E, Tatara AM, van den Beucken J, Jansen JA, Wong ME, Mikos AG (2020) An ovine
model of in vivo bioreactor-based bone generation. Tissue Eng Part C Methods 26(7):384–396.
https://doi.org/10.1089/ten.TEC.2020.0125

Weitzel PP, Richmond JC, Altman GH, Calabro T, Kaplan DL (2002) Future direction of the
treatment of ACL ruptures. Orthop Clin North Am 33(4):653–661. https://doi.org/10.1016/
s0030-5898(02)00017-2

Wilke MM, Nydam DV, Nixon AJ (2007) Enhanced early chondrogenesis in articular defects
following arthroscopic mesenchymal stem cell implantation in an equine model. J Orthop Res
25(7):913–925. https://doi.org/10.1002/jor.20382

Willett NJ, Boninger ML, Miller LJ, Alvarez L, Aoyama T, Bedoni M, Brix KA, Chisari C,
Christ G, Dearth CL, Dyson-Hudson TA, Evans CH, Goldman SM, Gregory K, Gualerzi A,
Hart J, Ito A, Kuroki H, Loghmani MT, Mack DL, Malanga GA, Noble-Haeusslein L,
Pasquina P, Roche JA, Rose L, Stoddart MJ, Tajino J, Terzic C, Topp KS, Wagner WR,
Warden SJ, Wolf SL, Xie H, Rando TA, Ambrosio F (2020) Taking the next steps in
regenerative rehabilitation: establishment of a new interdisciplinary field. Arch Phys Med
Rehabil 101(5):917–923. https://doi.org/10.1016/j.apmr.2020.01.007

Williams D, Isaacson B (2014) The 5 hallmarks of biomaterials success: an emphasis on orthopae-
dics. Adv Biosci Biotechnol 5:283–293

Winkler T, Perka C, von Roth P, Agres AN, Plage H, Preininger B, Pumberger M, Geissler S, Hagai
EL, Ofir R, Pinzur L, Eyal E, Stoltenburg-Didinger G, Meisel C, Consentius C, Streitz M,
Reinke P, Duda GN, Volk HD (2018) Immunomodulatory placental-expanded, mesenchymal
stromal cells improve muscle function following hip arthroplasty. J Cachexia Sarcopenia
Muscle 9(5):880–897. https://doi.org/10.1002/jcsm.12316

Wu D, Ma J, Zhang L, Wang S, Tan B, Jia G (2020) Effect and safety of transcutaneous auricular
vagus nerve stimulation on recovery of upper limb motor function in subacute ischemic stroke
patients: a randomized pilot study. Neural Plast 2020:8841752. https://doi.org/10.1155/2020/
8841752

Xing Y, Bai Y (2020) A review of exercise-induced neuroplasticity in ischemic stroke: pathology
and mechanisms. Mol Neurobiol 57(10):4218–4231. https://doi.org/10.1007/s12035-020-
02021-1

1 Historical Perspectives of Regenerative Rehabilitation: Recovering. . . 37

https://doi.org/10.1016/j.knee.2009.07.013
https://doi.org/10.1016/j.knee.2009.07.013
https://doi.org/10.1161/CIR.0000000000000757
https://doi.org/10.1161/CIR.0000000000000757
https://doi.org/10.1080/17453670610013033
https://doi.org/10.18632/oncotarget.5514
https://doi.org/10.18632/oncotarget.5514
https://doi.org/10.1136/bjsports-2016-096881
https://doi.org/10.1089/ten.TEC.2020.0125
https://doi.org/10.1016/s0030-5898(02)00017-2
https://doi.org/10.1016/s0030-5898(02)00017-2
https://doi.org/10.1002/jor.20382
https://doi.org/10.1016/j.apmr.2020.01.007
https://doi.org/10.1002/jcsm.12316
https://doi.org/10.1155/2020/8841752
https://doi.org/10.1155/2020/8841752
https://doi.org/10.1007/s12035-020-02021-1
https://doi.org/10.1007/s12035-020-02021-1


Yannas IV, Burke JF (1980) Design of an artificial skin. I. Basic design principles. J Biomed Mater
Res 14(1):65–81. https://doi.org/10.1002/jbm.820140108

Yannas IV, Burke JF, Orgill DP, Skrabut EM (1982) Wound tissue can utilize a polymeric template
to synthesize a functional extension of skin. Science 215(4529):174–176. https://doi.org/10.
1126/science.7031899

Yeh KH, Sheu JJ, Lin YC, Sun CK, Chang LT, Kao YH, Yen CH, Shao PL, Tsai TH, Chen YL,
Chua S, Leu S, Yip HK (2012) Benefit of combined extracorporeal shock wave and bone
marrow-derived endothelial progenitor cells in protection against critical limb ischemia in rats.
Crit Care Med 40(1):169–177. https://doi.org/10.1097/CCM.0b013e31822d74d0

Yu JX, Huang XF, LvWM, Ye CS, Peng XZ, Zhang H, Xiao LB,Wang SM (2009) Combination of
stromal-derived factor-1alpha and vascular endothelial growth factor gene-modified endothelial
progenitor cells is more effective for ischemic neovascularization. J Vasc Surg 50(3):608–616.
https://doi.org/10.1016/j.jvs.2009.05.049

Yu Y, Alkhawaji A, Ding Y, Mei J (2016) Decellularized scaffolds in regenerative medicine.
Oncotarget 7(36):58671–58683. https://doi.org/10.18632/oncotarget.10945

Zhang YX, Yuan MZ, Cheng L, Lin LZ, Du HW, Chen RH, Liu N (2015) Treadmill exercise
enhances therapeutic potency of transplanted bone mesenchymal stem cells in cerebral ischemic
rats via anti-apoptotic effects. BMC Neurosci 16:56. https://doi.org/10.1186/s12868-015-
0196-9

Zhao L, Chen S, Yang P, Cao H, Li L (2019) The role of mesenchymal stem cells in hematopoietic
stem cell transplantation: prevention and treatment of graft-versus-host disease. Stem Cell Res
Ther 10(1):182. https://doi.org/10.1186/s13287-019-1287-9

38 C. J. Raymond-Pope et al.

https://doi.org/10.1002/jbm.820140108
https://doi.org/10.1126/science.7031899
https://doi.org/10.1126/science.7031899
https://doi.org/10.1097/CCM.0b013e31822d74d0
https://doi.org/10.1016/j.jvs.2009.05.049
https://doi.org/10.18632/oncotarget.10945
https://doi.org/10.1186/s12868-015-0196-9
https://doi.org/10.1186/s12868-015-0196-9
https://doi.org/10.1186/s13287-019-1287-9


Chapter 2
Considerations for Small Animal Physical
Rehabilitation

Sarah M. Greising, Alec M. Basten, Albino G. Schifino, and Jarrod A. Call

Abstract Translational and preclinical investigations of regenerative rehabilitation
approaches are dependent on an ability to appropriately design and implement
physical rehabilitation intervention able to facilitate physiologically beneficial adap-
tations. To continue to drive success and translation in the field of regenerative
rehabilitation a comprehensive understanding of rehabilitation approaches in rodents
is necessary. The goal of this chapter is to provide an overview on commonly used
physical rehabilitation techniques in mice and rats, with specific emphasis on ideal
physiologic overload and tissue-specific targets.

Keywords Physical therapy · Running · Electrical stimulation · Methodology ·
Task-specific rehabilitation

2.1 Introduction

Regenerative rehabilitation can affect all tissues and organ systems of the body. As
noted in Chap. 1, it is operationally defined by the field as a 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). The ideal
physical rehabilitation approach for a given investigation depends on the objective of
the strategy. To begin, a fundamental understanding of targeted effects (Thompson
2002) for whole-body function, tissue morphology or size, or functional capacity is
necessary to address the question at hand. Targeting whole-body function would
include physical rehabilitation modalities aimed at improving aerobic capacity (i.e.,
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VO2max), endurance (e.g., time maintaining a consistent speed), and/or anaerobic
capacity (e.g., O2 deficit). While improving functional capacity is more related to
skeletal muscle endurance, power, strength, and motor performance, for example.
The goal of this chapter is to provide a broad overview of commonly used physical
rehabilitation modalities in rodents. We provide considerations for their use, phys-
iologic targets, and general pros and cons to consider in methodological design;
spanning methodology for conscious and unconscious rodents. Indeed, many of
these approaches are addressed in subsequent chapters of this work.

2.2 Rehabilitation in Rodents

Rodents, both mice and rats, are a common research animal model with many
benefits for their use (e.g., lifespan, abundant genetic resources, physiology)
(Bryda 2013). The homogeneous nature of rodents allows for easy randomization
into experimental groups. Additionally, significant experimental control over diet,
genetics, environment, and training protocols is a primary advantage of using
rodents. All of which supports research designs that are highly sensitive and
reproducible within a lab or across many labs. In studies utilizing various physical
rehabilitation approaches rodents provide an attractive model system for reproduc-
ible training paradigms. These rehabilitation paradigms being evaluated in rodents
have the potential for scale-up to large animals, as well as translation into the clinical
population to further support evidence-based rehabilitation for injured patients.

2.3 What Is the Ideal Rehabilitation Method?

In both rodent models and the clinical population, the objective of rehabilitation, or
physical therapy, is to act upon the systems of the body to facilitate physiologically
beneficial adaptations. Adaptations can be targeted to a specific physiologic system
or to the whole body. It is imperative for investigators to weigh the pros and cons of
each rehabilitation approach to best fit with their research question. For example, if
the goal of rehabilitation is to improve endurance performance and aerobic capacity
as in disrupted metabolic signaling cases, then treadmill or wheel running may be the
ideal rehabilitation. Alternatively, if the goal of rehabilitation is to improve strength,
as in the case of sarcopenia (i.e., the age-related loss of muscle size and function),
then resistance mimicking activities or neuromuscular electrical stimulation may be
more appropriate. We will overview commonly used rehabilitation modalities and
their benefits and limitations for consideration in this chapter, with the foundation
that the ideal rehabilitation method is the one that physiologically addresses the
research question posed.
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2.4 Common Rehabilitation Methods Implemented
in Rodents

Physical rehabilitation in rodents will be discussed in two categories, those modal-
ities conducted while the rodent is conscious and those conducted when the rodent is
unconscious.

2.4.1 Conscious Methods

Short- and long-term interventions commonly utilize conscious rodents. Various
methodologies range from rodents conducting tasks in a fully voluntary manner, to
tasks requiring external motivation. Methodologies such as treadmill running and
voluntary wheel running represent widespread approaches to impart whole-body or
tissue-specific (i.e., bone and skeletal muscle) adaptations to rodents.

2.4.1.1 Treadmill Running

A common physical rehabilitation methodology that has direct clinical translation is
treadmill walking and running. During a typical rehabilitation session, rodents will
be placed on a motorized belt and the investigator will have precise control of belt
speed and grade (e.g., uphill/downhill). Similar to human treadmill exercise, the
session will provide a stimulus to the cardiovascular (Feng et al. 2019; Lund et al.
2015; Kemi et al. 2002; Wisloff et al. 2002), respiratory, and musculoskeletal
systems (Kemi et al. 2002; Davies et al. 1981). There are two primary utilization
of treadmill running often observed in the literature: acute endurance tests and
chronic aerobic training. Acute endurance test protocols are one-time sessions in
which treadmill belt speed, and/or grade, are progressively increased until rodents,
despite external motivation provided from the investigator, can no longer participate/
sustain treadmill running. At the time of exhaustion, the duration and total distance
covered are recorded, often in conjunction with a measure of blood lactate taken
from venous tail blood as an indirect assessment of anaerobic metabolism/fatigue
(Ferreira et al. 2007). Acute endurance tests are sensitive to detecting the adaptations
to aerobic exercise training and detraining, and thus serve as a measure of the
efficacy of exercise training and/or exercise mimetic programs (Seldeen et al.
2018, 2019).

Treadmill aerobic training protocols vary in intensity, duration, frequency, and
progression (Poole et al. 2020). For example, there are protocols available for high-
intensity interval training (Seldeen et al. 2018, 2019; Picoli et al. 2018) as well as
moderate intensity (Wang et al. 2017; Navarro et al. 2004; Boveris and Navarro
2008) and ramped intensities (Poole et al. 2020). Regardless, treadmill aerobic
training has considerable utility and widespread efficacy as a model for inducing
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beneficial adaptations across pathologies and injuries (Lund et al. 2015; Wisloff
et al. 2002; Goh et al. 2019; Davies et al. 1981).

A primary benefit of treadmill rehabilitation is that the investigator can control the
rehabilitation dose by modulating the frequency, duration, and intensity of the
sessions. For example, if the goal is to achieve one kilometer of distance per day,
that can be precisely administered. This approach can also be helpful when working
with rodent models that do not demonstrate consistent voluntary running behavior if
provided a running wheel (e.g., rats) (Rodnick et al. 1989). However, the “involun-
tary” nature of this approach is also a limitation to consider, as rodents are neither
free to modulate their time engaging with the treadmill, nor are they able to self-
select a running speed. Some studies also utilize shock grids, stiff bristle brushes,
and puffs of air to motivate rodents to accomplish a standardized distance or to
maintain a certain speed for a given amount of time. These motivation tactics to
ensure training compliance may induce stress responses (Svensson et al. 2016) that
should be considered as a factor in study design. Indeed, researchers have demon-
strated that 100% training compliance can be accomplished without motivational
assistance; however, considerable time must be spent familiarizing rodents with the
desired task (>10 sessions) (Arnold and Salvatore 2014). When utilizing the tread-
mill as a rehabilitation tool, it might be necessary to briefly acclimate rodents in 2–3
short sessions prior to initiating treadmill training. Furthermore, identifying “good
runners” and then allocating these specific rodents into the experimental groups can
aid in reducing the influence of intraspecies variability in exercise compliance/
capacity.

2.4.1.2 Voluntary Wheel Running

Voluntary wheel running involves placing a wheel in the cage of a singly housed
rodent and recording the number of revolutions completed per day. Similar to
treadmill running, voluntary wheel running is a whole-body activity that provides
a stimulus to the cardiovascular (Allen et al. 2001; Judge et al. 2005), respiratory,
and musculoskeletal systems (Ikeda et al. 2006; Boveris and Navarro 2008; Gurley
et al. 2016). Rodents are nocturnal animals, and the majority of the total running
distance will occur during the vivarium lights-off phase. Initially designed as a
purely aerobic training paradigm, voluntary wheels can be modified to add a load
or resistance training component (Ishihara et al. 1998). Resistance or load compo-
nents, i.e., high-resistance wheel running, can be modulated by adhering weights to
the circumference of the wheel (White et al. 2016; Soffe et al. 2016), fastening a
manual tensioning device (Call et al. 2010; Konhilas et al. 2005), or through servo-
motor generated resistance brakes (Fig. 2.1a–c) (Ishihara et al. 1998; Mobley et al.
2018). Both low- and high-resistance wheel running paradigms induce beneficial
adaptations across several diseases and injuries (White et al. 2016; Call et al. 2010;
Brooks et al. 2018).

A primary benefit of wheel running is that the rodent can self-select running speed
and engagement with the running wheel (in contrast to treadmill running), creating a
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less stressful rehabilitation environment. Twenty-four-hour access to the running
wheel means that the rodent can assume its natural pattern aligning to circadian
rhythms, while the training volume (i.e., distance covered) is often much greater than
that which can be reasonably accomplished with treadmill running (e.g., 10 km/day)
(Lightfoot et al. 2004; Lerman et al. 2002). Although, it is important to note
beneficial adaptations are possible with as little as 1.5 km/day (Warren et al. 2007;
Landisch et al. 2008; Goh and Ladiges 2013). The time demand on the investigator is
also much less compared to the treadmill as the rehabilitation sessions happen
spontaneously and independent of investigator input. Some limitations of voluntary
wheel running include study design and investigator tolerance for the potential of
considerable between- and within-animal running distance variability. In contrast to
treadmill running where a set distance can be prescribed each day, it is common for
there to be 1–2 km/day differences among rodents and sometimes for the same
rodents across days of the week (Manzanares et al. 2018). In fact, taking advantage
of the between-animal distance variability by the selective breeding of high-distance
voluntary wheel running mice has demonstrated several unique characteristics across
organ systems compared to normal distance runners (Swallow et al. 2005; Garland
et al. 2002; Rhodes et al. 2005; Lightfoot et al. 2004).

2.4.1.3 Whole-Body Vibration

Vibration therapy is an emerging therapeutic modality that requires a mechanical
device to augment oscillatory movement (accelerations). Vibration therapy can be
applied locally to specific regions with handheld devices, mimicking massage
therapy. More often, vibration therapy is administered at the whole-body level via
a standing platform (Fig. 2.2). Whole-body vibration therapy requires a cyclic
mechanical device (actuator or motor) that can be adjusted to specific magnitudes
(g) and frequencies (Hz), which is applied through the standing platform or surface
(Novotny et al. 2013). Vibration therapy is administered passively to rodents
independently housed and fully conscious inside compartments atop the vibrating
platform (Novotny et al. 2013). Vibration supplied through a platform provides

Fig. 2.1 Examples of unweighted and weighted (resistance) voluntary wheels. (a) A schematic
showing a series of masses that are adhered to the circumference of the wheel to add resistance
(Murach et al. 2020). (b) A schematic showing a threaded cuff on the wheel axle that is turned to
add resistance (Call et al. 2010). (c) A schematic of a pulley system that is used to add resistance to a
wheel (Konhilas et al. 2005). Schematics are reprinted with permission from John Wiley & Sons
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mechanical stimuli to semi-rigid body structures and can elicit low levels of muscle
activation, and metabolic stimulation (Park and Martin 1993; McKeehen et al. 2013;
Ren et al. 2020). The biological response of skeletal muscles, muscle spindles, and
nerve-endings to vibration stimulus is characterized as the “tonic vibration reflex”
(Park and Martin 1993; Bongiovanni and Hagbarth 1990; Zaidell et al. 2013). This
passive reflex is proposed to be the result of minor alterations to muscle length under
tension, activating muscle stretch-receptors, known as muscle spindles, and coordi-
nating the proprioceptive response of the musculoskeletal system (Burke et al. 1976;
Weill et al. 1976). When administered as a chronic therapy, vibration has been
shown to improve bone integrity, wound healing (Xie et al. 2006; Vanleene and
Shefelbine 2013; Chung et al. 2014; Rubin et al. 2001), skeletal muscle function
(McKeehen et al. 2013; Xie et al. 2008; Novotny et al. 2014), and even mimics
exercise in rodent models of disease and disuse (McGee-Lawrence et al. 2017;
Novotny et al. 2014; Ren et al. 2020).

Vibration therapy serves as a passive modality that can induce muscle activation
and increase physical activity independent of voluntary participation or central
governing processes. Vibration therapy is a time-effective (<60 min/session), spec-
ified mechanotherapy that can be administered free of anesthetics to fully conscious,
ambulatory rodents. Vibration therapy can be precisely modulated in frequency,
magnitude, and duration, which aids in further understanding vibration stimulus
parameters that are crucial for favorable adaptation. Notably, vibration therapy can
be both beneficial and destructive, as vibration administered beyond what is con-
sidered “low magnitude” (<1.0 g) can instigate muscle injury and impair circulation/
vasculature (e.g., Raynaud’s phenomenon) (Murfee et al. 2005; Necking et al. 1996).
The risk of overexposure to vibration is well-documented, and thus any utilization of
vibration for rehabilitation purposes should be aware of overexposure risk and

Fig. 2.2 Example of a custom-built small-animal vibration plate (Novotny et al. 2013). A concrete
base is used to anchor a linear actuator. A Plexiglas cage for mice is centered on an aluminum
platform and has a low ceiling height (6.3 cm) to limit rearing and jumping by the mice during the
rehabilitation sessions. This custom-built vibration plate has four compartments to deliver rehabil-
itation to four mice simultaneously
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consider utilizing an external accelerometer to provide live feedback of vibrational
accelerations. Commercially available vibration platforms for human use lack the
precision to administer vibration therapy suitable for rodents and other small ani-
mals. Therefore, custom-designed systems developed by research teams are required
to consistently and reliably administer whole-body vibration therapy in rodents
(Novotny et al. 2013). Vibration therapy can cause mild stress and exacerbate
aggressive behavior; thus, animals should receive therapy either individually or
simultaneously in separated compartments. Vibration therapy serves as a clinically
relevant rehabilitation approach, with minimal risk, and clear evidence for applica-
tion across various tissues, diseases, and species of small animals (Xie et al. 2006;
Weinheimer-Haus et al. 2014; McGee-Lawrence et al. 2017; Xie et al. 2008).

2.4.1.4 Alternative Resistance Training Approaches

Rehabilitation modalities that target skeletal muscle size and strength absent from
cardiovascular and respiratory stimuli (such as that from treadmill and voluntary
wheel running) are at times needed to better model a clinical setting or because the
research design is not powered to deal with variance from other organ system
adaptations. Several resistance training approaches have been validated with the
specific intent to overload the skeletal muscle system and produce muscle fiber
hypertrophy (i.e., increase in cross-sectional area) and greater muscle force/strength.
A weighted vertical ladder climbing technique (Fig. 2.3a) uses a cylinder or plank
with horizontal wooden ladder pegs and a top platform with a food reward to
encourage rodents to climb (Hellyer et al. 2012). Upon acclimation, weight (e.g.,
80% of body mass) can be attached to the tail. Cage tops have also been modified to
lift a weight in order for rodents to reach their food supply, effectively creating a
squat rack (Fig. 2.3b) (Cui et al. 2020; Barauna et al. 2005; Tamaki et al. 1992).
There is also a weight-pulling system where rodents pull weighted carts down a
narrow corridor (Fig. 2.3c) (Zhu et al. 2021). Flywheel pulley systems have also
been created to allow for resistance training in muscle atrophy study designs (e.g.,
hindlimb suspension) (Fluckey et al. 2002; Dupont-Versteegden et al. 2006). Across
the preceding techniques, investigators should adhere to the training principle of
progressive overload (i.e., adjusting the weight-load overtime to maximize muscle
overload) to optimize muscle size and strength adaptations in healthy and diseased
mice (Leite et al. 2013; Souza et al. 2014; Duncan et al. 1998).

A primary benefit of these alternative resistance training modalities is their ability
to specifically target the neuromusculoskeletal system for adaptation. Modalities
such as the squat rack (Fig. 2.1b) have the benefit of being a self-selected rehabil-
itation in which sessions can occur spontaneously without extensive investigator
input (similar to voluntary wheel running). When the distance the weight is being
moved vertically (squat rack and vertical ladder) or horizontally (weighted carts) is
known, along with the timing/velocity of the movement, then both work and power
can be calculated serving as complementary outcomes to clinical settings. Similar to
treadmill running, a potential consideration for vertical ladder and weighted-cart

2 Considerations for Small Animal Physical Rehabilitation 45



pulling is animal stress, especially if significant encouragement is needed for animals
to complete the task (i.e., strong bristled brushes, electrical shocks). These two
techniques also require active participation by the investigator.

2.4.1.5 Swimming

The use of swimming to promote whole-body cardiovascular and oxidative improve-
ments is common in rodents (Kaplan et al. 1994; Dawson and Horvath 1970; Wang
et al. 2020; Strickland and Smith 2016), especially in rats. Rats will naturally swim
without further intervention, allowing for a physical rehabilitation modality that is
self-motivating but lower impact than wheel running. Although less common, mice
have also been used in swimming intervention (Spaulding and Selsby 2018; Hsu
et al. 2021). More akin to treadmill exercise bouts, swimming bouts are prescribed to

Fig. 2.3 Examples of resistance training methods. (a) A drawing depicting an animal climbing a
vertical ladder with a weighted conical tube attached to its tail (Hellyer et al. 2012). (b) A cartoon
depicting a mouse performing a squat-like movement in order to access food against the load of a
weighted lever (Cui et al. 2020). (c) A schematic depicting the length of a narrow track for a weight-
pulling exercise. Cartoons depict animals with unweighted and weighted carts attached to their tails
(Zhu et al. 2021). Drawings, cartoons, and schematics are reprinted with permission fromMDPI and
LWW publishers (references noted).
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a single whole-body activity and can mimic an aerobic intervention. In contrast to
wheel running that consists of multiple small sessions over a period of time,
swimming does not have a stop-and-go aspect. This allows the investigator precise
control of the rehabilitation dose, which can be progressively overloaded over a
multi-week intervention. Additionally, akin to the progressive overload rehabilita-
tion described above, an external load can be added to the body or tail of the rodents
during their swimming bouts (Hsu et al. 2021). In rodent models of neuromuscular
trauma, swimming is beneficial when an injury to limbs is present that could
preclude treadmill running, and there is no potential additional injury to the rodent’s
feet (Seo et al. 2014). Swimming interventions can be utilized after incomplete
spinal cord injury and have shown improvements in motor recovery (Loy and
Bareyre 2019).

Necessary considerations for utilizing swimming protocols are water tempera-
ture, and prompt drying (and possibly warming) of the rodent following the swim-
ming bout to maintain body temperature. Often swimming interventions can be
accomplished in a laboratory with less sophisticated and costly equipment than
other intervention types described here. Dedicated investigator observation during
all swimming bouts is necessary, requiring active participation during all interven-
tions. Investigators must monitor rodents for noncontinuous swimming behaviors
such as diving, floating, or bobbing throughout the rehabilitation bout. Prior work
has suggested implementing varying levels of swimming overload in rodents span-
ning low to high intensity based on time (20 min, 60 min, >90 min per bout,
respectively) (Seo et al. 2014; Wang et al. 2020). As a non-weight bearing activity,
swimming is not imparting stress on the skeletal system and thus bone overload is
not expected, with the exception of the load produced from muscle contractions.
Indeed, no impacts on bone mineral density have been indicated in rodent models of
swimming (Portier et al. 2020). Swimming may induce stressful stimuli to some
rodents (Kaplan et al. 1994), that can confound potential results (Strickland and
Smith 2016). Swimming interventions also introduce the risk of drowning, which
may be increased in highly diseased rodent models. Finally, for nontreatment
groups, investigators should consider placing rodents in shallow water to control
for the impact of water exposure on experimental outcomes.

2.4.1.6 Task-Specific Rehabilitation

Increasingly, physical rehabilitation is becoming highly specialized more akin to
occupational therapy in the clinical setting. In rodent models of stroke, traumatic
brain injury, and spinal cord injury, these specialized rehabilitation tasks are
designed primarily to target and strengthen neural pathways, improving motor
recovery (Fenrich et al. 2021). Notably, in some models, these tasks can be utilized
as overuse designs for musculoskeletal models (Xin et al. 2017; Barbe et al. 2021).
In both cases, the use of task-based rehabilitation often requires rodent motivation
much like the resistance-style rehabilitation approaches noted in previous sections.
The tasks the rodents are trained to complete can be vast but commonly they revolve
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around the forelimb to include grasping to retrieve food/treats (Okabe et al. 2017;
Dutcher et al. 2021; Joa et al. 2017) or lever pulling (Xin et al. 2017; Barbe et al.
2021). In some instances of neurovascular injuries, the research design may be most
appropriate for the initial task training to occur to induction of injury, representing a
“re-learning” of the tasks as rehabilitation occurs (DeBoer et al. 2021), more akin to
occupational therapy in the clinic.

During familiarization and training for tasks, ongoing modification to the ability
to obtain the reward may be necessary, starting from no threshold to a further reach
that requires a greater force of activation. While the investigators have an initial
involvement in the familiarization as the tasks are learned, the rehabilitation can
become more rodent-driven as time progresses. Targeted tasks, such as grasping,
represent a more appropriate rehabilitation modality than wheel running, for exam-
ple, which stresses larger muscle groups responsible primarily for weight-bearing
and whole-body physiology. In part, this represents a limitation of wheel running, as
it imparts limited neurologic stimulus. Conversely, forelimb rehabilitation is more
appropriate to target small muscle groups, responsible for fine motor skills.

2.4.2 Unconscious Methods

Methodologies for physical rehabilitation can also be undertaken in unconscious, or
anesthetized, rodents. In many instances, the ability to motivate rodents is limited or
not possible and other modalities are necessary to impart physiologic changes.
Collectively, there is a major limitation to the use and repeated use of anesthetics,
due to the various effects that dose and type of anesthetic have on neuromuscular
function (Ingalls et al. 1996). With this, a major investigator consideration is
consistency in dose and type of anesthetic across studies and experimental groups.
Additionally, limitations with repeated anesthesia are known and provide various
stressors to the rodents (Hohlbaum et al. 2017, 2018; Peng et al. 2021).

2.4.2.1 Repeated In Vivo Electrical Stimulation

In vivo functional assessment of skeletal muscle (e.g., isometric, isokinetic, fatiga-
bility) is often used to evaluate torque (Corona et al. 2021; Lovering et al. 2011;
Mintz et al. 2016; Call et al. 2011, 2013; Ingalls et al. 2004; Warren et al. 1999). The
methodology also has the utility to conduct repeated rehabilitation sessions in
rodents in a minimally invasive manner to stimulate muscle hypertrophy, muscle-
specific metabolism, and neuromuscular function. In vivo muscle stimulation using
needle electrodes (Greising et al. 2018), implantable nerve cuffs (Walters et al. 1991;
Warren et al. 1998), and fully implantable wireless stimulating electrodes
(Deshmukh et al. 2020; Koo et al. 2018) all provide options to directly and precisely
stimulate terminal nerves innervating of skeletal muscles across the body. For this,
investigators use an external stimulator to precisely control the frequency of the
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nerve stimulation and thus the action potential and magnitude of force generation in
a species-dependent manner. Specifically for 50% and 100% activation of peak
isometric force in healthy skeletal muscle in the mouse stimulation at 30 Hz and
125 Hz are required, while the rat would need 50 Hz and 150 Hz, respectively. The
ability for the investigator to also ensure maximal activation of all motor units is
possible by stimulating at high frequencies (e.g., >200 Hz). Investigators also have
the ability to control strictly all aspects of the rehabilitation bout, such as contraction
number, rest periods, and muscle activation.

The primary advantage to in vivo electrical stimulation as a repeated rehabilita-
tion is the independence of rodent motivation which is in direct contrast to training
protocols that stimulate resistance style training and require motivation (Sect.
2.4.1.4) in some form in conscious models as noted in previous sections. Addition-
ally, electrical stimulation is capable of specifically reproducing effects of resistance
training overload unilaterally allowing for an intra-animal control (Lowe and Alway
2002). For electrical stimulation via percutaneous electrodes, needle electrodes are
inserted through the skin to directly stimulate a nerve. One benefit to the use of
needle electrodes is that it does not require invasive surgical implantation of a
device. Needle electrodes are also limited to superficial nerves, such as the peroneal
nerve, which branches off the sciatic to innervate the tibialis anterior muscle.
Additionally, stimulation of muscle groups or units could be possible with stimula-
tion of the sciatic nerve superiorly. Repeated insertions of needle electrodes can
result in scar tissue formation and accumulation, and the exact electrode placement
between sessions may vary slightly compared to an electrode that is surgically
implanted. A nerve cuff is a surgically implanted electrode cuff that surrounds a
nerve of interest. While nerve cuffs have been utilized on superficial nerves, surgical
implantation does allow for targeting nerves that may not be accessible to needle
electrodes, for example, the tibial nerve or the phrenic nerve (Fenik et al. 2001).
Electrodes are often housed externally on the back of the neck and the nerve cuff
method for electrical stimulation permits chronic and direct stimulation of a nerve for
months (Warren et al. 1998). However, this method may be more invasive than using
percutaneous needle electrodes that do not require surgery for implantation. Addi-
tionally, time between implantation and rehabilitation initiation is needed. Recently,
newer methods for wireless implantation of electrodes have been developed. These
methods are similar to the implantable nerve cuff except that the electrodes are
controlled by radio waves and powered by batteries using wireless power transmis-
sion technology to eliminate the need for external wires (Deshmukh et al. 2020). An
important consideration for translating any electrode implantation into a human
population is that a secondary surgery is necessary for the removal of the device
(Ju et al. 2020). However, developing technologies such as bioresorbable wireless
electrodes may become more available, eliminating the need for a secondary surgery
for removal (Koo et al. 2018).
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2.4.2.2 Range of Motion

Continuous passive range of motion uses passive joint movement to mitigate muscle,
tendon, and joint stiffness. This type of physical rehabilitation is common in knee
pathologies clinically (D’Amore et al. 2021). Although less common than other
rehabilitation methods in rodents, the use of passive range of motion in rehabilitation
is known to improve joint range of motion following eccentric and rotator cuff
injuries (Chang et al. 2015; Matsuo et al. 2015). Using various techniques, most of
which involve computer-controlled servomotors, investigators control the angle and
duration of movement at specific joints. An advantage of using passive range of
motion is that it is non-weight bearing in nature and does not require muscle fiber
innervation to be effective (Greising et al. 2018). Notably, in rat models of spinal
cord injury, range of motion exercise has been conducted while the rat is conscious
(Keller et al. 2017), with investigators manually performing all the exercises; for
this, timing in each position was accomplished using a standard metronome. How-
ever, investigator-controlled range of motion exercise could induce more variability
than the servomotor-controlled rehabilitations. It is also important to note that timing
(i.e., start of rehabilitation post-injury, duration, frequency) and range of motion
parameters will play a role in the effectiveness and physiological response. For
example, earlier implementation of passive range of motion caused a higher rate of
recurrent tendon tears in rotator cuff injury (Chang et al. 2015), suggesting a delayed
start of range of motion rehabilitation should be considered. Additionally, fast
repetitive stretching was more effective in suppressing muscle fibrosis in rats with
denervated sciatic nerve than slower stretching (Tanaka et al. 2017). Passive range of
motion could also be performed in conjunction with other modes of rehabilitation,
such as intermittent in vivo electrical stimulation, which represents a rehabilitation
regimen that is readily translatable to the clinic, even while patients are non-weight
bearing (Greising et al. 2018).

2.5 Importance of Functional Outcomes and Future
Considerations

To fully leverage preclinical animal studies in building a foundation to develop
evidence-based rehabilitation practices for humans, there needs to be a focus on
functional outcomes and clinically relevant techniques. Functional outcomes will
vary depending on the organ system of interest. For example, function outcomes for
skeletal muscle are typically measurements of muscle force and/or torque (Call and
Lowe 2016), whereas functional outcomes for tendons may include in vivo passive
stiffness about a joint or assessing ex vivo stiffness properties of isolated tendons
(Wang et al. 2006). Some organ systems require indirect functional outcome mea-
surements such as the central and peripheral nervous systems where outcomes such
as grasping task successes vs. failures, novel object recognition tasks, and/or maze
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orientation are valuable (Noble et al. 2019; Zemmar et al. 2015; Wolf et al. 2016). A
functional outcome is perhaps the strongest way to advance the efficacy of any
rehabilitation approach.

Many of the approaches emphasized in this chapter can serve a dual role as both
rehabilitative approaches and endpoint measurements of adaptation (i.e., functional
outcomes). For example, a treadmill can be used to administer weekly rehabilitation
of a set distance (e.g., 1 km/day), and an acute treadmill fatigue test can be an
important endpoint outcome to evaluate the extent to which rehabilitation resulted in
whole-body adaptations (i.e., greater treadmill running endurance compared to a
control) (Dougherty et al. 2016). Similarly, a stimulating electrical nerve cuff can be
used to precisely activate a particular muscle group and provide repeated rehabili-
tation. The nerve cuff approach can be combined with a torque transducer to measure
muscle strength prior to and at the conclusion of the rehabilitation window to
determine beneficial remodeling of the targeted muscle group (Call et al. 2011).

The relationship between the preclinical and clinical rehabilitation environments
is dynamic and ever-evolving. Sometimes techniques evolve or manifest first in the
clinical or commercial rehabilitation environments prior to preclinical testing. For
example, whole-body cryotherapy, in which the body is treated with extremely cold
air in hopes of lessening muscle soreness, is a commercial practice with little to no
evidence-based proof of effectiveness (Costello et al. 2015). For their part, preclin-
ical researchers should consider the scalability and clinical relevance of their reha-
bilitative approach. Several techniques highlighted in this chapter both scale up well
and are clinically feasible. For example, treadmill exercise is effective in the mouse,
pig, and humans across different disease conditions (Hyzewicz et al. 2015;
McDermott 2018; Robles and Heaps 2015). Vibration, discussed as an option for
mice in this chapter, has served as a rehabilitation approach in both equines
(Halsberghe 2017) and humans (Ritzmann et al. 2018). The future of developing
and validating rehabilitative techniques can be strengthened by partnerships between
the researcher and clinician to best deliver a bench to clinic model.
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Chapter 3
Regenerative Rehabilitation for Nonlethal
Muscular Dystrophies

Joseph A. Roche

Abstract The muscular dystrophies are a group of inherited conditions that are
associated with progressive weakness and wasting of muscle tissue. Muscular
dystrophies are placed under a larger umbrella of disorders known as inherited
neuromuscular diseases, but differ from other neuromuscular diseases in one key
aspect—they are caused by genetic, structural, and functional changes primarily
within muscle cells themselves and not in the motor and sensory nerves that
innervate muscle. This difference is significant because it has a bearing on the
interventions aimed at slowing down, stopping, or reversing muscle weakness and
wasting. For example, muscle cell fragility seems to be a conserved feature across
many muscular dystrophies irrespective of the genetic basis—this makes it important
to adjust the type, intensity, and duration of muscle contractions, during exercise and
functional activities in order to protect muscle from damage caused by its own
contractions. On the plus side, skeletal muscle cells can regenerate from damage
and death through muscle-generating stem cells (known as muscle satellite cells)
present in muscle tissue, whereas nerve cells have limited regenerative potential.
Therefore, regenerative and rehabilitative interventions aimed at regrowing muscle
fibers in persons with muscular dystrophies holds promise. Such induced regenera-
tion is likely to translate to improved function because the motor and sensory nerve
connections to muscle and the connections of those nerves to motor control areas in
the brain are not directly affected in muscular dystrophies.

Keywords Muscular dystrophies · Functional muscle mass · Regenerative
rehabilitation · Regenerative muscle biology · Muscle protection
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3.1 Epidemiological Data on the Muscular Dystrophies

For many clinicians, scientists, and lay people alike, the term “muscular dystrophy”
conjures the image of a biologically male child who walks up his legs with his hands
due to weak antigravity muscles (Gower’s sign); has difficulty walking (pelvic
instability and risk of falls); has muscles that appear large but are actually weak
(pseudohypertrophy); and most unfortunately, does not live beyond his twenties
(Emery 2002). In reality, this phenotype is characteristic of only one type of
muscular dystrophy known as Duchenne muscular dystrophy (DMD) (Emery
2002). DMD is caused by the absence of functional dystrophin, a protein that is
encoded by the human dystrophin gene, which is also abbreviated DMD like the
disease (Emery 2002; National Center for Biotechnology Information 2021). Since
the dystrophin gene is located on the X chromosome and since inheritance of DMD
is recessive, biological males born to mothers who carry DMD-related mutations
(carriers) are at risk for getting DMD (Emery 2002). This is because biological males
inherit the only X chromosome they have from their mothers. The prevalence of
DMD is estimated at ~1:3500 live male births (National Organization for Rare
Disorders (NORD) 2021a, b). As of 2019, the estimated population of the United
States (US) was 328,239,523 with 161,493,845 (49.2%) being male (United States
Census Bureau 2021), thus putting the prevalence of DMD at ~46,000 in the US
(National Organization for Rare Disorders (NORD) 2021a, b). The National Orga-
nization for Rare Disorders (NORD) considers a disease rare if <200,000 people in
the US have that disease, which makes DMD a rare disease (National Organization
for Rare Disorders (NORD) 2021a, b). However, many other forms of muscular
dystrophy exist (Mercuri et al. 2019). Several forms of muscular dystrophy are
linked to autosomes rather than the X and Y sex chromosomes, thereby making it
likely for biological males and females to get those forms of muscular dystrophy
(Mercuri et al. 2019; Kanagawa and Toda 2006). When all different forms of
muscular dystrophy are taken into account, ~250,000 individuals in the US popula-
tion have some form of muscular dystrophy (National Organization for Rare Disor-
ders (NORD) 2021a, b). Therefore, the muscular dystrophies, which will be
abbreviated henceforth as MDs, are not rare. Furthermore, not all MDs are lifespan
limiting as DMD. Therefore, addressing the changing needs of individuals with MDs
through lifespan should be a priority in biomedical research and healthcare delivery.

3.2 Defining the Main Problem in MDs in Order to Find
Solutions

One of the key tenets of problem solving is to first precisely define what the problem
is (Hewitt-Taylor 2012). In terms of defining the key problem in MDs, it would
require an understanding of the pathophysiology of MDs. However, as mentioned
earlier, MDs are a collection of different disease conditions, which means, each form
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of MD has its own unique set of pathophysiological changes. There is indeed
widespread heterogeneity in terms of the etiological factors and pathophysiological
changes associated with various MDs (Emery 2002; Lovering et al. 2005; Sahenk
and Mendell 2011; Wicklund 2013). However, there are certain commonalities
among MDs that give MDs their unique identity in comparison to other disorders
that are placed under the common umbrella term called inherited neuromuscular
diseases (Dowling et al. 2018; Wallace and McNally 2009; Burr and Molkentin
2015).

By definition, MDs are inherited diseases, which cause progressive muscle
weakness and wasting (Eunice Kennedy Shriver National Institute of Child Health
and Human Development 2021). The term inherited means that, a key etiological
factor in MDs is altered genomic information (a genetic defect) that is passed from
parent to offspring. The term progressive means that, the signs and symptoms of
MDs will become worse over time. And finally, the term muscle weakness and
wasting describes the two main symptoms seen in most MDs, which is reduced
contractile force generated by muscles and a loss in both numbers and cross sectional
areas of muscle fibers. It must be noted that dystrophic muscle degeneration and
wasting is not the same as disuse muscle atrophy (Fig. 3.1). The definition of MDs is
not trivial because it precisely presents the problems that need to be solved if we
wish to cure MDs. In theory, fixing the specific genetic defect associated with the

Fig. 3.1 Muscle wasting in a mouse model of limb girdle muscular dystrophy type 2B or R2
(LGMD2B/R2). (a) Cross section of a psoas major muscle harvested from a 1-year-old wild-type
male mouse. (b) Cross section of the psoas major muscle harvested from a 1-year-old B6.A-
Dysfprmd/GeneJ (a.k.a. BLAJ) male mouse. The BLAJ mouse is a model of human LGMD2B/R2,
which is a nonlethal form of MD (Harris et al. 2016; Nagy et al. 2017; Begam et al. 2020). Muscle
weakness and wasting usually begin after 15 years of age. The disease progresses rapidly after
onset. Individuals with LGMD2B/R2 typically need a wheelchair for mobility by the age of
40 years. LGMD2B/R2 is autosomal recessive in inheritance, and therefore affects both males
and females. In this figure, the qualitative data indicate that, the psoas major muscle of a 1-year-old
BLAJ mouse is several-fold smaller than the same muscle in a healthy mouse due to dystrophic
muscle wasting. Source of images: unpublished data from author’s laboratory

3 Regenerative Rehabilitation for Nonlethal Muscular Dystrophies 63



particular type of MD should stop the pathophysiological changes downstream to the
genetic defect, and should therefore stop progressive muscle weakness and wasting.
Unfortunately, by the time most individuals with MD receive a diagnosis (typically
when walking is affected), the disease has already caused muscle weakness and
muscle wasting (Genetic and Rare Diseases Information Center (GARD) (2021)). It
is worth noting that in congenital forms of MD (congenital MDs, CMDs), symptoms
manifest at birth, significant neurological involvement and delayed motor milestones
might be observed, and sometimes symptoms improvement in symptoms may be
seen over time rather than progressive worsening—these features make CMDs
atypical MDs (Reed 2009). What further complicates things in MDs is the fact
that, the primary genetic bases for certain MDs have not yet been identified, making
it impossible to zero in on a genetic target that can be fixed. Nonetheless, through
aggressive scientific efforts, promising genetic therapies for certain MDs have
successfully passed through the drug discovery and testing process and are close
to approval for clinical use in humans (Duan 2018). With the assumption that some
of these therapies can successfully fix the primary genetic defect associated with a
particular MD, the logical question to ask is—will fixing the genetic defect auto-
matically restore muscle strength and mass that is lost? This question is difficulty to
answer since we cannot be certain regarding whether or not muscle mass and
strength will be restored once the genetic defect associated with a particular MD
has been fixed. What we can assume is that, if an MD is diagnosed early, prior to the
onset of muscle weakness and wasting, there will be more muscle fibers available to
genetically modify, thus increasing the probability of better functional outcomes
from genetic therapies (Fig. 3.2). Conversely, it would be logical to argue that severe
muscle loss creates a conundrum in the sense that, muscle fibers that do not exist
cannot be genetically transformed (Begam et al. 2020). For these reasons, it is
imperative that promising regenerative interventions aimed at regrowing muscle
tissue in individuals with MDs must be aggressively explored and studied along
with promising genetic therapies. Furthermore, it is amply clear that regenerative
interventions are more successful when combined with rehabilitative interventions
like physical exercise (Dziki et al. 2016; Ambrosio and Russell 2010). Therefore, a
synergistic approach involving genetic, regenerative, and rehabilitative therapies is
likely to produce the best outcomes for individuals with MDs, and help arrest and
reverse muscle weakness and wasting (Ambrosio and Russell 2010).
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3.3 A Strengths, Weaknesses, Opportunities, and Threats
(SWOT) Analysis for the Regenerative Rehabilitation
Research Community to Solve the Muscle Mass
Conundrum in MDs

When an organization embarks on a new project, the organization should assess
what it can and cannot do, in order to identify the resources it needs from within and
outside, to ultimately solve the problem at hand. In the previous section, the main
problem in MDs was identified based on the definition of MDs—i.e. inherited
genetic defects leading to progressive muscle weakness and wasting. Additionally,
the conundrum posed by muscle mass that might be permanently lost was also
presented. Then, the possible solution to solving the muscle mass conundrum was
presented, in the form of a synergistic approach that leverages the advances that have
been made so far in the areas of genetic, regenerative, and rehabilitative therapies. If

Fig. 3.2 An illustration of how and why progressive muscle wasting occurs in MDs. (a–c) In the
early stages of most typical MDs, muscle fiber regeneration likely matches muscle fiber degener-
ation due to which symptoms seem mild, static, or even absent (Wicklund and Kissel 2014). Over
time, various factors contribute to regeneration losing out to degeneration, which manifests as
progressive muscle weakness and wasting (Wallace and McNally 2009; Krag et al. 2011; Tichy
et al. 2017)
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the regenerative rehabilitation community was a single organization that sought to
find the most effective way to regrow muscle mass in individuals with MDs, then a
SWOT analysis would help identify the resources we already have within our
community (strengths), the resources that we lack (weaknesses), the unique oppor-
tunities that make success a strong possibility (opportunities), and the barriers that
are likely to thwart success (threats) (Giusti et al. 2020). In the following sections,
each component of the SWOT matrix will be discussed (MindTools 2021)
(Table 3.1).

3.3.1 Strengths: Resources Available Within the Regenerative
Rehabilitation Community That Will Likely Help Solve
the Muscle Mass Conundrum in MDs

MDs affect skeletal muscle and sometimes cardiac muscle (Emery 2002; Lovering
et al. 2005; Sahenk and Mendell 2011; Wicklund 2013). Cardiac muscle poses
challenges that are far more complex than those seen in skeletal muscle, and will
be discussed under the weaknesses and threats portions of the SWOT analysis.
Overall, the focus of this chapter will be on regrowing skeletal muscle that is lost
in MDs.

Myogenesis is the process through which new muscle fibers are generated or
regenerated, and myogenic capacity of cells refers to the ability of cells to promote

Table 3.1 SWOT matrix for the regenerative rehabilitation research community (R3C) to address
the challenge of muscle loss in MDs

Strengths Weaknesses

1. Knowledge of myogenesis
2. Methods to culture myogenic cells in 2D
and 3D

1. Cardiorespiratory complications in certain
MDs
2. Knowledge gaps regarding genetics of certain
MDs

Opportunities Threats

1. Synergize and leverage combined strengths
of MD and VML research
2. Capitalize on gene therapies to correct
MD-associated genetic defects in myogenic
cells

1. Difficulty in getting funding due to challenges
associated with studying molecular mechanisms
in regenerative rehabilitation strategies
2. Unknowns

Aim Statement based on SWOT analysis:
To develop safe, effective, and practical regenerative rehabilitation strategies, to regrow muscle
fibers in muscles that are most essential for independence in basic activities of daily living, in
individuals with nonlethal muscular dystrophies

In this chapter, the author characterized the R3C as a unified organization whose goal is to reverse
muscle loss in MDs. A SWOT analysis was performed to identify strengths, weaknesses, opportu-
nities, and threats with regard to the R3C’s mission of reversing muscle loss in MDs. The main
factors identified by the author, based on clinical practice, research literature, and the author’s
personal experiences as a physical therapist, regenerative muscle biologist, and delegate in the
International Consortium for Regenerative Rehabilitation (ICRR 2021)
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myogenesis (Charge and Rudnicki 2004). In MDs, there might be repeated rounds of
muscle fiber degeneration and regeneration, which depletes regenerative potential
sooner than would occur through normal aging (Krag et al. 2011; Morgan and
Partridge 2003). Therefore, restoring lost regenerative potential in MDs and stimu-
lating muscle growth through exercise/rehabilitation, would likely promote
myogenesis and increase muscle mass (Distefano et al. 2013; Sakellariou et al.
2015). One of the greatest strengths of the regenerative rehabilitation research
community, which can be leveraged, is the knowledge that has been generated on
myogenesis in skeletal muscle tissue (Brack and Rando 2012; Dumont et al. 2015).
Through pioneering efforts from the regenerative rehabilitation research community
(henceforth abbreviated “the R3C”), which includes all scholars who are interested
in combining regenerative and rehabilitative strategies to optimize structure and
function in humans, it is now established that skeletal muscle fibers possess excellent
regenerative capacity despite being post-mitotic (post-mitotic cells cannot or do not
divide and form new daughter cells) (Collins et al. 2005; Grounds and Partridge
1983; Partridge et al. 1978). The ability of muscle fibers to regenerate is attributed to
myogenic progenitors, known as muscle stem cells or muscle satellite cells (MuSCs)
(Mauro 1961; Lipton and Schultz 1979). In the regenerative muscle biology litera-
ture, MuSCs are sometimes simply called satellite cells (SCs) (Relaix and Zammit
2012; Rathbone et al. 2003). However, since the term satellite cells may also refer to
certain glial cells in the nervous system (Hanani 2010), and since the stem cells in
muscle tissue can refer to progenitor cells other than muscle satellite cells (e.g.,
non-myogenic progenitor cells present in the vascular, neural, and connective tissue
components of muscle tissue) (Qu-Petersen et al. 2002), in this chapter, myogenic
progenitor cells in muscle tissue will be referred to as muscle satellite cells and will
be abbreviated as MuSCs (Gilbert et al. 2010; Quarta et al. 2016).

In addition to the knowledge that has been generated on the regenerative capacity
of skeletal muscle and the various molecular signals involved in myogenesis, highly
reproducible research methods have been developed to isolate MuSCs from animal
and human muscle tissue (Skuk and Tremblay 2019; Sherwood et al. 2004; Jackson
et al. 1999). Not only have methods been developed to isolate MuSCs from muscle
tissue, but clever methods based on the titration of serum levels in culture media
have been developed to maintain MuSCs in a state of repeated division (high serum)
or to induce them to fuse (low serum) to form multinucleated muscle fiber-like
structures called myotubes (Sherwood et al. 2004). The daughter cells generated
from in vitro division of MuSCs, which may be referred to as myoblasts, can be
placed in cryogenic storage and revived later as needed. The myotubes can be
electrically and/or chemically stimulated to generate action potentials and contract
similar to how mature muscle fibers function in vivo (Evers-van Gogh et al. 2015).

Based on the methods discussed above to isolate MuSCs and generate myotubes,
cutting-edge techniques have been developed to generate three-dimensional
(3D) muscle tissue mimetics (a muscle tissue mimetic mimics muscle tissue)
(Juhas et al. 2014; Machingal et al. 2011; VanDusen et al. 2014). These engineered
3D muscle tissue mimetics might resemble membranous bands, which have several
thousands of small caliber muscle fibers arranged in multiple layers within them
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(Juhas et al. 2014). These engineered muscle tissue bands are generated in bio-
reactors instead of Petri dishes, and have structure and function that more closely
resembles actual muscle tissue when compared to myotubes in a dish (Juhas et al.
2014; Machingal et al. 2011). In addition to possessing structure and function similar
to native muscle tissue, some types of engineered muscle tissue can regenerate
following injury in the bioreactor, and can promote donor-cell-derived myogenesis
when grafted into a live animal (Juhas et al. 2014). The ability to generate engineered
muscle tissue that can promote donor-cell-derived muscle regeneration in a living
host, is the greatest strength possessed by the R3C, which can help reverse muscle
loss in MDs.

3.3.2 Weaknesses: Resources Required from Outside
of the Regenerative Rehabilitation Community to Solve
the Muscle Mass Conundrum in MDs

Research requires funding. While funding for regenerative medicine and stem cell
biology research is robust, specific funding for regenerative rehabilitation is scarce.
The Alliance for Regenerative Rehabilitation Research and Training (AR3T), which
is supported by the National Institutes of Health (NIH) through a Resource-Related
Research Multi-Component Projects and Centers (P2C) grant, and the Department of
Defense through The Joint Program Committee-8/Clinical and Rehabilitative Med-
icine Research Program (JPC-8/CRMRP), have been spearheading the efforts to
build the R3C and help investigators obtain more funding specifically for regener-
ative rehabilitation research (National Institutes of Health 2021a; Willett et al. 2020;
Department of Defense 2021). NIH Institutional National Research Service Award
grants aimed at training the next generation of R3C scientists (e.g., T32 grants) and
special requests for proposals (RFPs) for regenerative rehabilitation research will
likely expedite the discovery, testing, and clinical translation of regenerative reha-
bilitation therapies that can reverse muscle loss in MDs. Fortunately, the 2016 NIH
Research Plan on Rehabilitation specifically mentions increasing the use of regen-
erative rehabilitation techniques and therapies to optimize function in persons with
disabilities (Eunice Kennedy Shriver National Institute of Child Health and Human
Development and the NIH Medical Rehabilitation Coordinating Committee 2016).

In addition to the lack of research funding earmarked specifically for regenerative
rehabilitation, one of the major weaknesses with reference to solving the muscle
mass conundrum in MDs is the limited knowledge that is currently available on
MDs. Given that the link between DMD and the dystrophin gene was identified only
in the late 1980s (Hoffman et al. 1987), it is remarkable that in just over 30 years, the
genetic bases for over 30 different MDs have been identified (Mercuri et al. 2019;
Kanagawa and Toda 2006). Nonetheless, there are still knowledge gaps in terms of
the genetic bases for certain MDs, which is further complicated by the fact that a
particular form of MDmight be caused by several different types of alterations to the
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gene that is implicated. These knowledge gaps make it difficult to design precise
genetic therapies to address the primary genetic defects and protect existing muscle
tissue from progressive weakness and wasting. Finally, despite the numerous exper-
imental strategies that have been developed to deliver gene therapies systemically in
animal models of MDs, there still remain concerns about whether or not the therapies
would give sustained benefit throughout the lifespan in humans. For example, if a
gene therapy is only able to affect mature muscle fibers and not MuSCs, there is the
possibility that the effect of the therapy might be lost with damage and regeneration
of those muscle fibers over many years (Crudele and Chamberlain 2019). There is
also the concern that the immune system might negate the effects of viral vectors if
antibodies to those vectors exist already in a person’s circulation (Crudele and
Chamberlain 2019). These knowledge and technical limitations make it necessary
for the R3C to rely on other research communities to address the genetic factors that
cause MDs. More importantly, the limitations make it necessary to further refine the
problem that we are trying to address in MDs.

As discussed above, due to the limitations that exist in terms of fixing the genetic
problems associated with MDs, it is necessary that the problem we aim to solve in
MDs is further refined. Refining the problem would have to start with acknowledg-
ing that without addressing the genetic problem that causes a particular MD, it would
not be possible to protect all skeletal muscles in the body. By extension, it would
then not be possible to develop regenerative rehabilitation strategies to regrow every
muscle that is affected by a particular MD. Therefore, when attempting to regrow
muscles that are lost, the R3C will have to target muscles and/or muscle groups that
are likely to give the best possible results in terms of increasing independence in
mobility and activities of daily living. For example: targeting the biceps and triceps
brachii is likely to improve upper extremity function and independence in feeding,
dressing, personal hygiene, and transfers (Radomski and Latham 2014; Peters et al.
2018); and, targeting large antigravity muscles in the lower extremity is likely to
improve independence and safety during standing transfers (Ploutz-Snyder et al.
2002; Cuesta-Vargas et al. 2013). Refining the problem this way preemptively
addresses the weaknesses identified in this SWOT analysis, and increases the
probability of success.

As part of refining the muscle mass problem in MDs to set an achievable goal, it is
important to acknowledge the involvement of the heart and lungs in certain MDs
(Verhaert et al. 2011; Birnkrant et al. 2018; Bushby et al. 2007; Wicklund and Kissel
2014). Early death in DMD is mainly attributed to respiratory and cardiac compli-
cations, due to which, preservation of cardiorespiratory function is a top priority
(Buyse et al. 2015). The heart functions as a pump to move blood around the body
and through the lungs. The heart’s pumping action is achieved through synchronized
action potentials and contractions of cardiac muscle cells known as cardiomyocytes,
which populate the muscular layer of the heart known as the myocardium. The
myocardium thus generates the contractile force needed to push blood out of the
heart’s chambers. Since cardiomyocytes share certain structural, functional, and
biochemical properties with skeletal muscle fibers, the myocardium is susceptible
to progressive degeneration and weakness in certain MDs. This is further
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complicated by the fact that, the specialized cardiomyocytes present in the areas of
the heart that generate and conduct signals for cardiac rhythm might also be affected
in certain MDs. Therefore, severe cardiac involvement in certain MDs can reduce
lifespan. The lungs do not have a muscular layer equivalent to the myocardium,
which can pull in and push out air during respiration. The filling and emptying of the
lungs is achieved through contraction and relaxation of skeletal muscles, such as the
diaphragm, the abdominal muscles, and the intercostal muscles, which increase and
decrease the volume of the chest. Progressive degeneration of the skeletal muscles
needed for respiration can thus cause respiratory complications and reduce lifespan
in certain MDs. Completely solving the cardiac and respiratory complications in
lifespan-limiting lethal MDs will require highly effective genetic therapies, which
the R3C or other research communities do not have yet in their toolkit. Therefore, as
part of planning, an achievable goal for the R3C could be written as the following
Aim Statement:

To develop safe, effective, and practical regenerative rehabilitation strategies to
regrow muscle fibers in muscles that are most essential for independence in basic
activities of daily living, in individuals with nonlethal muscular dystrophies
(Table 3.1).

The process that has been followed in arriving at the specific goal defined above,
is consistent with the planning aspect of the Plan-Do-Study-Act (PDSA) model of
continuous program quality improvement (Taylor et al. 2014). The Aim Statement
addresses the three main questions that an organization must ask as part of the
planning phase in PDSA, namely:

• Question 1: What are we trying to accomplish?
• Answer: To regrow muscle fibers in muscles that are most essential for indepen-

dence in basic activities of daily living (e.g., the biceps and triceps brachii in the
upper extremity and the vastus medialis in the lower extremity).

• Question 2: How will we know if a change is an improvement?
• Answer: Through preclinical and clinical trials, to demonstrate that the regener-

ative rehabilitative strategies developed are safe, effective, and practical, in
relation to increasing functional muscle mass in animal models of MDs and in
human patients.

• Question 3: What change can we make that will result in an improvement?
• Answer: Increase the probability of success by focusing on reversing muscle loss

in a few high priority muscles in nonlethal MDs. Educate patients, caregivers, and
healthcare professionals on the importance of protecting existing muscle mass.

Excluding lethal muscular dystrophies from the Aim Statement does not imply
that lifespan-limiting muscular dystrophies should not be of concern to the R3C.
Rather, it emphasizes the urgency required in first addressing the lethal cardiorespi-
ratory implications before addressing the issue of muscle weakness and wasting in
limb muscles in certain MDs (Gordish-Dressman et al. 2018). Furthermore,
addressing cardiorespiratory complications and limb muscle weakness in MDs
would be mutually beneficial rather than exclusive, since advances made in one
domain are most likely to benefit the other. In subsequent sections of this chapter,
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when the term nonlethal MDs is used, it refers to MDs that are naturally nonlethal
(e.g., dysferlinopathy or dysferlin-linked muscular dystrophy, previously abbrevi-
ated as LGMD2B for limb girdle muscular dystrophy type 2B, now abbreviated as
LGMDR2 for limb girdle muscular dystrophy recessive type 2) (Straub et al. 2018;
Moore et al. 2021), as well as MDs that will be or have been made nonlethal by
addressing cardiorespiratory problems (e.g., DMD) (Amoasii et al. 2018).

3.3.3 Opportunities: Leveraging the Resources of the R3C
and Other Research Communities to Solve the Mass
Conundrum in MDs

In the preceding sections, an Aim Statement was drafted based on the R3C’s
strengths and weaknesses. In this section, the resources that are already available
and can be optimized and synergized to achieve the R3C’s aim will be discussed in
greater detail.

In another chapter that is part of this series, the condition known as volumetric
muscle loss (VML) has been discussed in detail (see Chap. 6). VML is a term that is
used to describe the loss of a large amount of muscle tissue arising from trauma (e.g.,
blast injuries, fractures, removal of neoplasms, etc.) (Greising et al. 2017; Grogan
et al. 2011). Even though skeletal muscle possesses excellent regenerative capacity
and is capable of undergoing hypertrophy with intense resistance training, muscle
mass and strength that is lost in VML does not show clinically meaningful improve-
ment with standard treatments (Corona et al. 2015). The reason for this lack of
recovery in VML may be explained by the loss of MuSCs along with lost muscle
fibers, discontinuity of muscle fibers and the extracellular matrix templates for each
muscle fiber, replacement of native tissue with scar tissue, altered neural and
vascular connections to the remaining muscle fibers, and biomechanical and meta-
bolic alterations in the remnant tissue (Garg et al. 2015; Southern et al. 2019). When
compared to VML, the muscle loss seen in nonlethal MDs is less complex because
there is no primary disruption of the neurovascular connections in MDs. Further-
more, in VML, due to the traumatic etiology, scar tissue formation is a barrier to
recovery (Dziki et al. 2016); whereas, in MDs, there is no scar tissue formation per
se, but rather fibrous and fatty tissue replacement of muscle fibers that occurs over a
prolonged time course. The lack of scarring is a plus in MDs since a more organized
extracellular matrix is conducive for muscle fiber regeneration (Skuk and Tremblay
2019). Despite the differences in the etiology and pathophysiology of muscle loss in
VML and MDs, the problem of muscle loss that does not reverse spontaneously is
common between the two conditions. Therefore, the vast amount of knowledge and
research methods that have been developed to address VML can be modified and
repurposed for addressing muscle loss in nonlethal MDs.
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If we synergized the strengths of the R3C, and other research communities shared
their resources with the R3C, an action plan to regrow muscle fibers in the context of
nonlethal MDs could be (Fig. 3.3):

• Collect a muscle biopsy from patients, isolate MuSCs from harvested muscle
• Correct or compensate the MD-causing genetic defect in MuSCs
• Enrich for MuSCs that have been successfully corrected or compensated
• Generate large numbers of gene-corrected autologous (from patient itself) daugh-

ter cells in culture
• Seed the corrected cells onto tissue engineering templates
• Stimulate the templates to form engineered muscle tissue with myogenic potential
• Implant engineered myogenic tissue into high priority muscles of patients with

procedures that can be repeated to scale up donor-cell-derived myogenesis
• Provide precision rehabilitation to patients to maximize induced muscle regener-

ation and muscle function
• Develop and implement standardized outcome measures to evaluate treatment

effectiveness

Since the implanted cells will be derived from the patient’s own MuSCs, immune
rejection is not a major concern. There is reason for optimism that this plan will
succeed because numerous basic science, translational, preclinical, and clinical
breakthroughs have been made in each of the different components of the action
plan—some of these breakthroughs are highlighted in the paragraphs that follow.

Highlight 1. In a single case study, investigators injected ~1.35 billion healthy
MuSC-derived myoblasts into the gastrocnemius of a 26-year-old biologically male
patient with DMD (Skuk et al. 2007). Since the donor myoblasts were not autolo-
gous, the patient received pharmacological immunosuppression. The results at
18 months post-procedure were promising, with ~35% of the fibers biopsied from
the treated region being positive for dystrophin, suggesting that there was indeed
donor-cell-derived myogenesis. Even though this was a single case study, it was an
important first step in demonstrating that dystrophin-expressing myoblasts
implanted into a dystrophin-deficient human host muscle can generate donor-cell-
derived muscle fibers. Incidentally, the donor tissue from which MuSCs were
harvested and expanded to form numerous myoblasts was biopsied from the
patient’s father.

Highlight 2. In a clinical trial, five biologically male patients ranging from 27 to
32 years old with established VML (13–85 months since injury) in the thigh or leg,
were given an experimental surgical treatment that involved scar removal and
grafting of porcine bladder acellular matrix in the VML defect (Dziki et al. 2016).
All patients performed at least 3 months of customized physical therapy before and
after surgical VML repair with the acellular matrix. At 6–8 months post-surgery plus
physical therapy, non-invasive imaging with magnetic resonance or computed
tomography of the VML defect gave signals similar to that of muscle tissue.
Furthermore, biopsies of the graft at 6–8 months after surgery had structures that
resembled muscle fibers and expressed muscle specific proteins. This study was an
important step in demonstrating that a tissue matrix, even if not seeded with
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Fig. 3.3 Suggested action plan for the R3C to achieve its goal of reversing muscle loss in certain
muscles in individuals with nonlethal MDs. (a) Collect muscle biopsies from individuals with
MD. (b) Use mechanical and enzymatic methods to release MuSCs from tissue. (c) Isolate MuSCs
based on methods perfected by the R3C. (d) Correct or compensate the MD-causing genetic defect
(s) in MuSCs based on methods perfected by the molecular biology research community. (e) Enrich
and expand gene-corrected MuSCs based on methods developed by the R3C and the immunology
research community. (f) Seed gene-corrected cells onto tissue engineering templates, and “exercise”
the templates with stretch-shortening cycles or other means. (g–i) Implant engineered muscle tissue
with myogenic potential into targeted muscles in animal models (basic and preclinical research
stage) or patients (clinical research stage) through minimally invasive methods. (g) A roll of bladder
acellular matrix doped with black India ink, prepared for implantation into the TA muscle of a
mouse. (h) Use of the MIME™ technique to implant bladder acellular matrix within the TA muscle
of a mouse along the host muscle’s long axis. (i) Host mouse TA muscle showing the ink-doped
tissue implant in the proximal, middle, and distal third of the muscle, confirming placement of
engineered donor tissue along the long axis of the host TA muscle. (j, k) Provide precision
rehabilitation (e.g., dosage-adjusted resisted training, DART™) to host animal models or patients
before and after tissue implantation to stimulate autologous donor-cell-derived muscle regeneration
and monitor functional improvement. Muscular contractions for resistance training can be elicited
by electrical stimulation in animal models and through voluntary activation in humans. Note: In the
proposed system, engineered muscle is a delivery vehicle for myogenic cells and is not intended to
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myoblasts before grafting, provides a conducive environment for de novo
myogenesis. This study also emphasized the value of rehabilitative therapy coupled
with regenerative therapy—it must be noted however that, there were no “scar
removal only” or “no rehabilitation” control groups in this study.

Highlight 3. One possible reason for myoblast injections not translating into
meaningful clinical therapies could be the low number of donor-derived myofibers
that are generated and the formation of fibrous tissue instead of muscle fibers (Skuk
and Tremblay 2019). Intriguingly, even when small amounts of actual human or
mouse muscle tissue along with native MuSCs are implanted into mouse host
muscles, robust donor-cell-derived myogenesis is achieved (Collins et al. 2005;
Zhang et al. 2014; Roche et al. 2020; Roche et al. 2019). Not surprisingly, a common
theme in regenerative biology seems to be that, regenerative cells perform better
when they are constrained by a matrix and then implanted into hosts versus being
delivered as separate cells (Prestwich and Healy 2015; Lin et al. 2014; Williams
2019; Scarritt et al. 2019). It could then be argued that implanting engineered muscle
tissue, which has MuSC like cells, would likely be more effective at promoting
donor-derived myogenesis than injecting the same number of isolated myoblasts. At
this time, to the best of the author’s knowledge, this prediction has not been tested
experimentally with stringent controls. However, a promising breakthrough has been
made in developing a tissue mimetic that can regenerate from a toxin-induced injury
performed in a bioreactor, implying that it mimics the regenerative ability of native
muscle tissue (Juhas et al. 2014). This engineered muscle tissue becomes
vascularized and retains its myogenic potential when implanted under the skin of
immunodeficient host mice (Juhas et al. 2014). More recent studies with this muscle
tissue mimetic suggest that it even responds to exercise in a bioreactor similar to
actual biological muscle tissue (Khodabukus et al. 2019). A synergy of this tech-
nology with the gains that have been made at the preclinical level through tissue-
engineered muscle repair in the VML field, would likely move the R3C closer to our
goal of reversing muscle loss in nonlethal MDs (Quarta et al. 2017; Nakayama et al.
2018; Alcazar et al. 2020; Corona et al. 2012; Corona et al. 2014; Machingal et al.
2011).

Highlight 4. In a preclinical study, viral vectors were used to deliver a CRISPR/
Cas-9-based strategy to edit the dystrophin gene in a canine model of DMD
(Amoasii et al. 2018). Both systemic and intramuscular delivery of the gene editing
strategy induced the expression of dystrophin in numerous muscle fibers in muscles
that were studied, which included cardiac muscle and the diaphragm. The experi-
mental therapy also reduced spontaneous muscle fiber degeneration and regeneration
when compared to untreated control animals. Studies by other research groups have
demonstrated that CRISPR/Cas-9-based gene editing strategies can be used to
express dystrophin in dystrophin-deficient mouse and human myoblasts

Fig. 3.3 (continued) graft cultured fibers onto host muscles. Source of images: unpublished art and
images from the author’s laboratory
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(Tabebordbar et al. 2016), and that edited human DMD myoblasts can generate
muscle fibers in a host mouse (Ousterout et al. 2015). These studies suggest that in
the future, it might be possible to convert lethal MDs into nonlethal MDs through
techniques like gene editing. They also demonstrate that myogenic cells can be
manipulated to express MD-related proteins and then be used in regenerative
therapies along with rehabilitation to promote the growth of healthy muscle fibers
in patients with MD.

Highlight 5. Numerous surgical procedures that were once performed as open
surgical procedures have now been refined so that they can be performed in a
minimally invasive manner (Tsui et al. 2013). The increasing availability of modern
surgical instruments and technologies, shorter recovery periods, and better cosmetic
results for outcomes comparable to traditional open surgical procedures, have all led
to the increased adoption of minimally invasive surgical protocols (Tonutti et al.
2017; Tan et al. 2014). The author’s laboratory has developed a novel minimally
invasive procedure known as minimally invasive muscle embedding (MIME™) for
preclinical testing of tissue-based regenerative rehabilitation therapies aimed at
promoting donor-cell-derived myogenesis. MIME™ involves passing a sterile hypo-
dermic needle through the long axis of the tibialis anterior (TA) muscle in a host
mouse, and placing a segment of donor tissue with myogenic potential in the needle
track (Roche et al. 2017). MIME™ promotes robust donor-cell-derived myogenesis
when donor mouse extensor digitorum longus (EDL) muscle or segments of human
cadaveric TA muscle are implanted into host mouse TA muscles (Roche et al. 2020;
Roche et al. 2019). Furthermore, human muscle fibers generated in a host mouse
through MIME™, promote functional recovery and persist even 3 months after the
procedure (Roche et al. 2019). The goal of MIME™ is not to graft mature muscle
fibers into host muscle, but rather, to use actual or engineered muscle tissue as a
medium to deliver myogenic cells into host muscle with minimal disruption to the
host muscle’s neurovascular connections and extracellular matrix templates. The
eventual goal of the author’s laboratory is to adapt the MIME™ procedure for
experimental and clinical use in humans.

3.3.4 Threats: Factors That Might Prevent the R3C from
Achieving Its Goal of Solving the Muscle Mass
Conundrum in MDs

The 2013 Walter Cannon Lecture at the Annual Meeting of the American Physio-
logical Society (The APS, the sponsor of this book) was titled “Is Physiology
Redundant”? (Joyner 2013). One might wonder why someone would even ask
such a question. However, this talk was presented at a time when physiologists
were struggling to convince the scientific community of their relevance and the need
to retain physiology departments at universities. For the author of this chapter who
was in the audience during the lecture, it was astounding to learn that many
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physiology departments across the US were shutting down or being amalgamated
with other departments due to the difficult funding situation and the low chances of
physiological research receiving funding if proposals did not have a strong molec-
ular mechanism component. Thus, the danger of regenerative rehabilitation research
ideas with high translational impact not being funded because they lack a strong
molecular mechanism component, might threaten the R3C’s ability to achieve its
goal of reversing muscle loss in MDs. The National Center for Medical Rehabilita-
tion Research (NCMRR) (National Institutes of Health 2021d), the NIH-supported
Medical Rehabilitation Research Resource (MR3) Network (National Institutes of
Health 2021c), and the NIH-supported Training in Grantsmanship in Rehabilitation
Researcher (TIGRR) program (National Institutes of Health 2021b), are all doing
yeoman’s service in building the R3C, promoting regenerative rehabilitation
research, and helping investigators identify sources of funding for their research
programs. The R3C must work closely with supporting agencies to ensure that
translational potential is weighted heavily in relation to regenerative rehabilitation
research projects aimed at reversing muscle loss in MDs.

The APS lecture, mentioned in the previous paragraph, is held each year in honor
of the famed physiologist Walter B. Cannon, who is credited for coining the term
“homeostasis” and describing its key aspects (Cannon 1932). Cannon described
homeostasis as the “wisdom of the body,” which helps maintain stability in physi-
ological measurements like body temperature, blood pressure, blood pH, blood
glucose, etc. (Billman 2020). The pathophysiological features of MDs such as
muscle degeneration and regeneration suggests that muscle tissue tries to restore a
homeostatic state, against the odds created by upstream changes in MD-associated
genes (Grounds 2014). For example, in DMD, mutations in the dystrophin gene
cause downstream consequences to synthesis of the dystrophin protein, which
affects homeostasis of the muscle cell plasma membrane, which affects calcium
ion homeostasis in muscle fibers, which causes muscle fiber death, which triggers
repeated cycles of muscle degeneration and regeneration, which causes replacement
of muscle fibers with fibrous and fatty tissue that can transmit but not produce force,
and after many more intermediate steps, ultimately affects whole body homeostasis
(Allen et al. 2010; Burr and Molkentin 2015; Maciel et al. 2021; Boldrin et al. 2015).
Each skeletal muscle is a multicellular organ, which possesses complex homeostatic
circuits within itself and connections with the rest of the body (Hoffmann and
Weigert 2017; Grounds 2014). This complexity creates many unknowns in relation
to regrowing functional muscle mass, even if we work only on the biceps and triceps
brachii and the vastus medialis (Grounds 2014). Human skeletal muscle is very
capable of hypertrophy (an increase in functional muscle mass mediated by an
increase in muscle fiber diameter), but is not capable of hyperplasia (an increase in
muscle fiber number) (Grounds 2014). This homeostatic limitation in the ability of
human skeletal muscle to undergo hyperplasia is something the R3C will have to
proactively address as we work toward our goal of reversing muscle loss in nonlethal
MDs. Furthermore, due to this concern, it is imperative that patients with MDs, their
caregivers, and healthcare are made aware of the importance of preserving functional
muscle mass as best as possible through healthy habits (modifiers of MDs

76 J. A. Roche



highlighted in Fig. 3.2) (Lott et al. 2021; Begam et al. 2020; Grounds 2014). It could
be argued that, preserving functional muscle mass through healthy habits might not
only improve outcomes from promising gene therapies, but might also improve
outcomes from regenerative rehabilitation interventions aimed at regrowing lost
muscle (Grounds 2014). The reader is directed to the Discussion section of an article
by Begam et al., which describes the muscle mass conundrum posed by MDs, in
greater detail with illustrations (Begam et al. 2020).

3.4 Conclusions

In this chapter, the author defined MDs, briefly described the pathophysiological
processes that are common to MDs, and identified that the irreversible loss of
functional muscle mass in MDs is a major concern. The author then used the
strengths and weaknesses parts of a SWOT analysis to present an achievable goal
for the R3C in relation to MDs—i.e. to develop safe, effective, and practical
regenerative rehabilitation strategies to regrow muscle fibers in muscles that are
most essential for independence in basic activities of daily living, in individuals with
nonlethal muscular dystrophies. The author next discussed the unique opportunities
available to the R3C to synergize and leverage their strengths to achieve their goal.
Finally, the author expressed concern that if regenerative rehabilitation ideas that
have strong translational potential are not funded because the studies lack a strong
molecular mechanism component, it might threaten the ability of the R3C to achieve
its goal of reversing muscle loss in nonlethal MDs. Furthermore, because each
muscle is a complex multicellular organ with internal and external homeostatic
connections, there are unknown factors that might threaten the ability of the R3C
to reverse muscle loss in nonlethal MDs.
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Chapter 4
Regenerative Rehabilitation for Duchenne
Muscular Dystrophy

Kristy Swiderski, Justin P. Hardee, and Gordon S. Lynch

Abstract Duchenne muscular dystrophy (DMD) is a severe, progressive, genetic
muscle wasting disorder arising from the absence of the membrane stabilizing
protein, dystrophin, that renders muscle fibers susceptible to damage and degener-
ation. Since the discovery of the dystrophin gene, research efforts have focused on
the development of regenerative gene- and cell-based therapies for DMD, although
many obstacles need to be overcome before they can be considered for clinical
application. The development of adjunct therapies that can slow the pathologic
progression, preserve muscle mass, enhance muscle regeneration, and promote
muscle growth, is therefore essential. Rehabilitation through physical exercise or
muscle contraction protocols may help attenuate muscle weakness and dysfunction
in DMD, with evidence supporting rehabilitation as an adjunct treatment to gene-
and cell-mediated therapies. This chapter summarizes the current state of research
for DMD therapy and explores the potential for combined regenerative and rehabil-
itation therapies to improve outcomes for DMD patients.

Keywords Duchenne muscular dystrophy · Gene therapy · Cell therapy ·
Rehabilitation · Exercise
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4.1 Introduction

Duchenne muscular dystrophy (DMD) is a severe and progressive muscle wasting
disorder caused by mutations in the dystrophin gene resulting in the absence of the
membrane stabilizing protein, dystrophin. Loss of dystrophin renders muscle fibers
fragile and susceptible to membrane tears that facilitate an influx of Ca2+ that can
activate inflammatory and muscle degenerative pathways. Although considerable
efforts are being directed to the development of gene- and cell-based therapies for
DMD, these techniques are far from perfect, and many obstacles need to be over-
come in order for them to advance to clinical application. In the interim, it is essential
that alternative therapies also be developed, including research directed to slowing
the pathologic progression, preserving muscle mass, enhancing muscle regeneration,
and promoting muscle growth. This chapter will highlight the current state of
research for regenerative medicine (e.g., gene-, cell-, and pharmacologic therapies),
the current state of research for rehabilitation (e.g., exercise modalities), and explore
the potential for combined regenerative and rehabilitation therapies to improve
outcomes for DMD patients.

4.2 Duchenne Muscular Dystrophy: A Difficult Disease
to Treat

DMD is a debilitating X-linked genetic disorder affecting 1:3500–6000 males
worldwide, caused by mutations in the dystrophin (DMD) gene that result in an
absence of the dystrophin protein. In striated muscle, the dystrophin protein is a
component of the dystrophin-glycoprotein complex (DGC), a multimeric protein
complex located at the sarcolemma of striated muscle fibers which links the intra-
cellular actin cytoskeleton to the extracellular matrix (ECM) to transmit the forces
generated by muscle contraction (Ervasti and Campbell 1993). The loss of dystro-
phin destabilizes this link, causing failure of the DGC to assemble at the sarcolemma
(Ohlendieck and Campbell 1991). The loss of integrity leads to a progressive loss of
muscle mass and function and early lethality in DMD patients. The current gold-
standard treatment for most DMD patients is administration of corticosteroids that
can slow the pathologic progression and prolong ambulation (Manzur et al. 2004),
but does not cure the disease.

DMD is not an easy disease to treat or cure. Within affected patients, all muscle
fibers and stem cells within the body contain a defective DMD gene. Therefore, a
vast volume of tissue requires restorative, lifelong treatment. This is further compli-
cated by the fact that the dystrophin protein is expressed locally (i.e., it does not
circulate) and must therefore be delivered into every muscle cell, or at least a
significant proportion of muscle fibers. Furthermore, although DMD is a monogenic
disorder, over 1800 different mutations have been reported within the DMD gene
that result in DMD, including nonsense and missense mutations, duplications, and
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deletions. It is therefore unlikely that a single therapy will be effective for all
patients. Clinical trials have also demonstrated that the therapeutic dystrophin
protein may be identified as “foreign” by the immune system of some patients,
resulting in immune-mediated destruction of the therapeutic protein. Dystrophin is a
large, complex protein, originating from the largest known gene in the human
genome, and it is therefore a difficult gene to reintroduce into the body. Therapeutic
approaches must therefore consider factors such as: the route of delivery; the
carrying capacity of vector systems; the ideal timing for administration; the require-
ment for patient-specific versus generic therapies; and the potential for an immune
response to both the delivery vehicle and the therapeutic protein. Efforts to identify a
cure, via gene, cell, pharmacologic, and/or physical therapies remain ongoing and
are discussed in detail.

4.3 Gene Therapies for DMD

The development of dystrophin restoration therapies for DMD has received much
attention since the discovery of the causative mutation in dystrophin over 30 years
ago (Hoffman et al. 1987a). This discovery was a key milestone in the development
of a potential cure for DMD, with patient advocates and research communities
working on the assumption that once the underlying genetic defect was identified,
a cure would soon follow. This proved not to be the case, with the development of
gene replacement therapies for DMD facing many hurdles. However, over in the
most recent 10–15 years, significant progress has been made toward developing both
viral and non-viral gene correction/replacement strategies, with a small number
being approved for conditional use in DMD patients.

4.3.1 Gene Correction Strategies

4.3.1.1 Stop Codon Readthrough

Stop codon readthrough refers to the process by which various drugs facilitate the
continuation of mRNA translation to restore protein expression. The process, orig-
inally referred to as “phenotypic suppression” was first observed for the
aminoglycoside antibiotics in bacteria and yeast (Palmer et al. 1979; Singh et al.
1979). Within the population, it is estimated that approximately 10–15% of all DMD
cases arise from nonsense mutations, in which mutations result in the introduction of
a premature stop codon (Aartsma-Rus et al. 2006). Therefore, a significant propor-
tion of DMD patients would benefit from stop codon readthrough-based therapy.
Gentamicin, an aminoglycoside antibiotic, was the first such drug tested for treating
DMD, and was shown to restore dystrophin expression in DMD myoblasts in vitro
and restore sarcolemmal dystrophin expression with some functional benefit in mdx
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dystrophic mice (Barton-Davis et al. 1999). Several clinical trials have assessed the
potential for gentamicin to increase dystrophin protein expression and improve
pathology in DMD patients (Dunant et al. 2003; Malik et al. 2010; Wagner et al.
2001; Politano et al. 2003). Of these, the most comprehensive showed increases in
dystrophin protein expression up to 15% of normal levels, with reduced serum
creatine kinase (CK) levels and stabilization of muscle strength after 6 months of
intravenous administration (Malik et al. 2010). Based on the success of these studies,
more potent drugs were developed with the potential to drive stop codon
readthrough, the most successful being ataluren (PTC142, Translarna®). Ataluren
received approval from the European Medicines Agency (EMA) in 2014 for the
treatment of ambulant patients aged 5 years and older with DMD resulting from a
nonsense mutation in the DMD gene. Compared with gentamicin which requires
intravenous administration, ataluren is orally bioavailable and therefore repeat
administration is more feasible. The therapeutic potential of ataluren remains
under investigation in clinical trials, particularly to determine efficacy in
non-ambulatory patients. Early studies suggest that earlier intervention with ataluren
leads to the best outcomes (Ruggiero et al. 2018).

4.3.1.2 Exon Skipping

The concept of exon skipping was first proposed in the mid-to-late 1990s, as a
method to reduce the severity of some genetic mutations. A large majority of
DMD-causative mutations arise from missense mutations, in which a mutation
induces a shift in the mRNA reading frame of the DMD gene, resulting in a lack
of dystrophin protein production. Exon skipping aims to correct the reading frame by
inducing the “skipping” of mutation-containing exons during pre-mRNA splicing
using antisense oligonucleotides (AONs) that interfere with the splicing of targeted
exons. Therefore, skipping over exons containing these frame-shift mutations facil-
itates the restoration of a smaller, but functional, dystrophin protein that can reduce
disease severity. While mutations have been identified throughout the DMD gene,
70% of DMD patients have a mutation in a “hot-spot” in the central genomic region,
between exons 45 and 53 (Den Dunnen et al. 1989; Koenig et al. 1989; Nobile et al.
1997). Therefore, the majority of exon skipping strategies have to date focused on
this region of the gene, with the aim of treating as large a percentage of the DMD
patient population as possible with a small number of drugs.

The most studied tools for exon skipping include the AONs, the
phosphorodiamidate morpholino oligomers (PMOs), and the peptide conjugated
PMOs (PPMOs). Exon skipping with AONs was first shown in the early 2000s to
restore dystrophin protein expression in human myotubes in vitro and reduce disease
severity in mdx mice in vivo (van Deutekom et al. 2001; Lu et al. 2003), but initial
clinical trials demonstrated variable benefit and FDA approval was subsequently
denied in 2016 (Flanigan et al. 2014; Goemans et al. 2011, 2016, 2018; Voit et al.
2014). Subsequent testing of a morpholino-based drug showed levels of dystrophin
protein restoration between 10 and 50% and improved skeletal muscle function in

88 K. Swiderski et al.



the mdxmouse (Alter et al. 2006). This was followed by significant improvements in
DMD patient ambulation and respiration in clinical trials (Mendell et al. 2013),
leading to FDA approval in 2016 of the first exon skipping therapy for DMD patients
amenable to exon 51 skipping, eteplirsen. Since then, a further three drugs have been
approved by the FDA for treatment of DMD patients amenable to exon
53 (golodirsen, Vyondys 53®, approved in 2019; viltolarsen, Viltepso®, approved
in 2020) and exon 45 skipping (casimersen, Amondys 45®, approved in 2021). Exon
skipping is at the forefront of DMD therapeutics, with significant promise to improve
the lives of many DMD patients.

4.3.1.3 Gene Editing

The most recent strategy for gene correction in DMD utilizes clustered regularly
interspaced short palindromic repeats (CRISPR)/Cas9 gene editing technology.
CRISPR/Cas9-mediated genomic editing was first demonstrated to correct the
dystrophin mutation in the mdx mouse in 2014 (Long et al. 2014). Injection of
guide RNAs (sgRNA) and the Cas9 enzyme into mdx mouse zygotes, to correct the
mutation in the germ line, restored dystrophin protein expression 17–83% in skeletal
muscles and the hearts of treated mice (Long et al. 2014). Studies are currently
focussed on optimizing the therapeutic potential for CRISPR/Cas9 gene editing to
correct dystrophin mutations in postnatal mice (Xu et al. 2016; Long et al. 2016).
Investigations are currently focussed on combining gene editing technology with
adeno-associated viral (AAV) vector delivery.

4.3.2 Gene Replacement Strategies

4.3.2.1 Delivery of Plasmid DNA

Early methods attempted to reintroduce the DMD gene by direct injection of a
plasmid containing the DMD gene into the skeletal muscles of mdx mice. While
this restored dystrophin expression in injected muscles, efficiency was only around
one percent due to the limited ability of skeletal muscle fibers to take up the large
DMD gene (Acsadi et al. 1991; Danko et al. 1993). Subsequent attempts utilized
adjunct methods to improve uptake of the plasmid DNA, including electroporation,
chemical induction of injury, liposome encapsulation, copolymer administration,
and co-administration of hyaluronidase (Wells 1993; Yanagihara et al. 1996;
Baranov et al. 1999; Vilquin et al. 2001; Danialou et al. 2002; Gollins et al. 2003;
Murakami et al. 2003; Ferrer et al. 2004; Molnar et al. 2004; Richard et al. 2005;
Wong et al. 2005). While these methods enabled delivery of the full-length dystro-
phin cDNA to the muscle, the process was highly inefficient and not amenable to
systemic gene restoration. More recently, groups have demonstrated the potential for
systemic delivery of plasmid DNA to reach multiple muscles, including the
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diaphragm (Liu et al. 2001; Zhang et al. 2004, 2010). While exciting, these methods
are invasive and therefore currently limited in their potential for clinical translation.

4.3.2.2 Viral-Mediated Gene Therapy

Viral-mediated gene delivery strategies utilizing vectors and viruses carrying genetic
material into cells, are at the forefront of DMD gene therapies. While some viral
vectors contain large genetic constructs, the carrying capacity of most vectors is a
limiting factor. The DMD gene, at 14 kb, is the largest gene in the human genome
and therefore presents significant challenges for gene delivery systems, with most
viral vectors being too small to carry such a large gene. However, in 1990, a patient
with very mild Becker muscular dystrophy (BMD, a dystrophinopathy like DMD,
but with a milder phenotype) was identified with a mutation that resulted in deletion
of 46% of the DMD gene, demonstrating that large portions of the gene could be
removed yet continue to make a reasonably functional protein (England et al. 1990).
Subsequent mutagenesis studies revealed a series of dystrophin mini- and micro-
genes that were small enough to be packaged into even the smallest of viral vectors
(Harper et al. 2002).

4.3.2.2.1 Adenoviral Vectors

The first viral vectors to deliver dystrophin to mdx mice were based on the adeno-
viruses. The adenoviruses have a double stranded (ds)DNA genome with a 35 kb
capacity, and therefore the capacity to carry the entire DMD gene. First-generation
adenoviral vectors were generated by removal of the E1 and/or E3 viral genes,
resulting in a carrying capacity of approximately 8 kb. These vectors successfully
delivered a miniaturized DMD gene to mdx mice via intramuscular injection (Ragot
et al. 1993; Vincent et al. 1993). However, the presence of the remaining viral genes
limited the potential for these vectors to be delivered systemically due to risk of an
immune response. The newer generation vectors, termed “gutted” adenoviral vec-
tors, lack all viral genes and therefore have the capacity to deliver the full-length
DMD gene (Hartigan-O’Connor et al. 2002). Gutted adenoviral vectors have effec-
tively delivered the full-length dystrophin protein to skeletal muscle after direct
intramuscular injection into both adult and newborn mice, resulting in stable protein
expression and functional improvements up to a year after injection (Dudley et al.
2004; Gilbert et al. 2001, 2003). Unfortunately, the use of these vectors is limited by
the ongoing risk of an immune response, and therefore not suitable for systemic
administration and potential clinical application.
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4.3.2.2.2 Lentiviral Vectors

Vectors based on lentiviruses, which have an RNA genome with an 8 kb capacity,
have also been utilized for delivery of dystrophin mini-genes. Early studies demon-
strated that injection of lentiviral vectors containing a dystrophin mini-gene could
confer almost lifelong restoration of dystrophin protein expression and functional
improvement when subcutaneously injected into a newborn mouse; proposed to be a
result of in vivo targeting of the muscle stem cells (Kobinger et al. 2003; Kimura
et al. 2010). This benefit was reduced when injected intramuscularly into an adult
mouse (Kobinger et al. 2003). As lentiviral vectors have the capacity to integrate into
the genome, they possess the ability to confer lifelong protection by integrating into
the DNA of muscle stem cells, enabling restoration of dystrophin protein into muscle
fibers as a consequence of injury-repair. However, this comes with a significant risk
of insertional mutagenesis, and so in vivo systemic delivery of lentiviral vectors to
treat skeletal muscle is not therapeutically viable. Instead, the use of lentiviral
vectors is widespread in the treatment of muscle stem cells, facilitating autologous
muscle stem cell transplantation.

4.3.2.2.3 Adeno-Associated Viral Vectors

The adeno-associated viruses (AAVs) are small, DNA parvoviruses with a single
stranded (ss)DNA genome with a 5 kb capacity. Although vectors based on AAV are
limited to the delivery of only small dystrophin micro-genes, these vectors have
shown the most promise for viral-mediated DMD gene therapy. There are many
different AAV capsid serotypes, with AAV1, 6, 7, 8, 9, and 10 having a high tropism
for striated muscle, effectively transducing both skeletal and cardiac muscle after
systemic administration (Muraine et al. 2020; Zincarelli et al. 2008). Delivery of
different mini- and micro-dystrophin genes with various AAV serotypes, restored
dystrophin protein expression and ameliorated disease in skeletal and cardiac muscle
(of mice) after systemic administration (Fabb et al. 2002; Lai et al. 2005; Liu et al.
2005; Wang et al. 2000; Watchko et al. 2002; Yoshimura et al. 2004; Yue et al.
2003). Systemic delivery of a micro-dystrophin gene with an AAV6 vector rescued
the pathology and improve lifespan in the severely dystrophic dystrophin/utrophin
double knockout mouse (Gregorevic et al. 2006). This was the first evidence that
AAV-mediated micro-dystrophin gene therapy might be a viable treatment for
DMD. Early clinical trials with an optimized AAV vector and
micro-dystrophin gene failed to restore dystrophin protein expression and improve
pathology, which was attributed to patients developing an immune response to the
therapeutic dystrophin protein (Mendell et al. 2010). Both the AAV vectors and
dystrophin micro-genes underwent significant optimization and three different clin-
ical trials were underway as of 2021, with Sarepta, Pfizer, and Solid Biosciences,
demonstrating therapeutic potential of AAV-micro-dystrophin gene therapy
for DMD.
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While AAV-mediated micro-dystrophin gene therapy is progressing through
clinical trials, researchers are investigating the therapeutic potential of combining
the AAV-mediated delivery system with exon skipping and CRISPR technologies,
to enable systemic in vivo gene editing. In vivo gene editing was first reported by
two groups in 2016 and 2017, using AAV9 and AAV6 to systemically deliver the
CRISPR/Cas9 machinery to muscles of dystrophic mice (Bengtsson et al. 2017;
Tabebordbar et al. 2016). These studies showed improved functional outcomes
(Bengtsson et al. 2017) and correction in both muscle stem cells and differentiated
muscle fibers of dystrophic mice (Tabebordbar et al. 2016). Subsequent studies have
aimed to improve the efficacy of this methodology using self-complementary
(sc)AAV vectors (Zhang et al. 2020), testing the smaller Streptococcus aureus
Cas9 to enable packaging into a single AAV vector (Zhang et al. 2021), and utilizing
a Pax7nGFP;Ai9 dual reporter to specifically correct mutations within muscle stem
cells via CRISPR/Cas9 delivery using AAV9 in vivo, thus conferring lifelong
disease correction (Kwon et al. 2020). Together, this combination of viral delivery
of gene editing tools provides a powerful and exciting toolkit for DMD gene therapy.

4.4 Cell-Mediated Therapies for DMD

While gene therapies should eventually provide a cure for DMD, not all patients may
benefit, depending on the progression of the disease. For example, older DMD
patients will likely present with significant replacement of their skeletal muscle
fibers with fat and fibrotic tissue, which not only limit the amount of muscle able
to be corrected but serve as physical barriers for some treatments. Cell-mediated
therapies with potential to replace skeletal muscle fibers will be similarly important
in the treatment of DMD, especially for older patients. Although cell therapies for
DMD have not advanced as far as gene therapies, several advances have been made
over the past 10–15 years.

4.4.1 Myoblast/Muscle Stem Cell Transplantation

Myoblasts were the initial choice for muscle cell transplantation to restore muscle
due to their ease of isolation, and demonstrated potential when injected into the
muscles of mdxmice (Partridge et al. 1989). Unfortunately, subsequent clinical trials
identified only 10% dystrophin-positive fibers in muscles of immunosuppressed
DMD patients despite multiple cell injections. These disappointing results were
attributed to the poor survival of the injected cells in vivo, limited migration from
the injection sites, and an inability to participate in long-term regeneration as the
muscle stem cell population was not restored (Mendell et al. 1995). Myoblasts
therefore have limited therapeutic potential as a cell population for treating DMD.
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The ability to successfully isolate muscle stem cells from skeletal muscle, first
characterized in a Pax3-GFP knock-in mouse (Montarras et al. 2005), was a signif-
icant advance in the mid-2000s. Injection of freshly isolated cells into muscles of
mdx mice resulted in significant engraftment and improvements in muscle function
(Cerletti et al. 2008), as well as successful engraftment into the muscle stem cell
niche (Montarras et al. 2005; Sacco et al. 2008), demonstrating potential for long-
term therapeutic benefit. While these early studies were encouraging, it became
apparent that the myogenic potential and survival/migration of these cells were
severely reduced if the cells were cultured prior to injection (Montarras et al.
2005). Studies have since focused on developing strategies to improve the survival
and engraftment of these cells, most of which have attempted to mimic the condi-
tions within the muscle stem cell niche to promote a more quiescent, self-renewal
state. Both culture substrate rigidity and oxygen levels have been demonstrated to be
important in the maintenance of “stemness” in cultured muscle stem cells to enhance
the efficacy of myoblast transplantation in vivo (Duguez et al. 2012; Gilbert et al.
2010; Liu et al. 2012). Investigations are ongoing to identify the “ideal” culture
conditions to expand muscle stem cells for transplantation.

While allogenic transplants have been successful in immunocompetent mice
(Vilquin et al. 1995), autologous transplantations are preferred because they limit
the possibility of immune responses to the transplanted cells. Advances in the
development of induced pluripotent stem cells (iPSCs) and their differentiation
into myogenic cells have led to further developments. Isolation and differentiation
of patient-derived iPS cells into myogenic progenitors have been successful in vitro
and genetic correction of both these and patient-derived myoblasts has been shown
feasible using lentiviral, transposon, and CRISPR-based technologies (Filareto et al.
2013; Ifuku et al. 2018; Kazuki et al. 2010; Li et al. 2015; Quenneville et al. 2007;
Young et al. 2016). Myoblast transplants remain a viable option for targeted
replacement of lost muscle tissue in DMD patients.

4.4.2 Mesoangioblasts and Pericytes

While myoblast transplantation continues to be optimized in preclinical and clinical
studies, one major drawback is that myoblasts are not suitable for systemic delivery,
meaning their use is limited to local, intramuscular delivery. As DMD patients will
require dystrophin restoration in the entire musculature, including the diaphragm,
this reduces their potential as a standalone therapy. Mesoangioblasts, and a related
cell population, termed “pericytes,” are alternative cell populations which became
attractive candidates for muscle cell transplantation due to their myogenic potential
and suitability for systemic delivery (Dellavalle et al. 2007; Minasi et al. 2002).
Mesoangioblasts engraft efficiently into skeletal muscle, restore dystrophin expres-
sion, and improve functional and histological parameters in dystrophic mice and
dogs when delivered either intramuscularly or systemically (Berry et al. 2007;
Sampaolesi et al. 2006). Based on these encouraging studies, an initial clinical trial
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tested the efficacy of intraarterial delivery of human leukocyte antigen (HLA)-
matched donor mesoangioblasts in five DMD patients, demonstrating delivery of
the cells to be reasonably safe and well-tolerated, but with little or no restoration of
dystrophin expression. This was attributed to the advanced disease progression in the
patients, the impact of steroid therapy on the cells (reduced extravasation), and an
insufficient number of injected cells (Cossu et al. 2015). The therapeutic potential of
these cells to treat DMD remains under investigation. The potential for autologous
transplantation has been demonstrated using PiggyBac transposons to correct the
genetic defect in mesoangioblasts from dystrophic SCID-mdx mice. This resulted in
11–44% restoration of dystrophin expression after transplantation back into the mice
which was stable for up to 5 months (Iyer et al. 2018). Other studies turned to
differentiating iPS cells into mesoangioblasts for transplantation, with and without
lentiviral transduction to restore genetic insufficiencies, in mouse models of other
muscular dystrophies (Tedesco et al. 2012; Gerli et al. 2014). These blood-vessel
associated progenitors hold promise for DMD, and their therapeutic potential con-
tinues to be investigated.

4.5 Pharmacological Therapies for DMD

Although gene- and/or cell-mediated therapies have significant potential to eventu-
ally cure DMD, the success of these approaches will likely be reduced in patients
with a more advanced pathology. Therefore, pharmacologic interventions that can
delay the disease progression by tackling different aspects of the dystrophic pathol-
ogy, remain crucial treatments for DMD patients.

4.5.1 Targeting Myostatin

Myostatin signaling is a potent negative regulator of skeletal muscle mass. Inhibition
of the myostatin signaling pathway has proved promising in preclinical studies in
dystrophic mice, with antibody treatments increasing muscle mass and force pro-
duction, and decreasing fibrosis (Morine et al. 2010; Murphy et al. 2010b; Pistilli
et al. 2011; Nakatani et al. 2008; Parsons et al. 2006; Bogdanovich et al. 2002).
Various strategies to inhibit myostatin signaling have since moved into clinical trials.
AAV-mediated overexpression of the myostatin inhibitor, follistatin, using AAV1-
FS344 increased muscle mass and strength in dystrophic mice and non-human
primates (Haidet et al. 2008; Kota et al. 2009), and was subsequently proven safe
and efficacious in BMD patients, with improved outcomes in the six-minute walk
test (Mendell et al. 2015). AAV1-FS344 has subsequently progressed to Phase I/II
trials with intramuscular injections in DMD patients, although the results have yet to
be reported.
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Antibody-directed myostatin inhibition also attenuated muscle atrophy in mouse
models of muscle atrophy, including cachexia, disuse, sarcopenia, and muscular
dystrophy (Murphy et al. 2010a, b, 2011a, b), leading to the development of anti-
myostatin antibodies (MYO-029, PF-06252616) which had variable success in
clinical trials (Krivickas et al. 2009; Singh et al. 2016; Wagner et al. 2008). Fusion
of a soluble activin receptor inhibitor to IgG (ActRIIB-IgG), which reduces signaling
through the TGF-β pathway, increased muscle mass in injected muscles of dystro-
phic mice with reduced off-target effects (Pearsall et al. 2019), and was shown safe
in healthy volunteers in clinical trials (Glasser et al. 2018). Disappointingly, despite
myostatin inhibition showing great promise in preclinical models, clinical trials have
not progressed due to a lack of demonstrated efficacy (reviewed in Wagner 2020).
The reasons for the lack of efficacy in patients are unclear but are thought to be
attributed to differences in myostatin expression in mice relative to humans, a lack of
improvement in muscle function despite increases in mass, and potential interference
between corticosteroid therapy and myostatin inhibition (Rybalka et al. 2020).

4.5.2 Reducing Inflammation and Fibrosis

4.5.2.1 HDAC Inhibition

Compounds that inhibit class I and/or II histone deacetylases (HDACs) have been
shown to ameliorate dystrophic pathology in the mdx mouse (Colussi et al. 2008;
Johnson et al. 2013; Minetti et al. 2006; Vianello et al. 2014). In preclinical studies
using two murine models of DMD, the HDAC inhibitor, givinostat, increased
muscle mass and muscle fiber size, reduced fat and collagen deposition, and
improved fatigue resistance after oral administration (Consalvi et al. 2013; Licandro
et al. 2021). High dose administration of givinostat improved muscle function and
pathology to a greater extent than conventional steroid (glucocorticoid) therapy in
severely dystrophic mice (Licandro et al. 2021). Givinostat is in clinical trials to test
efficacy in DMD patients. Oral administration of givinostat to ambulant DMD boys
aged 7–11, who were already receiving corticosteroid treatment, for greater than
1 year, reduced fibrosis, necrosis, and fatty tissue deposition in muscle biopsies,
showing the drug to be safe for long-term administration and effective in delaying
aspects of the pathology (Bettica et al. 2016). Givinostat is a promising intervention
for DMD patients and Phase III trials are ongoing with results expected in 2022.

4.5.2.2 NF-κB Inhibition

Signaling via the nuclear factor kappa B (NF-κB) pathway is tightly linked to
changes in skeletal muscle mass. Transgenic mice with chronically elevated
NF-κB signaling have severe wasting of limb and trunk muscles and conversely,
NF-κB inhibition protects against wasting (Cai et al. 2004; Mourkioti et al. 2006).
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Increased NF-κB signaling is linked to disease progression in DMD patients and in
mouse models of DMD, and targeted inhibition of NF-κB is an attractive therapeutic
option for skeletal muscle atrophy. Preclinical studies in dystrophic mice showed
inhibition of NF-κB improved skeletal muscle structure and function (Hammers
et al. 2016). Edasalonexent (CAT-1004) is an oral NF-κB inhibitor under investiga-
tion for treatment of DMD patients, shown to effectively inhibit NF-κB signaling
and to be well-tolerated in Phase I safety studies in healthy adults and pediatric DMD
patients (Donovan et al. 2017; Finanger et al. 2019).

Another promising NF-κB inhibitor, VBP15, is in development by ReveraGen
BioPharma as an alternative to current glucocorticoids for DMD. In mdx mice,
VBP15 produced consistent improvements in muscle inflammation and function,
with increased fore- and hind-limb grip strength and improved ex vivo contractile
properties in the extensor digitorum longus (EDL) muscle (Heier et al. 2013).
Importantly, VBP15 has been proposed to inhibit NF-κB signaling to a greater
extent than traditional steroid therapy, with reduced off-target effects (Conklin
et al. 2018; Hoffman et al. 2018). Phase I and Phase IIa studies demonstrate
VBP15 to be well-tolerated with benefits to motor function in young DMD patients
(Smith et al. 2020; Mavroudis et al. 2019). Phase III trials are currently underway.

4.5.2.3 Inhibition of Collagen

Halofuginone (HT-100) had potent anti-fibrotic properties in multiple mouse models
of disease with fibrosis and was tested in dystrophic mice to determine its efficacy for
attenuating fibrosis in skeletal muscle. In mdx mice, halofuginone administration
inhibited muscle fibrosis and improved muscle histopathology and strength
(Turgeman et al. 2008). In addition, halofuginone has been shown to have direct
effects on muscle cells, enhancing cell survival and myoblast fusion in both primary
and C2C12 myoblasts (Bodanovsky et al. 2014; Roffe et al. 2010). HT-100 was in
clinical trials to test safety and efficacy in DMD patients, but extended Phase II
studies to study long-term impacts of HT-100 administration were terminated in
2016 after the unexpected death of a patient. No further updates have been provided.

4.5.2.4 Sodium/Proton Exchanger Type 1 (NHE-1) Inhibition

In the skeletal muscles and hearts of patients and mouse models of DMD, membrane
tears caused by mechanical stress during contraction can lead to Ca2+ influx and
consequent increase in [Na+]. Rimeporide, an NHE-1 inhibitor, has potent anti-
inflammatory and anti-fibrotic effects in both skeletal and cardiac muscles in mdx
mice (Porte-Thome et al. 2015), and demonstrated improved cardiac function in
dystrophic dogs (Ghaleh et al. 2020). Phase 1b studies found Rimeporide to be well-
tolerated and positive indications as a cardioprotective treatment in DMD patients
(Previtali et al. 2020). Further clinical development is underway.
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4.5.3 Upregulation of Utrophin

Since dystrophin gene replacement therapies may induce immune responses in some
DMD patients, a possible safer alternative could be the therapeutic upregulation of
the related protein, utrophin. In the mdx mouse, upregulation of utrophin can
compensate for the loss of dystrophin (Tinsley et al. 1996, 1998). This was the
basis of the development of the first orally bioavailable small molecule upregulator
of utrophin, SMT-C1100, which was shown to reduce inflammation and fibrosis and
improve force production in muscles of sedentary and exercised mdx mice (Tinsley
et al. 2011). Phase Ia and Phase Ib trials confirmed SMT-C1100 to be safe and well-
tolerated in healthy adults and in DMD patients (Ricotti et al. 2016; Tinsley et al.
2015). However, drug blood plasma concentrations were found to be lower in DMD
patients than in healthy adults when administered at the same dose; an effect
attributed to differences in diet and other disease-related factors. Absorption was
subsequently improved in patients on a controlled diet (Muntoni et al. 2019).
Unfortunately, development of SMT-C1100 was discontinued in 2018 due to it
not meeting primary and secondary endpoints at the conclusion of the Phase II
trial (Babbs et al. 2020). Preclinical development is continuing on a second-
generation compound, SMT022357, which improved the dystrophic phenotype in
mdx mice along with improved absorption, distribution, metabolism, and excretion
profiles compared to SMT-C1100 (Babbs et al. 2020; Guiraud et al. 2015).

4.5.4 Improving Membrane Stability

As calcium ion (Ca2+) influx is thought to be a primary initiator of skeletal and
cardiac muscle cell degeneration in DMD, compounds able to seal damaged mem-
branes have therapeutic potential. Poloxamer-188 (P-188) is a non-ionic tri-block
copolymer that can act as a membrane sealant after different types of injury. P-188
was cardioprotective after systemic administration in both mouse and dog models of
muscular dystrophy. One- or 2-week treatments improved left ventricle function and
promoted survival in mice after challenge with cardiac stimulants and reduced
myocardial fibrosis and left ventricle remodeling in dystrophic dogs after chronic
infusion for 8 weeks (Spurney et al. 2011; Townsend et al. 2010; Yasuda et al.
2005). In addition, in vitro studies showed improvements in dystrophic skeletal
muscle after P-188 treatment (Spurney et al. 2011; Ng et al. 2008). P-188
(Carmeseal-MD™) improved respiratory and cardiac function in dystrophic mice
(Markham et al. 2015), although some studies have reported less success with
respect to ameliorating contraction-induced injury in muscles of mdx mice (Terry
et al. 2014). Although most studies in animal models report positive benefits, studies
examining the safety and efficacy of P-188 for DMD, are warranted.
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4.6 Physical Therapies

Skeletal muscle is comprised of functionally diverse fibers that can differ in their
size, metabolism, and contractility; with extremes being classically referred to as
“slow oxidative” or “fast glycolytic” (Egan and Zierath 2013). Based on myosin
heavy chain (MyHC) protein isoforms, which largely dictate the rate of force
development, shortening velocity and the rate of cross-bridge cycling, slow oxida-
tive (type I) fibers are typically small with a high oxidative capacity and fatigue
resistance compared with fast glycolytic (type II) fibers that are typically larger,
reliant on glycolysis and highly fatigable (Egan and Zierath 2013). Subtypes of the
fast fibers (type IIa, type IIx) vary in their reliance on oxidative and glycolytic
metabolism. Most mammalian muscles are usually comprised of different propor-
tions of these four main fiber types (type I, type IIa, type IIb, and type IIx), although
muscle fibers can exist along a continuum, with subtypes exhibiting different
variations of the main attributes, especially metabolic features, as revealed by single
fiber proteomics (Schiaffino et al. 2020).

Muscle fibers can exhibit remarkable plasticity, capable of altering their intrinsic
structural, functional, metabolic, and molecular properties in response to changes in
loading, contractile activity, and circulating hormones (Pette and Vrbova 1999;
Blaauw et al. 2013; Lynch 2017; Schiaffino and Reggiani 2011). This plasticity
was first demonstrated through pioneering nerve cross-reinnervation studies in cats,
which revealed when fast muscles were innervated by a slow nerve, the muscle
transformed from a fast (glycolytic) to a slower, more oxidative phenotype and
contracted more slowly. When slow muscles were innervated by a fast nerve, the
muscle transformed from an oxidative to a more glycolytic phenotype and contracted
more quickly. Such phenotypic changes were attributed to the specific impulse
patterns delivered to the muscle via the motor neuron (Buller et al. 1960). Muscular
contractions through physical activity (exercise) can be an effective stimulus to
induce adaptations in muscle if exercise duration and intensity are sufficient. Endur-
ance exercise (e.g., running, cycling) can increase muscle oxidative capacity and
fatigue resistance, while resistance exercise (e.g., lifting weights) increases fiber size
(hypertrophy) and strength (Egan and Zierath 2013).

In DMD and well-characterized murine models of the disease linked to the
genetic loss of the protein dystrophin, fast muscle fibers are more susceptible to
contraction-mediated damage and pathological progression than slow muscle fibers,
which are resistant to injury and relatively spared (Webster et al. 1988). Although a
cure for DMD will eventually come from the corrective gene therapies described
earlier, limitations of delivery systems, gene carrying capacity, dissemination effi-
ciency, expression persistence, and immunological tolerance, all pose significant
obstacles for clinical application. There remains an urgent and unmet clinical need
for therapies that can ameliorate the pathology, preserve and protect dystrophic
muscles from damage. Physical modalities such as exercise have many localized
and systemic health benefits, and therefore may ultimately serve as adjuvant thera-
pies for any gene- or cell-based approaches.
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Much of our understanding as to whether physical activity and exercise training
interventions can improve quality of life in DMD patients has come from exercise
studies conducted in appropriate mouse models, particularly mdx dystrophic mice.
These studies have examined: (1) whether exercise exacerbates the dystrophic
pathology, typically from high-intensity, involuntary exercise protocols; or (2) the
therapeutic potential of low-intensity, exercise protocols (voluntary and involuntary)
to attenuate the dystrophic pathology (Grange and Call 2007). Several exercise
protocols in mdx mice have demonstrated beneficial adaptations, with some of
these low-intensity exercises having translational relevance for DMD.

4.6.1 Involuntary Exercise

It is generally accepted that low-intensity, low-weight bearing exercise promote
beneficial adaptations for the dystrophic pathology, whereas exercises involving
potentially injurious lengthening (i.e., eccentric) contractions may aggravate the
pathology (Markert et al. 2012). Several models of exercise training have been
developed and utilized in preclinical studies that have improved our understanding
of the therapeutic potential of exercise for muscular dystrophy (reviewed in
Hyzewicz et al. 2015; Markert et al. 2011).

4.6.1.1 Treadmill Running

Treadmill exercise training in healthy mice promotes adaptations similar to endur-
ance exercise in humans. One main advantage of treadmill exercise is that it allows
researchers to precisely control the training workload (e.g., frequency, intensity,
duration) to interrogate specific muscle adaptations to submaximal or maximal
workloads. Most studies have demonstrated detrimental effects of treadmill exercise
training in mdx mice (reviewed in Hyzewicz et al. 2015), especially since, in most
cases, exercise intensity was matched to levels achieved by otherwise healthy wild-
type mice. When performed at lower intensities, treadmill running has been shown to
promote beneficial adaptations to the dystrophic pathology, including decreasing
intramuscular collagen deposition (Fernandes et al. 2019; Gaiad et al. 2017), reduc-
ing serum creatine kinase levels (Hall et al. 2007), and increasing activity of
antioxidant enzymes (Fernandes et al. 2019).

4.6.1.2 Swimming

Swimming exercise training has been widely used in mdx mice to examine acute
responses and training adaptations to endurance exercise. Swimming activity
recruits muscle groups throughout body and can be used to monitor adaptations in
the heart, diaphragm, and limb skeletal muscles. Endurance swimming (2 h/day,
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5 days/week, for 10–20 weeks) improved the functional capacity of hindlimb
muscles (in mdx mice) through adaptations arising from an increased proportion of
oxidative fibers and reducing muscle fatigue (Lynch et al. 1993; Hayes et al. 1993).
Favorable adaptations to low-intensity, swim exercise could also be achieved in
older mdx mice (Hayes and Williams 1998), at a time when the progressive pathol-
ogy more closely mimics that of DMD. Swim training was shown to improve the
dystrophic pathology when combined with pharmacologic (Hayes and Williams
1997) and cell-based interventions (Bouchentouf et al. 2006). These and many
other confirmative studies support the contention that low-intensity exercise, when
performed alone or in combination with other interventions, may have therapeutic
potential for muscle wasting conditions, including the muscular dystrophies.

4.6.1.3 Electrical Stimulation

Despite physical activity and muscular contraction, especially endurance exercise
training, having many beneficial effects on muscle health, the sad reality is that many
patients with neuromuscular diseases are simply unable to exercise, especially boys
with DMD who are often confined to a wheelchair before their teens. Therefore,
protocols of muscle contractions that can mimic the benefits of exercise are under
investigation to determine whether such interventions can attenuate the loss of
muscle health and function and potentially improve quality of life for patients.

Electrical stimulation to induce muscular contractions can provide an exercise-
like stimulus that has been shown to induce beneficial muscle adaptations and
clinical outcomes in adults with advanced progressive disease (Jones et al. 2016).
Electrical stimulation at varying frequencies can be used to induce concentric,
isometric, and/or eccentric muscle contractions, and several variations have been
examined in preclinical mouse models and in DMD patients. Isometric contractions
generate force or torque without a change in muscle length or joint angle. Repeated
bouts of isometric contractions induced by percutaneous stimulation of the peroneal
nerve in mdx mice improved aspects of the dystrophic pathology, including
increased force production, satellite cell number, and myofiber hypertrophy, while
reducing fibrosis and injury susceptibility (Lindsay et al. 2019).

Chronic low-frequency stimulation (LFS) mimics the electrical discharge pattern
of slow motor neurons innervating slow muscles and induces downstream molecular
signaling pathways that promote transcription of slow, more oxidative fiber-specific
genes (Pette and Vrbova 1999). The resultant fast-to-slow adaptations include
increased oxidative metabolism and mitochondrial biogenesis concurrent with
fiber transitions in the type IIb > type IId/x > type IIa > type I direction (Leeuw
and Pette 1993; Termin et al. 1989). While LFS can challenge a muscle to its full
adaptive potential, it can do so efficiently and typically in the absence of injury and
regeneration (Pette and Vrbova 1999). Therefore, LFS is an ideal model for inves-
tigating the therapeutic potential of promoting a slower, more oxidative muscle
phenotype to ameliorate the dystrophic pathology. Initial studies of LFS in dystro-
phic mice were not conducted on mouse models of DMD (Dangain and Vrbova
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1989; Luthert et al. 1980; Reichmann et al. 1981, 1983). Nonetheless, these studies
showed that LFS exerted beneficial effects on laminin-deficient muscles in C57BL/
6J-dy2j (dy/dy) mice, including improved strength (Dangain and Vrbova 1989;
Luthert et al. 1980), and normalized enzyme activities (Reichmann et al. 1981,
1983).

More recently, we and others have evaluated the therapeutic merit of LFS in well-
characterized mouse models of DMD. In dystrophin-deficient mdx mice, LFS
(10 Hz, 12 h/day, 7 days/week, 28 days) was sufficient to induce remodeling of
mitochondrial respiratory chain complexes, enhanced fiber respiration, and con-
ferred protection from eccentric contraction-mediated damage (Hardee et al.
2021). However, this adaptive remodeling was attenuated or abrogated in dystrophic
muscles lacking both dystrophin and utrophin (i.e., dkomice), highlighting a role for
utrophin in the adaptations of dystrophic skeletal muscles. Using an alternate
approach via transcutaneous surface stimulation, others have found that neuromus-
cular electrical stimulation (NMES) to mdx mice improved muscle-derived stem cell
(MDSC) engraftment sufficient to enhance muscle strength, and, in combination
with MDSC transplantation, improve recovery from fatigue (Distefano et al. 2013).
Collectively, these findings highlight the therapeutic potential of LFS to ameliorate
the dystrophic pathology and protect from contraction-induced injury with important
implications for DMD and related muscle disorders.

4.6.1.4 LFS in DMD Patients

From a clinical perspective, there was considerable interest in LFS as a therapy for
DMD during the 1970s through to the early 1990s, but after the discovery of
dystrophin in 1987, unsurprisingly the field focused on addressing the dystrophic
pathophysiology through molecular biochemical approaches (Hoffman et al. 1987a–
c). These early studies found that electrical stimulation reduced the rate of deterio-
ration of ankle dorsiflexors and quadriceps muscles in boys with DMD (Scott et al.
1990; Zupan 1992; Zupan et al. 1993, 1995), provided that the stimulation was
performed before the patients were not severely disabled (Scott et al. 1986). Similar
findings related to safety, practicality, and improved muscular strength and endur-
ance have been reported in facioscapulohumeral muscular dystrophy (FSHD) and
myotonic dystrophy type 1 patients (Colson et al. 2010; Cudia et al. 2016). While the
initial studies on DMD patients were encouraging (e.g., some showing preserved
strength), they were largely preliminary in nature (with few patients and studies of
limited duration) with a lack of rigorous scientific and statistical clarity (Lynch
2017). Nonetheless, there remains a dearth of information on the application of
such a well-described and utilized intervention like LFS (with existing applications
in rehabilitation medicine and physical therapy) to ameliorate aspects of the dystro-
phic pathology.
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4.6.2 Voluntary Exercise

4.6.2.1 Wheel Running

Providing access to running wheels in cages is one approach to elicit low-intensity
endurance training adaptations in rodents. While this model permits normal physi-
ological patterns of motor unit recruitment, it is dependent on intrinsic, voluntary
physical activity and therefore total work performed can vary dependent on the
animal’s volition based on age and disease severity (Wineinger et al. 1998). Volun-
tary wheel running in mdx mice has been shown to promote favorable adaptations in
plasma CK levels (Carter et al. 1995), improve force production (Baltgalvis et al.
2012; Call et al. 2010; Carter et al. 1995; Dupont-Versteegden et al. 1994; Hayes and
Williams 1996; Hourde et al. 2013), decrease injury susceptibility (Hourde et al.
2013; Delacroix et al. 2018), improve fatigue resistance (Baltgalvis et al. 2012;
Hayes and Williams 1996; Wineinger et al. 1998), and alter myofiber size and type
(Delacroix et al. 2018; Hayes and Williams 1996; Landisch et al. 2008). Mecha-
nisms mediating these functional outcomes were identified, such as increased
utrophin protein expression (Gordon et al. 2014) and muscle oxidative capacity
(Baltgalvis et al. 2012). A recent study combining voluntary wheel running and
micro-dystrophin gene therapy reported improved running capacity, increased mus-
cle contractile properties, protection from eccentric contraction-induced injury, and
enhanced mitochondrial respiration (Hamm et al. 2021). Thus, exercise may be a
complementary intervention for enhancing the efficacy of micro-dystrophin gene
therapies. Further studies are warranted to examine the efficacy of combined inter-
ventions, including investigations of different aged mice and disease severities
before this might be considered for potential clinical application.

While it is generally accepted that low-intensity exercise may be more beneficial
for attenuating the dystrophic process, resisted wheel running exercise may also
induce favorable adaptations such as enhanced muscle growth through myofiber
hypertrophy, improved regeneration, and force production. Indeed, voluntary wheel
running with progressive resistance inmdxmice was shown to improve grip strength
and increase specific force of the soleus muscle (Call et al. 2010). Overall, these
studies support the contentions that: (1) voluntary exercise is not detrimental to
dystrophic pathology in mice; and (2) dystrophic skeletal muscles retain the adaptive
potential to respond to muscular contractions, with favorable, clinically relevant
outcomes.

4.6.2.2 Exercise in DMD Patients

4.6.2.2.1 Resistance Exercise

Initial studies examining physical training interventions in DMD patients utilized
resistance-type exercise. At the medical conference for Muscular Dystrophy
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Associations of America in 1952, Abramson and Rogoff (Abramson and Rogoff
1952) first reported in 27 patients with muscular dystrophy that active, assisted
active, and resistive exercises (3 days/week, 7 months) led to improvements (n¼ 13)
and/or no changes (n ¼ 13) in the manual muscle chart. Based on these encouraging
findings, Hoberman (Hoberman 1955) studied ten children with progressive mus-
cular dystrophy. The patients performed 4 months of physical medicine and reha-
bilitation tests, instruction and training. While no changes in muscle strength were
observed, there were improvements in performance of activities of daily living, vital
capacity, and endurance (Hoberman 1955). Vignos and Watkins (1966) studied
24 patients with muscular dystrophy (14 DMD, 6 limb-girdle, and
4 facioscapulohumeral), who performed home-based resistance exercise program
for 12 months. In the year leading up to the study, DMD patients exhibited declines
in muscle strength. Unexercised controls continued to exhibit a decline in muscle
strength, while the exercised group maintained or improved slightly from their initial
muscle strength (Vignos and Watkins 1966). Most of the improvements in muscle
strength occurred within the first 4 months of the exercise program and the degree of
improvement was related to the initial strength of the exercised muscle; i.e., a
stronger muscle improved more, while weaker muscles improved less. Unfortu-
nately, functional improvements were not permanent and only occurred in 7/52
patients at 4 months and 1/52 patients at 12 months (Vignos and Watkins 1966).
To determine if submaximal exercise could improve strength, four DMD patients
performed unilateral isokinetic exercise of the quadriceps (4–5 days/week,
6 months). The authors reported a modest, though not statistically significant,
increase in strength during the 6-month period, which was maintained for 3 months
after the cessation of training (de Lateur and Giaconi 1979). More recently, Lott et al.
(2021) reported that a 12-week in-home, remotely-supervised, mild-moderate inten-
sity resistance isometric leg exercise program was safe, feasible, and increased
strength (knee extension, knee flexion) and function (descending step) in ambulatory
boys with DMD. Overall, these studies indicate that resistance-type exercise pro-
grams can improve aspects of activities of daily living and functional performance. It
is noted and that the exercise program should be started earlier in the disease
trajectory when muscles are most functional. Importantly, it also highlighted that
type of regimen was feasible (e.g., no ill events reported) and did not cause
deleterious effects on muscle strength in the patients. Regardless, exercise should
be prescribed cautiously and the therapeutic merit of any resistance training for
patients with neuromuscular diseases must be assessed against the risk for overwork
and potential for exacerbating the pathology.

4.6.2.2.2 Endurance Exercise

More recently, the “No Use is Disuse” study was the first randomized control trial in
ambulant and wheelchair-dependent DMD boys that examined whether
low-intensity physical training through assisted cycling training using the arms
and legs (5 days/week, 24 weeks) could improve muscle endurance and functional
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capacity (Jansen et al. 2010). The authors found all participants could complete the
training protocol (except one) with no serious adverse events reported. Importantly,
the primary outcome of total Motor Function Measure remained stable with physical
training, whereas it decreased in the control group (Jansen et al. 2013). However, no
improvements in the Assisted 6-Min Cycling Test were observed. These findings
suggest that assisted bicycle training of the legs and arms was feasible and safe for
both ambulant and wheelchair-dependent DMD patients and that physical training
helped maintain functional capacity.

Others have demonstrated improvements in clinically relevant outcomes with
different types of endurance exercise modalities. Compared to range of motion
exercises alone, upper extremity training with an arm ergometer (40 min/session,
3 days/week, 8 weeks) was more effective in preserving and improving the func-
tional level of early-stage DMD patients (Alemdaroglu et al. 2015). Overall, the
studies performed to date demonstrate that dystrophic skeletal muscles retain the
capacity to adapt favorably to exercise training and this can attenuate the functional
decline with disease progression. However, as highlighted in a recent Cochrane
Review of exercise in muscle diseases (Voet et al. 2019), the evidence regarding
endurance and resistance exercise training interventions in muscle diseases remains
uncertain, and more research with robust methodology and greater numbers of
participants are still required.

4.7 Conclusions

Improving quality of life for DMD patients through exercise requires activities that
can improve function in all muscles of the body, ideally including the heart and
respiratory muscles. Exercise has the capacity to improve or maintain physical
function, body composition, and overall quality of life for patients. While endurance
and resistance exercise training can individually promote health benefits, the muscle
adaptive responses are unique to the stimulus/intervention provided. Exercise inter-
ventions could attenuate muscle weakness and dysfunction in DMD, and current
international guidelines recommend regular submaximal exercise activities for boys
with DMD (Bushby et al. 2010). Although studies support rehabilitation as an
adjunct treatment to gene- and cell-mediated therapies for DMD patients (see
Fig. 4.1), current recommendations are based on theories, practical experience of
the practitioners, and knowledge gained from animal studies. Randomized, con-
trolled trials are warranted to investigate the therapeutic merit of adjunct rehabilita-
tion in conjunction with other interventions based on the benefits observed in
preclinical models and DMD patients.
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Chapter 5
Regenerative Rehabilitation in Sarcopenia,
Dynapenia, and Frailty

Cory W. Baumann, Brian C. Clark, Bethan E. Phillips,
Nathaniel J. Szewczyk, and Leslie A. Consitt

Abstract Overall lifespan and health span are dependent on maintaining neuro-
muscular function. Degeneration in neural and muscular etiological factors with
advancing age can result in sarcopenia, dynapenia, and physical frailty. The relative
contribution of these neuromuscular mechanisms to clinically meaningful skeletal
muscle function with aging is poorly understood. Here, we posit that optimal
neuromuscular function, which is critical for healthy aging, includes domains of
motor function, contractile quality, muscle mass, and muscle metabolism. Thus, it is
essential that research efforts identify mechanisms to attenuate neuromuscular dys-
function and skeletal muscle weakness so effective therapeutics can be provided in
the clinical setting. This chapter highlights five major components of neuromuscular
function that are potential targets for regenerative rehabilitation in relation to
sarcopenia, dynapenia, and physical frailty. These are (1) neuromuscular excitation,
(2) excitation–contraction (EC) coupling, (3) mitochondrial function, (4) protein
homeostasis and (5) glucose metabolism.
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5.1 Introduction

5.1.1 The Aging Neuromuscular System

The neuromuscular system, consisting of the nervous and skeletal muscle tissues,
experiences many deficits with advancing age. These deficits contribute to skeletal
muscle weakness that manifests in pervasive chronic conditions and disability
observed in many older adults (defined as 65 years and older by the National
Institutes of Health) (Guidelines for the Review of Inclusion on the Basis of
Sex/Gender, Race, Ethnicity, and Age in Clinical Research 2019). For instance,
around 30% of women and 15% of men in the USA over 60 years self-report that
they are unable to lift or carry 10 pounds (Louie and Ward 2010). Furthermore, over
40% of seniors have limitations in performing one or more daily tasks (e.g., walking
two to three blocks, transferring from sitting to standing) that are essential for
maintaining physical independence (Seeman et al. 2010). Scientific and medical
communities agree that weakness (frequently referred to as dynapenia) is a major
determinant of physical limitations and general poor health in older adults (Rantanen
2003; Rantanen et al. 1998, 1999, 2002; Visser et al. 2005; Newman et al. 2006;
Manini et al. 2007; McGrath et al. 2018, 2019a, b). The neuromuscular mechanisms
of dynapenia are known to be multi-factorial. One well-known contributor to
dynapenia is the age-related loss of muscle mass (collectively referred to as
sarcopenia1) (Clark and Manini 2008). Muscle wasting is not, however, the sole
determinant of age-related weakness. In fact, when changes in quadriceps muscle
size and leg extensor strength were assessed over a 5-year period (n ¼ 1678, 70–79
years at baseline), it was observed that decreases in strength were two–five times
greater than loss of muscle size in those who lost or maintained weight (Delmonico
et al. 2009). Further, individuals that gained weight (n ¼ 333) actually exhibited a
small increase in muscle size, yet were not spared from dynapenia. These findings
indicate that age-related loss of strength is not only attributed to muscle atrophy, but
also complex neurologic and other skeletal muscle factors (Enoka et al. 2003;
Tieland et al. 2018; Russ et al. 2012; Clark and Manini 2008; Narici and Maffulli
2010).

With continued and progressive loss of neuromuscular function, the risk of
developing physical frailty increases, with physical frailty defined as “a medical
syndrome with multiple causes and contributors that is characterized by diminished
strength, endurance, and reduced physiologic function that increases an individual’s
vulnerability for developing increased dependency and/or death” (Morley et al.
2013). Physical frailty is often considered to be on a continuum, in that frailty status

1In this article we use terms that have been more commonly used over the past decade and longer to
specifically refer to age-related muscle weakness (i.e., dynapenia) and wasting (i.e., sarcopenia).
We should note, however, that the operational definition of “sarcopenia” is still fluid and that recent
consensus statements now emphasizing low muscle strength as the primary characteristic of
sarcopenia (Cruz-Jentoft et al. 2019).

122 C. W. Baumann et al.



can transition between non-frail, pre-frail (or intermediate) and frail, with status
corresponding to mortality risk (Fried et al. 2001; Baumann et al. 2020). In a recent
systematic review and meta-analysis, these transition states predicted mortality, with
hazard ratios of 1.335 (95% CI: 1.260–1.414) and 2.000 (95% CI: 1.727–2.316) for
pre-frail and frail individuals when compared to those that were non-frail, respec-
tively (Chang and Lin 2015). Similar findings have also been observed in the
C57BL/6 mouse (Baumann et al. 2018; Kwak et al. 2020; Baumann et al. 2020), a
common strain used by laboratories to study aging (Mitchell et al. 2015). In both
humans (Fried et al. 2001) and rodents (Liu et al. 2014; Baumann et al. 2020),
skeletal muscle weakness and loss of function are salient components in the devel-
opment of physical frailty. Therefore, if sarcopenia and dynapenia are left untreated,
a vicious cycle of weakness and neuromuscular dysfunction will continue, leading to
physical frailty, loss of dependence and ultimately, an early death.

5.1.2 Regenerative Rehabilitation in the Aging
Neuromuscular System

Maintaining neuromuscular function is an important component to overall lifespan
and health span. Sarcopenia, dynapenia and resultant physical frailty may result from
primary neural or muscular etiological factors or a combination thereof (Fig. 5.1).
The relative contribution of these neuromuscular mechanisms to clinically mean-
ingful skeletal muscle deficits in advancing age is poorly understood. Moreover,

Fig. 5.1 Domains that contribute to neuromuscular deficits with age. Loss of neuromuscular
excitation, EC coupling failure, sarcopenia (via loss of protein homeostasis) and metabolic dys-
function (via mitochondrial dysfunction and impaired glucose metabolism) contribute to physical
frailty, as measured by dynapenia and muscle dysfunction
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muscle mass has broad health benefits that extend beyond just force generation
capacity and locomotion, such as the critical role it plays in metabolism, specifically
glucose regulation. Optimal neuromuscular function in the domains of motor func-
tion, contractile quality, muscle mass, and muscle metabolism are therefore critical
to healthy aging. Thus, identifying and validating therapeutic approaches that focus
on attenuating or delaying neuromuscular dysfunction and subsequently dynapenia
are essential goals in laboratory and clinical settings. This chapter highlights five
major components of neuromuscular function that are potential targets for regener-
ative rehabilitation in sarcopenia, dynapenia, and physical frailty. These are (1) neu-
romuscular excitation, (2) excitation-contraction (EC) coupling, (3) mitochondrial
function, (4) protein homeostasis, and (5) glucose metabolism. Each component or
section within this chapter is further divided into the following subsections: Intro-
duction, Age-induced Pathophysiology, and Regenerative Rehabilitation.

5.2 Neuromuscular Excitation

5.2.1 Introduction to Neuromuscular Excitation

There are two important constructs to muscular strength, the ability to generate
sufficient force and the ability to generate force rapidly. The capacity of the central
nervous system to excite motor units (i.e., muscle fibers innervated by a motor
neuron) is critical to both. It is also important to recognize that the ability to
selectively engage muscles in a coordinated, context sensitive manner is critical to
motor control of skeletal muscle. For instance, if a perturbation occurs during gait,
the adaptive response that is observed extends across the whole body, involving
coordinated lower limb muscle activity, but also goal-directed engagement of torso
and upper limb muscles (Marigold and Misiaszek 2009). The pattern of muscle
activation under such circumstances is often described with the term “synergy.”
Synergy is defined as mechanisms used by the central nervous system to coordinate
groups of motor units into functional assemblies (Windhort et al. 1991). While it is
perhaps obvious that measures of muscle strength depend upon the ability to recruit
motor units, it is less widely appreciated that all voluntary contractions and move-
ments reflect the organization of muscle synergies. Thus, strength is the accumula-
tion of both skeletal muscle and the motor system (Enoka 1988). Voluntary
engagement occurs through activity in brain networks (e.g., in the primary motor
cortex), which results in elevated firing of (descending) corticospinal neurons and
the consequential recruitment of spinal motor neurons and muscle fibers. As
descending neural drive increases, a greater number of spinal motor neurons are
recruited, discharge more rapidly, and increase contractile force (Ashe 1997). When
a motor neuron fires sufficiently fast, the muscle fibers it innervates produce a fused
contraction. In this context, the state of the spinal motor neurons (in addition to
descending drive from the motor cortex and other supraspinal centers) are influenced
by many factors, such as those mediated by excitatory and inhibitory afferent

124 C. W. Baumann et al.



projections and alterations in motor neuron properties that may make them more or
less responsive to synaptic input (Berardelli et al. 2001).

5.2.2 Age-Induced Pathophysiology of Neuromuscular
Excitation

5.2.2.1 Age-Induced Loss of Voluntary (Central) Muscle Activation

Numerous studies have compared electrically-stimulated force
production vs. voluntary force production to examine whether aging results in an
impaired ability of the nervous system to fully activate skeletal muscle volitionally
(Clark and Taylor 2011). These reports have yielded discrepant findings, likely due
to variations in the muscle groups investigated, as well as the inherent heterogeneity
of aging (Lowsky et al. 2014). In a recent report, older adults with clinically
meaningful leg extensor weakness, exhibited deficits in the ability of their nervous
system to fully activate their leg extensor muscles, while stronger older adults did not
(Clark et al. 2019). Data such as this support the notion that the nervous system is a
key culprit in older adults with clinically meaningful age-related weakness.

In addition to the leg extensor musculature, there is also evidence that grip
strength measures are largely reflective of the integrity of the nervous system
(Carson 2018). For instance, there is a well-described decline in the flexion force
that can be generated by an individual finger, as the number of other fingers that
contribute to the grip is increased (Ohtsuki 1981). The observation that the magni-
tude of this deficit is greater in older adults than in the young (Shinohara et al. 2003b)
is consistent with evidence that deficiencies in muscle synergy formation contribute
to the difficulties experienced by older adults in many movement tasks (Shinohara
et al. 2003a; Barry et al. 2005). This finding is particularly intriguing when one
considers that low hand grip strength is associated with a wide range of negative
health outcomes in older adults, including cardiovascular disease (Celis-Morales
et al. 2018), diabetes (McGrath et al. 2017), dementia (Buchman et al. 2007; Carson
2018), functional disability (McGrath et al. 2018; Al Snih et al. 2004), depression
(Fukumori et al. 2015), mobility limitations (Hicks et al. 2012; Bhasin et al. 2020),
and early all-cause mortality (Duchowny 2019; McGrath et al. 2019b).

5.2.2.2 Age-Induced Loss of Neural Excitability

Neural excitability can broadly be defined as the readiness of a nerve cell or a neural
circuit to respond to a stimulus (Konstantinovic and Fliipovic 2019; Kandel et al.
2013; Schulz et al. 2006). The response is typically in the form of an action potential,
a transient change of electrical charge (polarization) of the neuronal membrane. The
action potential can be measured either individually, at the level of an individual
nerve cell, or as the sum of action potentials in the form of a compound action
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potential or an evoked potential, at the level of groups of neurons or neural circuits
(Kandel et al. 2013). There is a strong theoretical basis for the contention that neural
hypoexcitability serves as a key contributor to weakness. That is, a neuron with low
excitability will, conceptually, have a lower maximal steady-state firing frequency
(Schulz et al. 2006).

Dynapenia, as well as a myriad of other disorders and conditions (e.g., disuse,
injury, and sepsis), may be due, in part, to neural hypoexcitability (Clark et al. 2020;
Clark et al. 2014; Nardelli et al. 2013; Stefanelli et al. 2019). In the context of aging,
older adults with clinically meaningful leg extensor weakness exhibit indexes
indicative of corticospinal hypoexcitability (e.g., magnetic brain stimulation derived
motor evoked potentials about half that of the strong older adults) (Clark et al. 2020).
Moreover, these indexes could explain ~33% of the between-subject variability in
older adult’s leg extensor strength, which was slightly more than that explained by
thigh lean mass (Clark et al. 2020). These findings suggest that weakness is
mechanistically, partially mediated by neural hypoexcitability. Whether dysfunction
is at the level of the cortical or spinal motor neurons has yet to be determined; though
it has been hypothesized that age-induced hypoexcitability occurs in both upper and
lower motor neurons. For instance, paired-pulse brain stimulation paradigms that
permit inferences in relation to intracortical excitability demonstrate that older adults
have greater indices of cortical hypoexcitability in comparison to young adults
(McGinley et al. 2010; Clark et al. 2015). Human and animal studies also suggest
that aging results in a reduction in α-motor neuron excitability (e.g., greater and
longer hyperpolarization potentials and lower minimal and maximal steady-state
firing frequencies) (Kalmar et al. 2009; Christie and Kamen 2006, 2010; Kamen
et al. 1995).

5.2.2.3 Age-Induced Loss of Dopaminergic Function

Within the central nervous system, the basal ganglia may theoretically be linked to
age-related reductions in mobility capacity via its associated dopaminergic function.
Progressive degeneration of mid-brain dopaminergic neurons has been associated
with deficits in the initiation, speed, and fluidity of voluntary movement (Berardelli
et al. 2001; Buhusi and Meck 2005; Turner and Desmurget 2010). With regards to
aging, slower rates of voluntary force development have been linked to risk of falls
(Kamo et al. 2019), and ability of the nervous system to rapidly drive muscle force
production is associated with overall mobility (Moskowitz et al. 2020). Moreover,
peak horizontal saccade velocity, which theoretically should not be impacted by
musculoskeletal mechanisms and processes, has been reported to decrease with age
(Irving et al. 2006). In fact, older adults have a saccade velocity about half that of
young adults (Irving et al. 2006). Studies of the aging human brain have also shown
that regulation of dopamine action is significantly reduced in older age via structural
degradation, including neuronal loss, fewer neuroreceptor sites, and loss of trans-
porter molecules (Kaasinen and Rinne 2002). For instance, age-dependent declines
of brain dopamine agonist (DA) levels have been reported in the basal ganglia,
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specifically the dorsal striatum post-mortem (Carlsson and Winblad 1976). In vivo
imaging studies have since confirmed these findings (Kaasinen and Rinne 2002).

After the age of 20, the availability of dopamine D1-like receptors also declines in
the human striatum at a rate of ~7% per decade (Suhara et al. 1991; Wang et al.
1998). The D2-like family demonstrates a similar decrease in receptor density
(~5–10% per decade) (Rinne et al. 1993; Wong et al. 1997) and receptor binding
potential (~6–8% per decade) (Rinne et al. 1993; Antonini and Leenders 1993;
Volkow et al. 1996). There are several studies that have directly examined the
relationship between striatal DA and age-related changes in gait and other parame-
ters of motor function. Volkow et al. (1998) reported that age-related decreases in
brain dopamine activity in non-Parkinsonian older adults, coincided with reductions
in finger tapping speed. Similar studies have reported that lower striatal dopamine
transporter activity explained ~23% and 35% of the between-subject variance in
“comfortable pace” gait speed and cadence, respectively (Cham et al. 2008). More-
over, several investigations have reported a relationship between dopaminergic
genotype (catechol-O-methyltransferase (COMT) genotype) and mobility
(Moskowitz et al. 2020; Metti et al. 2017; Holtzer et al. 2010). These studies suggest
that the genotype resulting in intermediate levels of tonic DA (i.e., the Val158Met
polymorphism) is associated with faster gait and movement speeds, which is likely
due to it balancing the roles of tonic and phasic DA (i.e., tonic–phasic regulation of
DA transmission) (Bilder et al. 2004; Grace 1991; Schacht 2016).

5.2.3 Regenerative Rehabilitation and Neuromuscular
Excitation

Physical exercise is known to enhance motor control and function via neural
adaptations in older adults, and therefore cannot be overemphasized (Watson
2017). However, general physical exercise is beyond the scope of this chapter.
Here, we discuss goal-directed motor training as well as other novel
neurotherapeutic approaches that may be leveraged to improve neural excitation of
muscle. We should note at the outset that, to our knowledge, there are no
FDA-approved neuro-based therapies that have been approved for use in situations
of muscle weakness or mobility limitations. All approaches that we will discuss
should be considered experimental and only used in the context of research studies
(as opposed to clinical practice per se). There are several potential approaches for
enhancing neural excitability; herein, we discuss; goal-based motor training,
non-invasive brain stimulation and pharmacological compounds.

5 Regenerative Rehabilitation in Sarcopenia, Dynapenia, and Frailty 127



5.2.3.1 Goal-Based Motor Training

The attachments between neurons are incredibly dynamic; they change and grow
(or shrink) constantly. Working together in a network, neurons organize themselves
into specialized groups to form different kinds of information processing. When one
neuron sends a signal to another, the synapse between the two strengthens (hence the
adage “neurons that fire together, wire together”). The more often a particular signal
is sent between them, the stronger the connection grows. Novel experiences and
learning cause new dendrites to form, whereas repeated behavior and learning cause
existing dendrites to become more entrenched. These basic principles are funda-
mental to the development and rationale of exercise training strategies for enhancing
motor function.

Motor representations (i.e., movement memories) are formed and stored in the
brain, just like our memories of people and events. Motor representations are created
by a series of remarkably complex coordinated processes dispersed throughout the
brain that involve multiple neural networks that interact to help individuals perform
learned movements. Thus, memory is the cornerstone of all learning. Motor adap-
tation refers to learning a new movement skill. When someone practices a movement
over and over again, they perform better, partly because they develop new motor
memories.

Progressive resistance exercise is largely considered to be the first-line therapy to
manage sarcopenia (Dent et al. 2018). We believe this is rational in that it has been
shown to have innumerable benefits (Churchward-Venne et al. 2015; Law et al.
2016). However, advancing age has been suggested to result in increased cortical
processing for mobility tasks (i.e., less automaticity) (Sorond et al. 2015). Thus, we
encourage increased attention to be given to interventional strategies that incorporate
goal-based motor skill training (note: “goal-based” refers to the practice of certain
activities that lead to improved performance). There are many exercise modalities
that can incorporate aspects of goal-based motor skill training, but the more classic
approaches are exercise modalities such as Tai Chi, dancing, boxing, and mixed
martial arts. The central premise of goal-based motor skill training is that it facilitates
learning through feedback (reinforcement learning), involves engagement of the
prefrontal cognitive circuits that are involved in early phases of motor learning,
and incorporates parameters important for experience-dependent neuroplasticity
(e.g., intensity, repetition, difficulty, specificity, complexity of practice, etc.). Feed-
back (verbal cueing, proprioceptive, etc.) has numerous purposes, such as challeng-
ing individuals beyond their self-selected levels of perceived capability, maintaining
motivation, and increasing cognitive awareness of movements that were previously
automatic and unconscious. Figure 5.2 provides an illustration of the neural struc-
tures and connections involved in the cognitive and automatic aspects of motor
control in relation to goal-directed learning. Goal-based exercise strategies have
become a mainstay in neurorehabilitation for the improvement or recovery of
impaired or lost motor function in overt neurological disease (e.g., Petzinger et al.
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2013), and for the reasons stated in this chapter, we believe these strategies hold
promise for dynapenia.

5.2.3.2 Non-invasive Brain Stimulation

Non-invasive brain stimulation consists of techniques including transcranial mag-
netic stimulation and transcranial direct current stimulation (tDCS). High-frequency
(e.g., 10–20 Hz) magnetic brain stimulation and anodal transcranial direct current
stimulation both have been demonstrated to transiently increase excitability of the
motor cortex (Reis et al. 2008; Kobayashi and Pascual-Leone 2003; Lefebvre and
Liew 2017). Whether they have the potential to modify strength and physical
function, for use during rehabilitation or as a stand-alone therapy is not clear. In
relatively small studies (based on sample size) consecutive sessions of anodal
transcranial direct current stimulation enhanced hand dexterity (i.e., ~20–25%
improvement on the Purdue Pegboard Test performance) (Rostami et al. 2020) and
improved elbow flexor fatigue-resistance (i.e., ~15% increase the time to task failure
of a sustained, submaximal contraction) (Oki et al. 2016) (Fig 5.3a). Thus, while this
is far from conclusive data, it does suggest that non-invasive brain stimulation has
the ability to modify indexes of motoric and muscle function in older adults.

Fig. 5.2 Goal directed and habitual control circuits of behavior. Motor control incorporates
numerous cortical and subcortical structures with the most critical connections being those between
the basal ganglia and cortex as these deeply involved in the cognitive (a) and automatic (b) aspects
of motor control. In a, arrows represent the cognitive (or volitional) circuits. In b, the arrows
represent the automatic (or the unconscious/habitual) circuits. Aging has been suggested to result in
impaired automaticity. As such, we advocate for increased investigations on whether goal-based
motor training programs can be used to mitigate and treat dynapenia. Figure recreated based on that
of Petzinger et al. (2013). This image was created using BioRender (https://BioRender.com)
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5.2.3.3 Pharmacological Compounds

Compounds that increase neural excitability can also enhance motor function. One
such potential compound is caffeine. Caffeine is a well-established performance
enhancing nutritional compound in young, healthy humans. There are limited data
on the effects of caffeine on measures of human performance in older adults. The
few studies that do exist are small-scale trials (e.g., 10–30 subjects) and have
reported mixed effects. Specifically, some studies suggest that caffeine supplemen-
tation (typically around 3 mg/kg, or the equivalence of two–three cups of coffee)
does not alter leg extensor muscle strength, static balance, as well as various
measures of physical performance (Tallis et al. 2020). Conversely, some studies
have reported that caffeine, when compared to a placebo, modestly enhances
(~6–8%) manual dexterity, timed up and go time, and six-minute walk gait speed
(Duncan et al. 2014), and more robustly increases the rate of force development
during a sit to stand task around 13% (Tallis et al. 2020) (Fig. 5.3b). It should be
noted that all of the prior work has been conducted in relatively young older adults
(e.g., mean age of late 60s to early 70s) who were extremely high functioning. Thus,

Fig. 5.3 Mean effects of various approaches that increase neural excitability on enhancing
measures of physical function in older adults. (a) Single session of anodal transcranial direct current
stimulation (tDCS), which increases cortical excitability, increased the time to task failure of a
sustained, submaximal elbow flexion contraction (Oki et al. 2016), and five consecutive days of
anodal tDCS improved the Purdue Pegboard Task performance (a measure of hand dexterity)
(Rostami et al. 2020). (b) Acute ingestion of caffeine (3 mg/kg, which is the equivalence of 2–3
cups of coffee) increased manual dexterity, timed up and go time, six-minute walk gait speed
(Duncan et al. 2014), as well as the rate of force development during a sit to stand task (Tallis et al.
2020). (c) A single dose of methylphenidate improved timed up and go performance (Ben-Itzhak
et al. 2008). (d) Three weeks of L-DOPA improves single (blue) and dual task (violet) usual gait
speed in older adults with depression (Rutherford et al. 2020). Graphs recreated based on data
published in the respective articles
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it is possible that a ceiling effect may exist as it relates to any enhancement in
function amongst older adults with such high levels of physical function and
mobility. Thus, more work is needed, and the existing results must be interpreted
cautiously and critically.

Another potential compound of interest is the serotonin 5-HT2c receptor agonist,
although the effects of serotonin 5-HT2c receptor agonist on motor function in aged
rodents or humans have yet to be tested. However, motor neuron hypoexcitability
has been reported to contribute to sepsis-induced weakness in rat muscle (Nardelli
et al. 2013, 2016), and subthreshold voltage-activated currents are a key mechanism
underlying defective repetitive firing observed in this model (Nardelli et al. 2017).
More recently, it was demonstrated that treatment of septic rats with injection of a
selective serotonin 5-HT2c agonist (lorcaserin; 3 mg/kg) significantly improved
repetitive motor neuronal firing and dramatically increased motor unit force produc-
tion. To our knowledge, only one prior study has examined the effects of lorcaserin
on any behavioral measure related to motor function. In that study, young rats
(n ¼ 8) received single, varying 5-HT2c agonist doses, and a 21% increase in
Rotarod performance (i.e., walking speed, motor performance) was observed at a
dose of 0.6 mg/kg (Higgins et al. 2012). However, worsened performance was
observed at higher doses, consistent with reports that high doses result in malaise
(Higgins et al. 2020). Thus, additional research is needed.

With regards to the dopaminergic system, there are several studies that support
the potential modulation of this system to enhance physical function and mobility
outcomes in older adults. The earliest of these evaluated the potential of a single dose
of methylphenidate (20 mg) on measures of physical function (Ben-Itzhak et al.
2008). Methylphenidate has multiple mechanisms of action, yielding its stimulant
effect, with one of the mechanisms of action being inhibition of dopamine uptake
(PubChem 2021a). This study reported that methylphenidate improved timed up and
go performance and gait (stride time variability) in 26 community dwelling older
adults when compared to placebo (Ben-Itzhak et al. 2008) (Fig. 5.3c). The second of
these studies also examined the effects of a single dose of methylphenidate (short-
acting 10 mg) on gait in thirty healthy older adults (Shorer et al. 2013). Here, it was
also observed that methylphenidate improved mobility by reducing step errors
during a standard gait task as well as when the gait task was overlayed with a
cognitive load component. The findings that the effect was most robust in a dual task
requiring higher executive control suggests the effects could be due to improvements
in sustained attention as well as potential direct effects on the motor system. While
beyond the scope of this chapter, it should be noted that there is growing scientific
interest in the role of cognitive and motor system interactions and their interrela-
tionship with age-related declines in both systems (Cohen and Verghese 2019).
Lastly, there is one study that has examined the potential utility of levodopa
(L-DOPA), an amino acid precursor of dopamine (PubChem 2021b), for enhancing
physical function in older adult. This recent pilot study treated sixteen older adults
who suffered from depression with L-DOPA for 3-weeks, and reported a 16% and
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28% significant increase in single task and dual task usual gait speed, respectively
(Rutherford et al. 2020) (Fig. 5.3d). These above-mentioned findings clearly indicate
the need for further work examining the role of dopaminergic function in age-related
mobility capacity.

With the above-mentioned said, a pharmaceutical approach to enhancing physical
function in older adults could, in and of itself, be problematic as polypharmacy,
defined as being prescribed five or more medications, has been shown to be
associated with a decline in mental and physical functioning in elderly patients
(Williams et al. 2019). In particular, anticholinergics, benzodiazepines, antipsy-
chotics, and opioids were all found to have significant adverse effects in the elderly
population (Williams et al. 2019). It should be noted that, in general, these classes of
medications have sedative properties that reducing neural excitability. Thus, it is
very possible that a “less is more” pharmaceutical approach may be the most
beneficial approach to enhancing physical function in older adults.

5.3 Excitation–Contraction (EC) Coupling

5.3.1 Introduction to EC Coupling

In addition to the loss of neuromuscular excitation, sites and structures within the EC
coupling pathway have also been linked to age-induced weakness (Delbono et al.
1995; Renganathan et al. 1997a; Ryan and Ohlendieck 2004; Delbono 2011;
Baumann et al. 2016). EC coupling can broadly be defined as the sequence of events
linking plasmalemma depolarization to the release of Ca2+ from the sarcoplasmic
reticulum (SR) (Sandow 1952; Hernández-Ochoa and Schneider 2018; Calderón
et al. 2014). Briefly, after a threshold potential is initiated at the motor endplate, a
membrane action potential propagates along the plasmalemma down the transverse
(T)-tubules. Action potential conduction is dependent on a coordinated response of
various plasmalemmal ion channels and pumps. Depolarization of the plasma
membrane stimulates the voltage-sensitive dihydropyridine receptors (DHPRs)
located in the T-tubules, which in turn, activate the ryanodine receptors (RyRs). In
skeletal muscle, the DHPRs and RyRs are in close proximity as to permit physical
contact, thereby allowing direct interaction and communication (Fill and Copello
2002; Grabner and Dayal 2010; Calderón et al. 2014). The RyR is a Ca2+ release
channel composed of four monomers embedded in the SR membrane. Each RyR
monomer interacts with numerous ancillary proteins (e.g., calstabin, calmodulin)
and enzymes (e.g., phosphatase; PP1, phosphodiesterase; PDE4D3) known to alter
its gating (Bellinger et al. 2008a; Santulli et al. 2018). Upon RyR activation, Ca2+ is
released into the cytosol and cross-bridge formation subsequently occurs. Theoret-
ically, if any step in the EC coupling pathway is disrupted (termed EC coupling
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failure), voltage-induced SR Ca2+ release will be impaired, and less cytosolic Ca2+

will be available for cross-bridge formation and force generation (Baumann et al.
2016). With increasing age, peak intracellular Ca2+ transients evoked by
plasmalemmal depolarization have been shown to decrease (Wang et al. 2000;
Gonzalez et al. 2003; Delbono et al. 1995; Russ et al. 2011; Umanskaya et al.
2014), indicative of impaired SR Ca2+ release. Age-induced EC coupling failure can
be observed as dynapenia without a concomitant change in muscle mass, as mea-
sured by reductions in skeletal muscle-specific force (i.e., force normalized to
muscle mass or cross-sectional area; CSA) (Lynch et al. 1999; Moran et al. 2005;
Hill et al. 2020; Goodpaster et al. 2006; Russ et al. 2011). Potential mechanisms for
EC coupling failure in aged muscle include reduced content of EC coupling proteins,
loss of EC coupling protein-protein interactions and/or modifications to EC coupling
proteins (Fig. 5.4).

Fig. 5.4 Possible sites and structures within the excitation-contraction (EC) coupling pathway
implicated in age-induced skeletal muscle weakness (i.e., dynapenia). EC coupling failure with
advanced age this thought to stem from DHPR-RyR uncoupling via the loss of DHPR, RyR and/or
the triad structure. (A) Loss of triad structure with (B) corresponding reductions in triadic proteins,
such as JP45 and MG29. (C) Loss of the DHPR and/or RyR causing a decrease in the DHPR/RyR
ratio (in figure, DHPR content is reduced). (D) Loss or depletion of calstabin from RyR causing SR
Ca2+ leak and (E) increased intracellular Ca2+ concentrations. This image was created using
BioRender (https://BioRender.com)
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5.3.2 Age-Induced Pathophysiology of EC Coupling Failure

5.3.2.1 Age-Induced Loss of EC Coupling Proteins and Protein-Protein
Interactions

Any reduction in EC coupling proteins or the ability of these proteins to interact
could result in EC coupling failure. Although many sites of age-induced EC cou-
pling failure have yet to be established, several research groups have reported
reduced expression, lowered content, and altered protein-protein interactions
among the DHPR and RyR proteins (Fig. 5.4). Reductions in either DHPR
(O’Connell et al. 2008; Renganathan et al. 1997a; Ryan et al. 2000), specifically
the CaV1.1 subunit of DHPR (DHPRα1s) (Catterall et al. 2005), or RyR (Fodor et al.
2020) expression or protein content have been reported by many, but not by all
(Lamboley et al. 2016; Ryan et al. 2003, 2011). With loss of DHPR and/or RyR, the
DHPR-RyR interaction is uncoupled, as measured by decreases in the DHPR/RyR
ratio (Renganathan et al. 1997a; Ryan et al. 2000). Delbono and colleagues
(Renganathan et al. 1997a) reported that reduced DHPR expression in rat skeletal
muscle is the molecular basis for age-induced EC coupling failure. Decreased
expression of DHPR was suggested to cause significant impairment in action
potential transduction into a DHPR signal, consequently reducing RyR activation,
SR Ca2+ release and cross-bridge formation.

Besides loss of DHPR and/or RyR, age-induced uncoupling between DHPR and
RyR may stem from diminished communication between these two proteins
(Fig. 5.4). This is supported by fragmented SR (Weisleder et al. 2006) and
disarranged triads (Boncompagni et al. 2006; Zampieri et al. 2015) observed using
electron microscopy. Essentially, with triad disarrangement, the proximity of the
DHPRs to the RyRs will be lost, reducing the number of proteins that can physically
interact. Disorganized alignment of SR and T-tubule membranes coincide with
reductions in the triadic proteins JP-45 (Anderson et al. 2003) and MG29 (Weisleder
et al. 2006), proteins thought to interact with DHPR and RyR or maintain the
structure of triad junction. Loss of these triadic proteins would inevitably increase
the distance between the T-tubule and SR, and subsequently the DHPR-RyR
interaction. Aligning with these aforementioned changes, Ca2+ handling proteins
(e.g., sarcalumenin) (O’Connell et al. 2008), plasmalemmal ion channels (e.g.,
chloride channels) (Pierno et al. 1999) and plasmalemmal pumps (Ca2+ ATPase
and the Na+-Ca2+ exchanger) (O’Connell et al. 2008) have also been reported to
exhibit age-related reductions in content. Further research will be needed to elucidate
whether all these age-related changes occur in synchronization or if there is an
initiating event. Taken together, many EC coupling structures and proteins appear
to be influenced by age, but most data suggest EC coupling failure stems from
DHPR-RyR uncoupling via the loss of DHPR, RyR and/or the triad structure.

134 C. W. Baumann et al.



5.3.2.2 Age-Induced Modifications to EC Coupling Proteins

Modifications that occur to EC coupling proteins will also result in EC coupling
failure. The most documented proteins are at the triad junction, specifically the
RyRs. The RyR is a macromolecule complex that interacts with numerous proteins
and is prone to various modifications (Bellinger et al. 2008a; Santulli et al. 2018).
With advancing age, the RyR becomes increasingly oxidized and nitrosylated,
promoting RyR dysfunction (Andersson et al. 2011; Umanskaya et al. 2014;
Lamboley et al. 2016). Interestingly, these redox modifications do not appear to
directly alter RyR function per se, but rather through their effects on the ancillary
proteins associated with the channel’s activity. One in particular is calstabin (FK506
binding protein, FKBP12) (Andersson et al. 2011), a 12-kDa protein that normally
binds to each RyR monomer (Fig. 5.4). Calstabin is thought to stabilize the channel,
preventing it from opening to subconductance states (Ahern et al. 1997; Brillantes
et al. 1994). Age-associated oxidation and nitrosylation of RyR depletes the channel
of calstabin, diminishing the calstabin-RyR interaction (Andersson et al. 2011;
Umanskaya et al. 2014). These changes are thought to result in “leaky” RyRs that
manifest in increased single-channel open probability, increased Ca2+ spark fre-
quency (Andersson et al. 2011; Umanskaya et al. 2014) and reduced SR Ca2+

content (Lamboley et al. 2015, 2016). Under these conditions, voltage-mediated
SR Ca2+ release appears to be impaired through loss of RyR function rather than
RyR content (Andersson et al. 2011; Lamboley et al. 2016; Russ et al. 2011). In
support of the loss in the calstabin-RyR interaction causing SR Ca2+ leak, others
have reported resting Ca2+ concentrations are elevated in aged muscle (Mijares et al.
2020). Importantly, RyR dysfunction mediated by depletion of calstabin is not only
observed with age (Russ et al. 2011; Andersson et al. 2011; Umanskaya et al. 2014),
but also heart failure (Shan et al. 2010), muscular dystrophy (Bellinger et al. 2009),
chronic muscle fatigue (Bellinger et al. 2008b), and contraction-induced injury
(Baumann et al. 2014). These results suggest that age-related EC coupling failure
predominantly stems from redox-induced RyR dysfunction.

5.3.3 Regenerative Rehabilitation and EC Coupling

Data suggests age-induced weakness due to EC coupling failure stems from (1) a
reduction in the DHPR-RyR interaction via the loss of the DHPR, RyR and/or triad
structure and (2) redox-induced RyR dysfunction. Although the initiating events that
induce EC coupling failure are likely many, loss of mitochondria homeostasis and
oxidative stress appear to be central catalysts (Andersson et al. 2011; Qaisar et al.
2018; Umanskaya et al. 2014). With advancing age, oxidative stress is thought to
occur due to an overproduction of reactive oxygen and nitrogen species (ROS/RNS)
and an impaired ability to neutralize them (Mijares et al. 2020; Vasilaki et al. 2006).
ROS/RNS can increase with age due to mitochondrial dysfunction caused by
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age-related mitochondrial DNA mutations, deletions and/or damage (Boengler et al.
2017) (see Sect. 5.4.2.1). With the accumulation of ROS/RNS, the RyRs are subject
to oxidative stress, which leads to SR Ca2+ leak and elevated cytosolic Ca2+

concentrations (see Sect. 5.3.2.2) (Andersson et al. 2011; Umanskaya et al. 2014).
These events can lead to a vicious cycle that exacerbates mitochondrial dysfunction
by causing mitochondrial Ca2+ overload, stimulation of additional ROS/RNS and
greater SR Ca2+ leak (i.e., further depleting RyR of its stabilizing subunit calstabin).
These data indicate that overproduction of ROS/RNS occurring in aged skeletal
muscle may alter the expression and function of key EC coupling proteins, thereby
causing dynapenia.

When considering regenerative rehabilitation to combat age-associated EC cou-
pling failure, it is essential to reduce oxidative stress via lowering ROS/RNS
production, increasing ROS/RNS clearance or by attenuating the negative effects
of ROS/RNS. Likely one of the most robust and potent strategies is modifying
lifestyle with physical exercise (Distefano and Goodpaster 2018; Lanza et al. 2008).
For instance, muscle from older adults who exercised regularly had lower expression
of genes related to oxygen species detoxification, better preserved fiber morphology,
better preserved ultrastructure of intracellular organelles involved in Ca2+ handling
and produced greater maximal isometric knee extensor force when compared to
age-matched sedentary participants (Zampieri et al. 2015). Moreover, long-term
training (i.e., access to a voluntary running wheel) promoted maintenance of the
triad junction (Boncompagni et al. 2020), prevented age-induced elevations in
resting intracellular Ca2+, loss of RyR content and reductions in ex vivo specific
force in C57BL/6 mouse muscle (Fodor et al. 2020). Although physical exercise is a
robust lifestyle modifier that improves function, it is difficult to pinpoint its precise
mechanisms of action, especially if it is lifelong. Moreover, physical exercise may
not be practical or feasible for all older adults. Methods to mimic physical activity
have therefore become attractive therapies to attenuate age-induced oxidative stress
and its downstream effects. Here, we highlight the use of antioxidants and the
pharmaceutical S107 as potential therapeutic approaches, and briefly discuss the
role of insulin-like growth factor-1 (IGF-1) in EC coupling maintenance with age.

5.3.3.1 Antioxidants

Preventing or restoring the redox environment of skeletal muscle has been reported
to improve EC coupling and muscular strength in aged muscle. Recently, in vivo
supplementation of selenium for 2 months, a trace element with antioxidant proper-
ties, was found to increase the maximal rate of Ca2+ efflux and specific force in aged
C57BL/6 mouse muscle (Fodor et al. 2020). Furthermore, antioxidant treatment of
dithiothreitol (DTT; a strong reducing agent) reduced RyR channel oxidation, SR
Ca2+ leak and RyR Ca2+ sparks in aged C57BL/6 mouse fibers (Umanskaya et al.
2014) and increased maximal SR Ca2+ accumulation in human fibers of old subjects
(Lamboley et al. 2016). To determine if increasing lifelong mitochondrial antioxi-
dant activity would prevent age-related EC coupling failure and dynapenia,
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Umanskaya et al. (Umanskaya et al. 2014) overexpressed the human catalase gene in
mitochondria. Catalase is an antioxidant enzyme that catalyzes the decomposition of
hydrogen peroxide into water and oxygen. When compared to aged-matched con-
trols, mice overexpressing catalase had less mitochondrial ROS (Lee et al. 2010),
increased SR Ca2+ load, increased Ca2+ transients and reduced SR Ca2+ leak, all of
which translated into greater skeletal muscle-specific force (Umanskaya et al. 2014).
Taken together, these studies indicate mitochondrial ROS production is a molecular
mechanism for age-related EC coupling failure and that reducing ROS through
antioxidants (particularly those that target the mitochondrial or RyRs) may improve
Ca2+ homeostasis and attenuate or delay the onset of dynapenia.

5.3.3.2 S107

Pharmacological agents can also be used to improve age-induced EC coupling
failure caused by excessive oxidative stress. Marks and colleagues (Andersson
et al. 2011) eloquently accomplished this by treating aged mice with S107, a drug
that preserves the calstabin-RyR interaction. Impressively, 4 weeks of S107 treat-
ment in old C57BL/6 mice was able to stabilize calstabin to RyR, prevent SR Ca2+

leak, restore tetanic Ca2+ release and increase muscle-specific force when compared
to muscle of age-matched, untreated mice. These beneficial effects were observed
despite persistent RyR oxidation and nitrosylation, indicating treatment was not able
to reduce RyR modifications, but was able to ameliorate the detrimental effects of
oxidative stress. These reports align with data demonstrating that when catalase is
overexpressed in aged C57BL/6 mice, less RyR is oxidized and depleted of calstabin
(Umanskaya et al. 2014). Reports such as these indicate EC coupling failure due to
RyR dysfunction mediated by depletion of calstabin can be improved through
preventing the loss of calstabin (via the increased capacity to neutralize oxidative
stress) or by restoring calstabin to RyR (via S107). From a practical perspective,
pharmacological agents like S107 yield significant promise for individuals that may
have already experienced dynapenia or passed the timepoint when age-related RyR
oxidation or nitrosylation is reversible.

5.3.3.3 Insulin-Like Growth Factor-1 (IGF-1)

An alternative strategy, not directly associated with the mitochondria or oxidative
stress, is the use of IGF-1. Insulin-like growth factor (IGF-1) is a peptide primarily
known for its canonical role in promoting skeletal muscle differentiation and growth
(Florini et al. 1996). Another, less recognized function of IGF-1 is expression of
DHPR. Data from S1S2 mice overexpressing human IGF-1 (20–30-fold increase in
concentration) in skeletal muscle resulted in a significant increase (over 50%) in the
number of DHPRs, specifically the CaV1.1 subunit (Renganathan et al. 1997b).
Moreover, with advancing age, muscle of these IGF-1 overexpressing mice
maintained a high DHPR number, DHPR/RyR ratio and muscle specific force
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when compared to the reductions observed in muscle of control mice (i.e., wildtype)
(Renganathan et al. 1998). However, more recent reports in human skeletal muscle
did not observe age-related reductions in DHPR expression (Ryan et al. 2003) or
content (Lamboley et al. 2016), contrary to what has been measured in rodent
(O’Connell et al. 2008; Renganathan et al. 1997a) and rabbit muscle (Ryan et al.
2000). These equivocal findings question the utility of IGF-1 as a beneficial therapy
for improving EC coupling in aging skeletal muscle, however, additional research is
needed before definitive conclusions can be drawn.

The use of antioxidants, the pharmaceutical S107 and IGF-1 all appear, to some
extent, to improve EC coupling and strength in aged skeletal muscle. However, some
caution should be considered when looking at the breadth of literature as several
caveats will be noted. Some include the model used (human vs. animal models) and
muscle/fibers analyzed (fast twitch vs., slow twitch)—as differences are likely to be
observed. Despite these, there remains great potential for regenerative rehabilitation
to improve EC coupling failure, loss of Ca2+ homeostasis and strength (i.e., attenuate
dynapenia) in aging skeletal muscle.

5.4 Mitochondrial Function

5.4.1 Introduction to Mitochondrial Function

Skeletal muscles require energy to carry out their functions. Amongst other things,
energy is required for the myofilament contractions that enable movement, for the
interconversion and storage of nutrients that contribute to maintaining whole-body
homeostasis, and for the continual maintenance of muscle itself (for example, repair
and replacement of old and damaged contractile proteins). As with most cells, the
main source of energy employed by muscle is adenosine triphosphate (ATP) which
is produced by oxidative phosphorylation in the mitochondria and glycolysis in the
cytosol (Baker et al. 2010). The number of mitochondria varies from muscle to
muscle in accordance with its function. For example, cells with constant high energy
demand such as oxidative, slow twitch, type I fibers are rich in mitochondria,
whereas cells with low, sporadic energy demand such as glycolytic, fast twitch,
type II fibers contain fewer mitochondria (Carter et al. 2015).

Unlike other cells, skeletal muscle contains two pools of mitochondria, one in the
cytoplasm and one in the sarcomeric contractile fibers (Carter et al. 2015). The
cytoplasmic mitochondria, or subplasmalemmal, are believed to be more responsive
to the energy needs of the cell for growth and metabolism (Crescenzo et al. 2006;
Koves et al. 2005; Ritov et al. 2005), whereas the intrasarcomeric or
intermyofibrillar mitochondria are believed to provide energy specifically to the
contractile fibers (Ferreira et al. 2010). Interestingly, in addition to producing
ATP, mitochondria also provide cells with an ability to buffer Ca2+ gradients and
are often found localized in areas of Ca2+ influx (Parekh 2003a). Thus, another
possible function of having both cytoplasmic and intrasarcomeric mitochondria is to
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provide an additional level of regulation of Ca2+ levels during EC coupling (see
example in Sect. 5.3.3) via the interplay of the plasmalemma, SR and mitochondria
(Parekh 2003b).

Mitochondrial content is established and increased via mitochondrial biogenesis
(Gureev et al. 2019) and is decreased by degradation via a specialized form of
autophagy termed mitophagy (Chen et al. 2020b) (Fig. 5.5). Mitochondrial biogen-
esis is controlled by the activity of several transcription factors, including PGC-1α,
PGC-1β, NRF1, and NRF2 (Gureev et al. 2019). These, and other, transcription
factors regulate the transcription of roughly 1500 nuclear encoded genes
(Hendrickson et al. 2010; Hill 2014) that are translated and translocated into the
mitochondria, largely through the mitochondrial TOM20/TOM40 import complex
(Boengler et al. 2011). Slightly more than a dozen mitochondrial encoded proteins
also contribute to maintaining mitochondrial structure and function, which are
regulated by TFAM (Ngo et al. 2014). Removal of mitochondrial via autophagy
requires regulation/induction of autophagy and the ability of autophagic vesicles to

Fig. 5.5 Conceptual diagram of control of mitochondrial structure and function. Cellular energy
demand (A) drives rates of mitochondrial biogenesis with increased demand increasing the mito-
chondrial pool and decreased demand leading to the mitochondrial pool to tend towards mitophagy
(B). Increases in energy demand can lead to mitochondrial fusion (C) which increases the mito-
chondrial surface area to enable increased proton motive force and derived functions (D). Mito-
chondrial function can also be affected by post-translational modifications. Impaired mitochondria
function or needs to remodel mitochondrial location can lead to mitochondrial fission (E) enabling
mitochondria to renter the pool where they can undergo further fusion, mitophagy, or rupture with
smaller consequences that rupture of fussed mitochondria
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recognize mitochondrial via surface proteins such as the PINK1-PARKIN complex,
NIX, and BNIP3 and thus target them for degradation (Chen et al. 2020b).

Mitochondrial structure is dynamic with mitochondria undergoing fission to
separate into smaller structures and fusion to establish larger ones (Hood et al.
2019). Fission is controlled by DRP1 and associated binding proteins. Fusion is
controlled by OPA1, MFN1 and MFN2 and associated regulator proteins. Fission
produces smaller structures that can be more easily targeted for degradation by
mitophagy and/or act independently (Fig. 5.5). Fusion produces larger structures
with increased surface area which allows for more coordinated action and more
efficient establishment, maintenance, and utilization of membrane gradients for ATP
production, heat production, and Ca2+ buffering. Mitochondria function then is a
function of cellular environment/demands (e.g., fiber type, recruitment pattern, etc.),
content (regulated by biogenesis and mitophagy), structure (regulated by fission and
fusion), and also post-translational modifications (Stram and Payne 2016); for
example, oxidation, persulfidation, and Ca2+ binding.

5.4.2 Age-Induced Alterations in Mitochondria

Loss of physiologic functions and increased risk of death are observed with age.
Molecularly, these losses of molecular physiologic function have been characterized
into nine hallmarks of aging (Lopez-Otin et al. 2013); reductions in mitochondria
being one of the hallmarks. These reductions in mitochondria appear to take place
across species and tissues. Below we discuss alterations in human skeletal muscle
mitochondria with advancing age that have been shown to contribute to reduced
physical function, increased fatigability, sarcopenia, dynapenia, and cardiorespira-
tory fitness (Coen et al. 2018).

5.4.2.1 Age-Associated Loss in Mitochondrial Number and Volume

With age there is a reduction of mitochondria in human muscle as assessed by
mitochondrial DNA content, mitochondrial enzyme activity assays, and the gold
standard method of counting mitochondria in electron micrographs (Seo et al. 2016).
However, more research is needed to understand when, chronologically, mitochon-
dria may be lost and at what rate. Human muscle appears to retain the ability to
invoke mitochondrial biogenesis with age (Konopka et al. 2014), however, this
response may be blunted when compared to younger human muscle (Deane et al.
2019). Thus, it may be the case that muscle loses the ability to rejuvenate/maintain
mitochondria with age and that this also impacts the ability to rejuvenate/maintain
muscle as a whole (Chen et al. 2020c); some speculate that this may be related to
reductions in stem cell function with age (Lopez-Otin et al. 2013). While more
research remains to be done to understand why mitochondrial response to exercise
may be blunted with age, it is clear that mitochondria reman responsive to exercise
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interventions. Therefore, there is reason to suspect that reductions in mitochondrial
number and volume can be overcome by further understanding how exercise
influences mitochondrial structure in old human muscle.

5.4.2.2 Age-Associated Loss in Mitochondrial Function

Loss of mitochondrial function with age can be observed as reductions in ATP
production, ability to buffer intramuscular Ca2+, ability to process energetic sub-
strates, and in efficiency of oxygen use (Short et al. 2005; Seo et al. 2016; Hood et al.
2019). These declines in function are seen in both humans and animal models and
occur prior to age-associated functional decline and the onset of frailty (Andreux
et al. 2018). Mitochondrial dysfunction has been tied to cellular senescence
(Chapman et al. 2019), another hallmark of aging (Lopez-Otin et al. 2013). While
alterations in mitochondrial structure and function are both observed in human
muscle with age, it is not clear if one causes the other and/or if individual specific
(genetic and/or epigenetic) differences occur. For example, single nucleotide poly-
morphisms in nuclear encoded mitochondrial genes have been linked with disease
progression (Hendrickson et al. 2010). As structural defects can cause functional
defects and vice versa, it is entirely possible that one causing the other may differ
between individuals. Similarly, as different individuals may have different causes of
mitochondrial dysfunctions, they may show similar changes in mitochondrial struc-
ture but as the result of different dysfunctions. As discussed above, the ability of
exercise to invoke similar improvements in mitochondrial function, in addition to
structure, suggests that mitochondrial function can be restored in aged human
muscle.

5.4.3 Regenerative Rehabilitation and Mitochondrial
Function

5.4.3.1 Exercise Mimetics

It is clear that exercise promotes mitochondrial biogenesis and mitochondrial func-
tion, and that some of these improvements via the action of the transcription factor
PGC-1α (Konopka et al. 2014; Seo et al. 2016; Gureev et al. 2019; Hood et al. 2019).
Thus, pharmaceutical or nutraceutical activation of PGC-1α could be a potential
mimetic for exercise. PGC-1α stimulation has also been suggested as a potential
therapeutic for mitochondrial disease and diabetes (Wenz 2009; Yuan et al. 2019).
To date, drugs in preclinical trials have targeted PPAR (bezafibrate, rosiglitazone),
AMPK (AICAR, metformin), and Sirt1 (resveratrol) (Hofer et al. 2014). See Sect.
5.6.3 for more details on some of these treatments. Additionally, there are novel
small molecular activators for PGC-1α under development (for example, Zhang
et al. 2013). Another interesting mimetic is carbon monoxide (CO). As a
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gasotransmitter, CO has recently been shown to have mitochondrial biogenesis
effects and enhance the effects of exercise alone (Rhodes et al. 2009).

5.4.3.2 Hormone and Diet Supplementation

A number of hormones regulate mitochondrial content and/or function (Ritz et al.
2005). Some of these, like the androgens change with age and are present at different
levels in across biological sex and gender. Correction of clinical deficiencies in
hormones has clear benefits in promoting mitochondrial health. For instance, a
recent study supplementing testosterone found improved efficacy of the response
to the exercise training when the supplement was provided as an adjunct
(Gharahdaghi et al. 2019). Similarly, clinical deficiencies in most nutrients (protein,
fatty acids, vitamins) lead to impaired metabolism and correction of these had
benefits in promoting mitochondrial health (Du et al. 2016). For example, in relation
to Vitamin D, intramuscular Vitamin D receptor concentration correlates with the
extent of muscle improvement in response to exercise training (Bass et al. 2020). As
another example, supplementation of NAD, a pyridine-nucleoside similar to vitamin
B3, has been found to have beneficial effects across species (Romani et al. 2021).
The reason for this beneficial effect has been suggested to be due to an
age-associated decline in NAD levels (Schultz and Sinclair 2016), which may or
may not be associated with mitochondrial deficits.

5.5 Protein Homeostasis

5.5.1 Introduction to Protein Homeostasis

Muscle is the largest store of nitrogen, in the form of protein, in the human body. In a
young, healthy individual muscle comprises roughly 40% of all the protein in the
body (Brook et al. 2016b). Accordingly, protein turnover accounts for roughly 35%
of daily whole-body resting energy expenditure (Carbone et al. 2019). Within
muscle, more than 40% of protein can be found in the contractile apparatus (i.e.,
sarcomeres) (Ojima 2019). Thus, there is a strong link between muscle protein
content and sarcomere content (Sweeney and Hammers 2018). This means that the
human body needs to balance regulation of protein content for maintenance of
whole-body energy homeostasis. Muscle lengths tend to be dictated by the skeletal
attachment points, whereas muscle volume can change based upon hydration/inflam-
matory status and growth, termed hypertrophy (Haun et al. 2019). When muscle
does grow in length, sarcomeres are added in series, and this results in alterations in
the strength and contraction velocity of the muscles (Wisdom et al. 2015). Thus,
muscle growth for increased strength requires energy at the whole-body level to
maintain whole-body energy balance. Conversely, when muscle atrophies (Atherton
et al. 2016), strength will generally be lost as the result of breakdown of sarcomeres

142 C. W. Baumann et al.



in parallel. As muscle size is largely dictated by balancing energy and physical
performance needs, muscle hypertrophy and atrophy are largely dictated by alter-
ations in muscle protein synthesis, with or without increased protein degradation
(Brook et al. 2016b). Rates of muscle protein synthesis and/or degradation are
controlled by a wide variety of anabolic (growth promoting) and catabolic (atrophy
promoting) stimuli (McCarthy and Esser 2010).

A number of signaling pathways acting downstream of growth factor receptors
have been demonstrated to regulate protein synthesis in animal models and cell
culture. In human adult muscle, it is clear that the mechanistic target of rapamycin
(mTOR) is a central regulator of muscle protein synthesis, serving to integrate
anabolic signals such as amino acid content and energy status, as signaled by 50

AMP-activated protein kinase (AMPK) and likely other growth and mechanical
signals (Brook et al. 2016b). mTOR regulates protein synthesis via 4EBP1, S6K and
downstream signals.

The control of protein degradation in human muscle is less well defined, in part
due to greater technical challenges in studying degradation in human muscle. While
the signals regulating the enzymes that carry out protein degradation, termed pro-
teases, may not be well defined, the proteases themselves are (Szewczyk and
Jacobson 2005). Lysosomes and proteasomes are the major proteases within muscle.
Both lysosomes and proteasomes are normally “on” but only degrade proteins that
are sent to them. Thus, regulation of lysosomal and proteasomal degradation is
largely at the level of trafficking proteins to the proteases rather that at the level of
turning these proteases “on” or “off” (Szewczyk and Jacobson 2005). In the case of
lysosomes, this occurs largely via autophagy and increased autophagy appears to be
a basal state in the absence of positive growth factors in yeast, C. elegans, and
rodents, so it may similarly be the case for humans (Klionsky et al. 2021). For
proteasomes, proteins destined for degradation are typically targeted to the
proteasome by tagging the protein with ubiquitin via ubiquitin conjugating enzymes
(Lecker et al. 2006). Importantly, at least 30% of all newly synthesized proteins do
not properly mature and are degraded by the proteasome, meaning that the
proteasome plays a significant role in the degradation of newly synthesized improp-
erly folded proteins (Schubert et al. 2000). Calpains and caspases are the other two
main proteolytic systems in muscle and both are constitutively inactive, or “off”
(Szewczyk and Jacobson 2005), meaning that their activation results in the degra-
dation of proteins in the immediate vicinity of the proteases once activated. The
majority of proteins degraded by calpains (Goll et al. 2003) and caspases are
cytoskeletal proteins, implying that a major role of each protease is in the structural
remodeling of muscle (Crawford and Wells 2011). In the case of calpains, these tend
to be membrane associated and activated by Ca2+, suggesting they may have a role in
maintaining the structures necessary for proper EC coupling (Verburg et al. 2009)
(see Sect. 5.3.1 for EC coupling) and other Ca2+ signaling. For caspases, these are
associated with mitochondria and appear to be activated in response to mitochondrial
Ca2+ overload and/or other toxic stressors to mitochondria (Vringer and Tait 2019),
suggesting that caspases may have a role in appropriately localizing mitochondria
within muscle.
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5.5.2 Age-Induced Loss of Protein Homeostasis

Declines in maintaining protein homeostasis, termed proteostasis, is one of nine
hallmarks of aging (Lopez-Otin et al. 2013). Like other hallmarks of aging, declines
in proteostasis appear to take place across species and tissues. Loss of proteostasis
results in accumulation of protein aggregates, disruption of cellular structures, and
leads to general declines in the ability to maintain cellular homeostasis (Santra et al.
2019). Below we discuss two aspects of altered protein homeostasis in muscle with
advancing age: (1) loss of muscle size and (2) increased anabolic resistance. As
previously mentioned, sarcopenia (Evans et al. 2019) and dynapenia are associated
with increased physical frailty, increased risk of morbidity, and increased risk of
mortality (Wilkinson et al. 2018).

5.5.2.1 Age-Loss of Muscle Size (Sarcopenia)

Human muscle grows in size from birth and reaches a peak in the mid-20s to early-
30s depending on the individual. After this point muscle size declines for reasons not
still fully understood (Nair 2005). It has been suggested that this may be due to lack
of evolutionary pressure for prolonged muscle function with age based upon shorter
human life expectancy as little as 2000 years ago (Goldspink 2012). Some of the loss
of muscle mass with age may be due to biological effects of aging such as alterations
in hormonal signaling and/or loss of mitochondrial or protein homeostasis, and some
of this may be determined by lifestyle changes such as nutritional excesses or deficits
and/or level of activity (Andreux et al. 2018; Brook et al. 2016b; Carter et al. 2015;
Coen et al. 2018; Gharahdaghi et al. 2019; Wilkinson et al. 2018). Once individuals
reach the age of 60, there is an exponential decline in muscle size which when
associated with declines in muscle function is termed sarcopenia (Nair 2005;
Wilkinson et al. 2018). For reasons currently unknown (Papadopoulou 2020), this
decline differs between males and females. Males usually display changes earlier
than females, yet females usually displaying greater rates of decline than males.
Recent studies examining the effect of exercise on human muscle growth have found
that older human muscle does not respond the same as younger muscle in terms of
signaling growth of the extracellular matrix that surrounds muscle, possibly signi-
fying that alterations in the extramuscular scaffold underlie decreased growth with
age (Deane et al. 2019; Wessner et al. 2019). This suggestion is yet to be tested with
an intervention to restore growth.

5.5.2.2 Age-Associated Anabolic Resistance

Despite proteostasis being altered with age and across species (Lopez-Otin et al.
2013), it is not immediately clear that the causes and consequences are identical
across species. For example, wide spread protein aggregation is not reported for
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human muscle with age (Wilkinson et al. 2018), unlike in some human neurode-
generative diseases (Currais et al. 2017). Further, baseline rates of muscle protein
synthesis and degradation are not widely reported to be altered in older versus
younger human muscle (Wilkinson et al. 2018). Rather, the responsiveness of
muscle to anabolic stimuli such as feeding (Mitchell et al. 2016) and exercise
(Durham et al. 2010) seems to be blunted (Wilkinson et al. 2018). That is, the
increase in protein synthesis in response to anabolic stimuli is less in old muscle than
in young. Thus, with similar rates of basal protein synthesis and degradation in
young vs. old muscle but smaller post-meal increases in synthesis, muscle protein
content gradually declines over time (Fig. 5.6). Accordingly, this gradual decline is

Fig. 5.6 Conceptual diagram of how changes in human muscle protein homeostasis drive changes
in muscle size. Rates of Muscle Protein Synthesis (MPS) and Muscle Protein Breakdown (MPB)
fluctuate during the day with rates of MPS increasing and rates of MPB decreasing immediately
after a meal or ingestion of Essential Amino Acids (EAA). Decreases (a) or increases (b) in physical
activity can decrease or increase the rate at which MPS is increased in response to eating a meal or
ingesting EAA. Net losses (a, red curve) in the responsiveness of MPS (termed anabolic blunting)
lead to muscle atrophy, whereas net increases (b, green curve) in the responsiveness of MPS lead to
muscle hypertrophy. Note that in all cases, there is a net loss of muscle protein between meals
(bottom, red) and a net increase in muscle protein post-meal (bottom, green). The anabolic blunting
displayed in response to inactivity is also observed with age and disease, raising the issue of how
much anabolic blunting with age or disease is due to decreased physical activity
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sufficient to account for loss of muscle size which contributes to decreased function.
It remains to be determined what causes the blunted anabolic responses in older
muscle, presumably this is at the level of translation or later as anabolic signaling
pathways via mTOR seem normally activated in older human muscle (Brook et al.
2016b). A recent study has suggested that impaired ribosomal biogenesis with
advancing age may underly anabolic resistance (Brook et al. 2016a), which could
lead to novel therapies for combating age-associated anabolic resistance.

5.5.3 Regenerative Rehabilitation and Protein Homeostasis

5.5.3.1 Hormone and Dietary Strategies

As discussed in Sect. 5.4.3.2, correction of clinical deficiencies in hormone levels or
dietary intake have clear implications for muscle health, including size and protein
content. It is possible that in the absence of clinical deficiencies supplementation
combined with exercise may have positive effects, with both testosterone
(Gharahdaghi et al. 2019) and vitamin D (McKendry et al. 2020) supplementation
enhancing skeletal muscle responses to exercise. In addition, protein intake or
absorption is often deficient in older individuals (Mitchell et al. 2016), especially
in frail individuals. The amino acid leucine and its metabolite HMB have both been
shown to be sufficient to produce the same anabolic muscle protein synthesis
response as eating a protein-rich meal (Mitchell et al. 2016). Thus, targeted strategies
using these nutrients and others, particularly as adjuncts to activity level, have been
proposed and are under study, with a focus on particular factors such as concentra-
tion and timing (McKendry et al. 2020).

5.5.3.2 Ribosomal Biogenesis

The full cause of anabolic blunting currently remains unknown, but is associated
with decreased levels of ribosomes that cause further declines in ribosome biogen-
esis (Brook et al. 2016a). As rRNA comprises the bulk of cellular RNA, which is a
major component of ribosomes (Figueiredo and McCarthy 2019), it is possible that
age-related declines in nucleic acids and/or RNA (Tahoe et al. 2004) manifest most
notably as declines in rRNA. This would be entirely in keeping with the recent
findings of cross-species NAD declines with advancing age (Schultz and Sinclair
2016). The idea that declines in ribosomal biogenesis underly age-related muscular
deficits has been proposed as a general feature of aging (Steffen and Dillin 2016). If
this proves true, then supplementation of nucleic acids rather than proteins, lipids,
carbohydrates, or vitamins may be a viable strategy for increasing anabolic
responses to exercise with age.
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5.6 Glucose Metabolism

5.6.1 Introduction to Glucose Metabolism

Glucose homeostasis is critical to human health and survival due to the important
role that glucose has in providing cellular energy. Any disturbances in glucose
homeostasis can result in disease, most notably type 2 diabetes, but can also
contribute to other life-altering conditions, including sarcopenia (Sugimoto et al.
2019) and dynapenia (Nebuloni et al. 2020; Kalyani et al. 2015). In healthy
individuals, systemic glucose homeostasis is intricately regulated between tissue
(i.e., muscle, liver, adipose, pancreas). Liver plays a primary role in regulating
glucose homeostasis (glycogenolysis and gluconeogenesis) in the fasted state,
while peripheral tissue plays a critical role in promoting glucose uptake and restoring
normoglycemia after eating. As the largest organ in the body, skeletal muscle is
considered a major regulator of whole-body glucose homeostasis, with 70–80% of
insulin-stimulated glucose uptake occurring in this tissue (DeFronzo et al. 1981).
Therefore, it is not surprising that the muscle atrophy that occurs with aging, plays a
contributing role in the disruption of glucose homeostasis and pathogenesis of
insulin resistance in these individuals (Sugimoto et al. 2019; Nebuloni et al. 2020;
Kalyani et al. 2015).

In healthy adults, insulin-mediated glucose uptake occurs when insulin binds to
the insulin receptor, initiating a signaling cascade including phosphorylation of the
insulin receptor, insulin receptor substrate-1 (IRS-1) association with p85 subunit of
phosphoinositide 3-kinase (PI3K), Akt2 phosphorylation on threonine 308 and
serine 473 sites, and phosphorylation of the TBC1 domain family member
4 (TBC1D4) on multiple sites, subsequently allowing the translocation of glucose
transporter type 4 (GLUT4) to the plasma membrane (Thorell et al. 1999; Kramer
et al. 2006) (Fig. 5.7). In resting muscle, the majority of insulin-stimulated glucose
undergoes nonoxidative metabolism (primarily converted to glycogen), while the
remaining is oxidized (DeFronzo and Tripathy 2009). Impairments in any of these
signaling pathways can cause skeletal muscle insulin resistance, which is believed to
be the primary defect leading to the development of type 2 diabetes (DeFronzo and
Tripathy 2009).

It is well known that the aging process is associated with whole-body insulin
resistance (Consitt et al. 2013; Petersen et al. 2003; Fink et al. 1983, 1986; Rowe
et al. 1983; Petersen et al. 2015). The factors contributing to age-related insulin
resistance are likely multifaceted and include chronological age (Consitt et al. 2013),
reduced physical activity (Amati et al. 2009), inflammation (Greiwe et al. 2001),
and/or increased body fat (Kohrt et al. 1993; Amati et al. 2009). The obesity
epidemic combined with the growing prevalence of sarcopenia in older adults has
resulted in the concept of “sarcopenic obesity” (i.e., coexistence of obesity and
sarcopenia conditions) (Stenholm et al. 2008; Cauley 2015). These individuals
experience the negative metabolic effects of obesity, plus they have reduced skeletal
muscle mass available for insulin-stimulated glucose uptake (Reaven 1988), putting
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them at even greater risk for developing insulin resistance and type 2 diabetes. While
the prevalence of sarcopenic obesity varies depending on the operational definition,
the National Health and Nutrition Examination Survey (NHANES) III study
reported that 19% of women and 28% of men over the age of 60 suffered from
this condition (Batsis et al. 2015), further highlighting the need to understand the
interaction between metabolic dysfunction and sarcopenia.

A discussion on the effects of glucose metabolism and age-related muscle
dysfunction would be remiss without mentioning that over 70% of Americans
over the age of 65 are classified as either type 2 diabetic or prediabetic (Cowie

Fig. 5.7 Potential cellular mechanisms for therapeutic enhancement of glucose metabolism and
prevention of age-induced skeletal muscle dysfunction. (A) Decreased myostatin protein expression
(i.e., via Ex-4), inhibition of myostatin (i.e., via anti-myostatin antibody landogrozumab), or
inhibition of the myostatin receptor (i.e., via anti-ActRII antibody bimagrumab) results in
(B) reductions in SMAD2/SMAD3 phosphorylation leading to (C) inhibition of the SMAD2/
SMAD3/SMAD4 complex entering the nucleus, preventing the upregulation of atrophy genes
involved in sarcopenia. SMAD2/SMAD3 dephosphorylation also (D) suppresses myostatin’s
inhibition of insulin-stimulated Akt phosphorylation leading to (E) TBC1D4 phosphorylation,
GLUT4 translocation to the plasma membrane, and increased glucose uptake, as well as,
(F) increased protein synthesis (via mTOR signaling) and suppression of protein degradation
(phosphorylation of FoxO inhibits its translocation to the nucleus where it would upregulate
genes involved in autophagy and protein degradation). (G) Metformin increases the phosphoryla-
tion of AMPK, which increases glucose uptake (via TBC1D4) and protein synthesis (via mTOR
signaling). (H) DPP-4 inhibitors increase GLUT4 content and insulin-stimulated glucose uptake.
This image was created using BioRender (https://BioRender.com)
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et al. 2009). While the detrimental effects of insulin resistance and type 2 diabetes
have been well documented for the general population, the consequences are even
more dire for the elderly. Poor glycemic control and insulin resistance are well-
known risk factors for sarcopenia (Sugimoto et al. 2019) and dynapenia (Nebuloni
et al. 2020; Kalyani et al. 2015) and have been shown to accelerate age-related losses
in both skeletal muscle mass (Park et al. 2009) and strength (Park et al. 2007).
Therefore, the aging adult is often caught in a vicious cycle of glucose dysregulation
and muscle dysfunction, which may be further exacerbated by conditions of obesity.
The mechanism(s) responsible for age-related related impairments in glucose metab-
olism and muscle function remain unclear and are likely complex. Here, age-related
impairments in insulin-stimulated glucose metabolism, accumulation of advanced
glycation end-products (AGEs) and increases in myostatin are discussed.

5.6.2 Age-Induced Pathophysiology of Impaired Glucose
Metabolism

5.6.2.1 Age-Related Impairments in Insulin-Stimulated Glucose
Metabolism

Age-related impairments in the skeletal muscle insulin signaling cascade have been
reported in both human (Consitt et al. 2013; Petersen et al. 2015) and animal models
(Gupte et al. 2008; Sharma et al. 2010; Consitt et al. 2018). In aging humans, several
impairments in distal insulin signaling have been reported. Peterson et al. (Petersen
et al. 2015) reported diminished Akt phosphorylation after 20 min of
hyperinsulinemia in aged individuals compared to their younger counterparts when
body mass index (BMI), fat mass, and habitual physical activity were matched
(Petersen et al. 2015). Additionally, in a cross-sectional study including individuals
across a wide range of the adult life span (18–84 years of age), insulin-stimulated
phosphorylation of AS160 on multiple sites (serine-588, threonine-642, and serine-
666) were impaired in conjunction with age-related whole-body insulin resistance
(Consitt et al. 2013). Skeletal muscle GLUT4 has also been reported to decrease with
age in some (Consitt et al. 2013; Gaster et al. 2000; Houmard et al. 1995; Xu et al.
2017) but not all (Houmard et al. 1995; Cox et al. 1999; Dela et al. 1994) studies, and
at least one study has suggested that age-related changes may be fiber-type specific
with older adults having reduced GLUT4 in type II, but not type I fibers (Gaster et al.
2000).

Age-related impairments have been reported in both the insulin-stimulated oxi-
dative and nonoxidative pathways (Bryhni et al. 2005; Poulsen et al. 2005; Franssila-
Kallunki et al. 1992; Petersen et al. 2015; Consitt et al. 2016). Early findings that
older adults had ~60% less skeletal muscle glycogen stores compared to their
younger counterparts (Meredith et al. 1989), led to subsequent findings of dimin-
ished insulin-stimulated glycogen synthase activity in aged (Poulsen et al. 2005;
Bienso et al. 2015) compared to younger adults (Poulsen et al. 2005; Pehleman et al.
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2005). Reduced skeletal muscle pyruvate dehydrogenase (PDH) flux during insulin
stimulation has also been reported in the elderly compared to young individuals
(Petersen et al. 2015; Consitt et al. 2016), suggesting that under hyperinsulinemic
conditions, PDH regulation may be compromised in older adults putting them at
increased risk for metabolic inflexibility and the development of insulin resistance
(Constantin-Teodosiu et al. 2015; Hansen et al. 2019).

Deletion of the insulin receptor in the skeletal muscle of mice has been reported to
reduce skeletal muscle mass and grip strength by approximately 20% (O’Neill et al.
2016), supporting a direct role for insulin signaling on muscle mass and function.
Besides stimulating glucose uptake, insulin-mediated Akt phosphorylation can
promote protein synthesis through the Akt/mTOR/p70S6K signaling pathway
(Wang and Proud 2006) and inhibit protein atrophy through the Akt/FoxO pathway
(O’Neill et al. 2016). Given the crosstalk between these pathways, it is conceivable
that age-related impairments in insulin signaling are responsible for both reduced
glucose uptake and sarcopenia. Animal research suggests insulin acts to maintain
muscle mass by suppressing Akt/FoxO1/3/4-mediated autophagy and protein deg-
radation pathways (O’Neill et al. 2016). In humans, there remains considerable
debate regarding which insulin-stimulated pathway is responsible for age-related
sarcopenia and may be related additionally to insulin’s effect on blood flow, as well
as amino acid availability and uptake (Rasmussen et al. 2006; Fujita et al. 2009;
Wilkes et al. 2009).

5.6.2.2 Age-Related Accumulation of Advanced Glycation
End-Products (AGEs)

With age-related insulin resistance, postprandial blood glucose levels become ele-
vated for pronged periods of time. Poor glycemic control and chronic hyperglycemia
(often measured as hemoglobin A1c, HbA1c) lead to the accumulation of advanced
glycation end-products (AGEs). Elevated serum AGEs have been associated with
decreased muscular performance, including reduced grip strength (Dalal et al. 2009),
and slower walking speed (Semba et al. 2010) in adults aged 65 or older. Incubation
of C2C12 myotubes (muscle cells) with AGE has been reported to reduce cell
diameter (muscle atrophy) and increase atrogin-1 (protein involved in muscle atro-
phy) (Chiu et al. 2016), suggesting AGEs have a direct role in skeletal muscle
wasting. While the mechanism remains to be fully elucidated, Chiu et al. (2016)
proposed AGEs act through their receptor to activate AMPK and downregulate Akt
signaling, resulting in atrophy and impairments in myogenesis. Recently, it was
suggested that AGEs may promote mitochondrial dysfunction in skeletal muscle
(Daussin et al. 2021), which theoretically would contribute further to loss of muscle
mass and function. It should also be noted that chronic hyperglycemia and AGEs are
believed to play an essential role in the development of diabetic peripheral neurop-
athy, a condition reported to be an independent risk factor for sarcopenia (Yang et al.
2020; Erbas et al. 2011; Addison et al. 2018; Sugimoto et al. 2008).
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5.6.2.3 Age-Related Increases in Myostatin

The myokine myostatin, also referred to as growth and differentiation factor-
8 (GDF-8), is a member of the transforming growth factor β (TGF-β) superfamily
and is well-known negative regulator of skeletal muscle growth (McPherron et al.
1997). A number of studies have reported a link between increased myostatin levels,
age (Yarasheski et al. 2002; Leger et al. 2008), declining muscle mass (Yarasheski
et al. 2002; Leger et al. 2008), decreased muscular strength (Han et al. 2011; Patel
et al. 2014), as well as, obesity (Hittel et al. 2009) and insulin resistance (Hjorth et al.
2016; Hittel et al. 2009; Ryan et al. 2013; Guo et al. 2009), suggesting this protein
contributes to both muscle atrophy and insulin resistance in the elderly, especially
those suffering from sarcopenic obesity.

At the cellular level, muscle growth is dependent on myogenesis which includes
the differentiation and fusion of single-nucleated muscle cells (myoblasts) into
multi-nucleated, mature myotubes. Myostatin is believed to promote muscle atrophy
by suppressing the expression of genes involved in myogenesis through its canonical
signaling pathway. Myostatin binds to the activin type IIB receptor (ActRIIB),
leading to phosphorylation of Small Mothers Against Decapentaplegic (Smad)
2 and Smad3, which form a complex with Smad4 and translocate to the nucleus to
inhibit the transcription of myogenic genes, including myogenic differentiation
factor (MyoD) and myogenin (Langley et al. 2002; Trendelenburg et al. 2009)
(Fig. 5.7). Myostatin-induced SMAD3 phosphorylation can also interact and inhibit
the IGF-1/Akt/mTOR pathway, via inhibition of Akt phosphorylation
(Trendelenburg et al. 2009; Goodman et al. 2013; Morissette et al. 2009). Since
signaling pathways for protein synthesis and glucose uptake converge on Akt, it is
not surprising that several studies have also provided convincing evidence that
myostatin can inhibit insulin signaling by reducing Akt phosphorylation (Hittel
et al. 2010; Zhang et al. 2011; Guo et al. 2009). Taken together, these findings
support myostatin-induced inhibition of Akt as a mechanism for age-related muscle
wasting and insulin resistance, especially in conditions of sarcopenic obesity.

5.6.3 Regenerative Medicine and Age-Impaired Glucose
Metabolism

Therapeutic interventions to combat muscle wasting and insulin resistance have been
historically studied independent of each other. For example, the discovery of
myostatin as a negative regulator of skeletal muscle growth (McPherron et al.
1997) led to therapeutic strategies to target the myostatin signaling pathway,
which focused on muscle mass/strength outcomes but neglected potential metabolic
effects. The lack of translation of promising preclinical data to muscular dystrophy
models (Wagner et al. 2008; St Andre et al. 2017; Wagner et al. 2020) combined
with more recent findings that myostatin acts as a negative regulator of insulin
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signaling (Guo et al. 2009; Zhang et al. 2011) led to speculation that these thera-
peutics could be more beneficial in older adults, especially those suffering from
sarcopenic obesity. In contrast to the lack of FDA-approved drugs to treat
sarcopenia, several pharmacological treatments are available for older adults with
impaired glucose metabolism. Whereas the metabolic outcomes from these treat-
ments have been well documented (Musi et al. 2002; Kim et al. 2002; Kulkarni et al.
2018; Hirst et al. 2012; Sasaki et al. 2019; Huthmacher et al. 2020; Gedulin et al.
2005; Henry et al. 2018), research continues to examine if these therapeutics could
also prevent sarcopenia in older adults. The following provides examples of each of
these types of therapeutics with special attention towards how each can regulate
glucose metabolism, as well as skeletal muscle mass and function.

5.6.3.1 Myostatin/ActIIB Inhibitors

There has been considerable interest in developing therapeutics to block myostatin’s
inhibitory action on glucose uptake and muscle growth. Promising preclinical data
demonstrated that mice treated with an anti-myostatin polyclonal antibody had a
reversal of diet-induced whole-body insulin resistance, in conjunction with skeletal
muscle changes including increased muscle mass, enhanced PI3K activity, Akt
phosphorylation, GLUT4 protein expression, and increased phosphorylation of
mTOR (Tang et al. 2014). Unfortunately, no known clinical studies have examined
the effectiveness of these therapeutics in older sarcopenic patients with accompany-
ing insulin resistance; however, early studies examining each condition separately
have provided beneficial insight.

Phase II clinical studies blocking myostatin or its receptor (ActRIIB) suggest that
despite increases in muscle mass, improvements in muscular function in non-obese,
older adults, may be dependent on mobility/activity levels preceding or during
treatment. For example, old (75 years or older), frail adults that had experienced at
least one fall in the previous year, treated with the human monoclonal anti-myostatin
antibody landogrozumab (LY2495655, Eli Lilly) demonstrated increased appendic-
ular lean mass (~2.5%) and improvements in muscular performance on 12-step stair
climb time (~ –1.3 s) (Becker et al. 2015). In contrast, when older non-obese,
sarcopenic patients added bimagrumab (BYM338; Novartis), a human monoclonal
anti-ActRII antibody, to nutritional counseling and a home-based exercise program,
no additional improvements in muscular strength or mobility were observed, despite
increases in lean mass (Rooks et al. 2020). This latter finding is of interest given an
earlier proof-of-concept study that reported bimagrumab treatment improved muscle
function in older sarcopenic patients when combined with nutritional counselling
alone (Rooks et al. 2017). The effectiveness of myostatin inhibition on specific
muscle contractile properties has been less clear with preclinical data producing
concern that myostatin deletion could reduce specific force (Mendias et al. 2006;
Mendias et al. 2011). Reduced SR Ca2+ release, possibly due to a decreased ability to
refill the SR, has been suggested as a mechanism to explain the reduced specific
force observed in hypermuscular (“compact”) mice with a mutation in the myostatin
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gene (Sztretye et al. 2017; Bodnar et al. 2014). It is possible that postnatal thera-
peutic blockade may be less detrimental on specific force, at least in mice
(Bogdanovich et al. 2002, 2005; Mendias et al. 2015).

Early clinical studies suggest that therapeutics that block myostatin’s receptor can
improve insulin sensitivity and glycemic control in individuals with impaired glu-
cose metabolism. For example, a single intravenous dose of bimagrubmab increased
insulin sensitivity by ~20% (measured by hyperinsulinemic-euglycemic clamp) and
reduced HbA1C in middle-aged (mean age: ~45 years), insulin-resistant individuals
(Garito et al. 2018). These metabolic improvements were recently extended to
overweight and obese type 2 diabetics when bimagrubmab treatment was added to
a nutritional and exercise counseling (Heymsfield et al. 2021). Given recent findings
that increased intramuscular lipids play an inhibitory role (Choi et al. 2016) in the
age-related reductions in specific force (Ochala et al. 2007; Larsson et al. 1997; Choi
et al. 2016) and that myostatin inhibition consistently demonstrates reductions in fat
mass (Garito et al. 2018; Heymsfield et al. 2021), future research in obese,
sarcopenic adults is warranted.

While purely speculative, these clinical findings suggest that older adults without
co-existing conditions of obesity or uncontrolled glycemia can achieve increases in
muscle mass with therapeutics that block myostatin or its receptor; however,
improvements in muscle performance appear to be specific to frail or inactive
older adults where these therapeutics could compensate for the lack of metabolic
adaptations that regular muscle contractions induce. In contrast, it is possible that
these therapeutics can improve insulin sensitivity and glycemic control above the
benefits achieved by lifestyle modifications in insulin-resistant individuals; however,
the potential effects on muscle mass, contractile properties, and muscle function in
these individuals remain to be elucidated.

5.6.3.2 Pharmacological Agents

Metformin, an AMPK agonist, is often the first-line of treatment for insulin resis-
tance, including those of advancing age due to its ability to enhance insulin sensi-
tivity (Musi et al. 2002; Kim et al. 2002), improve glucose tolerance (Kulkarni et al.
2018), lower HbA1c levels (Hirst et al. 2012) and reduce type 2 diabetes incidence
rates (Diabetes Prevention Program Research Group 2015). The mechanism
(s) through which metformin improves glucose homeostasis are still under debate
but likely involves the drug’s ability to target numerous tissues, including the liver,
skeletal muscle, and adipose tissue (Konopka and Miller 2019). Metformin is
commonly cross-referenced as a calorie restrictive or exercise mimetic since it
increases AMPK activity and has been shown to extend lifespan (Novelle et al.
2016; Martin-Montalvo et al. 2013; Sharoff et al. 2010). Additionally, metformin
treatment has improved glucose intolerance in older adults (Kulkarni et al. 2018) and
whole-body insulin sensitivity in type 2 diabetics (Musi et al. 2002; Kim et al. 2002).
Of interest, these improvements in glucose metabolism do not appear to be related to
changes in proximal insulin signaling (Kim et al. 2002). Instead, metformin
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incubation of muscle cells has demonstrated increases in AS160 phosphorylation
(Lee et al. 2011b), suggesting improvements may occur distally in the insulin
signaling cascade where older adults appear to be most susceptible (Consitt et al.
2013). The effects of metformin on sarcopenia and dynapenia are less clear with
reports that it may prevent sarcopenia in elderly adults with diabetes (Chen et al.
2020a; Lee et al. 2011a), but may also prevent gains in muscle mass (Walton et al.
2019; Long et al. 2021) and strength (Long et al. 2021) when prescribed in
combination with resistance training, potentially due to the lack of increase in type
II fiber frequency in older adults (Long et al. 2021) and/or hyperphosphorylation of
AMPK and dampening of mTOR signaling (Walton et al. 2019).

Sodium-glucose cotransporter 2 (SGLT2) inhibitors are effective in lowering
blood glucose and HbA1c levels (Sasaki et al. 2019) by preventing glucose absorp-
tion in the kidneys, but their impact on sarcopenia and dynapenia remains unclear.
Despite studies in middle to older aged type 2 diabetics reporting increased grip
strength (Sano et al. 2016) and no loss in muscle mass (Sugiyama et al. 2018) with
SGLT2 treatment, others have reported these drugs may accelerate diabetes-
associated sarcopenia, especially in the elderly (Yabe et al. 2015; Sasaki et al.
2019). While the mechanisms responsible for reductions in muscle mass remain
unknown, Yabe et al. (2015) speculated it may be related hypoglycemia events
causing low circulating insulin levels to reduce glucose and amino acid entry into the
skeletal muscle.

Treatment with GLP-1 receptor (GLP-1R) agonists has proven to be useful in
managing hyperglycemia and decreasing HbA1c levels (Huthmacher et al. 2020;
Gedulin et al. 2005; Henry et al. 2018). Recent in vitro research suggests these
agonists may have a direct role on muscle. Treatment of C2C12 myotubes with the
GLP1R agonist, exendin-4 (Ex-4), resulted in the suppression of myostatin and
muscle atrophic genes (atrogin-1 and Murf-1) along with increasing protein synthe-
sis (Hong et al. 2019). In addition, it has also been suggested Ex-4 may have
neuroprotective properties based on findings that treatment of a mouse model of
Parkinson’s disease protected dopaminergic neurons against degeneration and
improved motor function (Li et al. 2009). DPP-4 inhibitors block the DPP-4
degradation of circulating incretins, including GLP-1 (Herman et al. 2005; Berg
et al. 2011) and have proven effective in reducing HbA1c levels (Dicker 2011),
increasing skeletal muscle insulin-stimulated glucose uptake (Sato et al. 2016) and
increasing GLUT4 expression (Giannocco et al. 2013). In addition, DPP-4 inhibitors
have been reported to reduce the progression of sarcopenia in elderly type 2 diabetics
(Rizzo et al. 2016). Although it remains unclear if DPP-4 inhibitors act directly on
the muscle to provide this protective effect on muscle mass, these findings are
encouraging and warrant future research.

Taken together, there is promising data suggesting inhibitors that target the
myostatin pathway and some pharmacologic agents traditionally used to regulate
glycemic control could provide improvements in both glucose metabolism, as well
as muscle mass and strength in older adults. However, it is evident that despite a
clear link between glucose dysregulation, sarcopenia and dynapenia, the cellular
mechanisms contributing to this relationship and the type of therapeutics required
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may differ among individuals. Factors including, but not limited to, obesity, degree
of glucose dysregulation, previous and current physical activity can all impact
responses depending on the therapeutic used and should be considered.

5.7 Conclusions of the Chapter

Deficits in neuromuscular physiological factors contribute to skeletal muscle dys-
function that manifests in pervasive chronic conditions and disability are observed in
many older adults. Moreover, scientific and medical communities agree that
dynapenia is a major determinant of physical limitations and general poor health
in older adults. The neuromuscular mechanisms of dynapenia and more broadly,
muscle dysfunction, are multi-factorial and likely include several domains that are
affected by the aging process. We propose some of these domains are loss of
neuromuscular excitation, EC coupling failure, sarcopenia (via loss of protein
homeostasis) and metabolic dysfunction (via mitochondrial dysfunction and
impaired glucose metabolism) (Fig. 5.1). However, we acknowledge these domains
are likely a few of many, and are all interconnected. It appears that if dynapenia and
sarcopenia continue to worsen with age that a vicious cycle of continued neuromus-
cular deficits ensues, which can ultimately lead to physical frailty. Thus, mainte-
nance of neuromuscular function is a critical component to healthy aging. Within
this chapter, we have listed several approaches that yield promise in delaying or
preventing many domains of age-related neuromuscular deficits. However, we urge
caution in that many of our discussed approaches are speculative and in the early
stages of investigations. With that stated, regenerative rehabilitation in sarcopenia,
dynapenia, and frailty in both basic laboratory and clinical settings that utilizes a
team science approach is essential to advancing the aging field forward.
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Chapter 6
Pathophysiology of Volumetric Muscle Loss
and Targets for Regenerative Rehabilitation

Jacob R. Sorensen, Jennifer Mcfaline-Figueroa, and Jarrod A. Call

Abstract Orthopedic extremity trauma is a major problem resulting in both long-
term functional disability and substantial medical cost in various populations. One
such injury is volumetric muscle loss (VML), which is clinically identified as a
chronic and irrecoverable loss of skeletal muscle tissue resulting in functional
impairments. VML is coupled with clinical outcomes related to long-term dysfunc-
tion, reduced mobility and physical activity, comorbidities, and often delayed
amputation. The objectives for this chapter are to (1) summarize known pathophys-
iologies associated with VML injury and tools for their clinical and experimental
assessment, (2) review current rehabilitation and regenerative medicine strategies for
VML injury, and (3) explore the evidence supporting regenerative rehabilitation as a
strategy to maximize functional recovery of the VML-injured limb and discuss
knowledge gaps and areas for scientific advancements.

Keywords Muscle strength · Mitochondria · Physical therapy · Exercise training ·
Muscle adaptation

6.1 Introduction

The clinically accepted definition for volumetric muscle loss (VML) injury is “the
traumatic or surgical loss of skeletal muscle with resultant functional impairment”
(Grogan and Hsu 2011). Traumatic muscle injuries like VML often result from blunt
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force trauma in which an object strikes the body, from penetrating traumas in which
an object pierces the body creating an open wound, or controlled, surgical trauma in
which an object is removed from the body. Although traumatic injuries often cross
tissue boundaries such as bone, nerve, vascular, tendinous, ligamentous, and/or
cartilaginous, this chapter focuses on skeletal muscle pathology and regenerative
rehabilitation strategies to improve skeletal muscle function. Skeletal muscle makes
up ~40% of the body’s mass and contributes to locomotion, thermoregulation, and
whole-body metabolism. Any loss of skeletal muscle function can negatively affect
mobility and increase an individual’s risk of all-cause morbidity and mortality.

VML injury can result secondary to any of the 150,000 open fractures or 30,000
gunshot wounds (trauma), 36,000 chainsaw accidents (industrial/farm), and 13,000
soft-tissue sarcomas (cancer) that occur annually in the USA. Approximately 77% of
all military casualties are musculoskeletal injuries, many that have a component of
debilitating VML injuries (Cross et al. 2011; Owens et al. 2007; Owens et al. 2008).
Data from the US trauma centers indicate that two-thirds of traumatic injuries occur
to extremities with 32% and 40% to the upper and lower extremities, respectively.
Collectively, the US economic burden related to trauma and injury is $400 billion
yearly (Seifert 2007).

This chapter (1) describes the pathophysiology of VML injury, (2) discusses
common VML study outcome measurements, (3) reviews rehabilitation and regen-
erative medicine approaches to improve VML, and (4) highlights the need for
regenerative rehabilitation studies with functionally relevant outcome measurements
to advance evidence-based approaches for VML.

6.2 Current Standards of Care

The current practices for definitive care following VML injury and orthopedic
injuries involving concomitant VML injury can be generalized into three phases:
(1) immediate field care, (2) acute surgical care, and (3) short-term rehabilitative care
(Saunders and Rose 2021; Dolan et al. 2021). Standardization within these phases is
complicated by the site of the injury and poly-traumatic nature of the injury that can
include damage to the bone, muscle, skin, nerve, and/or vascular network. Prioriti-
zation of care among the phases starts with patient survival, minimizing infection
risk, limb salvage, and finally tissue rehabilitation. Immediate field care often takes
place at the site of injury (e.g., field of play, battlefield) and involves fixation of the
limb for emergency transport, field dressing to minimize infection risk, and possible
tourniquets to reduce blood loss from the injury. These practices prioritize patient
survival. Acute surgical care involves surgical procedures and postoperative pro-
cedures conducted at a trauma center. Standard practices include blood transfusion,
bone union, muscle flaps, nerve allografts, and limb amputation if required for
survival (e.g., infection). Evidence of rehabilitative approaches applied in the inten-
sive care unit immediately following acute surgical care is nonexistent, although
could involve neuromuscular stimulation and/or mobilization. Short-term
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rehabilitative care often prioritizes task rehabilitation, e.g., regaining mobility or
ability to navigate stairs, as opposed to functional rehabilitation (i.e., improving
strength) due to a lack of evidence showing robust improvements in muscle function
with current strategies. To address this challenge, there is an urgent need to identify
new or existing strategies in combination that can bolster functional recovery. One
idea is to explore regenerative rehabilitation approaches.

Regenerative rehabilitation was broadly defined in Chap. 1, so here a more
specific definition will be advanced for VML injury. Regenerative rehabilitation
for VML injury is a focused effort to improve skeletal muscle quality and overall
muscle function and advance mobility and quality of life for the patient by integrat-
ing regenerative technologies with rehabilitation clinical practices (Fig. 6.1). For
the VML-injured patient, any functional gain beyond those achieved with rehabil-
itation are expected to have a considerable impact on quality of life and as such
regenerative rehabilitation may be an ideal tool to accomplish this goal.

Fig. 6.1 The goal of
regenerative rehabilitation.
Regenerative rehabilitation
seeks to leverage a
regenerative medicine
technology (exemplified
here as a biomaterial-based
muscle fascicle) with
validated rehabilitation
approaches to maximize
muscle restoration and
functional capacity. Ideally,
a regenerative rehabilitation
approach has a greater
effectiveness than either
regenerative medicine or
rehabilitation alone. This is
exemplified here by a
biomaterial-based muscle
fascicle with vascularized
(yellow) and perfused
(red/vessels) muscle fibers
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6.3 Pathophysiology

In this section, we highlight primary pathologies associated with VML injuries, and
then summarize outcome measurement commonly used to evaluate the effectiveness
of an intervention. VML injuries are idiosyncratic and any one injury may not
involve all of the pathologies discussed below. Additionally, investigators should
consider the pros and cons of each technique in relation to their study design
questions and anticipated outcomes. Throughout this section we will reference
Fig. 6.2 that provides examples of common pathologies after VML injuries at four
different regions of the VML-injured muscle. These four regions include (1) the
defect, representing the area in which a volume of muscle was removed; (2) the
border, representing the tissue layer between the defect and remaining muscle;
(3) the near defect, representing the remaining muscle in close proximity to the
defect; and (4) the distant to defect, representing the remaining muscle far enough
from the defect area that it was not injured by the initial VML injury. The pathol-
ogies taking place at these four muscle regions can all contribute to the long-lasting
functional deficits observed after VML injury and the lack of full muscle restoration,
and are in contrast to the full muscle recovery capable after more common
contraction-induced muscle injuries.

6.3.1 Loss of Muscle Function

Skeletal muscle has many roles, perhaps the most important is to facilitate move-
ment. Thus, the drastic loss of muscle function following a VML injury is considered
the most consequential (Corona et al. 2016). Clinically, individuals that have some
form of VML injury display a wide spectrum of functional deficits including strength
loss, limited range of motion, and muscle stiffness. The gold standard for quantifying
the extent of an injury or the efficacy of a regenerative or rehabilitative intervention
is by testing the functional capacity of the muscle. Follow-up assessments also show
conflicting results related to the ability of the muscle to restore function several
months post-injury. In some VML injuries, the limb may be completely void of any
initial functional strength or intervention-induced strength gains, while other VML
injuries, though limited, can show promise for a restoration of function over time.
Overall, the loss of function is typically disproportionally greater than the size of
muscle removed (Corona et al. 2016). The most unfortunate finding from clinical
work is that muscle function may actually decline chronically, despite the use of
rehabilitative and/or regenerative interventions (Mase et al. 2010; Tanaka et al.
2017; Sicari et al. 2014; Gentile et al. 2014; Garg et al. 2015).
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Fig. 6.2 Pathophysiology of volumetric muscle loss injury. Acute skeletal muscle injuries (e.g.,
strains, contusions, and exercise induced) follow a canonical sequence of cellular events that
typically result in the successful restoration of the damaged tissue to its previously uninjured and
functional state. Conversely, VML injuries are plagued with an irregular pathologic response that
overwhelms the remaining tissue. The VML pathology is greatest in and around the defect area and
gradually declines at the more distal regions of the injured tissue. Characteristics include excessive
fibrosis, persistent and irregular inflammation, poor satellite cell migration, and activation, limited
formation of new muscle fibers, changes in vascularity, and dysregulation of the remaining
neuromuscular junctions. Ultimately, VML-injured muscle fails to recover the structural and
function components of healthy skeletal muscle tissue, often resulting in long-term disability. The
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6.3.1.1 Experimental and/or Clinical Outcome Measurements

Clinically, muscle function is measured using video photography, a goniometer, and
a biodex dynamometer for assessing gait, range of motion, and functional strength,
respectively. The standardized use of these modalities allows for continual evalua-
tion of VML strength for understanding long-term complications and/or progress of
a physical therapy. It also serves as a mechanism to facilitate coordinated and
individualized care by the medical staff.

The development and standardization of VML injury models and equipment have
advanced preclinical VML research (Garg et al. 2015; Greising et al. 2019). For
example, VML injuries in the tibialis anterior (TA), gastrocnemius, quadriceps, and
latissimus dorsi muscles of animals have been developed to allow neuromuscular
strength testing (Greising et al. 2019). While it is possible to measure grip strength
and forced treadmill running, the use of a functional muscle testing system provides
the most accurate results for testing force generation of specific muscles of interest
and can be performed in vivo, in situ, or in vitro (e.g., Quarta et al. 2017; Corona
et al. 2013a; Corona et al. 2013b). As muscles vary in size and strength, absolute
strength is often normalized to body or muscle mass. Importantly, the use of a
functional muscle testing system with preclinical VML models enables specific
examination of various rehabilitation and regenerative medicine paradigms that are
not yet suitable clinical trials (e.g., a new biological scaffold).

An emerging method for measuring muscle function is the biomechanical assess-
ment of ambulation and gait kinematics. Two different approaches have been used to
accomplish this, both include the use of videography, and it is recommended that
treadmill acclimation be performed prior to testing (Dienes et al. 2019; Quarta et al.
2017). In the first approach, reflective markers are placed on bony landmarks that
correspond with the pelvis, femur, tibia, and foot. Animals are then placed on a
treadmill and a multi-camera setup is used to identify and record the reflective
markers with their corresponding joint angles and segment lengths for gait kinematic
analysis. This method has been used to detect differences in gait between healthy and
VML-injured limbs and can be used in combination with force data or separately to
evaluate muscle function (Dienes et al. 2019). In the second approach, a video
imaging system captures gait kinematics from the lateral and ventral perspective in
rodents using a transparent treadmill belt (e.g., Digigate; Mouse Specifics Inc.). This
method provides a unique view of the animal’s gait while also generating digital paw
prints that allow for the identification of gait abnormalities (Quarta et al. 2017). The
data collected from both of these approaches can be used to assess strength, balance,
gait, and coordination, making it a useful tool for evaluating the effectiveness of a
regenerative and/or rehabilitative intervention.

Fig. 6.2 (continued) images in this figure are representative of a VML injury at different locations
in a rat tibialis anterior muscle 21 days following the surgical removal of a full thickness, 6 mm
biopsy punch. Cell identification markers used in this figure include the colocalization of nuclei
(DAPI) with CD68+ macrophages, Pax7+ satellite cells, or CD146+ endothelial cells
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The drastic loss of muscle function brought on by VML is thought to be mostly
attributed to the abrupt removal of muscle fibers. Thus, the majority of regenerative
interventions focus on stimulating de novo myofiber formation using biomimetic
scaffolds and various stem cell interventions. However, after accounting for the mass
of tissue or the number of fibers removed and/or damaged due to the VML injury,
there remains a glaring discrepancy in strength loss that is unaccounted for, possibly
a result of metabolic deficiencies, satellite cell dysfunction, denervation, impaired
excitation-contraction coupling, extensive inflammation, connective tissue accumu-
lation, and/or alterations in the length tension relationship of the myosin/actin cross-
bridge. As the study of VML injury is a relatively young and growing field, gaps
currently exist in understanding the long-term consequences of VML injury. As
such, pathologies moving forward are supported by the literature, but it is entirely
possible that this list will grow along with advanced knowledge of the VML injury.

6.3.2 Loss of Metabolic Function

The effects of VML injuries are not constrained to mobility deficits. Loss of
functional muscle fibers is analogous to a stark reduction of metabolically active
cells that, for example, contribute to basal metabolic rate and circulating glucose
levels. At a cellular level, skeletal muscle’s metabolic efficiency is regulated by the
mitochondria. Within this organelle, several factors contribute to this metabolism,
including enzyme kinetics of the components of the electron transport chain, oxygen
consumption, and mitochondrial membrane polarization. Oxidative capacity has
been shown to decrease by roughly 25% in VML-injured muscle when compared
to uninjured muscle (Greising et al. 2018; Southern et al. 2019). This could have
potential whole-body implications as VML-injured mice are reported to have a lower
overall metabolic rate despite similar levels of physical activity (Dalske et al. 2021).
Such whole-body changes can lead to metabolic deficits associated with an increased
likelihood of developing diabetes, cardiovascular disease, and metabolic syndrome.
The muscle-specific and whole-body characterization of metabolic changes after
VML is relatively new and there is a large knowledge gap relating to clinical
manifestations and cellular mechanisms.

6.3.2.1 Experimental and/or Clinical Outcome Measurements

Muscle metabolism is orchestrated, in large part, by a collection of enzymes found
within the mitochondria that aid in the process of breaking down pyruvate to create
ATP. Briefly, pyruvate dehydrogenase oxidizes pyruvate to create acetyl-CoA by
way of the reduction of NAD+ to NADH. The action of the enzyme citrate synthase
condenses acetyl-CoA and oxaloacetate into a six-carbon molecule, citrate. Citrate
will undergo stepwise oxidation at the hands of the enzymes isocitrate dehydroge-
nase, α-ketoglutarate dehydrogenase, and succinate dehydrogenase, among others,
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until oxaloacetate is recovered. Rates of activity from these enzymes have been
successfully measured in skeletal muscle tissue previously and are prime targets to
monitor the disease progression and subsequent recovery of skeletal muscle in
models of VML injury (Corona et al. 2018a; Southern et al. 2019; Chao et al. 2019).

Products from the tri-carboxylic cycle are used in the mitochondria to further
produce ATP through oxidative phosphorylation. Here, the reduction of NADH and
FADH2 will produce electrons that will be shuttled between the respiratory com-
plexes and H+ ions that are pumped into the intermembrane space, with oxygen
acting as the final electron acceptor. The shuttling of electrons through the respira-
tory complexes allows for more H+ to be pumped into the intermembrane space and
for additional electrons to be shuttled down the pathway. Therefore, a decrease
in oxygen consumption, the final step in the process, can point toward deficiencies in
skeletal muscle metabolism. To this point, studies have reported a decrease in
oxygen consumption at State III in VML-injured muscle compared to uninjured
controls (Greising et al. 2018; Southern et al. 2019; Chao et al. 2019).

To date, studies have relied on the substrate-uncoupler-inhibitor titration (SUIT)
method in high-resolution respirometry to determine oxygen consumption. Sub-
strates that feed each complex within the electron transport chain are added into a
closed system with a known amount of oxygen. Rate of oxygen consumption at each
titration is compared to a control to identify changes in mitochondrial function.
While this method offers the ability to observe mitochondrial deficiencies on a
complex-by-complex basis, it also paints an idealistic picture of oxygen consump-
tion. This is due to the fact that substrates provided into the experimental system are
at supra-physiological concentrations where you assume the limiting factor is the
materials needed to balance the ADP/ATP ratio. A more recent respirometry
method, known as the creatine kinase clamp (CK clamp), utilizes known facts
about ADP/ATP and Cr/PCr ratios during rest and exercise to calculate energetic
demand and the tissue’s ability to adapt when that energetic demand increases or
decreases (Fisher-Wellman et al. 2018). In this assay, the ADP/ATP ratio is
maintained constant, while titrations of phosphocreatine lower energetic demand,
and, likewise, oxygen consumption will also decrease. Other indirect measures for
the activity if CK in skeletal muscle following VML have also been achieved
through in vitro systems (Li et al. 2017).

Hand in hand with oxygen consumption, mitochondrial membrane potential flux
is another measure of mitochondrial function. The mitochondrial membrane poten-
tial is created by the traffic of electrons from Complexes I, III, and IV into the
intermembrane space. This inequity of protons in the outside of the mitochondrial
matrix creates a proton gradient that provides the transmembrane potential needed to
create ATP. Consequently, the changes in mitochondrial membrane potential are tied
with the accumulation and later alleviation of the pressure produced by the H+ in the
intermembrane space and the shuttling of electrons down the respiratory complexes.
Several colorimetric methods have been developed to track mitochondrial mem-
brane potential (Krumschnabel et al. 2014). Most commonly used is
tetramethylrhodamine methyl ester (TMRM e.g., (Tehrani et al. 2019)), a molecule
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small enough to be taken into the mitochondrial matrix during times of hyperpolar-
ization and released upon membrane depolarization.

Previous clinical examination of large-scale orthopedic trauma has been postu-
lated to increase sedentarism (Maggio et al. 2017), and subsequently the risk of
metabolic comorbidities (Rynders et al. 2018), but measuring whole-body metabolic
parameters in animal models has been historically challenging. Advancements in
equipment have made it possible to overcome some of these challenges and were
recently used to study VML-injured mice (Dalske et al. 2021). The equipment used
is called a comprehensive lab animal monitoring system (CLAMS), which is a
closed environmental and metabolic chamber that can control and measure temper-
ature and ventilatory gases (O2 and CO2) used to calculate VO2, respiratory
exchange ratios (RER), and metabolic rate. The chamber also includes infrared
beams in the X, Y, and Z planes that can track rest and movement patterns, which
are used to determine physical activity. Other modular features include periodic
body mass measurements, wheel/treadmill running, and food/fluid intake monitor-
ing. The versatility of the metabolic chambers combined with robust monitoring of
animal activity makes it an excellent tool for assessing animals after injury such as
VML. In fact, the aforementioned study revealed that VML-injured mice maintain
similar physical activity levels to uninjured controls (Dalske et al. 2021), which is
supported by wheel running experiments (Southern et al. 2019), but is an unexpected
finding based on clinical observations following traumatic injury (Ceroni et al.
2011). Despite similarities in physical activity, VML-injured mice demonstrated
whole-body metabolic impairments, referred to as metabolic inflexibility (Kelley
et al. 1999). Specifically, VML-injured mice were unable to effectively shift between
carbohydrate and lipid utilization during active hours, suggesting that metabolic
impairments previously observed at the cellular level extend beyond the relatively
small injury site to negatively impact whole-body metabolism. Of course, additional
studies using advanced whole-body metabolism and physical activity monitoring are
needed to connect VML with chronic metabolic outcomes. On the other hand,
equipment such as the CLAMS units could also be used in combination with
regenerative and rehabilitative interventions following VML injury to see if physical
activity and/or whole-body metabolism can be improved.

6.3.3 Loss of Regenerative Capacity

Successful restoration of injured muscle tissue requires the repair and/or regenera-
tion of muscle fibers, which are highly organized in bundles with specific structural
and contractile properties. Typically, skeletal muscle has a robust endogenous
regenerative response following acute injuries (exercise-induced, strains, contu-
sions), which follow a canonical regenerative order that ultimately restores tissue
structure and function to, or even above, pre-injury levels (Fig. 6.2) (Wosczyna and
Rando 2018). This regenerative process occurs over the course of several days to
weeks in mammals and follows a time-dependent, energy-demanding sequence
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characterized by robust infiltration and adaptation of immune cells (McLoughlin
et al. 2003), expansion and migration of muscle progenitor cells (i.e., satellite cells,
Fig. 6.2), and remodeling of the vasculature, motor units, and extracellular matrix
(ECM) (Hyldahl et al. 2015). Unfortunately, VML injuries do not follow the same
regenerative time course and ultimately fail to restore functional muscle tissue to its
original form (Corona et al. 2013a).

A number of preclinical VML studies do show an initial increase in muscle
function following VML injury, suggesting that the endogenous regenerative repair
response may be present in the early phase of the injury (Aguilar et al. 2018;
Greising et al. 2017; Corona et al. 2018a). Upon further inspection however, this
response is characterized by irregular waves of inflammation, an absence of progen-
itor cell expansion and migration into the defect area, and excessive formation of
ECM collagens that fill the VML defect area with scar tissue (Greising et al. 2017).
Thus, the early improvements in function may not indicate regeneration, but instead
an unregulated cellular response with a passive increase in force transmitting
collagens that ultimately overwhelm the tissues endogenous regenerative capacity.

6.3.3.1 Experimental and/or Clinical Outcome Measurements

A significant portion of VML-related work is focused on developing treatments to
restore order and function to the cellular response within the VML defect area. One
of the primary techniques used to assess regenerative capacity is the histological
identification of cells and their structures using various cellular identification tech-
niques (e.g., flow cytometry) and imaging (e.g., microscopy, ultrasound, MRI).

For the quantification of mononuclear cell populations, the most promising
method of interest would be to use flow or mass cytometry. These techniques use
fluorescently labeled antibodies or unique metals, respectively, to identify cell
populations with high efficiency. What makes this approach valuable is that it can
accurately identify and differentiate between multiple cell populations in a given
sample or whole muscle, drastically reducing the amount of time spent analyzing
images. Pathological studies have shown extensive infiltration and persistence of
immune cells into the VML injury using flow cytometry (Hurtgen et al. 2017; Hymel
et al. 2021). If possible, more studies should consider using this technique to better
understand the dynamic inflammatory response of VML injury following the use of
regenerative and/or rehabilitative interventions. However, a specific limitation to this
method with VML injury is that it lacks the temporo-spatial benefits found using
microscopy. For example, histological samples reveal that Pax7-expressing satellite
cells are found in the remaining muscle and border regions of the VML injury, yet
they are rarely seen infiltrating the defect area (Greising et al. 2017). This type of
spatial observation would go unnoticed using flow cytometry alone. Thus, the
benefit of microscopy is that it provides temporo-spatial context to the dynamic
response in cellular populations. Furthermore, microscopy can be used to assess
other muscle fiber characteristics.

186 J. R. Sorensen et al.



Quantifiable measures of muscle fiber regeneration are typically done using
microscopy, and include the identification of newly forming muscle fibers, total
muscle fiber number, the measurement of muscle fiber cross-sectional area, and in
some cases the appearance of centralized nuclei. To differentiate between existing
and newly forming muscle, various myosin heavy chain (MyHC) isoforms can be
used to identify mature fibers, while embryonic MyHC is acutely expressed in
regenerating fibers. If a regenerative cell therapy approach is used, such as stem
cells or minced muscle graft transplants, investigators should consider using fluo-
rescently tagged cells or tissue. Thus, the contribution of the cell therapy or tissue
can be easily distinguished from the endogenous fibers. In otherwise healthy muscle,
muscle function is highly correlated with muscle size and number, and the cross-
sectional area of the muscle fibers is a good indication of the muscle’s capacity to
generate force and adapt. The extent to which these relationships are maintained in
VML-injured muscle is unclear.

6.3.4 Loss of Functional ECM Replaced with Pathologic
Fibrosis

The complex web-like structure that surrounds the muscle tissue is known as the
extracellular matrix (ECM), which is an extension of the tendon, transmitting the
contractile forces generated from muscle fiber contraction to the bone for movement.
Beyond the ECM’s contribution to movement, there is mounting evidence to support
its critical role in the healing of injury muscle tissue (Gillies and Lieber 2011;
Hyldahl et al. 2015). Skeletal muscle ECM is composed of various collagen
isoforms, proteoglycans, and glycosaminoglycans that serve as a scaffolding to
provide structural support for the muscle fibers, vasculature, nerves, and the diverse
cellular populations that reside within the tissue micro-environment. Healthy muscle
has a relatively consistent ratio of ECM in comparison to myofiber cross-sectional
area. As muscle fibers hypertrophy, there is a corresponding increase and complex
remodeling of ECM content (Mendias et al. 2017). However, muscle wasting
conditions such as muscular dystrophies appear to disrupt this relationship, resulting
in greater ECM accumulation with smaller muscle fibers. The unbalanced accumu-
lation of ECM (pathologic fibrosis) results in deterioration of muscle quality and
poor muscle function by reducing joint range of motion and maximal force produc-
tion. Excessive ECM accumulation is one of the primary characteristics of VML
injury (Corona et al. 2018b). Following the blunt removal of muscle fibers, mono-
nuclear cells infiltrate the defect area and deposit thick layers of ECM that create a
ball of scar tissue to replace the muscle fibers.

Following acute injuries (i.e., strains, or exercise induced) the ECM undergoes a
remodeling phase that is vastly important for healthy regeneration and repair of the
damaged myofibers. This transient remodeling phase is referred to as the transitional
ECM, and includes the enzymatic breakdown and cellular upregulation of collagens
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and adhesion-related proteoglycans (i.e., tenascin-c, fibronectin, hyaluronic acid)
(Calve et al. 2010). The transitional ECM acts as a highway for cells to migrate
toward the injury sight and facilitate the repair/regeneration process. The disappear-
ance of a transitional matrix can lead to widespread fibrogenesis, as is observed in
other skeletal muscle disorders (i.e., muscular dystrophy) and aging (Sorensen et al.
2018). There appears to be a tipping point in more severe pathologies, where muscle
regeneration is repressed, and ECM deposition progresses uninhibited (Fig. 6.2). For
example, the blunt removal of muscle fibers, resident mononuclear cells, and ECM
components following VML injuries results in the aggressive formation of highly
cross-linked or dense collagens (Hoffman et al. 2021). Indeed, the loss of functional
ECM appears to limit the regenerative potential of the muscle, likely contributing to
failed migration of satellite cells from the remaining tissue into the defect area.
Notably, the frank removal of the existing ECM eliminates the structural support
system that is needed for new muscle fibers to grow and survive. Therefore,
regenerative medicine interventions have attempted to address these issues with an
approach of inserting various biomimetic scaffolds into the VML defect area to
establish a physical support system for angiogenesis, myogenesis, and reinnervation
(Aurora et al. 2015; Haas et al. 2019). This approach has had varying levels of
success, specifically in the ability to restore function. Going forward, it will be
critical to find a balance between functional ECM remodeling and inhibition of
fibrogenesis.

6.3.4.1 Experimental and/or Clinical Outcome Measurements

As work progresses to better understand and mitigate the accumulation of fibrosis
following VML injury, there are several methods that can be used to evaluate ECM
content in skeletal muscle. For clinical or repeated measures less invasive techniques
are available; these include ultrasound or passive muscle function examinations
(Corona et al. 2020). Modern advancements in technology, real-time imaging, and
wide spread availability make ultrasound an excellent option for human studies.
Briefly, images are collected utilizing B-mode and shearwave elastography as a
mechanism to directly examine mechanical properties of skeletal muscle. This is
done at various joint angles when an external force is applied to the tissue being
imaged and the amount of displacement or “stiffness” is measured. Stiff tissue tends
to deform less and show less strain compared to compliant tissue (Corona et al.
2020). To carry out passive muscle stiffness examinations, the limb of interest is
secured to a dynamometer and passively rotated at the joint. Passive force measure-
ments are collected at various joint angles where an increase in resistance for a given
joint angle indicates greater muscle stiffness (Greising et al. 2018; Corona et al.
2020). Importantly, these measures can be examined longitudinally in humans to
determine the efficacy of a given treatment or the progression of the VML pathology.

The assessment of ECM content at the cellular level can be performed using more
invasive techniques that require the collection of muscle samples. A commonly used
method is histological analysis of skeletal muscle cross sections. Notably, different
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histological techniques are used to quantify ECM content; these include electron
microscopy, Masson’s trichrome stain, picrosirius red stain, and antibody labeling of
specific ECM markers. Each approach uses a corresponding microscope to take full
advantage of the muscle sample. Generally speaking, electron microscopy allows for
high definition qualitative assessment of the ECM structure (Gillies et al. 2017; Gao
et al. 2008; Järvinen et al. 2002; Purslow and Trotter 1994), while Masson’s
trichrome and picrosirius red quantitatively assess overall ECM content
(Ramaswamy et al. 2011; Greising et al. 2017). With the addition of a polarizing
filter, the picrosirius red stain can be further used to assess loosely vs. densely
packed collagen (Hoffman et al. 2021; Dearth et al. 2016; Smith and Barton 2014;
Arruda et al. 2007). Lastly, immunohistochemistry can be broadly used to label
specific collagen isoforms and other ECM proteins (e.g., laminin, fibronectin,
dystrophin) (Piñol-Jurado et al. 2018; Cáceres et al. 2000; Zanotti et al. 2005) or
ECM-related growth factors (e.g., TGF-β or connective tissue growth factor)
(Li et al. 2004). Histological quantification of ECM content is typically expressed
as a measure of area.

Total collagen, collagen isoforms, and fibrotic markers can also be examined at
the protein and gene level. After muscle samples are properly homogenized and
processed, biochemical assessment of total collagen can be done using a hydroxy-
proline assay. Furthermore, antibody-based probing (e.g., ELISA) can be used to
examine specific collagen isoforms and proteins of interest. Lastly, some proteins,
such as TGF-β, may also be measured using multiplexing assays, which have the
distinct advantage of including a host of markers in a single sample. Notably, recent
advancements in proteomics and transcriptomics reveal that only a portion of the
gene expression is revealed in the protein content, suggesting that protein measure-
ments more accurately reflect the cellular response. Nonetheless, gene arrays,
qRT-PCR, and next-generation sequencing analysis are widely used research tech-
niques that provide additional insight (Aguilar et al. 2018; Corona et al. 2017b;
Greising et al. 2017; Greising et al. 2018; Cherry et al. 2021; Nuutila et al. 2017;
Aurora et al. 2014). The advantage of gene arrays is that a large number of genes can
be tested to identify enriched pathways of differentially expressed genes that could
serve as potential therapeutic targets. The advantage of sequencing is increased
flexibility with hardware design and the probability of discovering unknown gene
variants. Overall, the extracellular matrix is a critical and often overlooked compo-
nent of skeletal muscle health. As more treatments for VML are developed and
tested, the fibrotic response will continue to be an area of interest for achieving
success.

6.3.5 Extensive and Irregular Inflammation

The extent of damage caused by VML injuries is typically beyond the muscle’s
natural ability to regenerate. Regeneration takes place under complex inflammatory
conditions (Grounds 2014), entailing the activation of the innate immune system and
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recruitment of effector immune cells (Fig. 6.2). Early stages of healing involve a
pro-inflammatory environment, where resident macrophages are polarized toward
the M1 phenotype and, along with other recruited immune cells, facilitate the repair
process by breaking down cellular debris. This process is also important for the
activation and migration of satellite cells to the area of injury. Under normal
conditions, this pro-inflammatory milieu subsides as damaged cells and extracellular
matrices are cleared away. Macrophages will then polarize toward the M2 or anti-
inflammatory phenotype which will stimulate satellite cell differentiation and
myofiber repair.

VML-injured muscle maintains an increased expression of chemotactic, inflam-
matory, and immune cell infiltration gene transcripts (Greising et al. 2016, 2017).
Where other muscle injuries see a decrease in inflammatory signaling a few days
after injury, VML has been shown to maintain this sustained expression even
28 days following injury (Aguilar et al. 2018). Similar to other models of severe
muscle trauma, VML presents with an inflammatory profile, producing an abun-
dance of COX1/2, CSF2, IL6, MIF, and STAT3. Moreover, immune pathways, such
as complement activation, and fibrosis-inducing pathways, like TGF-β1 and Wnt,
remain constantly activated after injury. This is important because TGF-β1 and Wnt
control the behavior of multipotent fibro-adipogenic precursors living in the cellular
niche of the muscle, which are thought to be responsible for the increased fibrosis in
the VML defect area and the suppression of satellite cell activation, respectively.

Increased fibrosis in the muscle defect creates a myogenesis-inhibitive feedback
loop, as fibrotic tissue secretes cytokines that block myogenic differentiation factors
such as MyoD, MyoG, and Mef2. Fibrosis and prolonged immune cell infiltration
and action create an unfavorable environment where remodeling enzymes are
constantly activated to clear away ECM that is interfering with the growth of new
myofibers, leading to further inflammation (Shayan and Huang 2020). This envi-
ronment is unreceptive to therapies and causes a degenerative phenotype in satellite,
immune, and fibro-adipogenic precursor cells (Larouche et al. 2018). Therefore,
therapeutic candidates must be able to immunomodulate the cell niche to usher in the
anti-inflammatory stages of repair, when appropriate, stave off fibrosis and
adipogenesis, preserve the remaining muscle, and positively influence satellite cells.

6.3.5.1 Experimental and/or Clinical Outcome Measurements

Inflammation is a necessary component of wound and tissue healing (Greising et al.
2020). High temperature, increased fluid retention, and the recruitment of effector
immune cells are all part of a highly coordinated effort to clear away debris and
allow for the regeneration and remodeling period to commence. However, as it was
established earlier, the inflammatory period during VML injuries tends to subsist
further than what is necessary or beneficial for the tissue. This extended inflamma-
tion is thought to hinder the regeneration process by breaking down newly formed
tissue and causing damage to any growth factors, cells, or adjuvants delivered to the
area of injury.
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Monitoring immune cell infiltration or the product of immune cell action in
skeletal muscle has been previously explored in models of VML. Gene expression
for protein products and proteases secreted by immune cells has been previously
used to show inflammatory response in VML (Corona et al. 2013a; Hurtgen et al.
2016). Masson’s trichrome and hematoxylin and eosin staining have been used to
show the effects of immune cell infiltration in injured muscle. Recent reports have
also used fluorescence activated cell sorting (FACS) to identify immune cell
populations in a longitudinal assessment of VML injuries (Hymel et al. 2021).
Additionally, the availability of ELISA and magnetic multiplex assays allows for
the testing of a wide array of immune secreted factors, specifically cytokines such as
IL-1β and IL-6.

6.3.6 Loss of Innervation

A motor unit is made up of a motor neuron and the skeletal muscle fibers innervated
by that motor neuron’s axonal terminals, i.e., individual neuromuscular junctions
(NMJs) on each fiber. The NMJ is a specialized chemical synapse that plays a critical
role in muscle contraction where an action potential passes from the motor neuron to
the individual muscle fiber to convert chemical energy into mechanical energy via
the cross-bridging of actin and myosin. Due to the critical nature of the NMJ in
facilitating muscle contractions, it has been shown to be a point of failure in aging,
disease, and skeletal muscle injury models such as denervation injury or tissue
ischemia. Indeed, the intimate physical connection between the nerve and muscle
is critical for the function, survival, and morphology of the muscle fibers. Con-
versely, the loss of innervation is a major contributor to the pathological loss of
muscle fibers, mass, and strength.

Until recently, the pathology of innervation following VML injuries had not been
thoroughly examined. It was generally assumed that a significant number of NMJs
were removed or damaged in conjunction with the loss of other structural and
functional properties within the muscle tissue. However, evidence to support this
claim is limited and can vary depending on the injury model and sequela of the
injury. In one study specifically, acetylcholine receptors were used as a marker to
count NMJs throughout the muscle, revealing significantly less clusters following a
VML injury when compared to the uninjured contralateral limb (Anderson et al.
2019). This data supports the idea that NMJs are removed as a result of the injury
model used in this particular study. However, it is important to note that the loss of
innervation due to the direct removal of tissue may vary based on the size and
location of the VML injury. Furthermore, the labeling of acetylcholine receptors
alone, while beneficial to determine the number of NMJs, fails to account for other
critical structures important for characterizing innervation. To this end, a recent
study found progressive secondary loss of innervation up to seven weeks post-VML
injury in the remaining tissue (Sorensen et al. 2021). This was done by examining
the colocalization of pre- and postsynaptic NMJ structures. These findings are
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supported by a previous study which showed significant axotomy following VML
injury (Corona et al. 2018a), suggesting that the impact of VML extends well beyond
the initial injured area (Fig. 6.2). This may help explain the long-term dysfunction
that persists following VML injures as well as highlight innervation as a promising
therapeutic target for improved healing and restoration of function in future studies.

6.3.6.1 Experimental and/or Clinical Outcome Measurements

As muscle and nerve communicate in a bidirectional way, being able to measure
motor unit defects separately from muscle defects provides insights into their
pathophysiologic interplay. Therefore, considerations for future studies should
understand that there are three main approaches used for identifying denervated
muscle fibers. The first method is an indirect approach that combines electrical
stimulation: direct muscle membrane simulation and stimulation through the nerve
to test neuromuscular transmission failure (Greising et al. 2015). The second method
also measures innervation indirectly using a continuous neural stimulation protocol
to deplete innervated muscle fibers of glycogen, followed by histological identifica-
tion of myofiber glycogen content (Corona et al. 2013a). The third method is
performed by directly examining the integrity of the NMJ using immunohistological
probes that identify NMJ structures. In the first method, the comparison of the
muscle contractile response elicited by nerve stimulation and the response of the
same muscle evoked by direct stimulation of its membrane has been proposed as an
indirect measurement of NMJ functionality. Indeed, since membrane stimulation
bypasses neurotransmission signaling, any differences in the two contractile
responses may be ascribed to changes in the NMJ. This approach has been exten-
sively used in porcine, rat, and mouse models of aging and disease. For the second
method, the muscle undergoes an intense contractile protocol involving several
bouts of electrically stimulated muscle contractions. Once the bouts are completed,
the tissue is immediately harvested and probed for identification of glycogen stores.
Innervated fibers will be void of glycogen, while denervated fibers will maintain
glycogen stores (Corona et al. 2013a). For the third method, antibodies are used to
label the presynaptic terminal of the NMJ along with the motor axons. Additionally,
a neurotoxic venom from the Taiwanese many-banded krait, known as
α-bungarotoxin, is used to label the postsynaptic terminal. When used in combina-
tion, investigators can determine the innervation status of the NMJ. Complete
colocalization of the pre- and postsynaptic terminals indicates fully innervated,
while the partial or complete absence of the presynaptic terminal would represent
denervation. Furthermore, morphological characteristics such as fragmentation,
poly-innervation, axon sprouting, and axon thinning, which are thought to play a
role in NMJ remodeling during development or following acute injury, can be
identified. When using this approach, it is highly advised to consider the anatomical
structure and location of the NMJs. Indeed, the pre- and postsynaptic terminals of the
NMJ and corresponding axons run longitudinally along the muscle fibers, indicating
that thickly cut sections or whole tissue samples be used in the longitudinal
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orientation. It is possible to use the typical cross-sectional orientation commonly
seen with skeletal muscle; however, a cross-sectional orientation may fail to identify
important data concerning the NMJ.

It is important to note that a number of studies have identified newly forming
NMJ structures in and around the VML defect area following the use of regenerative
interventions (Turner et al. 2010; VanDusen et al. 2014), suggesting that the
potential to reinnervate fibers within the defect area is possible. Additionally, the
discovery that NMJ size in the remaining tissue is preserved (Sorensen et al. 2021)
coupled with lack of motor unit death in the spinal cord (Corona et al. 2018a) is
further confirmation that innervation can likely be rescued. As such, future studies
need to strongly consider targeting and performing in-depth analysis of innervation
following regenerative and rehabilitative interventions, as this may be an
undervalued explanation for regenerative and functional deficits.

6.3.7 Vasculature

The vascular network within skeletal muscle is highly organized into branching
networks of smaller arteries, arterioles, capillaries, and venules making up the
microcirculation. Microcirculation is critical for the exchange of water, gases (e.g.,
O2, CO2), nutrients (e.g., glucose, free-fatty acids), and waste products between the
muscle tissue and blood. Skeletal muscle metabolic demand can increase several
hundred-fold with incremental levels of physical activity, meaning perfusion and
diffusion properties of microcirculation are important variables for sustained muscle
function. There are three factors influencing the severity of VML injury on muscle
vascularity: (1) the amount of microcirculation lost with the physical removal of the
muscle, (2) disrupted microcirculation perfusion and diffusion in the remaining
muscle, and (3) the extent to which re-vascularization can occur in the remaining
muscle and/or tissue that replaces the muscle lost during the VML injury (Fig. 6.2).
There is evidence of vascular growth near the injury site in the weeks following
VML injury in rodent models, but the extent of perfusion to those and existing
networks remains questionable (Anderson et al. 2019; Southern et al. 2019; Li et al.
2017). Ultimately, the loss of microcirculation after a VML injury has been impli-
cated in contributing to mitochondrial dysfunction, impaired muscle stem cell
activation, and extensive fibrosis in the remaining tissue. The microcirculation is a
critical target for regenerative medicine and rehabilitation approaches alike to
improve the overall quality of muscle post-VML injury.

6.3.7.1 Experimental and/or Clinical Outcome Measurements

There exist several outcome measurements for vascularization of both the remaining
muscle and defect area post-VML injury that vary in accounting for the quantity of
vessels and function of those vessels. Capillary density and the capillary-to-fiber
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ratio can be assessed histologically with alkaline phosphate or capillary-specific
antibodies (e.g., CD34) and skeletal muscle fiber membranes (e.g., dystrophin)
(Dalske et al. 2021; Machingal et al. 2011). Capillary density and capillary-to-fiber
ratio can indicate the theoretical perfusion and diffusion limitations within muscle,
i.e., fewer capillaries increase the diffusion distance from any point within a muscle
fiber to the nearest capillary. Greater diffusion distances negatively affect the ability
of muscle fibers to exchange nutrients, gases, and waste products. In normal
physiological settings, only 40–60% of capillaries will be perfused with blood at
any time; therefore, greater physiological relevance is placed on outcome measure-
ments of perfusion. Contrast imaging in which a radioactive dye is pushed through
the left ventricle into circulation and imaged using μCT can provide a closer
representation of vascular beds and their perfusion parameters (Southern et al.
2019). There are many examples of this approach being used to interrogate the
pathophysiology of VML injuries as well as monitor vascularization of tissue trans-
plants into the defect area left by a VML injury. Laser Doppler flowmetry is a
noninvasive technique that relies on the Doppler shift of laser light to detect blood
flow to skeletal muscle. Another noninvasive technique is near-infrared spectros-
copy that measures changes in near-infrared light absorption that can be inferred as
blood flow and oxy/deoxyhemoglobin levels. There are some examples of these
noninvasive techniques being used to validate regenerative medicine approaches
following VML injury, but in general noninvasive blood flow imaging studies are a
challenge area for advancement of understanding the VML pathology.

6.3.8 Long-Term Disability and/or Delayed Amputation

The path of VML-injured patients to even modest improvements in functional
capacity is currently long and hindered by comorbidities. Rehabilitation alone is
unlikely to attenuate the sequela of pathology in the remaining muscle, leading to
chronic limb dysfunction. A study of medically retired battlefield-injured
servicemembers reported that a muscle condition contributed to 53% of the total
disability rating, which reflects a servicemember’s physical fitness and disability
payment (Corona et al. 2015). Additional rehabilitation time does not significantly
improve physical fitness and further deterioration has been reported (Rivera and
Corona 2016), at which point late-stage amputation becomes a primary concern
(Krueger et al. 2012; Stinner 2016; Stinner et al. 2010). Functional deficits second-
ary to VML injuries likely contribute to late-stage amputation. In theory, a propor-
tion of late-stage amputations could be avoided if clinically viable treatment
approaches were available to improve the regenerative potential of the remaining
muscle. For the VML-injured patient, any functional gains beyond those achieved
with rehabilitation are expected to have a considerable impact on quality of life and
as such regenerative rehabilitation may be an ideal tool to accomplish this goal.
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6.4 Rehabilitation Approaches

6.4.1 Model Limitations

Animal models are invaluable tools for disease research. They allow for the pro-
found study of biochemical pathways and physical adaptations in a living system,
and provide a platform for the screening, testing, and developing of new pharma-
ceuticals. Despite their usefulness, there are many instances in which disease
progression or treatment response between animal models and humans generally
differs (Hartung 2008; Hackam 2007; Hackam and Redelmeier 2006). For example,
animal VML injury models are highly controlled and may not always translate to
what is observed in clinics based on injury location, size, species, age, sex, and
severity. Not to mention the anatomical and ambulatory differences between animals
and humans. While these systems serve to fill a technical gap, there are disadvan-
tages and limitations that must be kept in mind when inferring or translating study
results to a human context.

6.4.1.1 Physical Constraints

A large number of orthopedic models are developed in rodents or large animals, like
sheep or pigs (Hartung 2008; Moran et al. 2016; Rhrissorrakrai et al. 2015). The
similarity in muscle composition offers valuable insight on the biochemical path-
ways activated during injury and recovery and serve as an excellent testbed to gauge
biological response to therapies. However, data cannot be directly correlated to
human condition. As quadrupeds, weight distribution, pennation and torque angles,
and muscle position vary considerably to that of humans (Hartung 2008; Moran et al.
2016; Shayan and Huang 2020). Therefore, the strain placed on a muscle in an injury
model may not accurately portray the actual injury.

The magnitude and location of VML injuries result in considerable heterogeneity
and necessitate a cadre of therapies (Rodriguez et al. 2020). For instance, a small
VML defect isolated to a peripheral portion of a muscle unit may be best compen-
sated by synergist hypertrophy mediated through physical therapy, whereas VML
defects have been shown to not respond to conventional physical therapy and may
require regenerative medicine augmentation. This could be due to the heterogeneity
of injury defect size and locations seen in clinic, which make the standardization of
treatment protocols difficult. Regenerative treatments for VML have utilized various
strategies but require significant further advancement to be of therapeutic benefit to
patients presenting with acute or chronic VML injury.

VML injuries are known for having long periods of recovery during which the
muscle undergoes several bouts of inflammation and the limb remains mostly
immobile before healing due to commonly concomitant bone injury (Corona et al.
2015). By virtue of the animals these models are developed in, recovery from VML
occurs in a significantly shorter time frame than their human counterparts. This is
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especially true in rodents, where injured subjects are able to ambulate, run, and even
jump within minutes of recovering from anesthesia. Moreover, there is no period of
limb immobilization or disuse unless the animal is physically restrained or the nerve
innervating the muscle group of interest is severed. While it is advantageous for
researchers to have a reduced window for disease progression and healing, it can
sometimes lead to treatments being suspended during clinical trials despite the fact
that the preclinical data were promising.

6.4.1.2 Metabolic Constraints

A major pitfall that hinders models of nearly every disease is the determination of
appropriate dosages for pharmacological adjuvants (Hartung 2008). In some cases,
there are metabolic redundancies in animals not present in humans that affect the
organism’s response to a treatment (i.e., immune system response and robustness
being distinctly different) (McGonigle and Ruggeri 2014) that leads to a discrepancy
in the predicted bioavailability in humans (Musther et al. 2014). Though there are
mathematical models that can help predict dosing for humans, there are still major
lags in first-in-human (FIH) estimations (Zou et al. 2012) to achieve the observed
effect from animal models. This is especially important when working on new
dosages for off-label indications of medications already on the market.

6.4.1.3 Functional Assessments and Outcomes

In clinical settings, patients who have suffered VML injuries are evaluated on a wide
range of parameters, including clinical photography and gait analysis, range of
motion, muscle strength, and isometric muscle function (Sicari et al. 2014). All
these evaluations are directed at assessing the muscle’s performance following
injury and subsequent recovery. Assessment and outcome measures are often guided
by the longtime goal of the research project and are not a standard or comprehensive
evaluation of muscle soundness. Therapies that aim to address filling the defect area
left behind after VML injuries may not wish to include the same outcome measures
as those therapies intending to prime and improve the remaining muscle tissue. As an
example, a number of VML studies use histological evaluation (e.g., fiber number,
fiber diameter, MyHC expression) as the metric for muscle regeneration in the defect
area but fail to include measures of strength. This type of outcome not only
disregards the importance of proper muscle function as the desired result, but it
wrongly equates hypertrophy with functional improvement. As such, standardiza-
tion of outcomes measures to match those seen in clinical settings is a necessary
addition to the VML model field. In order to maximize the ability of VML studies to
inform future evidence-based approaches, we propose an outcome measurements
hierarchy to consult during study design (Fig. 6.3). This model prioritizes functional
outcomes with clinical comparisons, e.g., gait analysis and muscle strength, and
gives less priority to measurements that cannot provide direct interpretation on the
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health of skeletal muscle; e.g., treadmill running involves the cardiovascular and
respiratory systems.

Models are not meant to be perfect representations. They exist to minimize the
variables within a system to isolate a few tangible elements. Acknowledging the
limitations within that system increases the study’s robustness and prevents over-
selling of positive results. Moreover, it is each researcher’s responsibility to create
model systems that can be accurately translated to human research and that add value
or improve upon the current understanding of VML pathophysiology.

6.4.2 Physical Rehabilitation

Currently, no corrective physical rehabilitation guidelines exist for the treatment of
VML injuries. Perhaps, it is due to the uncertain adaptability of the remaining
skeletal muscle using rehabilitation techniques. Various models of physical rehabil-
itation following VML have been used in preclinical models, including voluntary
wheel running, forced treadmill running, chronic-intermittent electrical nerve stim-
ulation to induce concentric or eccentric contractions, and/or passive range of motion
exercises (Washington et al. 2021; Quarta et al. 2017; Southern et al. 2019; Greising
et al. 2018; Aurora et al. 2015). Collectively, these diverse approaches have shown
that modest contractile adaptations are possible. Meanwhile, clinical reports have

Fig. 6.3 A four-tier model for evaluating outcome measurements for VML. Tier 1 includes out-
comes with clinical similarities; Tier 2 are outcomes that most directly influence Tier 1; Tier
3 provide broad evidence of muscle quality; and Tier 4 are outcomes involving other systems in
the body making direct interpretation of muscle function difficult
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shown that VML patients see moderate improvements before their progression halts
and further rehabilitation, regardless of the type or intensity, fails to improve
function. Collectively, rehabilitation following VML has resulted in modest, if
any, improvement in muscle function without any physiological rationale or mech-
anistic understanding for the lack of significant response.

Despite the discouragement of unsuccessful attempts to improve functional out-
comes following VML injuries, it should not be interpreted to suggest that all forms
of physical rehabilitation will fail. It is merely that the appropriate combination of
rehabilitative and regenerative medicine therapies has not been identified. Further-
more, a rehabilitative standard of care does not exist and the variables that need to be
considered for are extensive, including the type, timing, volume, and intensity of the
therapy. Future research needs to focus on the synergistic potential of regenerative
rehabilitation, where regenerative therapies are combined with rehabilitation in an
attempt to restore functional muscle tissue to VML-injured patience.

6.5 Regenerative Medicine

6.5.1 Cell Therapies

Skeletal muscle stem cells, known as satellite cells, have a unique ability to fuse to
existing fibers (hypertrophy) or fuse together to form new fibers (hyperplasia),
making them indispensable for the endogenous repair and regeneration of skeletal
muscles. Satellite cells reside underneath the basal lamina on skeletal muscle fibers,
typically in a quiescent state. Following injury, satellite cells become activated and
migrate to the injury site where they expand and a portion of the cells differentiate
into functional muscle tissue to repair, regenerate, and restore the muscle to its
previous healthy state. The remaining portion of satellite cells returns to their
original quiescent state to preserve the stem cell pool. Unfortunately, the ramifica-
tions of VML on satellite cells within the remaining muscle are not completely
understood and current strategies aimed at exploiting satellite cells as a source of
regenerative medicine have been hampered with challenges. For instance, across
various VML injury models and species, satellite cells demonstrate limited migration
following injury. Specifically, all satellite cells are found within the remaining tissue,
while the injury area is devoid of a satellite cell presence or meaningful regenerating
muscle fibers. Studies have shown that gene expression of Pax7 (a satellite cell
marker) initially increases post-VML, but its expression declines chronically,
suggesting a lack of endogenous proliferative capacity (Aguilar et al. 2018). In an
effort to overcome these challenges, researchers have attempted to add various donor
cells (e.g., satellite cells, inducible pluripotent stem cells, mesenchymal cells) into
the VML defect area (Baker et al. 2017; Merritt et al. 2010; Mori et al. 2015; Oshima
et al. 2014; Passipieri et al. 2017; Qiu et al. 2018; Quarta et al. 2017; Shi et al. 2009).
A variety of approaches have been used to accomplish this, the most common being
the application of purified satellite cells alone or in combination with hydrogels or
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scaffolds. These approaches have shown varying results with limited impact on
restoring muscle function. Some of the challenges with this approach have been
linked to poor satellite cell engraftment. In other words, the cells fail to adhere to the
existing tissue and have been described as having lost their “stemness.” A possible
explanation may be that in order to generate a sufficiently large pool of satellite cells,
they must first undergo in vitro expansion. While this technique can quickly expand
the satellite cell pool, it also depletes the cells of their unique stem cell characteris-
tics. Therefore, another approach which has shown some promise for improving
muscle function is the use of a minced muscle graft (Corona et al. 2013a; Ward et al.
2015), which replaces all endogenous cell types and the components of the ECM.
This approach does not require the in vitro expansion of the satellite cells. Addi-
tionally, it maintains the cell’s natural environment by delivering the ECM and basal
lamina wherein the satellite cells typically reside. Moreover, resident cells such as
fibro/adipogenic progenitors, which have been shown to promote satellite cell
expansion, are readily present in close proximity to the satellite cell population.
However, all of these techniques still present challenging obstacles that need to be
overcome, especially when considering a translational approach from animal models
to humans.

6.5.2 Pharmaceutical Adjuvants

As discussed throughout the course of this chapter, a common consequence of VML
injury is the overwhelming accumulation of inflammation and fibrosis that impede
the endogenous regenerative response of the remaining tissue. A possible solution to
restore a portion of the tissue’s regenerative potential has come through the
repurposing of FDA-approved pharmaceutical agents that have shown beneficial
effects in other disease or injury conditions. To this end, some studies have admin-
istered anti-fibrotic agents as a primary treatment source for VML, while others have
used anti-inflammatories as a mechanism to mitigate tissue donor rejection or
dampen the inflammatory response when implanting a foreign material (i.e., scaf-
fold). In fact, few studies have examined the functional impact of anti-
inflammatories as a single treatment approach. What has generally been found is
that functional outcomes are no different when using an anti-inflammatory versus no
use, while modest improvements in muscle function are observed when combined
with a muscle graft treatment (Corona et al. 2017b; Goldman et al. 2020, 2021),
indicating that a small synergistic effect may occur when anti-inflammatories are
used in combination with other regenerative therapies.

To date, some anti-fibrotic treatments for VML have targeted various signaling
pathways such as TGF-β (Garg et al. 2014a), FGF, PDGFRα/β, and VEGF (Corona
et al. 2020), which have known roles in fibrosis development. Paradoxically, many
of these pathways also support other cellular functions within the muscle tissue.
Perhaps, it is not surprising then that the administration of an anti-fibrotic treatment
can successfully prevent fibrosis. However, the anti-fibrotic treatments do not
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typically address skeletal muscle contractile function and in some cases lead to
further decline in contractile force (Corona et al. 2020; Garg et al. 2014a). This
supports the idea that a portion of the early improvements in muscle function are
likely driven by the accumulation of force transmitting connective tissue. Despite
these findings, future studies should continue to identify potential targets for
preventing fibrosis or combine the currently available anti-fibrotic treatments with
other regenerative and rehabilitative therapies.

6.5.3 Growth Factors

Skeletal muscles’ robust capacity to adapt is dependent on the type of stress that the
muscle is exposed to. For example, the ablation of the gastrocnemius muscle will
result in a compensatory hypertrophic response of the remaining plantaris muscle in
rodents (Degens et al. 1995), attributed to the increased demand placed on the
muscle. However, the ability to adapt to stress following VML injury is lost, such
that compensatory hypertrophy of the remaining muscle does not occur. It is well
known that certain signaling pathways are activated as a result of injury or exercise
to stimulate adaptation. The molecules that drive these adaptations are proteins
commonly referred to as growth factors. It is thought that by manipulating endog-
enous signaling pathways following VML injury, it may be possible to rescue the
adaptive potential of the remaining tissue. As a result, growth factors have been used
alone or in combination with engineered muscle constructs to deliver a sustained
concentration of the desired molecule during the recovery process, while also
providing additional structural support to injured muscle. The results have presented
both promising and conflicting outcomes, which are likely dependent on the specific
molecule used. For example, a VML injury treated with a keratin construct and basic
fibroblast growth factor (bFGF) showed poor force output two months after implan-
tation (Baker et al. 2017). This may be partially explained by the discovery that
molecules such as bFGF, hepatocyte growth factor (HGF), and insulin-like growth
factor (IGF) are already abundantly secreted into the VML defect area. However,
when the keratin and bFGF construct was further supported by IGF, there was a
synergistic increase in force that was not observed by either factor alone (Baker et al.
2017). On the other hand, molecules that are downregulated following VML injury
may hold greater promise for rescuing a portion of the injured muscles’ adaptive
capacity. One such molecule is PGC-1α, when overexpressed in VML-injured
muscle there was improved oxidative capacity (Southern et al. 2019). Overall,
endogenous molecules do have the potential to improve VML outcomes if the
molecule is suppressed following VML injury and used in combination with other
therapies.
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6.5.4 Biomaterials

Despite the fact that the term “biomaterial” has only recently come into use, humans
have been using materials to aid in healing for centuries (Ratner and Zhang 2020;
Migonney 2014) as noted in Chap. 1. In early civilizations people used wood, bones,
animal teeth, and sinew for dentistry applications, making prosthesis for amputated
or withered limbs, and sutures. As technology evolved, so did practices. The field
reached a new cusp with the scientific breakthrough of polymer synthesis. Technol-
ogy has allowed for these new implants to achieve better performance, functionality,
and reproducibility than the naturally derived materials of old. Nowadays, the term
biomaterial is used as a broad category that includes medical implants, aids for
healing and regenerating human tissue, molecular probes, biosensors, and drug
delivery systems.

The study of VML injuries has brought with it a vast array of natural and synthetic
polymer materials. These materials have been manipulated in a variety of shapes,
including natural or native structure sponges, gelloids, and fibers. With the use of
these scaffolds, researchers have sought to carry growth factors, cells, and pharma-
ceutical adjuvants to the injury defect in hopes of restoring muscle mass and
function. More importantly, the use of biomaterials can open a new field of VML
treatment, where the muscle environment can be modulated through chemical and
spatial cues, priming the muscle for future physical therapy.

6.5.4.1 Biocompatibility and Biomaterials Presentation

With the increased availability of both natural and synthetic materials to aid in
healing, came an interest in studying the interaction of materials with the environ-
ment in which they were to be introduced. Many early biomaterials were chosen on
the basis that they remain “inert” or “non-fouling” within the body, not triggering a
significant immune response or interacting with the tissue in any meaningful way
(Ratner 2019). As the field has evolved, however, more importance is being put upon
the materials being able to modulate the cell environment to promote healing rather
than remain an inert substance (Abdulghani and Mitchell 2019). This brought about
the new concept of biocompatibility–material-host synergy.

Biomaterials engineering is a highly interdisciplinary field that is under constant
improvement. New synthesis and functionalization techniques allow for the modi-
fication of both naturally and synthetically derived biomaterials to fit nearly any
need. Materials developed for implantable devices are tested for reactivity, as they
typically go through the entire process of FDA approval, and their function may
depend on their non-interaction with the organismal environment. Soft materials,
non-devices such as beads, micro- and nanoparticles, gels, and scaffolds, inherently
become part of the environment upon implantation. Their interaction with the host’s
environment is sometimes neglected, leading to failure in vivo despite its promise
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in vitro. This issue may stem from the lack of knowledge of the cellular and
molecular mechanisms activated by implantation leading to poor material stability.

The extracellular environment following VML injury is flooded with cell debris,
signaling molecules, and immune cells simultaneously coordinating several compli-
cated molecular mechanisms. Many of these mechanisms are tissue-specific and
require different biochemical signaling pathways, macromolecules, and signal trans-
ducers. Both natural and synthetic materials can be modified or functionalized so
their surfaces can positively influence the extracellular environment. Some of these
modifications can include creating hydrophilic or hydrophobic interaction sites,
attaching charged or protein-specific binding sites, loading the material with a
payload that influences the muscle environment, and modifying degradation kinetics
to fit the time frame desired for study. Additionally, the chemical properties of the
base material, including the products of its degradation, can be used to the
researcher’s advantage to modulate cellular response.

Properties such as topographical features, stiffness, pore size, and cell binding
sites will influence the effectiveness of the biomaterial (Rahmati et al. 2020). Many
researchers have reported on the influence of physical characteristics of a biomaterial
on the cell fate and survival of different cell types (Abdulghani and Mitchell 2019).
The surface topography of a scaffold can affect the determination, adhesion, differ-
entiation, and migration of resident stem cells, leading to unwanted cell fates, such as
adipose or fibrotic tissue. The stiffness of the muscle determines the amount of
torque that can be produced from voluntary contraction around an axis (Abdulghani
and Mitchell 2019). For example, an overly stiff material (Young’s modulus)
deposited into the muscle defect of a VML injury could hinder contraction of the
muscle as the tissue heals or not allow for the migration, binding, and proliferation of
stem or satellite cells within the material pores. Conversely, materials pre-loaded
with myoblasts or satellite cells with unfavorable physical properties may not be able
to maintain cell viability in vivo or allow for the migration of those cells into the
existing myofibers.

Thus, an effective biomaterial should not hinder but enhance the natural process
of tissue healing. Researchers must consider the possibility that in vitro data col-
lected on these materials may not represent the conditions present in the extracellular
niche in vivo.

6.5.4.2 Natural Biomaterials

For centuries, humans have been using naturally based materials to help heal their
maladies. Wood and bone were some of the first materials used to mend broken
limbs and replace teeth. Currently, naturally derived materials are used as biomate-
rials for their availability, biocompatibility, and biomimetic properties. These mate-
rials can be divided into four broad categories: proteins, polysaccharides,
glycosaminoglycans, and cellular matrices (Brovold et al. 2018). The field of
VML research has seen representatives from all of these categories as vehicles for
the delivery of cells and therapeutics into the injury defect. Figure 6.4 shows
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different categories of scaffold materials that have been used in VML injury studies.
The relative size of each category relates to the ubiquity of the material’s use in
research.

6.5.4.2.1 Protein Scaffolds

Collagen

Collagen is the most abundant structural protein in the body. It is secreted by
fibroblasts as part of the ECM and provides support to diverse tissues, such as
bones, tendons, and skin (Brovold et al. 2018). Though typically used as a scaffold
for bone repair for its enhanced strength and mechanical properties, collagen can be
modified to serve soft-tissue purposes. This material can be processed into beads,

Fig. 6.4 Summary of materials tested for the treatment of volumetric muscle less injuries. The field
of VML has seen a moderate number of studies where biomaterials have been engineered to either
deliver a payload or encourage the growth of new tissue in the injury defect. Size and proportions of
each category on the chart correlate with the prevalence for each material in research. Naturally
derived materials make up the bulk of these studies, with protein scaffolds being the most popular.
The use of synthetic materials has been significantly less explored, but it can be expected to increase
as the field of bioengineering in VML injuries expands
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sponges, meshes, and fibers that are conducive to cell growth, biocompatible, and
biodegradable. It is easy to isolate and has many varieties, and its physical, struc-
tural, and chemical characteristics are well known.

Collagen is a popular material base for the construction of gels, fibers, meshes,
and sponges used in VML injuries. Use of collagen sponges to treat VML muscle
defects in the vastus lateralis muscle of rabbits resulted in regenerating myofibers on
the periphery of the defect at 4 weeks and the partial connection of regenerating
myofiber stumps at 24 weeks (Kin et al. 2007). Additionally, collagen scaffolds
loaded with insulin-like growth factor-1 (IGF-1) have promoted proliferation and
initiation of myogenic fusion of myoblasts, in vitro (Alcazar et al. 2020). Moreover,
these biomaterials aided in the activation of satellite cells to the VML injury and
scaffold site, in vivo.

Gelatin

Gelatin is a material derived from the hydrolysis of collagen (Brovold et al. 2018).
Due to this, its structure and physical and chemical attributes are well known. It has
an advantage over collagen in that it is readily soluble in aqueous solution, is
commercially available, and can be easily cross-linked or chemically modified to
fit a wide variety of applications. In a rat VML model, cross-linked gelatin hydrogels
were used to deliver osteoactivin. Implantation resulted in immune cell encapsula-
tion at 2 weeks, followed by cell infiltration into the gel at 4 weeks (Ma et al. 2017).

Gelatin has also been used in combination with other materials to create less
expensive, stable, biomimetic sponges. The use of these sponges and a combination
of gelatin, its polymer, collagen, and laminin have been shown to support C2C12
infiltration and survival in culture, as well as stimulate the expression of myogenic
markers such as MyoD and MyoG. When implanted into VML defects, these
sponges support satellite, endothelial, and inflammatory cell growth but did not
offer significant myofiber regeneration after 2 weeks of treatment (Haas et al. 2019).

Keratin

Keratin encompasses a group of insoluble proteins that associate as intermediate
filaments (Rouse and Van Dyke 2010). These proteins are broadly divided into two
groups: hard keratins, which are embedded in cystine-rich proteins, and soft keratins
which form loose bundles and offer mechanical resilience to epithelial cells. Keratin
monomers have the ability to self-assemble and polymerize into porous, fibrous
scaffolds with cell binding motifs that can create a three-dimensional matrix that
allows for cell attachment and proliferation.

Hair-derived keratin hydrogels loaded with either/or in combination of IGF-1 and
fibroblast growth factor have had a positive impact on muscle regeneration following
VML injury. Implantation of these fibers resulted in significantly greater functional
recovery (in both histological and contractile force analyses) over untreated muscle
8 weeks post-injury (Passipieri et al. 2017; Baker et al. 2017).
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Oxidatively extracted keratin and reductively extracted keratin, keratose, and
kerateine, respectively, have also been tested as therapeutic candidates for VML
injuries. Though these materials possess different structural, chemical, and mechan-
ical profiles, both keratin derivates offered protection to deliverable skeletal muscle
progenitor cells and growth factors. Additionally, keratin-based biomaterials elicit
minimal inflammatory and immunological response while increasing expression of
muscle-specific markers (Tomblyn et al. 2016).

Fibrin

Fibrin is a protein produced from the cleavage of fibrinogen (Brovold et al. 2018). It
has strong adhesive properties and promotes cell attachment and angiogenesis.
Cell-laden fibrin microthreads stimulated the formation of skeletal muscle fibers,
connective tissue, and Pax7-positive cells. These constructs decreased pathologic
deposition of collagen in the wound and promoted the growth of new tissue.
Moreover, the implantation of these cell-carrying microthreads into the site of injury
restored contractile force to the muscle (Page et al. 2011).

Other reports of cell-laden fibrin microfibers implanted into VML defect sites had
increased expression of total regenerating muscle marker embryonic MyHC and
adult MyHC isoforms. The combination of material and adipose-derived stromal
cells increased muscle reconstruction and qualitative muscle parameters in vivo in
the VML defects (Gilbert-Honick et al. 2018a), while cross-linked fibrin loaded with
hepatocyte growth factor significantly enhanced the force production of muscle
tissue 60 days after injury, as well as enhancing myoblast differentiation and
angiogenic response (Grasman et al. 2015).

6.5.4.2.2 Polysaccharides

Chitin and Chitosan

Chitin is an abundant polysaccharide that is found on the exoskeleton of arthropods
and the cell wall of fungi (Brovold et al. 2018). It is biocompatible and biodegrad-
able, and has been shown to support cell attachment and proliferation due to its
porous nature and abundance of physical cues. Chitosan is the fully or partially
N-deacetylated derivative of chitin and shares many of its biocompatibility charac-
teristics with its progenitor.

Previous studies have undertaken the creation of self-healing N-carboxyethyl
chitosan injectable hydrogels able to encapsulate either C2C12 myoblasts or
human umbilical vein endothelial cells (HUVEC) (Guo et al. 2019). These con-
structs not only maintained the viability and promoted the proliferation of encapsu-
lated cells but increased the number of centrally localized myonuclei in TA muscle at
1 and 4 weeks following VML injury.
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6.5.4.2.3 Glycosaminoglycans

Hyaluronic Acid

Hyaluronic acid (HyA) is a disaccharide found in most connective tissues, synovial
fluid, and vitreous of the eye (Brovold et al. 2018). It is easily chemically modifiable,
viscoelastic, hydrophilic, biocompatible, and biodegradable. Studies have evaluated
the additive effect of a hyaluronic acid and laminin hydrogel as a myoconductive
scaffold co-delivered with minced muscle grafts (Goldman et al. 2018). While HyA
gels did not offer any improvements in peak tetanic force production over minced
muscle grafts, the use of HyA hydrogels has been shown to improve strength over no
treatment (Dienes et al. 2021). Additionally, HyA hydrogels functionalized with the
laminin peptide IKVAV can potentially enhance migration, proliferation, and
muscle-specific transcription factors in myoblasts (Silva Garcia et al. 2019).

6.5.4.2.4 Cellular Matrices

Decellularized Matrices (Biomimetic Scaffolds)

Decellularized and acellular matrices or scaffolds are some of the most commonly
used regenerative therapies in VML injuries. Decellularized matrices are derived
from tissue explants or ECM that has been trypsinized and washed in detergent to
eliminate any cells. What is left behind is the structural proteins which can then
become a platform for cell culture to deliver live, proliferating cells into the injury
defect or for use on its own to stimulate the growth and differentiation of progenitor
and satellite cells (Wolf et al. 2015; Goldman et al. 2020). These materials have the
advantage of being biocompatible and easily integrated to the host injury system.

Previous research has reported mixed results on the success of these scaffolds as
delivery systems or structural templates following VML injuries. Earlier reports saw
a shift in muscle healing response from deposition of scar tissue in the VML defect to
the remodeling of the muscle utilizing the ECM scaffold (Sicari et al. 2012). Further
investigations have demonstrated the use of acellular scaffolds to create a
pro-myogenic environment that supported the de novo formation of muscle fiber
(Perniconi et al. 2011) and improvements in force production of the TA muscle after
transplantation of muscle-derived ECM despite the exacerbated production of
fibrotic tissue (Corona et al. 2014).

On a more physiologically relevant note, one clinical study used electrodiagnosis
to evaluate the effectiveness of ECM scaffold implantation in VML patients. Base-
line measurements were compared before and 6 months after implantation. In 5 out
of 8 patients, the implanted scaffolds had electrical activity, suggesting enervation.
This increase in electrical activity was seen in combination with an improvement of
muscle strength (Han et al. 2016).
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Minced Muscle Grafts

Based on the mixed success of the use of decellularized matrices as biological
scaffolds, various researchers have suggested the use of homologous scaffolds for
skeletal muscle regeneration. Skeletal muscle-derived ECM would provide an envi-
ronment similar to that missing within the tissue defect of VML injuries, secreting all
the necessary growth factors and signaling molecules required for myofiber growth.
Studies from various labs report improvement in muscle generated contractile force
with minced muscle graft treatment following VML injury (Chen and Walters 2013;
Corona et al. 2013a; Corona et al. 2017a; Ward et al. 2016). VML injuries treated
with minced muscle grafts also display improvements in histological muscle quality
and weight and increased myogenic and regenerative markers (Corona et al. 2013a;
Corona et al. 2017a; Corona et al. 2017b; Kasukonis et al. 2016).

6.5.4.3 Synthetic Biomaterials

The early twentieth century saw the invention of synthetic polymers. These com-
posites gave way to a brand-new field of materials for use in medical applications.
Compared to naturally derived materials, these polymers are relatively easy and
inexpensive to produce while maintaining low batch-to-batch variability. These
synthetic polymer materials have consistent mechanical, chemical, and structural
properties and are readily tailored to vary stiffness and degradation kinetics (Sarkar
et al. 2017). As the synthesis and creation of synthetic biomaterials has evolved,
more alternatives of host-integrative, biocompatible, and biomimetic have arisen.
Some of these have been used successfully as therapeutics in VML injuries.

6.5.4.3.1 Poly(Glycolic Acid) (PGA)

PGA is a biodegradable polyester typically synthesized by the polycondensation of
glycolic acid (Sarkar et al. 2017). It is commonly used for its fast degradation
kinetics, which yield acidic degradations products that are thought to induce inflam-
mation. This material can induce localized immune response from effector cells due
to its degradation products, though there is no consensus on whether this response
hinders tissue regeneration. Saxena et al. reported on the use of PGA meshes seeded
with myoblasts as a means to engineer three-dimensional skeletal muscle tissue
(Saxena et al. 2001). They demonstrated for the first time the ability of myoblasts to
survive in vivo in the absence of mature skeletal muscle tissue.

6.5.4.3.2 Poly(Lactic-Co-Glycolic Acid) (PLGA)

PLGA is an ester copolymer derived from PGA which incorporates lactic acid
monomers with glycolic acid monomers by means of ring-opening
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co-polymerization synthesis process. It is hydrolytically biodegradable and biocom-
patible, elicits low toxicity, and is one of the most used synthetic biomaterials for
skeletal muscle applications (Wolf et al. 2015). The use of PLGA-myoblasts con-
structs induced the formation of multinucleated myotubes in a study by Kamelger
et al. Implanted constructs showed light fibrovascular growth without inflammation
(Kamelger et al. 2004). Another study by Narayanan et al. developed an aligned
electrospun fiber scaffold using PLGA that enhanced alignment, growth, and differ-
entiation of myoblasts, in vitro, and resulted in the formation of dystrophin-positive
myofibers in a TA muscle model of Duchenne muscular dystrophy (Narayanan et al.
2020). Their research on how these fiber scaffolds enhance skeletal muscle regen-
eration in VML injuries is ongoing.

6.5.4.3.3 Polycaprolactone (PCL)

PCL is a biodegradable polyester approved by the FDA for use in drug delivery
devices and sutures. In tissue engineering, PCL is often used due to its favorable
mechanical properties and slow degradation kinetics (Wolf et al. 2015). Aligned
PCL nanofibers have shown promise as therapeutics for VML injuries. Muscle
defects treated with these fibers have shown to have an increase in regenerating
myofibers, myogenic protein expression, and HSP-70 expression, as well as an
overall increase in muscle mass over non-treated controls. Moreover, VML defects
treated with PCL fibers exhibited decreased CLN expression at 28 days after injury,
suggesting that the scaffold decreased the severity of injury and provided mechanical
support to the defect site (Patel et al. 2019).

6.6 Regenerative Rehabilitation

The status quo as it pertains to treatment strategies for VML is (1) various regener-
ative medicine approaches that modestly improve function preclinically and require
further maturation to achieve clinically meaningful functional improvement; (2) a
dearth of VML studies that include reliable, clinically relevant outcome measure-
ments of function; and (3) no standards of care for the patient. Regenerative
rehabilitation offers a departure from the status quo by combining best practices of
regenerative medicine and rehabilitation, especially if future studies incorporate
clinically meaningful outcome measurements of muscle function. Table 6.1 provides
examples of rehabilitation and regenerative medicine studies that included at least
one Tier 1 (Fig. 6.3) functional outcome comparison between VML-injured with no
intervention and VML-injured with intervention. This provides context to discuss
next steps toward advancing regenerative rehabilitation for VML and pursuing
standards of care for patients with VML injuries.

Table 6.1 (note references within) was adapted and expanded upon from a
systematic review and meta-analysis published in 2019 (Greising et al. 2019). This

208 J. R. Sorensen et al.



Table 6.1 Summary of select rehabilitation and regenerative medicine study outcomes

Approach
Tier 1 functional
outcomes

Percent Δ to
VML-injured, no
treatment

Tier 2–Tier
4 supporting
outcomes

Rehabilitation

Electrical stimula-
tion plus passive
range of motion
(2xWk, 1-4mo
duration)
(Greising et al.
2018)

Peak-isometric
torque;
passive range of
motion;
mitochondrial OCR

+30%
�32%
NC

Tier 2: None; Tier 3:
Fibrosis, inflamma-
tion; Tier 4: None

Wheel running
(Southern et al.
2019)

Peak-isometric
torque, mitochondrial
OCR

+42%
NC

Tier 2: Mitochondrial
complex content/
enzyme activities;
Tier 3: Vascularity;
Tier 4: Voluntary
wheel running

Voluntary wheel
running (1 or
7 weeks)
(Aurora et al.
2014)

Peak-isometric torque
normalized to body
weight and peak-
isometric torque of
tibialis anterior (with
and without EDL)

With EDL +9%
Without EDL +17%

Tier 2: Muscle fiber
number/cross-
sectional area, histo-
logical evidence of
regeneration; Tier 3:
Fibrosis; Tier 4: None

Regenerative medicine

Gene
overexpression
(PGC1)
(Southern et al.
2019)

Peak-isometric
torque, mitochondrial
OCR

+54%
+41%

Tier 2: Mitochondrial
complex content/
enzyme activities;
Tier 3: Vascularity;
Tier 4: Voluntary
wheel running

Autologous mince
muscle graft
(Ward et al. 2016)

Peak-isometric torque +35% Tier 2: None; Tier 3:
Inflammation; Tier 4:
None

Scaffoldless
multiphasic muscle
units
(VanDusen et al.
2014)

Peak-isometric force +36% Tier 2: Muscle fiber
number/cross-
sectional area; Tier 3:
None; Tier 4: None

Acellular matrices
+ MSCs
(Qiu et al. 2018)

Peak-isometric torque +67% Tier 2: Muscle fiber
formation; Tier 3:
Fibrosis, inflamma-
tion; Tier 4: None

Bladder acellular
matrices + MDCs
(Corona et al.
2012)

Peak-isometric force +61% Tier 2: Satellite cell
content/dynamics;
Tier 3: None; Tier 4:
None

(continued)

6 Pathophysiology of Volumetric Muscle Loss and Targets for. . . 209



Table 6.1 (continued)

Approach
Tier 1 functional
outcomes

Percent Δ to
VML-injured, no
treatment

Tier 2–Tier
4 supporting
outcomes

Muscle-derived
ECM + MSCs
(Corona et al.
2013b)

Peak-isometric force
Peak-isometric torque

NC
NC

Tier 2: Muscle fiber
number/cross-
sectional area; Tier 3:
None; Tier 4: None

Bladder acellular
matrices + MDCs
(Corona et al.
2014)

Peak-isometric torque +26% Tier 2: None; Tier 3:
None; Tier 4: None

Porcine urinary
bladder matrix
(Aurora et al.
2015)

Peak-isometric torque 8 weeks +29%
16 weeks NC

Tier 2: Satellite cell
content/dyanmics;
Tier 3: Fibrosis, vas-
cularity; Tier 4: None

MPCand growth
factor-loaded kera-
tin hydrogels
(Baker et al. 2017)

Peak-isometric torque Keratin alone ¼ +31%
Keratin+IGF-1 ¼ +20%
Keratin+bFGF ¼ �6%
Keratin+IGF-
1 + bFGF ¼ +61%,
Kertatin+MPC ¼ +3%
Keratin
+MPC + bFGF ¼ +15%
Keratin+MPC + IGF-
1 ¼ +28%
Keratin+MPC + IGF-
1 + bFGF ¼ 2%

Tier 2: None; tier 3:
Fibrosis, histological
evidence of regenera-
tion; Tier 4: None

Acellular scaffold
(Greising et al.
2017)

Normalized-isometric
torque

NC Tier 2: Histological
evidence of regenera-
tion, satellite cell
content/dynamics;
Tier 3: Inflammation;
Tier 4: None

Anti-fibrotic
(losartan)
(Garg et al. 2014a)

Peak-isometric force �17% Tier 2: Histological
evidence of regenera-
tion, satellite cell
content/dynamics,
Tier 3: Fibrosis,
inflammation, lipid
content; Tier 4: None

HGF loaded, cross-
linked fibrin
microthread scaf-
folds
(Grasman et al.
2015)

Mean twitch force,
force recovery:
injured ratio

+25% Tier 2: Satellite cell
content/dynamics,
histological evidence
of regeneration; Tier
3: Vascularity, fibro-
sis, cell populations;
Tier 4: None

(continued)
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Table 6.1 (continued)

Approach
Tier 1 functional
outcomes

Percent Δ to
VML-injured, no
treatment

Tier 2–Tier
4 supporting
outcomes

Minced muscle
graft
(Aguilar et al.
2018)

Peak-isometric force +64% Tier 2: Histological
evidence of regenera-
tion; Tier 3: Inflam-
mation; Tier 4: None

Muscle-derived
ECM
(Chen and Walters
2013)

Peak-isometric force +14% Tier 2: Muscle fiber
formation, histologi-
cal evidence of
regeneration; Tier 3:
None; Tier 4: None

Minced muscle
graft
(Corona et al.
2017a)

Peak-isometric force NC Tier 2: Muscle fiber
number/cross-
sectional area, histo-
logical evidence of
regeneration; Tier 3:
None; Tier 4: None

Muscle-derived
ECM (w/ and w/o
cells)
(Garg et al. 2014b)

Peak-isometric force w/o cells +16%
w/ cells +35%

Tier 2: Satellite cell
content/dyanmics,
histological evidence
of regeneration; Tier
3: Fibrosis, inflam-
mation, cell
populations; Tier 4:
None

Laminin-111
supplemented
hyaluronic acid-
based hydrogel w/
minced muscle
graft
(Goldman et al.
2018)

Peak-isometric force HA alone +17%
HA + LMN +25% 50%
MMG + HA +43% 50%
MMG + HA + LMN
+43%

Tier 2: Histological
evidence of regenera-
tion, satellite cell
content/dynamics;
Tier 3: Inflammation;
Tier 4: None

Autograft
(Li et al. 2014)

Peak-isometric force 4 weeks
morselized ¼ +5%
whole ¼ +1%

Tier 2: Muscle fiber
number/cross-
sectional area, histo-
logical evidence of
regeneration; Tier 3:
None; Tier 4: None

Prevascularized
scaffolds with and
without cells
(Gilbert-Honick
et al. 2018b)

Peak-isometric force Acellular ¼ +35%
C2C12 ¼ +32%

Tier 2: Histological
evidence of regenera-
tion; Tier 3: Fibrosis,
cell populations; Tier
4: None

Tissue engineered
muscle repair
(Machingal et al.
2011)

Peak-isometric force +64% Tier 2: Muscle fiber
number/cross-
sectional area, muscle
fiber formation; Tier
3: None; Tier 4: None

(continued)
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is an important study to frame the current regenerative rehabilitation field because
the authors identified 2312 studies (search ended January 2019); however, once
those studies were screened for the inclusion of outcome measurements of muscle
function, only 44 studies remained for the meta-analysis (2%). The lack of VML
studies including a clinically meaningful outcome measurement is a current chal-
lenge area for the field if providing standards of care is a goal for the future. Skeletal
muscle represents ~40% of a typical individual’s body mass and represents an
important metabolic engine for basal metabolism, and collectively the primary job
of muscle is to contract, produce force, and help move the body. Ultimately, some
measurement of metabolism, contractility, and/or movement should be involved in
VML studies validating a new approach to improve the pathology.

Studies highlighted within the Rehabilitation and Regenerative Medicine sections
of Table 6.1 reflect strategies designed to enhance muscle function by taking into
consideration the pathology of the disease. For example, Aurora et al. (2014) and
Southern et al. (2019) tested the effects of voluntary wheel running on outcome
measurements of muscle strength, metabolic function, fibrosis, and vascularity.
These are prominent areas of VML-related pathology described above. In the
Regenerative Medicine section of Table 6.1 there are several approaches attempting
to replace the lost extracellular matrix. For example, Qui et al. created a
decellularized ECM scaffold and then seeded it with mesenchymal stem cells.
Peak-isometric torque was reported ~67% greater in the intervention group com-
pared to a VML group with no intervention. A similar ECM replacement approach
was conducted by Garg et al.; only their research study design tested ECM with and
without endogenous cells. Peak-isometric torque was ~16% greater without cells
and ~ 35% greater with cells compared to a non-intervention group. These studies
exemplify a balanced approach to improving muscle function after VML injury by
addressing a pathology and relying on clinically relevant outcome measurements of
muscle function.

Table 6.1 (continued)

Approach
Tier 1 functional
outcomes

Percent Δ to
VML-injured, no
treatment

Tier 2–Tier
4 supporting
outcomes

Progressive muscle
cell delivery
(Kim et al. 2016)

Peak-isometric force +100% Tier 2: Muscle fiber
formation, histologi-
cal evidence of
regeneration, inner-
vation; Tier 3: Vas-
cularity; Tier 4: None

Decellularized +
minced muscle
autograft
(Kasukonis et al.
2016)

Peak-isometric force +38% Tier 2: Histological
evidence of regenera-
tion; Tier 3: Fibrosis;
Tier 4: None
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Despite the gains in muscle function with rehabilitation or regenerative medicine
noted in Table 6.1, further development of these approaches is required for full
recovery. Statistically significant improvements in muscle strength, for example,
range from 3 to 100% with intervention compared to a VML injury with no
intervention (Table 6.1). However, a deeper interrogation of the data demonstrates
these advances are still modest in terms of full recovery. For example, Kim et al.
provided multiple injections of C2C12 myoblasts to VML-injured muscle and
reported that muscle strength was 100% greater in treated vs. VML untreated rats
(1.8 N kg�1 vs. 0.9 N kg�1). But this significant improvement in strength pales in
comparison to the strength of injury-naive controls (3.7 N kg�1) highlighting the
need for continued optimization of interventions for VML injury.

Regenerative rehabilitation seeks to take the best practices from rehabilitation and
regenerative medicine alone and combine them to optimize restoration of muscle
function after VML. To date, there have only been a few regenerative rehabilitation
studies that included a clinically relevant outcome measurement of muscle function
and a comparison to a non-intervention VML group (Table 6.2, note references
within). The range of improvement in muscle strength is noteworthy in comparison

Table 6.2 Summary of regenerative rehabilitation study outcomes

Regenerative rehabilitation

Approach

Tier
1 functional
outcomes

Percent Δ to
VML-injured,
no treatment

Tier 2–Tier 4 supporting
outcomes

Acellular biomaterial + wheel
running
(Quarta et al. 2017)

Gait
Peak-iso-
metric force

+27%
+67%

Tier 2: Innervation, satellite cell
content/dynamics; Tier 3:
Fibrosis, vascularity; Tier 4:
None

Stem cell amniotic membrane
scaffold + HIIT on treadmill
(Izadi et al. 2021b)

Peak-iso-
metric force

+180% Tier 2: Innervation; Tier 3:
Fibrosis, vascularity; Tier 4:
None

Autologous mince muscle
graft + wheel running
(Corona et al. 2013a)

Peak-iso-
metric force

+30% Tier 2: Satellite cell content/
dynamics, muscle fiber forma-
tion, innervation, muscle fiber
number/cross-sectional area;
Tier 3: Fibrosis, inflammation;
Tier 4: Voluntary wheel
running

Porcine urinary bladder
matrix + voluntary wheel
running
(Aurora et al. 2015)

Peak-iso-
metric force

+17% Tier 2: None; Tier 3: None; Tier
4: None

HIIT training and
decellularized human amni-
otic membrane scaffold
(Izadi et al. 2021a)

Peak-iso-
metric
torque

+103% Tier 2: None; Tier 3: Vascula-
ture; Tier 4: None

Scaffold and mechanical
loading
(Dziki et al. 2018)

Peak-iso-
metric force

+137% Tier 2: None; Tier 3: Inflam-
mation; Tier 4: None
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to those in Table 6.1, 17–180%, and half of the studies report a gain above 100%
compared to a non-intervention group. Though the sample size is small, these results
support the notion that combined strategies can be more effective than rehabilitation
or regenerative medicine strategies alone. That said, a comparison of the regenera-
tive rehabilitation groups to uninjured cohorts, as opposed to VML untreated
(Fig. 6.5), shows there is still significant room for improvement.

Beyond augmenting muscle function, these regenerative rehabilitation studies
can also provide insights into the timing and/or absence of rehabilitation and the
positive effects of combined approaches on other physiologically important out-
comes. All of these studies, with the exception of Dziki et al., used a form of running
as a rehabilitative approach (treadmill and voluntary wheel) (Dziki et al. 2018).
Running stimulates adaptative responses through both mechanical and molecular
cues (e.g., AMPK activation). Three studies (Aurora et al., Corona et al., Quarta
et al.) initiated rehabilitation one week post-VML (Aurora et al. 2014; Corona et al.
2013a; Quarta et al. 2017), while Izadi et al. (Izadi et al. 2021b) started at two weeks
post-VML. Noteworthy, Quarta et al. tested the amount of time required for
VML-injured mice to return to their pre-injured daily running distances (~7 days)
and noted that VML-injured mice that were forced to run daily on a treadmill
immediately after injury had greater fibrosis than VML-injured mice that started
forced treadmill running at 7 days post-VML (Quarta et al. 2017). They used this
information to rationalize waiting at least one week to begin rehabilitation post-
VML, although it should be noted that other studies have started rehab earlier with
no reports of contraindicative effects (Greising et al. 2018; Southern et al. 2019). In

Fig. 6.5 Remaining muscle strength deficits from regenerative rehabilitation cohort of selected
studies. Data are shown as a percentage of completely uninjured controls
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contrast to rehabilitation, Dziki et al. combined a bioscaffold regenerative medicine
approach with hindlimb unloading that removes physical stimuli on the injured
muscle and can be used to determine the effects of bedrest, inactivity, or sedentarism
on muscle function post-VML (Dziki et al. 2018). Where an ECM bioscaffold
improved muscle strength by 50% in VML-injured groups, hindlimb unloading
completely reversed this effect. One conclusion that can be made from these studies
is that there may be uncertainty on when to initiation rehabilitation, but the absence
of physical stimuli, even that provided by basic ambulation, is detrimental. VML
injuries in humans may indeed involve a period of recovery in which the patient is
confined to a hospital bed or physically unable to voluntarily move. More clinical
research is necessary to identify the extent to which assisted mobilization, rehabil-
itation, and other physical therapies can influence muscle function after VML.

Several of the studies noted in Table 6.2 included analysis of Tier 2–Tier
4 outcome measurements that are worth highlighting. Quarta et al. reported that
rehabilitation resulted in a greater number of donor-derived myofibers being inner-
vated following VML injury, and a greater frequency of mature NMJs in general
(Quarta et al. 2017). Izadi et al. (Izadi et al. 2021b) noted that high-intensity interval
rehabilitation combined with a bioscaffold and stem cell regenerative medicine
approach produced greater vascular density compared to the regenerative medicine
approach alone. And Corona et al. reported that voluntary wheel running in addition
to an autologous minced muscle graft bolstered the immunoresponse and lessened
markers of collagen deposition compared to the minced muscle graft alone. These
studies exemplify how rehabilitation may improve the effectiveness of regenerative
medicine approaches and be leverage to optimize functional recovery. Next, we
highlight known areas for potential advancement of the regenerative rehabilitation
field.

There are several known or straightforward ways to advance regenerative reha-
bilitation of VML. First, several regenerative medicine approaches (like those
highlighted in Table 6.1) have not been combined with a rehabilitation strategy.
Validating the extent to which wheel running or neuromuscular electrical stimulation
influences vascularization of a biomaterial scaffold or augments a growth factor
intervention is entirely feasible. Rehabilitation strategies are often considered pleio-
tropic, having greater than one effect on skeletal muscle, and therefore are suitable
for many regenerative medicine approaches. Second, several innovative regenerative
medicine approaches have not been validated to improve the functional capacity of
the VML-injured muscle. These approaches can easily be advanced to the next stage
of therapeutic relevancy by including any of the Tier 1 outcome measurement
described above. Third, researchers should consult with physical therapists about
what rehabilitation strategies are being used in a clinical setting that may require
evidence-based data for further development. Approaches such as passive move-
ment of the injured limb, vibration platform therapy, ultrasound, or weight-
supported treadmill walking could be rigorously tested in animal models to expand
feasible rehabilitation approaches. These approaches could then be combined with
regenerative medicines to advance regenerative rehabilitation.
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Finally, researchers must continue to pursue the “unknowns” of VML pathology.
There are still knowledge gaps in the field related to the pathology of the VML
injury, the plasticity of the remaining muscle, and whole-body implications that may
negatively influence functional recovery. Continued holistic exploration of VML
will undoubtedly produce more targets for regenerative rehabilitation. There is also a
dearth of clinical data on traumatic muscle injury and the short- and long-term effects
on patient health, mobility, comorbidities, and quality of life. For example, one study
in animals hints that VML injury can negatively affect whole-body metabolism, yet
it is unclear if VML patients have metabolic syndrome, insulin insensitivity, or
changes in metabolic rate. Future researcher–clinician partnerships will be required
to meet the challenges of answering these unknowns to fully understand the patient’s
perspective of this devastating injury.
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Chapter 7
Novel Cell-Based Therapeutics for Diseases
of the Heart and Skeletal Muscle

Russell G. Rogers and Eduardo Marbán

Abstract Diseases of the heart and skeletal muscle represent a major cause of
mortality and morbidity in the United States. Many, if not most, are refractory to
contemporary medical approaches, which rarely address the root pathogenesis.
Regenerative medicine is a specialized field focused on replacing or repairing
damaged tissue, which is otherwise incapable of self-healing. For more than four
decades, stem and progenitor cells have been recognized for their potential as
therapeutic products for regenerative medicine. Despite the long history of scientific
inquiry, no cell therapy product has received regulatory approval for regenerative
medicine applications in the United States. Recent initiatives focused on understand-
ing the mechanistic basis of cell therapy have fundamentally redirected the trajectory
of their development. In doing so, a class of extracellular vesicles called exosomes
have emerged as next-generation therapeutic candidates for regenerative medicine.
In this chapter, we discuss the difficulties with the commercial development of cell
therapy products and the promise of exosomes as next-generation therapeutics. The
field of regenerative medicine is ever-changing, and the latest technological
advances continue to define our path forward.

Keywords Cell therapy · Exosomes · Heart disease · Regenerative medicine ·
Skeletal muscle disease

7.1 Diseases of the Heart and Skeletal Muscle

All vertebrates have specialized muscle cells called myocytes which form the
functional apparatus of the heart and skeletal muscle. Although myocytes from
both organs share similarities such as contracting to generate force to perform their
functional duties, crucial differences distinguish the two. Cardiomyocytes beat
spontaneously and are electromechanically coupled to form the myocardium—the
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contractile tissue of the heart. In contrast, skeletal myocytes do not beat spontane-
ously (motor neurons trigger contraction in response to efferent input) and skeletal
myocytes are electrically isolated from each other. Another distinguishing feature of
heart and skeletal muscle is the intrinsic ability to repair in response to injury or
disease. Unlike the adult heart, which lacks meaningful regenerative capabilities,
skeletal muscle exhibits a robust regenerative response primarily driven by resident
stem cells. Notwithstanding such ability, certain injuries overwhelm the innate
regenerative capacity, and some chronic skeletal muscle conditions impair the
reparative machinery, which consequently manifests as muscle dysfunction. Dis-
eases of the heart and skeletal muscle, for which a paucity of effective therapies often
exist, can lead to long-lasting physical inability and poor quality of life. In this
chapter, we discuss the most prevalent forms of degenerative or traumatic heart and
skeletal muscle disease (see Fig. 7.1 for a schematic overview), avenues for regen-
erative cell therapy, challenges in the translation of therapeutic products to the clinic,
and the promise of novel cell-based approaches. We conclude with a look at future
perspectives in regenerative medicine.

7.1.1 Heart Failure with Reduced Ejection Fraction

Heart failure (HF) is a disorder in which exercise tolerance is reduced and pulmonary
congestion develops. HF affects more than five million people in the United States,
with cases expected to climb to eight million within the next decade (Mozaffarian
et al. 2016). Based on ejection fraction (EF), that is, a gross measure of the heart’s
pumping efficiency, HF can be broadly classified into two groups: (1) HF with
reduced EF (HFrEF) and (2) HF with preserved EF (HFpEF) (Ponikowski et al.
2016; Savarese and Lund 2017). Approximately half of HF cases in the USA are due
to HFrEF and the remainder to HFpEF. In this section, we summarize the etiology of
HFrEF and provide an outlook of clinical outcomes in patients with HFrEF.

HFrEF is often an evolution of the heart’s failed adaptation to ischemic injury:
thrombosis of a coronary artery reduces blood and oxygen supply to the myocardium
resulting in necrosis—a process commonly known as myocardial infarction (Marbán
2018a). Prompt restoration of blood flow is crucial to minimize infarct size and thus
has become a staple in the first-line treatment of myocardial ischemia. However,
despite successful recanalization of the blocked artery, persistent ischemic regions in
the myocardium can remain, leading to HF and poor clinical outcomes (Basalay et al.
2020). In humans, clear evidence of irreversible myocardial damage can be seen in
as little as 24 h post-infarction. The damaged myocardium undergoes a dynamic
remodeling process, which unfavorably reshapes the heart (Heusch et al. 2014),
manifesting as ventricular dilation and infarct expansion (Pfeffer and Braunwald
1990). Independent of the death of living heart tissue, myocardial remodeling
contributes to the development of ischemic heart disease and progression to HF, a
stage at which prognosis is generally considered poor. The Organized Program to
Initiate Lifesaving Treatment in Hospitalized Patients with Heart Failure
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(OPTIMIZE-HF) study which enrolled 20,118 patients with HFrEF reported three
dismal statistics: (1) a 60–90 day mortality of 9.8%, (2) a rehospitalization rate of
29.9%, and (3) an in-hospital mortality of 3.9% (Savarese and Lund 2017). Despite
significant advancements in the field, standard-of-care for HFrEF mostly relies on

Fig. 7.1 Diseases of the heart and skeletal muscle. Illustration of shared pathology in the heart and
skeletal muscle, and targets for cell-based regenerative therapies. Some schematics were adapted
from Servier Medical Art
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symptom relief and slowing of disease progression by a variety of neurohormonal
blockers and other agents acting indirectly on the heart.

7.1.1.1 Current Clinical Practice in HFrEF

In HFrEF, both pharmacological and non-pharmacological interventions are in
current clinical practice and have been demonstrated to extend life. Pharmacological
agents such as angiotensin-converting enzyme (ACE) inhibitors, angiotensin II
receptor blockers (ARBs), beta-adrenergic blockers, and angiotensin receptor-
neprilysin inhibitors (ARNI) have been associated with improvements in clinically
meaningful outcomes in patients with HFrEF (Yancy et al. 2013). Thus, a patient
with HFrEF is typically on a cocktail of various types of agents, titrated to maximal
doses tolerated (Yancy et al. 2017). Non-pharmacologic interventions include:
(a) implantable cardioverter defibrillator to prevent sudden death due to ventricular
tachyarrhythmias, (b) cardiac resynchronization therapy to improve myocardial
mechanics, and, in the most extreme cases, (c) organ transplantation (Yancy et al.
2013). Despite pharmacological and non-pharmacological interventions, the 5-year
mortality rate for symptomatic HFrEF patients approaches 50–75% (Shah et al.
2017). This gloomy statistic highlights the desperate need for the development of
novel therapies.

A major limitation of therapeutic approaches to HFrEF is that none addresses the
root physiologic cause of the HF: loss of functional myocardium. This is where
regenerative approaches may, in principle, prove helpful.

7.1.2 Heart Failure with Preserved Ejection Fraction

The other form of HF, HFpEF, already constitutes ~50% of all HF admissions and is
increasing in prevalence (Gladden et al. 2018). Despite having a normal EF, HFpEF
patients exhibit classical HF symptoms including breathlessness and exertional
intolerance. In HFpEF, the myocardium tends to be thicker than normal, rather
than dilating and thinning as seen in HFrEF (Borlaug 2014). Clinical diagnosis of
HFpEF requires a patient to present with normal EF and diastolic dysfunction.
However, recent research suggests HFpEF is a multifactorial systemic disease
involving hypertension, metabolic disorders, and inflammation (Soni et al. 2020).

Regardless of comorbidities, the main cause of functional deterioration is dia-
stolic dysfunction, which is clinically defined as an impaired ability of the ventricle
to fill with blood to an appropriate preload volume at a physiological pulmonary
venous pressure (Borlaug et al. 2013). When other heart conditions such as endo-
cardial or pericardial disease can be ruled out, diastolic dysfunction is the direct
result of increased myocardial stiffness which can be regulated by both the extra-
cellular matrix and the cardiomyocyte (Borlaug and Paulus 2011). In the most
fundamental sense, deposition of matricellular proteins such as collagen contributes
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to increases in extracellular matrix stiffness. However, changes inside the
cardiomyocyte can be a little more complex. The sarcomeric protein titin has been
identified as the primary culprit: up to 80% of passive stiffness can be explained by
this protein alone—especially when the sarcomere length is within the physiological
range (Borlaug and Paulus 2011). Mechanistically, the more compliant titin isoform,
N2BA, shifts to the less compliant, that is, more stiff, isoform N2B (Borlaug and
Paulus 2011). Additionally, passive tension of the cardiomyocyte can be increased
by posttranslational phosphorylation of titin by protein kinases A and G (Borlaug
and Paulus 2011). Clinical outcomes from the OPTIMIZE-HF study, which enrolled
21,149 HFpEF patients, reported nearly identical statistics compared to HFrEF: (1) a
60–90 day mortality of 9.5%, (2) a rehospitalization rate of 29.2%, and (3) in-hospital
mortality of 2.9% (Savarese and Lund 2017). Thus, while HFpEF is fundamentally
distinct from HFrEF, HFpEF patients experience a correspondingly poor prognosis.

7.1.2.1 Current Clinical Practice in HFpEF

Given the principal distinction between HFpEF and HFrEF, it is not surprising the
management of HFpEF should differ from that of HFrEF. In support of this notion,
clinical trials testing the efficacy of agents commonly used for HFrEF, such as ACE
inhibitors and ARBs, failed to decrease morbidity and mortality in HFpEF (Ma et al.
2020). Given the lack of clinical trials reporting positive results, HFpEF treatment
remains largely focused on managing associated conditions such as hypertension
and acute decompensations due to pulmonary edema. Like HFrEF, the 5-year
mortality rate for HFpEF is 50–75% (Shah et al. 2017), further driving the need
for medical interventions to meet dire demand.

In terms of therapeutic options, the situation in HFpEF is worse than that in
HFrEF, in that no drugs or devices have been shown to increase survival. Our best
current understanding implicates fibrosis and inflammation in the pathogenesis of
HFpEF, so targeting those processes may eventually turn out to be more fruitful.
Here, cell therapies may have a niche, not by replacing lost myocardium but rather
by virtue of anti-fibrotic and anti-inflammatory effects. Such pleiotropic effects of
cell therapy are discussed further below.

7.1.3 Duchenne Muscular Dystrophy

For an overview of Duchenne muscular dystrophy (DMD), we turn the reader to
Chap. 4 where DMD has been reviewed in detail; here we cover regenerative
approaches only. Initially identified as a disease of skeletal muscle, DMD is now
recognized also as a disease of the heart. As heart function deteriorates in DMD
patients, clinical signs of HF develop. Improved respiratory care has prolonged life
such that HF is now often the terminal process in DMD (Buddhe et al. 2018). As part
of disease management for the DMD patient, regular heart evaluations have become
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standard (Birnkrant et al. 2018), but little can be done clinically in terms of
improving heart function in DMD. The goal is to identify early myocardial changes
and initiate therapy to favorably affect adverse myocardial remodeling, and thus
improving clinical outcomes and quality of life (Buddhe et al. 2018). Given a lack of
therapies for DMD-related cardiomyopathy, the 2018 DMD Care Considerations
have endorsed following traditional HF treatment strategies, such as those
highlighted in Sect. 7.1.1.1. Unfortunately, with the lack of information regarding
the use of these therapies in patients with DMD, specific recommendations for their
use in DMD-related cardiomyopathy remains challenging. And, in most cases, the
degree of respiratory insufficiency and muscular weakness commonly observed in
patients with DMD, who have developed severe myocardial dysfunction, is thought
to be a contraindication to transplantation (Connuck et al. 2008; Buddhe et al. 2018).
Therefore, novel interventions that improve both heart and skeletal muscle health are
desperately needed.

Other than exon-skipping therapies and corticosteroids, which appear not to
improve the heart in DMD, no therapies address the root pathophysiological causes
of the muscle dysfunction.

7.1.4 Volumetric Muscle Loss

In the field of regenerative medicine, much of the clinical and basic research
experience to date has been focused on diseases of the heart. Owing to its ability
to self-repair after nontraumatic injury, skeletal muscle has received much less
attention in the realm of regenerative medicine. Nevertheless, certain disorders of
skeletal muscle may represent viable targets. One such condition is volumetric
muscle loss (VML). Because VML has been covered in detail in Chap. 6, the
discussion here will be focused on regenerative approaches in the context of cell-
based therapy. In VML, suboptimal, if any, endogenous muscle regeneration occurs,
which is thought to be the result of three principal defects to the skeletal muscle
repair machinery (Greising et al. 2019). First, resident muscle stem cells (satellite
cells) no longer populate the affected area, which are strictly required for skeletal
myogenesis (Caldwell et al. 1990; Lepper et al. 2011). Second, the muscle extracel-
lular matrix, which provides a three-dimensional scaffold for cell migration and
tissue organization, becomes disrupted (Caldwell et al. 1990). And third, a
prolonged wave of inflammation stimulates the deposition of fibrotic scar tissue
(Greising et al. 2017; Aguilar et al. 2018). Without successful regenerative medicine
interventions, the VML-injured limb, even if salvaged, may have little function and
thus is later amputated.
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7.2 Cell Therapy for Regenerative Medicine

Regenerative medicine is a specialized branch of medicine which seeks to repair or
replace tissues and organs damaged by trauma or disease. The recognition that stem
or progenitor cells can be instructed to differentiate into numerous cell types quickly
garnered the attention of researchers and has since become a conceptually attractive
approach to repair damaged tissue. In principle, cell therapy can be used for a broad
spectrum of acquired and genetic disorders by targeting the primary and/or second-
ary disease features. Nevertheless, the amount of hype in this area far exceeds that of
translationally viable approaches to date, such that, despite four decades of preclin-
ical and clinical efforts, no cell therapy products have been approved for regenera-
tive indications.

7.2.1 From Discovery to Clinical Translation

The process of translating findings, beginning from discovery-level science to
preclinical development, to clinical evaluation is instrumental in the effort to
advance medical science. In this section, we discuss the dedication of decades of
scientific inquiry that has led to what is now an era of superlative possibilities (but
generally disappointing realities).

7.2.1.1 Heart Failure with Reduced Ejection Fraction

The first efforts in regenerative cardiology were founded on the earlier finding that
autologous skeletal muscle-derived myoblasts could engraft and proliferate when
transplanted directly into the heart (Voronov 1975). As a reminder, skeletal
myocytes (unlike cardiomyocytes) do not couple in syncytium, nor do they sponta-
neously contract. Even so, the hypothesis was that the transplanted cells would
stimulate the generation of new contractile tissue within the host myocardium. The
development of skeletal myoblasts for cardiac regeneration started with small animal
models (Koh et al. 1993), advanced to more clinically relevant models (Taylor et al.
1998), and ultimately finished with in-human clinical trials (Hare et al. 2008).
Although signs of efficacy were evident, efforts were later abandoned after it was
discovered that transplanted myoblasts were arrhythmogenic in patients with HFrEF
(Marbán 2018a).

The next cell type evaluated for cardiac regeneration was unselected bone
marrow-derived cells, which were shown to drive repair in preclinical studies
(Orlic et al. 2001; Jackson et al. 2001). While early phase clinical testing demon-
strated improvements in EF (Meyer et al. 2006), the study of bone marrow cells was
short-lived insofar as larger randomized, placebo-controlled clinical trials were
unable to reproduce earlier findings (Traverse et al. 2012; Sürder et al. 2013). A
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second-generation of cell products began experimental evaluation as the trials of
bone marrow cells were concluding. Notably, bone marrow-derived mesenchymal
stem cells (MSCs) (Wang et al. 2016) were tested for cardiac regeneration owing to
success in other disease models, in which they had already been evaluated previ-
ously. More specifically, antigen-selected mesenchymal precursor cells (Psaltis et al.
2010) and cardiopoietic cells (autologous MSCs reinforced in vitro) (Behfar et al.
2008) have reached clinical testing for heart failure, but have been met with a modest
level of improvement. In the search for alternative strategies, recruiting and
augmenting innate regenerative responses in the heart by cardiac progenitor cells
seemed particularly attractive. In this context, cardiac progenitor cells were evalu-
ated due to their potential to engraft, proliferate, and differentiate into new viable
myocardium. Cells isolated from hearts by the selection of the c-kit surface antigen
were proposed to regenerate the myocardium by these canonical mechanisms
(Beltrami et al. 2003), which eventually motivated the SCIPIO trial using autologous
c-kit-selected heart cells (Bolli et al. 2011). Unfortunately, the background science
supporting this trial was later called into question (Van Berlo et al. 2014), numerous
basic studies were deemed fraudulent, and the SCIPIO trial itself was later retracted
(Lancet 2019).

At about the same time many researchers were evaluating the efficacy of bone
marrow cells and autologous MSCs (circ. 2006), a population of cardiac progenitor
cells, called cardiosphere-derived cells (CDCs) was first described (Smith et al.
2007). CDCs do not require antigenic selection and were confirmed to be of intrinsic
cardiac origin Marbán and Liao (2022). Early preclinical work in animal models of
HFrEF demonstrated CDCs exhibit profound regenerative bioactivity in mice, rats,
and pigs, and in some experiments CDCs outperformed MSCs (Malliaras and
Marbán 2011). In light of the remarkable preclinical safety and efficacy data
demonstrated by CDCs, a first in-human clinical trial (CADUCEUS) of autologous
CDCs began in 2009. The results from CADUCEUS showed a reduction in infarct
size and an increase in viable myocardium, as evidenced by cardiac MRI at 6 and
12 months following treatment (Makkar et al. 2012). While CADUCEUS was in
process, basic studies made it clear that transplanted CDCs left behind lasting
structural and functional benefits but did not linger in the heart for more than 3–4
weeks, leading to a shift from the autologous paradigm (cells grown from a given
patient and transplanted back into that same patient) to an allogeneic (unrelated
donor) paradigm. Following the CADUCEUS trial, two additional trials tested the
efficacy of allogeneic CDCs—such that a cell product can be manufactured and
stored for on-demand access. The first trial (ALLSTAR), while showing a favorable
safety profile, did not meet the primary efficacy endpoint. Nevertheless, reductions
in left ventricular volumes and circulating natriuretic peptides demonstrated disease-
modifying bioactivity (Makkar et al. 2020). The second trial (DYNAMIC) tested
CDCs in patients with advanced HFrEF, which reported improvements in EF,
end-systolic volume, and quality of life score at 6 months. The improvements in
EF and quality of life score remained significant at the 12-month follow-up
(Chakravarty et al. 2020).
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At the time of writing, only two cell types appear to be on a path for active
commercial development as cell-based therapies with the ultimate goal of product
registration for cardiac indications: allogeneic mesenchymal precursor cells are
being evaluated in a phase III study for HFrEF (DREAM HF-1 trial), and allogeneic
CDCs are being developed for the cardiomyopathy (and the skeletal myopathy)
associated with DMD (HOPE-2 trial). More and more, the realization that cell
therapy exerts indirect benefits has led to changes in treatment strategies, with a
shift toward systemic (typically intravenous) delivery and repeat dosing in the case
of chronic illnesses such as DMD (Marbán 2018a). Both of these innovations are
first reflected in the design of the HOPE-2 trial, which is discussed more extensively
below.

7.2.1.2 Heart Failure with Preserved Ejection Fraction

Given the bleak outlook in the search of effective therapeutic strategies for HFpEF,
and recent mechanistic insights implicating inflammation, fibrosis, and vascular
dysfunction, some researchers have turned to cell therapy for answers. To date,
only a limited number of cell therapy studies have been performed in preclinical
models of HFpEF—most notably CDCs—for which the evidence at present indi-
cates favorable therapeutic bioactivity. In the first published study of cell therapy in
HFpEF, CDCs normalized myocardial relaxation and diastolic pressure while
improving survival in a preclinical rat model (Gallet et al. 2016). These benefits
occurred despite the continued presence of hypertension and myocardial hypertro-
phy. Serendipitously, CDCs reversed myocardial inflammation and fibrosis—two
critical pathological features of HFpEF. Subsequent preclinical studies revealed
cardiac electrical abnormalities underlie sudden death in HFpEF (Cho et al. 2017,
2018b) which could be reversed by CDC treatment (Cho et al. 2018a).

With the favorable safety profile and hints of efficacy of CDCs in human patients
with HFrEF, and preclinical data supporting efficacy in HFpEF, the REGRESS-
HFpEF trial was initiated. The trial is currently testing allogenic CDCs using
catheter-based intracoronary infusions in patients with HFpEF. The only other
clinical trial using cell therapy for HFpEF is CELLpEF, which is assessing the
safety and efficacy of transendocardial CD34+ cells. If the preliminary evidence
from either of these two clinical trials is promising, it may lay the foundation for
future studies exploring the efficacy of novel cell therapies for HFpEF. Nevertheless,
the conceptual innovations of systemic delivery and repeat dosing (Rogers et al.
2019b, 2020b; Aminzadeh et al. 2018; Reich et al. 2016) have not yet reached
clinical testing in the case of HFpEF, such that any benefit seen in the ongoing trials
may be a lower limit estimate of likely therapeutic value.
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7.2.1.3 Duchenne Muscular Dystrophy

As in the initial efforts of cell therapy for cardiac regeneration, transplantation of
skeletal myoblasts was also evaluated as a therapeutic solution in DMD. Here, the
underlying hypothesis was that transplanted myoblasts with a non-mutated dystro-
phin gene would engraft, proliferate, differentiate, and form new myofibers, which
would also express functional dystrophin. This notion was supported by pilot studies
in the mdx mouse, a widely studied preclinical model of DMD, which showed
transplanted myoblasts (with a non-mutated copy of the dystrophin gene) sufficed
to regenerate dystrophic skeletal muscle (Law et al. 1988; Partridge et al. 1989).
Success of these early myoblast transfer studies motivated in-human clinical testing
in DMD patients. However, despite preclinical efficacy, the majority of early phase
clinical trials failed to demonstrate any functional improvements nor any evidence of
dystrophin-positive myofibers (Mendell et al. 1995; Gussoni et al. 1997; Karpati
et al. 1993). Poor survival and insufficient migration of the transplanted myoblasts,
and the possibility of immune rejection were offered as explanations for the lack of
efficacy (Skuk and Tremblay 2014). However, nearly a decade of technical and
conceptual innovations in trial design, transplantation techniques, and immunosup-
pression strategies have provided insight to improve outcomes. Consequently, the
next-generation of clinical trials demonstrated donor-derived dystrophin-positive
myofibers (Skuk et al. 2004, 2006; 2007). Still, there remains much room for
improvement. These latest trials illustrate the importance of trial design based on
foundations supported by basic studies.

Other cell types have also been evaluated, based on known mechanism of action,
for efficacy in DMD. One such example is mesangioblasts, which not only have a
demonstrated ability to differentiate into several mesodermal lineages including
skeletal muscle but also associate with the vascular endothelium to enable extrava-
sation from the circulation after systemic infusion (Sampaolesi et al. 2003; Minasi
et al. 2002). In preclinical studies, mesoangioblasts exert therapeutic bioactivity in
murine models of muscular dystrophy, including DMD (Sampaolesi et al. 2006;
Berry et al. 2007; Diaz-Manera et al. 2010). Moreover, genetically corrected
mesoangioblasts, delivered systemically to the golden retriever muscular dystrophy
(GRMD) dog model, stimulated dystrophin expression in up to 50% of myofibers
from studied hind-limb muscles, leading to improved muscle structure and function
(Sampaolesi et al. 2006). As a result, a phase I/IIa trial (EudraCT) delivering
HLA-matched mesoangioblasts to five DMD patients was launched (Cossu et al.
2015). Unfortunately, the hope for mesoangioblasts as a therapeutic candidate for
DMD has faded due to poor donor cell engraftment and dystrophin expression
(Biressi et al. 2020).

The potential of MSCs to give rise to myogenic stem cells (a population distinct
from satellite cells) (Liu et al. 2007; De Bari et al. 2003) supported their evaluation in
DMD. MSCs from diverse sources such as human adipose tissue (Vieira et al. 2012)
and human dental pulp (Kerkis et al. 2008) engraft and express dystrophin to varying
degrees in GRMD dogs. In one pediatric and two adult Becker muscular dystrophy
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patients, intravenous administration of human umbilical cord-derived MSCs
(UC-MSCs) were studied (Li et al. 2015). No improvements in the histology of
muscle biopsies were reported; however, gait improvements were observed during
the clinical examination of the pediatric patient. A subsequent in-human study
(NCT02484560) recruited nine DMD patients to receive allogeneic UC-MSCs
delivered in a combination of intramuscular and systemic injections. Despite pul-
monary function being improved in all patients, variable dystrophin expression was
reported, and limb muscle strength was not different between pre- and post-treatment
assessments, though most treated patients had a reduction in circulating creatine
kinase levels (Dai et al. 2018).

Nevertheless, the daunting search for novel therapeutic candidates for DMD
continues. Because of their ability to favorably target inflammation, fibrosis, and
cardiomyogenesis, CDCs represent a logical candidate to antagonize the pathophys-
iology of DMD. We first evaluated the therapeutic bioactivity of intramyocardially
delivered CDCs to impact on cardiomyopathy in mdxmice (Aminzadeh et al. 2018).
Based on insights discovered from earlier work in HFrEF, the hope was that CDCs
would target the secondary pathology in the hearts of mdx mice—that is, inflamma-
tion, fibrosis, and necrosis. Indeed, not only did CDCs reduce myocardial inflam-
mation and fibrosis they also stimulated cardiomyogenesis by way of increased
cardiomyocyte proliferation. A salient finding from this study was the discovery
that CDCs were also bioactive in the skeletal muscle ofmdxmice—a finding that has
paved the way for their use in other skeletal muscle indications. Consequently, this
work motivated a phase I/IIa clinical trial (HOPE-Duchenne) to deliver CDCs into
the coronary circulation, and a follow-on preclinical study to deliver CDCs intrave-
nously tomdxmice (Rogers et al. 2019b). The HOPE-Duchenne trial demonstrated a
favorable safety profile for CDCs with indications of disease-modifying bioactivity,
while the preclinical study demonstrated profound disease-modifying bioactivity of
CDCs when delivered intravenously to mdx mice. The results from both preclinical
and clinical studies motivated a second phase II clinical trial (HOPE-2) to repeat-
edly deliver CDCs intravenously to patients with advanced-stage DMD. Data
reported from this clinical trial showed significant improvements in both cardiac
and skeletal muscle parameters (Marbán et al. 2020; McDonald et al. 2022),
supporting both the insights discovered from the preclinical work and the adoption
of a systemic delivery with repeat dosing paradigm.

7.2.1.4 Volumetric Muscle Loss

Despite decades of research, VML has remained largely refractory to many exper-
imental strategies—all designed to recover lost muscle tissue and function. Although
skeletal myoblasts were initially considered a promising cell source for VML
treatment, several limitations preclude their clinical translation. Such limitations
include low abundance within muscle, challenges related to purification, poor
engraftment posttransplantation, and a meager self-renewal and differentiation
capacity (Ding et al. 2017; Pantelic and Larkin 2018). Because of these limitations,
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MSCs represent an alternative cell type with a demonstrated ability to accelerate the
repair of injured animal skeletal muscle. Compared to skeletal myoblasts, MSCs can
be found in greater abundance and can be harvested by minimally invasive processes
such as bone marrow extraction or lipoaspiration (Mori et al. 2015; Berebichez-
Fridman and Montero-Olvera 2018). By themselves, MSCs may be a suitable cell
type for the treatment of VML. Unfortunately, MSCs are also susceptible to low
engraftment potential and a lack of lineage-specific differentiation. The discovery of
microenvironmental cues that direct MSCs toward a myogenic phenotype will be
instrumental to harness the therapeutic potential of MSCs. Future studies should
delineate whether MSCs work canonically or by noncanonical mechanisms such as
paracrine signaling to repair damaged skeletal muscle (Shayan and Huang 2020).

We have learned a great deal regarding the appropriateness of CDCs in skeletal
muscle regeneration from our experience with mdx mice. Our basic studies have
followed a logical sequence starting with the discovery of regenerative bioactivity in
mdx skeletal muscle, to the exploration of the regenerative mechanisms, and the
adoption to pathologically similar skeletal muscle injuries such as VML. For exam-
ple, in dystrophic skeletal muscle, CDCs (by way of paracrine actions) regulate
inflammation by modulating the macrophage phenotype, reducing fibrotic scar size,
and coaxing dysfunctional satellite cells into forming de novo myofibers (Rogers
et al. 2019a, b). The congruency of these actions in DMD and VML reasonably
motivated us to test the efficacy of CDCs for the VML indication. Our initial
experience with CDCs in a mouse model of VML has been quite promising (Rogers
et al. 2021), where CDCs: (1) improve recovery of muscle function, (2) partially
restore lost muscle volume and mass, (3) increase the number of innervated
myofibers, and (4) stimulate the endogenous repair machinery. If proven successful,
CDCs may be a therapeutic candidate for in-human clinical testing for trauma
patients with associated VML.

7.3 Current Challenges and Novel Approaches

The field of cell therapy has not been short of novel ideas, some of which have been
substantiated by considerable preclinical testing to establish concepts that define the
current state of regenerative medicine. Unfortunately, to date, no cell product has
received FDA approval for regenerative applications. How is this possible, despite
developments produced from decades of preclinical and clinical research? Several
obstacles to the translation of cell products are discussed in detail below (Marbán
2018a).
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7.3.1 Barriers to Product Approval

Manufacturing Challenges Nearly four decades of preclinical research have
shown ample evidence for the efficacy of cell therapy in regenerative applications.
Despite this fact, cells are fragile living entities that can be often difficult to
manufacture and handle, which precludes the implementation of conventional
manufacturing protocols (Dodson and Levine 2015). In academic settings, where
cellular therapeutic candidates generally originate, little consideration is given to
regulatory compliance or scalability. Early phase in-human studies generally require
only a modest degree of manufacturing process optimization. Further, reproducibil-
ity of the cell product, scalability, and cost are secondary concerns as these studies
are primarily designed to treat only a small cohort of patients. The progress beyond
phase I clinical trials of cell therapies is dismal, in large part owing to pitfalls that lie
in the progression that follows. When therapeutic products advance to further
development, manufacturing priorities shift toward the cost of goods sold, process
development, and quality control. Herein lies a significant barrier for cell products:
in contrast to small molecules, cells are living entities with dynamic and adapting
responses to environmental conditions. Therefore, a continuous, yet fundamental,
challenge is maintaining therapeutic efficacy, especially for cell types that are
susceptible to senescence after several cycles of cell division (Campbell et al.
2015). Another important consideration is the optimization of manufacturing pro-
cesses. For example, seemingly subtle changes such as a switch from monolayer
culture to suspension culture can introduce phenotypic changes that can unfavorably
skew the final product (Karnieli 2015). It is easy to envision, in extreme cases,
therapeutic candidates may lose their disease-modifying properties as they drift
further away from the intended formulation (Szymczak et al. 2011; Marbán 2018a).

Reproducibility and Efficacy Product consistency is a major concern for commer-
cialization. In order to be compliant with regulatory standards, a commercial product
must be comparable in identity, potency, and composition from year to year.
Quality control measures must be employed at integral steps in the manufacturing
process to ensure product stability of master cell banks and those destined for
product manufacturing. Since no allogeneic cell therapy products for regenerative
medicine have been approved in the United States, no standard operating procedures
exist detailing how this should be done. An ever-present concern in commercial
product development is diminished efficacy, which warrants the development and
validation of assays that reliably measure product potency. In the context of cell
therapy, this can be quite challenging as cell therapy is often multifactorial with
diverse targets, making it difficult to identify one molecule or pathway as being
strictly required for a global view of therapeutic efficacy. Both in vivo and in vitro
models are met with unique challenges that often preclude their utility as potency
assays. Mechanistic dissection is a seemingly obvious route for identifying key
factors of efficacy which, in turn, may reveal markers for potency assay development
(Marbán 2018a).
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Safety One critical concern in cell therapy is safety. Generally speaking, such
concerns can be categorized as either: (a) related to how the cells are delivered or
(b) as intrinsic to the cells themselves. Cell delivery methods can vary from being
relatively harmless to exceptionally invasive, which (of course) tracks accordingly
with an escalating risk. Although intravenous infusion is the least invasive method
used clinically, it has been considered to be inferior if the goal is targeting specific
tissues such as the heart or skeletal muscle—due to the absence of direct adminis-
tration to the organ itself. In light of mounting evidence that cells can exert long-
distance effects by way of secreted exosomes (as reviewed in the next section),
intravenous delivery is poised for a resurgence.

Naturally, the risk of neoplasm formation is pervasive with any proliferating
transplanted cell. In the extreme, pluripotent cells are known to form tumors in vivo.
As such, pre-differentiation and removal of residual pluripotent cells are critical
precautions one must consider prior to clinical application (Fox et al. 2014). How-
ever, allogeneic adult stem and progenitor cells are likely cleared by the patient’s
immune system over time (Malliaras et al. 2012), which may fortuitously confer an
added level of safety. On the other hand, expedient immune clearance may under-
mine the ability of the allogeneic cells to exert their paracrine effects, potentially
limiting their efficacy (Schu et al. 2012). A related concern with allogeneic cells is
the risk for sensitization to foreign antigens, which may subvert the efficacy of repeat
dosing protocols (Schu et al. 2012). In cases of progressive underlying pathology
such as DMD, wherein multiple sequential doses over time may be needed to sustain
efficacy, sensitization to allogeneic cells may be problematic. In theory, however,
crossmatching donor compatibility with the recipient may mitigate the potential
concern of sensitization, if such a concern proves to be true (Al-Daccak and Charron
2015; Marbán 2018a). Another approach involves premedication before infusion to
avoid immune sensitization and/or infusion-related hypersensitivity reactions.

Lastly, and unique to cardiac applications of cell therapy, is the possibility of
elevated electrical disturbances, that is, the potential for arrhythmogenesis. As
previously discussed, the heart functions as an electromechanical syncytium where
efficient coupling is required to facilitate the conduction of electrical impulses and
the subsequent transmission of mechanical force. Transplanted cells may disrupt the
propagation of electrical impulses in two ways: (1) by creating uncoupled or even
poorly coupled clusters of heart tissue which create roadblocks for conduction and
(2) by electrically coupling to the adjacent myocardium and eliciting local activation
and repolarization (Smith et al. 2008). Using skeletal myoblasts as an example, their
transplantation into the myocardium worsens arrhythmia by the first mechanism
(Miyagawa et al. 2017). Alternatively, transplanting immature cardiomyocytes
derived from pluripotent cells triggers arrhythmias by the second mechanism,
creating regional substrates that facilitate reentrant circuits (Smith et al. 2008).
Because of this, non-integrating adult heart cells, which typically work by secreting
paracrine factors (such as exosomes), may offer a safety advantage over engrafting
cell types (Marbán 2018a).
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7.3.2 A Novel Paradigm in Regenerative Medicine

The development of cell therapies, to date, has not been without its challenges. To
succeed in the clinic, their development must be focused on the underlying biolog-
ical mechanisms that govern therapeutic efficacy. In this context, deep mechanistic
insights are now placing cells themselves in the backseat and shifting attention to the
cells’ paracrine functions. For example, the development of CDCs for HF (and now
skeletal muscle disease and injury) illustrates how mechanistic discoveries can
influence the translational trajectory of cell therapies. Such paradigm shifts are
only possible by questioning accepted dogma and following the data (Marbán
2018a).

The Promise of Exosomes It is widely known now that many adult stem and
progenitor cells, such as MSCs and CDCs, function primarily by paracrine mecha-
nisms. One such paracrine function is the secretion of extracellular vesicles, includ-
ing exosomes, which are lipid bilayer nanoparticles laden with rich repertoires of
bioactive molecules such as nucleic acids, proteins, and lipids. Exosomes are
synthesized by the ceramide-requiring endolysosomal pathway, where cell mem-
brane invaginations (endosomes) fuse with products of the Golgi apparatus to create
multivesicular bodies (Ibrahim and Marbán 2016). When multivesicular bodies fuse
to the intracellular face of the cell membrane, they release their contents (including
exosomes) into the extracellular space. Neighboring or distant cells internalize the
exosomes which can reshape the transcriptomic landscape and greatly influence cell
behavior.

Several lines of evidence (in both heart and skeletal muscle disease) now dem-
onstrate blocking exosome production disrupts CDC bioactivity, whereas
CDC-derived exosomes (CDCEXO) suffice to reproduce the benefits of the parent
CDCs (Ibrahim et al. 2014; Rogers et al. 2019b). Thus, exosomes secretion is a
necessary step for CDC efficacy (Fig. 7.2). Many of the effects of exosomes can be
explained by their RNA cargo, specifically non-coding RNAs (ncRNAs) (Rogers
et al. 2020a). Among the several species of ncRNAs, miRs and Y RNA fragments
are abundantly present in CDCEXO and (generally speaking) regulate gene

Fig. 7.2 Mechanisms of action underlying CDCs’ bioactivity. CDCs secrete exosomes which
target key pathological mechanisms of heart and skeletal muscle disease. Adapted from Akhmerov
and Marbán (2020)
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expression in the recipient cell (Rogers et al. 2020a). These discoveries have shaped
the emerging concept that the mechanism of action of CDCEXO requires the parent
cells to secrete exosomes which act as vehicles to transfer bioactive cargo into
recipient cells; thus, inducing the transcriptomic and phenotypic changes that under-
lie the benefits of cell therapy. Given the fact exosomes are bioactive themselves,
they may be an attractive next-generation cell-free therapeutic candidate (Marbán
2018a).

The question then becomes: will exosomes entirely replace cells as therapeutic
products? The answer is not so trivial, but with all things considered—probably not.
Therapeutic cells have been in development for decades, in contrast to exosomes,
which have been tested in only a handful of trials in humans (Marbán 2018b). This
may be in large part due to the fact exogenously delivered exosomes are still poorly
understood in terms of optimal delivery methods, their tissue distribution profile, and
mechanisms of bioactivity. The challenge is identifying situations where cells would
be preferable to exosomes. Acute myocardial infarction, for example, may be one
indication where cells may outperform exosomes. Here, the rationale is when both
products are directly infused into the coronary circulation (Gallet et al. 2017), cells
become lodged within the capillaries and may function as sustained-release factories
for exosomes, whereas exosomes (being up to 1000 times smaller) quickly pass
through the coronary vessels to the systemic circulation thus diluting their bioactiv-
ity (Marbán 2018a).

Notwithstanding, therapeutic exosomes offer the potential to circumvent the main
limitations of cell therapy. For example, some advantages of exosomes include
product stability (Akers et al. 2016) and immune tolerance (i.e., human CDCEXO

are therapeutic in non-immunosuppressed mice (Rogers et al. 2019b), rats (Cambier
et al. 2017), and pigs (Gallet et al. 2017; Dawkins et al. 2022), even after multiple
doses (Aminzadeh et al. 2018)). Further, exosome dosing strategies are not limited
by microvascular plugging, and their efficacy can be enhanced by multiple
approaches such as engineering of the producer cells (Conlan et al. 2017). Given
the role of exosomes is clear, focus has now shifted to identifying the factors within
exosomes that are responsible for mediating their disease-modifying bioactivity in
any given indication. For example, miR-146a, miR-181b, and a Y RNA fragment
have been shown to be central mediators of cardioprotection in acute myocardial
infarction (Ibrahim et al. 2014; de Couto et al. 2017; Cambier et al. 2017); and
miR-148a is required for CDCEXO-mediated myogenesis in mdx skeletal muscle
(Rogers et al. 2019b). Two important implications can be borne from the identifica-
tion of defined factors themselves: (1) the factors themselves, individually or in
combination, may be developed as new therapeutic candidates and (2) the potential
to use mechanistic discoveries to aid the development of cell therapies toward the
goal of enhanced efficacy. For example, the development of potency assays based on
mechanistic insights may offer the quantification of the defined factors in exosomes
secreted by prospective cell candidate. Thus, the search for mechanistic discoveries,
instead of simply drifting science away from cells completely and toward exosomes
and their defined factors, should lead to the development of approaches to improve
the quality, reproducibility, and efficacy of cell therapy (Marbán 2018a).
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7.4 Outlook and Future Perspectives

Within the last decade, the deconstruction of cell therapy into its mechanistic
underpinnings has shifted focus away from autologous cell therapy to allogeneic
applications and onwards, to exosomes and their contents as next-generation thera-
pies. The discovery that exosomes are key mediators stemmed from the recognition
that both autologous and allogeneic cell sources resulted in equivalent benefits that
persisted long after the original cells were no longer detectable. Mining of the
exosomal cargo, in turn, has implicated specific ncRNA species as defined factors
worthy of scientific inquiry. The commercialization of therapeutic exosome products
is in its infancy, and their trajectory toward clinical use remains to be determined.
Despite the shift away from cells toward exosomes and defined factors, cell therapies
still hold potential for application in well-defined indications.
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Chapter 8
Regenerative Rehabilitation Strategies
for Complex Bone Injuries

Kylie E. Nash, Keat Ghee Ong, Eyerusalem A. Gebreyesus,
Steven A. LaBelle, Jeffrey A. Weiss, Julia A. Harrer, Nick J. Willett,
Philipp Leucht, and Robert E. Guldberg

Abstract Complex bone injuries often impact several types of tissue and experience
healing complications due to injury severity, infection, instability, or other
comorbidities such as diabetes. The intricacies and poor functional outcomes of
these injuries merit the consideration of regenerative medicine in concert with
rehabilitation strategies to improve healing. The field of regenerative rehabilitation
is emerging with promising technologies, since bone is a dynamic tissue that is
highly sensitive to mechanical stimulus and its regeneration is accomplished by a
cascade of biological processes that are strongly influenced by local mechanical
loading (Carter et al., Clin Orthop Relat Res (1976–2007) 355:S41, 1998; Kenwright
and Goodship, Clin Orthop Relat Res 241:36–47, 1989). Enabling technologies to
investigate these injuries include regenerative strategies such as protein or cell
delivery to augment the endogenous biological environment and promote healing;
implantable sensors and wireless technologies to longitudinally quantify the in vivo
mechanical environment of the defect in a real-time, patient-specific manner; as well
as computational models of tissue differentiation and healing to provide predictive
mechanical boundary conditions that optimize healing. Ultimately, integration of
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these emerging innovations with advancements in understanding the fundamental
biological principles of mechanotransduction may enable optimizing personalized
feedback-controlled rehabilitation strategies that promote functional restoration of
complex bone injuries.

Keywords Regenerative medicine · Rehabilitation · Mechanical loading · Sensors ·
Patient-specific · Real-time

8.1 Introduction and Current Clinical Practice

This chapter will discuss the intersection of regenerative medicine and rehabilitative
strategies to address complex bone injuries that often experience healing complica-
tions due to injury severity, infection, instability, or other comorbidities such as type
I and II diabetes. These injuries are intricate and prone to poor functional outcomes,
which merits the consideration of bone regeneration in concert with rehabilitation
strategies to improve healing. Regenerative medicine concentrates on regrowing or
replacing injured, diseased, or defective tissues, while the purpose of rehabilitation is
to facilitate functional recovery after an injury, illness, or disease. The process of
bone healing involves regeneration of bone tissue that continually responds to the
biological and mechanical environment. Therefore, the field of regenerative rehabil-
itation can provide potential therapeutic strategies for complex injuries, because
rehabilitation can provide a beneficial mechanical environment while regenerative
medicine promotes a beneficial biologic environment to optimize functional healing.
The following sections will contextualize the intersection of regenerative medicine
and rehabilitation strategies for complex bone injuries to ultimately identify some of
the current best practices, limitations, and areas for continued investigation. This
chapter is organized into emerging technologies and translatable knowledge gained
from multivariate computational models, implantable orthopedic sensors, and pre-
clinical studies that combine regenerative and rehabilitation strategies.

8.1.1 Pathophysiology of Complex Bone Injuries

Complex bone injuries often leave patients devastated with high complication rates
and poor functional restoration due to diminished coordination between the cellular
activity within the healing niche and the surrounding tissue (Fig. 8.1). In fact, 5–10%
of the 12 million annual fractures in the United States do not heal in a timely fashion
or lack restoration of function entirely (Klosterhoff et al. 2017a). Large or complex
bone injuries often stem from accident or combat traumas, tumor resection surgeries,
or congenital defects (Uhrig et al. 2013). Open fractures can be classified using the
Gustilo-Anderson classification which includes type I, II, or III where type III can be
further described as grade A, B, or C (Egol et al. 2010). The Gustilo-Anderson
classification design ranks injury severity on factors such as wound size, level of

252 K. E. Nash et al.



contamination, and damage to soft tissue and bone (Egol et al. 2010). Injuries are
ranked more severe for increasing injury types, so type IIIC is the most severe with a
wound size greater than 10 cm in length, high level of contamination, severe loss of
soft tissue and bone coverage, plus vascular damage that requires repair (Egol et al.
2010). In preclinical research, large bone injuries can also be described as critical-
size defects, which do not heal despite surgical stabilization. Bone healing can result
in union, delayed union, or nonunion. Following injury, bone union is achieved
when the bone is healed and strong enough to resume normal activity, delayed union
is when the bone takes longer than usual to heal but the function is eventually
restored, and nonunion is when the bone does not bridge and mechanical function is
not restored following a severe injury.

In preclinical research, complex bone injuries that result in nonunion can be
modeled by inducing a critical-size bone defect in animal subjects (Boerckel et al.
2011). To examine the functional ability of the regenerated bone tissue, defects are
made in a weight-bearing bone and ex vivo mechanical tests are performed to
quantify functional restoration (Boerckel et al. 2012). Radiography and
microcomputed tomography may also be performed to longitudinally examine the
defect throughout healing. These injury models provide crucial preclinical platforms
to evaluate potential regenerative strategies in vivo to address clinically observed
complications associated with delayed or nonunion bone healing.

Fig. 8.1 Factors that contribute to bone nonunion or healing complications following complex
bone injuries. Created with BioRender.com
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8.1.1.1 Stages of Bone Healing

Following injury, bone healing consists of distinct, yet overlapping stages, including
the early inflammatory stage, the repair stage, and the late remodeling stage (Kalfas
2001). Within a few hours of injury, the early inflammatory stage is initiated with
hematoma formation to trigger infiltration of inflammatory cells and fibroblasts. The
infiltration of these cells results in the formation of granulation tissue, ingrowth of
vascular tissue, and migration of mesenchymal cells. Nonunion or poor healing
complications can arise during this early stage if the inflammatory response is altered
by the use of anti-inflammatory or cytotoxic medications (Kalfas 2001).

Next, the repair stage consists of fibroblasts building a stroma to support contin-
ual vascular ingrowth and infiltration of osteoprogenitor cells. As vascular ingrowth
progresses, mesenchymal stem cells (MSCs) can differentiate directly into osteo-
blasts to form bone via intramembranous ossification or into chondrocytes to
promote the formation of cartilage which serves as a template to be completely
replaced by bone via endochondral ossification. The transition from cartilage to bone
tissue begins with the differentiation of cartilage-producing chondrocytes into ter-
minally differentiated hypertrophic chondrocytes which is associated with the sub-
sequent invasion of blood vessels. Then MSCs from the periosteum (the enveloping
connective tissue for cartilage) or vascular pericytes differentiate into osteoblasts and
begin to form woven bone in the mineralized callus that is later remodeled into
mature lamellar bone. The newly formed callus and the surrounding blood supply is
sensitive to mechanical stimulus and thus requires adequate protection and stability
in the form of external fixation via brace or internal fixation via a plate or nail (Elliott
et al. 2016; McKibbin 1978). Stabilizing the defect at this stage is crucial to preserve
the newly formed tissue because instability can prevent ossification of the callus and
result in nonunion or poor healing (Elliott et al. 2016; Kalfas 2001).

If proper stability is maintained, the callus ossifies to form woven bone across the
defect region. At this point, the defect will enter the remodeling stage where the
shape, structure, and mechanical strength of the bone is restored. Remodeling occurs
over a longer period of time (months to years) and is facilitated by mechanical stress,
which activates osteogenic cells to promote bone formation in regions where bone is
needed and resorption where bone is not needed (Kalfas 2001). Mechanical stimu-
lation is necessary to promote bone modeling and remodeling during later stages of
bone healing, but too much too early, can impair healing (Kenwright and Goodship
1989; Klosterhoff et al. 2017a).

8.1.1.2 Role of Skeletal Muscle

Several studies have found skeletal muscle to be a key player in functional bone
regeneration following complex bone injury (Elliott et al. 2016; Uhrig et al. 2013).
Before injury, muscle and functional weight-bearing, provide the mechanical stim-
ulus necessary to trigger bone modeling and remodeling, as well as proper
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morphogenesis, maintenance, and repair of other tissue types (Guder et al. 2020).
Beyond biomechanical stimuli, muscle is also a critical source for vascularization,
progenitor cells, and osteogenic myokines to support bone repair after injury (Uhrig
et al. 2013). In vivo research that utilized a preclinical model of segmental bone and
volumetric muscle loss injury further established the relationship between bone and
muscle tissue because injury to both tissues resulted in compromised bone healing
(Willett et al. 2013). They found that a concomitant muscle injury decreased bone
healing by approximately 50% compared to segmental bone injury alone for the
same treatment (Willett et al. 2013). Muscle cells also help bone healing by secreting
several osteogenic factors such as insulin-like growth factor (IGF-1), fibroblast
growth factor (FGF-2), and transforming growth factor (TGT-β) (Ruehle et al.
2019). Additionally, muscle progenitor cells were shown to differentiate into oste-
ogenic cell lineages when tracked in an open bone fracture and found incorporated
into regenerated bone (Willett et al. 2013). The relationship between muscle and
bone tissue is particularly relevant to regenerative rehabilitation because activation
of muscle during rehabilitation can help guide bone regeneration and healing out-
comes. Further, regenerative rehabilitation strategies can emulate the relationship
between muscle and bone by modulating the mechanobiology via internal and
external fixation devices that play a major role in determining the mechanical
environment and subsequent pattern of healing (Kenwright and Goodship 1989).

8.1.1.3 Role of Vasculature

Vasculature is another key aspect of bone healing. In fact, vascular integrity is a key
clinical indicator of injury severity, since revascularization is a critical early step for
functional bone healing and is needed to stimulate bone repair (Boerckel et al. 2011;
Klosterhoff et al. 2017a). However, little is known about the process of revascular-
ization in the context of loading-induced bone regeneration. To address this gap in
knowledge, a preclinical in vivo study done by Boerckel et al. quantified the effects
of early and delayed functional loading on new vascular growth using their large
bone defect model (Boerckel et al. 2011). The defects were stabilized with compliant
internal fixation plates that were unlocked to allow ambulatory load transfer either at
the time of implantation or after 4 weeks of the stiff (locked) internal fixation plate.
They found that early mechanical loading inhibited vascular invasion into the defect
and reduced bone formation compared to the stiff plate controls. In contrast, the
delayed loading significantly enhanced bone formation and stimulated vascular
remodeling (Boerckel et al. 2011). Their results demonstrate that neovascular net-
works are mechanosensitive and biomechanical stimulations have the capacity to
modulate postnatal vascular growth and remodeling.

To expand the exploration of mechanobiology for vascular and bone tissue
healing, Klosterhoff et al. engineered an implantable strain sensor platform to
longitudinally measure strain across the defect stabilized with internal fixation plates
in real-time and throughout rehabilitation. This in vivo study found an initial
increase in deformation magnitude and a subsequent increase in bone formation
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for the compliant fixator that permitted load-sharing (Klosterhoff et al. 2020).
Further load-shielding from the stiff fixation plate increased the number of relatively
small vessels in the defect, while the load-sharing from the compliant fixation plate
had a similar vessel number and size as the naïve contralateral femur (Klosterhoff
et al. 2020). Therefore, although the increased strain magnitudes from the compliant
plates impaired angiogenesis, the loading still supported sufficient tissue revascular-
ization to enhance bone repair. Their work revealed distinct magnitude-dependent
mechanobiological thresholds that differentially impair either bone of neovascular
growth when exceeded.

To further analyze vasculature in the context of mechanical loading, an in vitro
study by Ruehle et al. studied the effect of two load initiation times, three strain
magnitudes, and two modes of compressive deformation on microvascular network
growth within microvascular fragment-containing gels. They found that immediate
loading inhibited angiogenesis and expression of vascular-related genes, while
delayed loading enhanced microvascular network formation and upstream
mechanotransduction signaling pathways. From this, they demonstrated that the
magnitude, mode, and initiation time of the extracellular matrix (ECM) loading
were all critical regulatory parameters for angiogenesis. Vasculature is a potential
target for regenerative rehabilitation strategies because the blood supply is crucial for
tissue regeneration and preclinical studies found vascular tissue to respond to
varying magnitudes of mechanical stimulation (Boerckel et al. 2011; Klosterhoff
et al. 2020; Ruehle et al. 2020). The knowledge gained from these studies provides
the potential to enhance revascularization during tissue regeneration to optimize
regenerative rehabilitation strategies for complex bone injuries.

8.1.1.4 Impact of Immune Dysregulation

Healing complications after complex bone injuries can also stem from a
dysregulated immune response. Past work has characterized a detrimental
dysregulated immune response which consists of chronic immunosuppression and
immune paralysis. Trauma-induced immune dysregulation occurs in multiple stages,
including an initial systemic inflammatory response syndrome (SIRS) and a com-
pensatory anti-inflammatory response syndrome (CARS), each with unique cytokine
profiles (Lord et al. 2014). The prolonged exposure to high levels of inflammatory
factors and reactive oxygen species generated during SIRS is damaging to the
surrounding tissues, so the CARS compensatory response immediately follows
SIRS (Rosenthal and Moore 2016). In physiological healing, the SIRS and CARS
responses resolve themselves within a couple of weeks; however, failure to restore
homeostasis can lead to a destructive catabolic phase, otherwise known as systemic
immune dysregulation and immune suppression (SIDIS) (Vantucci et al. 2018).
Patients with symptoms of SIDIS are prone to complications and greater healthcare
cost (Lord et al. 2014). A recent study using a preclinical model of orthopedic trauma
demonstrated that distinct systemic immune profiles correlate with this long-term
immune dysregulation and impaired bone regeneration (Ruehle et al. 2020). Some of
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the primary cellular mediators include T regulatory cells (Tregs) and myeloid-
derived suppressor cells (MDSCs). These mediators contribute to the secretion of
inflammatory cytokines and activation of other immune cells. Their work further
supports the relationship between early systemic immune responses to trauma and
local bone regeneration, with the potential to help predict poor functional outcomes
and provide novel targets for immunotherapeutic interventions.

8.1.1.5 Conclusion

Overall, complex bone injuries are prone to nonunion or healing complications
because of several factors including limited cellular communication and instability
due to a large defect size, injury to neighboring vascular and muscular tissue,
dysregulation of the systemic immune response, infection, or other comorbidities
such as disease (Fig. 8.1). The restoration of bone tissue is crucial for functional
recovery after complex injuries, but recent literature has found that restoring the
vascular and muscular tissue, as well as controlling the immune response can help
optimize necessary bone regeneration (Cheng et al. 2019; Ruehle et al. 2020).
Research has also motivated the emerging field of mechanobiology because of the
observed cellular response to mechanical stimulation throughout all stages of healing
(Boerckel et al. 2011; Carter et al. 1998; Guldberg et al. 1997; Kalfas 2001;
Klosterhoff et al. 2017a; Olesen et al. 2015). Therefore, modulating the
mechanobiology of the healing niche via internal factors such as fixation stiffness
or external factors such as rehabilitation has the potential to help address complex
bone injuries that would otherwise face nonunion or healing complications. Addi-
tionally, the field of regenerative rehabilitation is emerging with promising strategies
for complex bone injuries because the bone is a dynamic tissue that is highly
sensitive to mechanical stimulus and its regeneration is accomplished by a cascade
of biological processes that are strongly influenced by local tissue mechanical
loading (Carter et al. 1998; Kenwright and Goodship 1989).

8.1.2 Clinical Treatment Strategies

8.1.2.1 Grafting: Masquelet Technique

There is currently no accepted medical standard to treat complex bone injuries,
though the most common include debridement of necrotic tissue, prevention of
infection, muscle flap coverage, bone grafting, and amputation as the last resort
(Masquelet 2003; Nauth et al. 2011; Yazar et al. 2004). Within the realm of bone
grafting, clinicians utilize allografts, autografts, as well as ceramic and polymeric
bone graft substitutes. Allografts use bone from a deceased donor, so this practice is
challenged with limited graft material as well as lower osteoinductive and osteogenic
properties due to the sterilization process. Autografts use bone from the patient, so
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challenges include limited graft materials and surgical complications such as donor
site morbidity. At the same time, ceramic or polymeric grafts have limited bioactiv-
ity, so they often rely on osteogenic cells or bone material to accompany the graft.
Complications for this strategy include insufficient bioactivity or rejection of syn-
thetic material altogether. The interplay between muscle and bone tissue has also
motivated the clinical use of muscle flaps to help revascularize bone and promote
healing of large range fractures. However, muscle flaps exhibit complications such
as infection, partial or total flap loss, seroma or hematoma, necrosis, and wound
dehiscence (Deramo and Rose 2020).

Historically, clinicians have tried using grafts in surgical treatments such as the
Masquelet technique (Fig. 8.2) which uses a temporary cement spacer followed by
staged bone grafting to manage posttraumatic bone defects (Wong et al. 2014). This
strategy involves a two-stage surgical technique; the first operation includes debride-
ment of necrotic bone, skeletal stabilization, and the insertion of polymeth-
ylmethacrylate (PMMA) cement spacer to envelope the bone ends (Olesen et al.
2015). Then after several weeks, the second operation involves the removal of the
spacer without disrupting the induced biomembrane and filling the defect with bone
graft (Deramo and Rose 2020). For this strategy, the cement spacer is vital for
increasing stability, fighting infection, hindering fibrous ingrowth into the defect,
and inducing a membrane that harbors and secretes growth factors such as vascular
and osteoinductive factors to promote regeneration (Deramo and Rose 2020;
Vantucci et al. 2018). Patients who underwent the Masquelet technique experienced
pain-free weight-bearing after an average recovery time of 9 months (Deramo and

Fig. 8.2 Clinical example of a complex musculoskeletal injury that required revision surgery due
to lack of bone healing after initial treatment. Courtesy of Dr. Philipp Leucht from NYU Langone.
Created with BioRender.com
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Rose 2020). However, major differences were seen in consolidation time between
patients and the correlation between consolidation time and bone defect size
(Deramo and Rose 2020). Therefore, the healing timeframe for this technique is
unpredictable (Aronson 1994; Deramo and Rose 2020).

8.1.2.2 Mechanical Loading: Distraction Osteogenesis

To avoid surgical intervention, scientists and clinicians have also utilized mechanical
loading to promote bone union because interfragmentary movement, determined by
the applied load and stability, has a strong impact on bone healing (Claes and
Heigele 1999). This was evident in the study by Claes and Heigele that relates tissue
formation in a fracture gap to local stress and strain (1999). Claes and Heigele found
that varying levels of stress and strain along existing calcified surfaces in the fracture
callus controlled whether the callus tissue differentiated into cortical bone, connec-
tive tissue, or fibrous cartilage (Claes and Heigele 1999). They knew mechanical
loading influenced the healing process, but in vivo studies to determine the stress and
strain of the cells in a fracture callus were not possible. To overcome this limitation,
they employed the finite element method (FEM) to estimate the local stress and
strain at the cellular level in callus tissue. This method allowed them to quantify the
relationship between the ossification pattern and the loading treatment for the first
time. They found the critical values that guided cell differentiation into either an
osteoblast or a chondrocyte to further direct either intramembranous differentiation
or endochondral ossification. However, the FEM poses limitations because it
depends on set parameters that only correlate to simple oblique fractures and their
study only described bone healing as three distinct stages (Wong et al. 2014). Future
work that examines the cellular mechanisms of bone healing may help explain the
pathology of delayed or nonunion defects. Longitudinal analysis of fixation tech-
niques is also needed to understand how the healing progresses in response to
loading. The amount of interfragmentary movement to optimize healing and avoid
nonunion complications remains unknown, but work continues to highlight the
potential for mechanical loading to control and promote bone regeneration.

Utilizing mechanical loading, surgeons have tried distraction osteogenesis to
address large bone defects. This strategy includes an initial osteotomy followed by
gradual distraction to induce the integration of cells, growth factors, and extracellular
matrix to form bone (Compton et al. 2015). Bone formation using distraction
osteogenesis relies on control of mechanical tension by altering the rate and rhythm
of distraction to influence cell proliferation, angiogenesis, and genetic expression
within the distraction gap (Olesen et al. 2015). The exact mechanism in which strain
stimulates bone formation remains unclear, but research suggests that slow and
steady traction can metabolically activate living tissue through
mechanotransduction, which stimulates proliferation and biosynthetic cellular func-
tion (Ai-Aql et al. 2008). Similarly, other investigations have found molecular
signaling cascades to play an important role in strain-induced bone regeneration
(Olesen et al. 2015). After, initial success, this technique was modified to shorten the
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consolidation time. From this, the rate of distraction was seen as an important
clinical consideration because high-speed distraction exhibited painful neuropathy
and soft tissue complications, while slow distraction diminished the osteogenic
potential (Olesen et al. 2015). Although this technique has seen promising results,
robust investigations are still underway because of the delicate physiological balance
required for all stages of healing. Such investigations involve applying systemic and
local factors that may improve healing, as well as other mechanical loading strategies
to promote regeneration. Distraction osteogenesis also illuminates the need for
personalized medicine because the healthy population may require faster distraction
rates than the elderly or ill to maintain osteogenesis.

8.1.3 Current Clinical Rehabilitation Practices
and Limitations

Rehabilitation is a critical component of the healing process—in terms of both tissue
repair and functional recovery—and is commonly prescribed to patients after regen-
erative or reparative intervention for complex bone injuries in the lower extremities.
Key factors that influence the rehabilitation regimen include the severity, type, and
location of the injury along with the fixation method. Typically, clinicians prescribe
relatively conservative regimens that begin with non-weight-bearing for up to
12 weeks before progressing to the next stages of active rehabilitation for severe
injuries. Once patients are permitted to use their injured limb, rehabilitation incor-
porates a variety of loading, strengthening, and pain management strategies.

Clinical rehabilitation can start with non-loading practices for a recommended
length of time, and varies based on injury severity, type, and fixation method. The
major methods of fixation include internal and external fixation. External fixation
methods are commonly used for traumatic injuries that often result in open fractures
and severe damage to the surrounding soft tissue (Hoyt et al. 2015). Since external
fixation can shield the injured region from excessive axial loading, immediate
weight-bearing can be permitted as long as the patient is not experiencing unusual
pain (Bacon et al. 2008; Joslin et al. 2008; Kershaw et al. 1993; Taljanovic et al.
2003) However, for more severe injuries, patients are often prescribed a 6-week non-
weight-bearing period following surgery because the open reduction and internal
fixation (ORIF) method often used for these more severe fractures is most effective
when the injured region is completely stable (Joslin et al. 2008; Kershaw et al. 1993;
Mitkovic et al. 2002; Sato et al. 1999; Zlowodzki et al. 2007). If the internal fixation
is coupled with intramedullary fixation, immediate weight-bearing may be permit-
ted, again providing the patient is free of pain (Arazi et al. 2001; Lin et al. 2014;
Brumback et al. 1999). Many of these regimens are based on the severity of the bone
injury and guidelines often do not account for the severity of soft tissue injury or
volumetric muscle loss which can accompany complex injuries. Research
implementing rehabilitation for the treatment of volumetric muscle loss has shown
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significant challenges in restoring function and general guidelines do not currently
exist (Greising et al. 2020).

The most common form of rehabilitation following the non-loading period for
complex bone injuries is progressive touchdown weight-bearing (Hoyt et al. 2015;
Hurkmans et al. 2007). This process begins with toe-touch weight-bearing, during
which only the toes of the injured limb should touch the ground. This is followed by
partial weight-bearing, where the clinician may prescribe 10%, 25%, or 50% weight-
bearing following injury. The percentage increases on a patient-by-patient basis until
the patient is able to place full weight on the injured limb (Inverarity 2020). Patients
may be provided scales or body weight supports to control forces in the lower limb.
One of the major issues with restricted weight-bearing is poor patient compliance;
even when patients attempt to follow the clinician’s recommendations, they fre-
quently exceed the weight permitted. Alternatively, other techniques such as hydro-
therapy and lower body positive pressure (LBPP), which allow for better control of
the pressure on the injury, may be used (Stucky et al. 2018).

In addition to direct loading on the bone, rehabilitation regimens also focus on
muscle strengthening and pain management. Serious leg injuries, especially those
which require several weeks of non-loading, lead to significant muscle loss. Studies
have found that patients prescribed with muscle strengthening exercises improve
strength, balance, mobility, and function (Latham et al. 2014). Exercises include
standing from a chair, walking up steps, and other functional-based exercises. Pain
following injury is typically managed through analgesia and the use of peripheral
nerve blocks, which have been shown to aid in functional use of the limb and reduce
falls (Ilfeld et al. 2010; Long et al. 2006). Rehabilitation regimens have been shown
to help patients with pain management and as a result reduce the doses of analgesia
prescribed (Cheville et al. 2018). Such rehabilitation strategies often incorporate
stretching and strengthening with the goal of restoring basic functions and activities
(Osterweis et al. 1987).

Preclinical studies have shown that early loading improved healing outcomes in
both bone growth and bone strength compared to those with extended periods of
non-loading after injury. However, current rehabilitation strategies still prescribe
extended periods of non-loading after injury. Section 8.2.3 will further detail the
results of preclinical trials regarding the effects of early loading on tissue regener-
ation and functional restoration.

8.2 Effects of Mechanical Environment on Vascular
Growth, Tissue Differentiation, and Bone Regeneration

The notion that bone adapts to mechanical stress during rehabilitation via
remodeling processes is often attributed to Julius Wolff in the late nineteenth
century. Wolff observed that trabeculae of fractured bone remodeled over time due
to changes in bone shape or mechanical stresses (Brand 2010; Wolff 1892).
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Mechanosensitivity has since been demonstrated in numerous physiological pro-
cesses in most tissues and throughout the organ to intracellular levels. Near the turn
of the century, researchers began formalizing approaches to predict patterns of tissue
differentiation, mineralization, osteogenesis, chondrogenesis, and vascular growth
based on mechanical loading environments. These approaches are beginning to
guide patient and etiology-specific rehabilitation and regenerative strategies. In
this section, we review computational methods, wireless strain sensor developments,
and preclinical models that have advanced our understanding of tissue adaptation in
response to mechanobiological stimuli in fracture healing and remodeling. These
approaches may guide regenerative and rehabilitation strategies by encouraging
proper tissue differentiation and ultimate union after fracture in long bones.

8.2.1 Computational Models of Tissue Differentiation
and Healing

Nearly a century after Wolff’s law was established, researchers still disagreed on
how stress mechanistically controlled bone morphology. Experimental models have
delineated links between strain and patterns of tissue differentiation during healing,
though these pathways are more complex in vivo. This section overviews computa-
tional approaches to incorporate mechanical and biological regulators of osteogen-
esis, chondrogenesis, and angiogenesis into computational models. We first review
seminal computational advances in simulating tissue differentiation and healing in
response to fracture mechanical environments, and then we demonstrate their capa-
bility of probing and designing regenerative rehabilitation protocols.

8.2.1.1 Approaches to Modeling Osteogenesis, Chondrogenesis,
and Angiogenesis

Computational models of osteogenesis and tissue differentiation first attempted to
predict long bone mineral distribution and tissue density in response to mechanical
loading. Some of the initial research needed to support these computational aims
focused on developing material models to explain bone in the context of fracture
healing. A robust theory relating stress to bone orientation and density presented by
Fyhrie and Carter proposed that cancellous bone is an anisotropic material that
simultaneously maximizes structural integrity and minimizes bone density (Fyhrie
and Carter 1986). In addition to developing material models, they also developed a
fundamental approach to simulate the effects of cyclic load histories without explic-
itly modeling each individual load, a task that may have been computationally
cumbersome at the time (Carter et al. 1987). Once the material model and approach
to simulating cyclic load history were formalized, they were applied in one of the
first computational models that predicted a physiological distribution of bone
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mineral density in response to mechanical loads. Importantly, the authors noted that
the degree of tissue stress stimulus determined the degree of bone resorption or
apposition (Beaupré et al. 1990). Further studies found that physiological bone
density patterns can be predicted in numerous bones as long as the simulated load
histories are comprehensive and reflective of multiple activities of daily living
(Levenston et al. 1993).

While investigating the effects of a micromotion implant in canine condyles,
Prendergast et al. developed a theory of a mechanoregulatory pathway. Their theory
stated that biophysical stimuli determine the trajectory of cells during tissue differ-
entiation (Huiskes et al. 1997). The differentiated interface tissue took on either a
bony, fibro-cartilaginous, or fibrous phenotype depending on the distortional strain
and relative fluid velocity (Huiskes et al. 1997). Subsequent models studied the
adaptation of segmental defects to mechanical loads (Beaupré et al. 1990; Fyhrie and
Carter 1986). They created FE models of the callus, medullary tissue, and diaphyseal
bone at the defect and applied simplified loading histories of compression or tension
to six models with unique initial boundary conditions representing different
mechanobiological environments. Notably, a single modeling approach was able
to predict experimental tissue differentiation patterns of fracture healing and distrac-
tion osteogenesis. This model of tissue differentiation was refined and applied
numerous times in different contexts (Fig. 8.3). Claes et al. found that low magnitude
strains encourage intramembranous healing while high magnitude strains and pres-
sures lead to connective and fibrous tissue differentiation (Claes and Heigele 1999).
Loboa et al. focused on the continuous change of material properties, allowing their

Fig. 8.3 Reproduction of the mechanoregulatory model proposed by Carter et al. (1998) created
with BioRender.com. Mechanoregulatory models typically predict differentiation based on state
variables such as stress, strain, and fluid velocity. Further, the distribution of tissue types can change
over time to reflect the dynamic nature of healing
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material parameters to continuously adapt to local mechanical stimuli, rather than at
fixed time points. Proteoglycan synthesis, collagen fibrillogenesis, crosslinking, and
material moduli were regulated by fluid pressure and tensile strain. Further, materials
were allowed to adapt into any phenotype unlike prior models which assumed
differentiation into one of a few predefined phenotypes (Loboa et al. 2003; Wren
et al. 2000). Indeed, these modeling approaches were a promising platform to study
mechanoregulation of tissue differentiation during fracture healing; however, a few
studies demonstrated that mechanoregulation alone was insufficient to account for
biological factors and subject variation (Beaupré et al. 1990; Stevens et al. 1999).
Thus, models around the turn of the century began to incorporate both mechanical
and biological variables to better predict bone adaptation to mechanical stimuli.

In addition to mechanical activity, in vivo bone healing outcomes can be
influenced by oxygen, growth factor, and metabolite transport and production.
Investigators of previous studies began introducing cell-based modeling approaches
which simulate differentiation of cell populations rather than only tissue types in
response to mechanobiological stimuli. These cells transformed the tissue around
them through reactions representing bone apposition and resorption (Beaupré et al.
1990; Hernandez 2000). Ament and colleagues adapted the models of Carter et al.
(1998) by introducing a fuzzy logic controller to determine tissue differentiation and
composition (Ament and Hofer 2000). Previous models had only allowed tissues to
differentiate into a single phenotype; fuzzy set theory however allowed various
degrees of membership to multiple tissue types depending on mechanical and
biological stimuli (Zadeh 1965). A subsequent study used fuzzy logic, which
included local vascularity as a biological variable to predict trabecular bone fracture
healing and remodeling as distinct events (Shefelbine et al. 2005). At this time, most
models had only represented the influence of biological variables in an abstract
manner rather than evaluating the transport of oxygen, growth factors, or metabo-
lites. Bailón-Plaza and van der Meulen were perhaps the first to develop a
bioregulatory model that simulated the transport, production, and inductive role of
growth factors in the context of tissue differentiation during fracture healing (Bailón-
Plaza and van der Meulen 2001). In their model, mesenchyme was allowed to take
on chondrocyte, osteoblast, and osteocyte lineages as well as undergo mitosis and
produce matrix and other cellular products in response to BMP-2, BMP-4, and
TGF-β1. In a follow-up study, a combined mechanobioregulatory modeling
approach was used to simulate growth across a fracture while varying the onset
and magnitude of loading (Bailón-Plaza and van der Meulen 2003). In both exper-
imental and computational studies, delayed onset of loading led to low-stiffness
tissue properties and nonunion or poor healing. Simulations indicated that by the
time of load onset, the concentration of osteoblasts had greatly declined, leading to
insufficient endochondral ossification. Early, moderate loads however were associ-
ated with stiff gap tissue and successful bridging. Bailón-Plaza et al.’s approach and
observations became common in successive studies that demonstrated the ability of
experimentally based computer simulations to guide regenerative rehabilitation
therapies. However, these models still took simplified approaches to represent
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transport wherein cells, biophysical species, and growth factors were assumed to
move only via diffusion.

Geris and colleagues acknowledged that the simplifications of previous models
had limited the models’ ability to study compromised healing cases. To address this,
they extended the bioregulatory models of Bailón-Plaza et al. by simulating endo-
thelial cells that migrated from preexisting vasculature (Geris et al. 2008). Endothe-
lial cell movement was guided by both a random component and an angiogenic
factor gradient. Osteoblasts and hypertrophic chondrocytes generated the angiogenic
factor, attracting endothelial cells to the callus after the formation of the initial
fibrous and cartilaginous tissue in the soft callus. The model was sensitive to the
production and consumption of the angiogenic factor—overproduction or saturation
of the angiogenic factor did not permit gradient formation, resulting in poor healing.
Further, reduced production of angiogenic factor led to slow healing and nonunion.
The mechanoregulatory mechanism was reintroduced in a later study where Geris
et al. demonstrated that overload-induced nonunion could only be predicted when
both angiogenesis and osteogenesis were governed by mechanoregulatory and
bioregulatory mechanisms (Geris et al. 2010). A similar approach included
mechanoregulatory elements to study osteogenesis and angiogenesis in the bone-
implant interface (Checa and Prendergast 2009). Notably, they predicted dendritic
growth of new vasculature similar to angiogenesis, as well as decreased angiogen-
esis and osteogenesis when high shear loads were introduced between the implant
and bone. The basic concepts developed thus far built a basis that at first reproduced
experimental results of healing and nonhealing based on mechanical and biological
stimuli. More recently, these results have been applied to patient-specific and
etiology-specific cases to guide regenerative rehabilitation strategies for the clinic.

8.2.1.2 Applied Models of Angiogenesis and Osteogenesis

With the knowledge that interfragmentary movement strongly relates to bone adap-
tation and healing outcomes (Claes and Heigele 1999), investigators began to study
how fracture stabilization protocols in both the operating room and rehabilitation
clinic influence interfragmentary movement and long-term fracture healing. Prior
simulations of healing relied on idealized fracture site geometry and loading condi-
tions which may smooth over local hotspots of stress and strain introduced by
irregular fracture geometries. One of the first patient-specific models of
interfragmentary movement was performed while a patient was simultaneously
recovering with a stabilized fracture (Gardner et al. 2000). The patient’s fracture
geometry and gait-cycle loads during recovery were used as inputs. The patient
experienced delayed healing, which based on predicted distributions of strain
throughout the callus, the authors believe may stem from insufficient
interfragmentary support by the fixation device during the early course of healing.
In addition to patient-specific studies, some began to evaluate fixation procedures
themselves. One group found that significant non-axial movement can occur during
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axial dynamization depending on fixator joint location and the ability for joints to
slide (Liu et al. 2005).

In addition to studying fixator design, recent interest has emerged pertaining to
when fixator dynamization or removal can begin. Byrne et al. modeled a fixation
device which was automatically removed once the callus had reached a threshold
stiffness in an approach that may be useful for patient-specific preoperative treatment
planning (Byrne et al. 2011). Alierta et al. studied the effects of combined compres-
sive and shear loads during healing across a fixated fracture, which had scarcely been
studied experimentally at that time (Alierta et al. 2014). Further, they studied the
effect of fixation on comminuted fractures (in this case an oblique fracture with three
fragments) and found that comminuted fractures may require stiffer fixation than
simple transverse fractures. Wilson et al., modeled inverse dynamization—a recently
proposed fixation strategy where some interfragmentary movement is initially
allowed in order to promote a large callus to form, at which point, dynamization is
restricted (Wilson et al. 2017). They found that inverse dynamization led to quicker
callus formation but ultimately did not provide significant additional stiffness to the
fracture during healing. A similar study by Ganadhiepan et al. investigated
dynamization with the treatment of Ilizarov circular fixators (Ganadhiepan et al.
2019). They found that early dynamic physiological loads may encourage advective
transport and improve secondary healing. Simultaneously, their simulations
predicted changes in cell population distributions and matrix deposition associated
with different fixator material properties. While much attention has been given to
external fixators, simulations are also used to study internal stabilization methods.
For example, Mehboob and colleagues used simulations to select composite mate-
rials for intramedullary rods that best supported callus formation and healing in
transverse or oblique fractures at multiple locations along the length of the femur
(Mehboob and Chang 2018). Indeed, simulations have enabled a deeper understand-
ing of how fixation techniques and fracture etiology alter the mechanical environ-
ment and biological adaptation.

8.2.2 Implantable Sensors for In Vivo Load Monitoring

The healing outcomes from orthopedic injuries that require the use of temporary or
permanent implants depend on the surgical technique, rehabilitation approach,
patient’s health, and physical activities, as well as the mechanical environments at
the implant sites (O’Connor and Kiourti 2017). Today, assessments of the mechan-
ical environment at a musculoskeletal injury site are still typically done using
mechanical loading/measurement instruments and/or numerical simulations based
on assumed boundary conditions (Klosterhoff et al. 2017a). These methods may be
inaccurate in many instances because they are usually performed under ideal and
controlled conditions with assumptions that may not capture the actual mechanical
loading experienced during the patient’s physical activities. Direct measurement of
the mechanical loading outside of a laboratory or clinical setting would provide a
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better assessment of how mechanical forces can promote or impair functional
healing of an orthopedic injury (Klosterhoff et al. 2017a).

In 1960s, researchers started to integrate sensors to orthopedic implants through
percutaneous wires, so measurements could communicate to external data
processing electronics for monitoring in vivo mechanical forces in the shoulder,
spine, hip, and knee implants (Karipott et al. 2018a). These sensors were mostly used
as investigative tools to study the healing process and shed light on the physical
environment in the musculoskeletal system (Karipott et al. 2018a). Since then, rapid
innovations in electronics, computing, battery, and wireless communications have
significantly increased the integration of sensors into orthopedic implants. Modern
wireless sensors, which are smaller, safer, and more convenient to use, have been
incorporated into various orthopedic implants to further improve their performance.
These sensor-integrated orthopedic implants can allow efficient measurement of
clinical data that was not possible before, providing new therapeutic and diagnostic
capabilities to enable personalized medicine, which leads to better treatment out-
comes for orthopedic injuries (Ledet et al. 2018). Specifically, sensor-integrated
orthopedic implants generate useful information characterizing the environment
inside the body, giving an opportunity to tailor treatment regimens, trigger transition
in care, and detect adverse events earlier (Ledet et al. 2018). They also minimize
complications, reduce recovery time, and decrease readmission and revision pro-
cedures (Ledet et al. 2018). Moreover, the use of sensors in orthopedic implants
gives a greater understanding of the healing processes, tissue-implant interactions,
and biomechanics of the injury hence providing knowledge for the development of
improved implants and surgical techniques.

8.2.2.1 Sensor and Wireless Technologies

Stress and strain are critical parameters in orthopedic care, providing useful infor-
mation on the healing conditions after an injury. These parameters can be used to
determine the effectiveness of the treatment and predict patient outcomes. While
many sensors are available, strain gauges are still the dominant technology for
measuring stress and strain (Karipott et al. 2018a). In fact, strain gauges continue
to be used in orthopedic implants since the 1960s due to their robustness, sensitivity
to applied strain, and convenience to integrate on or within the implants (Ledet et al.
2018).

Strain gauges, as shown in Fig. 8.4a, are electronic components that vary their
electrical resistance in response to applied mechanical strains. A Wheatstone bridge
circuit, illustrated in Fig. 8.4b, is typically implemented to change an input resistance
of a strain gauge to a voltage output that can then be processed to a digital output.
Typically, strain gauges are a thin layer of electrically conducting pattern deposited
onto a polymeric backing substrate (Ledet et al. 2018). A strain gauge is usually
directly attached to the surface of an implant. The deformation of the implant alters
the dimension of the strain gauge, creating a proportional change in the gauge
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resistance. The resistance change is then converted to a digital voltage output as a
record of change in strain (Ledet et al. 2018).

Traditional strain gauge sensors require transcutaneous wired connections to
supply power and collect in vivo data from patients or test subjects. For example,
Sato and coworkers developed a piezoresistive strain gauge pressure sensor that was
percutaneously wired to external electronics to measure intradiscal pressure (Sato
et al. 1999). Another group developed a similar strain gauge embedded inside a
femoral head prosthesis via percutaneous wires to monitor forces on a hip implant
(Rydell 1966). In addition, Burny and coworkers have also demonstrated the
application of strain gauges for orthopedic monitoring (Burny et al. 2000) by
integrating resistive strain gauges into a modified nail plate implant to perform
in vitro and in vivo evaluations on the effectiveness and safety of the implant system
(Burny et al. 2000).

Wired sensors, while able to provide continuous and high-resolution measure-
ments on orthopedic conditions, are limited to laboratory and/or clinical settings and
have an increased risk of infection to the test subjects. Advancements in telemetry
systems have allowed for the development of sensors that can wirelessly communi-
cate and transfer data without wires (Nelson et al. 2020), which alleviates these
issues. As depicted in Fig. 8.5, a telemetry system commonly consists of two
components: a transmitter that is implanted along with the strain gauge (or other
types of strain/pressure sensors) and a receiver that is typically connected to a signal
processor such as a computer or a handheld electronic recording/displaying device.
An example of a wireless orthopedic sensor was developed by Ledet and coworkers
for direct in vivo measurements of spinal loads on the lumbar spine of baboons
(Ledet et al. 2012). Other strain gauge implants include those developed by Rohlman
and coworkers to study loads on the vertebral body (Rohlmann et al. 2014), and the

Fig. 8.4 (a) A resistive foil strain gauge is connected to (b) a Wheatstone bridge circuit to convert
the change in the gauge resistance into a voltage output
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calcium phosphate ceramic-coated strain gauges by Szivek and coworkers (Szivek
et al. 2005) that exhibited improved osteointegration.

Although wireless sensors possess clear advantages over wired sensors in terms
of safety and convenience, a limitation of their usage in orthopedic implants is the
power requirement at the implanted part of the sensor system. They are also bulky
due to the size of the battery. Therefore, wireless sensors typically have a limited
operation lifetime and require a carefully planned power budget. To extend the
performance period of wireless sensors, some sensor-integrated implants employ
batteries that can be charged remotely, or use an energy harvesting system that can
generate power from mechanical forces (Nelson et al. 2020). For example, Santos
and coworkers generated energy needed by a hip implantable sensor by utilizing the
motion around it (Soares dos Santos et al. 2013). Another approach to prolong
operation time is to reduce the power consumption rate. Integrated circuit technology
has enabled the fabrication of implantable sensors (Soares dos Santos et al. 2013)
featuring power-saving circuit designs such as the bulk-driven technique, the float-
ing gates, and the subthreshold design (Borchani et al. 2016).

Besides batteries, some sensors are powered by an external device through
wireless energy coupling and communicate through electromagnetic fields or acous-
tic waves. These sensors have been used to measure various parameters in hip
prostheses, as well as loads in the knee and spine. The most common wirelessly
powered systems are inductively coupled systems, which receive power through
electromagnetic energy (Ledet et al. 2018). For example, Graichen and coworkers
developed a system that consisted of six strain gauges and a telemetry system that
utilized radio frequency (RF) to inductively power the electronics and transmit data
(Graichen et al. 2007). It was implemented on three patients with shoulder
endoprostheses to monitor in vivo load (Graichen et al. 2007).

Fig. 8.5 An implantable telemetry system consisting of a transmitter that is implanted along with
the sensor(s), and an external receiver that interfaces with a signal processor such as a computer or a
handheld electronic recording/displaying device
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Another type of battery-free sensor is comprised of only energy-passive elements
such as magnetic materials or passive electronic components (capacitors, inductors,
and resistors) forming a combined sensing unit and wireless transceiver. They have
no active circuitry and do not require an internal power source, making them small,
robust, reliable, and ideal for long-term, in vivo monitoring. One example of passive
sensors is the magnetoelastic sensor, made of magnetostrictive materials that can
convert magnetic energy to mechanical energy and vice versa. When under the
excitation of a magnetic AC field, the sensor undergoes a mechanical resonance,
generating a secondary magnetic flux that can be remotely captured (Pacella et al.
2014). These sensors, which are wireless, battery-free, and sensitive to stress/strain,
are used to measure forces at bone fixation plates or medical sutures (DeRouin et al.
2016; Oess et al. 2009). They are easily integrated into existing implants because of
their simple designs and have demonstrated application to monitor cell adhesion on
an implant and bone tissue integration to implant (Vlaisavljevich et al. 2013).
Another passive sensor is the inductive-capacitive sensor which consists of an
electrical resistor, inductor, and capacitor (RLC) that exhibit an electrical resonance
when interrogated with an RF wave. By sensitizing the RLC element to stress/strain,
these sensors have been used to monitor pulling force and deformation at orthopedic
implants (Karipott et al. 2018b). Karipott and coworkers also developed a wireless
RLC-based sensor that was inductively powered to detect infection at an orthopedic
implant site by analyzing the change in temperature, measured through the shift in
resonance frequency due to the temperature-induced variation in the resistor value
(Karipott et al. 2018b). Although these battery-free wireless sensors have a much
longer operational life compared to their battery-powered counterparts, they need to
be passively powered to function thus preventing them from applications where
continuous, uninterrupted monitoring is needed (Karipott et al. 2018b). Moreover,
metallic orthopedic implants may limit the ability to use electromagnetic energy, and
result in signal distortion, loss of energy, and performance reduction (Karipott et al.
2018b).

With these technologies, sensors have been incorporated into orthopedic implants
to monitor physical parameters (force, loading, pressure, strain, etc.) in bones at the
knees, hips, shoulders, etc., to study healing outcomes and monitor conditions of
implants after surgery. Most of these sensors are based on strain gauges and rely on
wireless transmission protocols (with custom communication schemes or standard
protocols such as Bluetooth). For example, Klosterhoff and coworkers developed a
bone fixation device for rats with an embedded wireless strain gauge sensor to
quantify the mechanical environment experienced by healing tissues during physical
activities (Klosterhoff et al. 2020). A digital transceiver based on Bluetooth low
energy (BLE) was used for remote-controlled circuit calibration (Klosterhoff et al.
2020). Although Klosterhoff’s sensor was limited as an investigational tool to study
changes in mechanobiological cues in vivo for an extended period following sur-
gery, other sensors are already in the process or at the early stage of clinical adoption
(Bergmann et al. 2007; Karipott et al. 2018a; Ledet et al. 2005), and a few of them
are commercially employed to assist orthopedic surgeries (Gustke et al. 2017).
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In conclusion, implantable sensors have become a key component in orthopedic
regenerative medicine. These sensors, when integrated within existing orthopedic
implants, have allowed new understandings of the mechanics of bone and tissue
regeneration, leading to the development of better implants and treatment proce-
dures. While implantable sensors will continue to play an increasing role in ortho-
pedic care, they still face challenges in terms of their efficacy, cost, and
biocompatibility for long-term monitoring. Furthermore, the lack of standardization
in implantable sensors still causes confusion and miscommunications between
sensor developers and physicians (Clausen and Glott 2014), slowing down the
development process. Section 8.3.2 provides further discussions on the future of
implantable sensors for orthopedic regenerative medicine, including new technolo-
gies, specific challenges, and innovative solutions to overcome the barrier to suc-
cessful clinical translation.

8.2.3 Preclinical Regenerative Rehabilitation Studies

Revascularization is a primary limiting factor in tissue regeneration and in vitro work
has shown that endothelial cells and vascular networks are mechanosensitive thus
supporting mechanical loading as a potential strategy to address vascular limitations
and help tissue regeneration (Kannan et al. 2005; Koike et al. 2004). To explore this
potential, Boerckel et al. analyzed the effects of functional loading on neovascular
growth and subsequent tissue regeneration in large bone defects (2011). Their
preclinical study utilized the rat segmental bone defect model stabilized with a
compliant plate that was either unlocked at the time of implantation (early) or
4 weeks after surgery (delayed). Microcomputed tomography and histology analysis
found robust angiogenesis and collateral vessel formation after the initial vascular
response to bone injury. However, early loading significantly inhibited vascular
invasion into the defect by 66% and reduced bone formation by 75% compared to
the stiff plate controls (Boerckel et al. 2011). In contrast, delayed loading enhanced
bone formation by 20% and stimulated vascular remodeling by increasing the
number of large vessels while decreasing the number of small vessels (Boerckel
et al. 2011). Although early mechanical loading inhibited vascular growth into the
defect, it did not change the overall quantified angiogenic response to the injury,
which suggests that loading had a localizing effect. Ultimately, delayed loading
exhibited an accelerated maturation and remodeling of new vessels which thereby
enhanced bone tissue regeneration, while early loading disrupted neovascular
ingrowth and impaired bone formation. Their results indicate that neovascular
network formation and growth are regulated by mechanical conditions. Further,
the timing and magnitude of loading were suggested as key variables and warrant
further research to determine the optimal window for therapeutic effect.

Shortly after this study, Boerckel et al. further analyzed the effect of mechanical
loading on BMP-2-induced bone regeneration (Boerckel et al. 2012). Following a
similar design as their previous work, this study analyzed 6 mm segmental bone
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defects in rat femurs that were treated with BMP-2 and stabilized by either a stiff or
compliant fixation plate, where the compliant plate allowed for compressive ambu-
latory load transfers 4 weeks after surgery (Boerckel et al. 2012). Radiography and
microcomputed tomography found that loading significantly increased the
regenerated bone volume, as well as the amount and distribution of bone formation
within the defect. Mechanical testing also found loading to result in bone that was
torsional more stiff than that of the unoperated limb (Boerckel et al. 2012). However,
new bone distribution was limited to the proximal defect region of the femur, which
could stem from the less favorable vascular environment for progenitor differentia-
tion. The lack of progenitor cells means a limited presence of mechanosensitive cells
to respond to local stimulus. Histology also found that loading prolonged the
presence of woven bone, based on the collagen organization. Overall, the load
magnitude resulted in modulated bone maturity, which was previously observed
and speculated to result from irregular osteoblast and osteoclast activity (Guldberg
et al. 1997). As a whole, this preclinical study demonstrates that altering the fixation
plate stiffness to modulate functional load transfers significantly impacted
BMP-mediated bone repair. Further, more transfer of axial loads increased bone
formation and distribution and modulated the tissue organization and cellular dif-
ferentiation within the defect. Their work motivates further investigation into
mechanical loading as a potential clinical treatment for challenging segmental
bone defects. The lack of new bone formation at the distal end also warrants
evaluation of the suboptimal vascular environment.

These studies reassured mechanical loading as a bone healing strategy, but work
was still needed for clinical translation. Research with more complicated models,
such as the composite bone and muscle injury model established by Willett et al.,
was needed because complex bone injuries often impact neighboring tissues (Willett
et al. 2013). This model combines a critically sized segmental bone defect with an
adjacent volumetric muscle loss injury and was used to quantitatively assess
BMP-mediated tissue regeneration and restoration of limb function. Their analysis
looked at three groups: muscle injury, bone injury, and composite injury of the femur
and quadricep. Treatment included pre-gelled alginate injected into a cylindrical
perforated nanofiber mesh. Their assessment included microcomputed tomography
to assess bone regeneration, as well as gait analysis and muscle strength measure-
ments to assess limb function. By week 12, the bone injury subjects were consis-
tently bridged, but the composite injury group exhibited bone volume and
mechanical strength that were attenuated by 45% and 58%, respectively. The injured
muscle strength, normalized to the contralateral intact muscle, was also reduced by
51% in the composite injury group. Gait function was inhibited by all groups, but the
composite group displayed the greatest functional deficit. The deleterious effects of
concomitant muscle injury on bone regeneration may be attributed to a diminished
blood supply. Altered blood supply may result in changes to nutrient and waste
exchange, inflammation, circulating stem cell recruitment, and thus revasculariza-
tion of the defect. The loss of muscle volume could diminish bone regeneration
because the source of resident muscle stem cells and myokines is limited, especially
since these cells have displayed osteogenic capabilities. Overall, the BMP levels
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which consistently healed large segmental bone defects failed to promote functional
regeneration when challenged with a concomitant muscle injury, indicating the need
for further intervention. After the effect of mechanical loading on bone, muscle, and
vasculature tissue is better understood, future work should implement mechanical
loading in concert with BMP treatment to promote healing in multi-tissue injury
models.

Motivated to quantitatively assess the effect of mechanical loading on bone repair
and revascularization, Klosterhoff et al. deployed a strain sensor platform to examine
the evolution of biomechanical cues within the regenerative niche following injury
(Klosterhoff et al. 2020). The functional loads consisted of two different loading
magnitudes similar to previous work with either a stiff or compliant fixation plate
(Boerckel et al. 2011, 2012). Previously the dynamic biomechanical signals were
difficult to measure inside the body, so they engineered a wireless implantable
sensor that integrates into the internal fixation plates to perturb and remotely quantify
the mechanical environment in real-time during ambulation. The data from the strain
sensors found an initial two-fold increase in deformation magnitude for the load-
sharing compliant fixation plate, subsequent three-fold increase in mineralized
bridging, and over 60% increase in bone formation (Klosterhoff et al. 2020).
Additionally, their work formed strong implications that early mechanical cues
play a critical role in predicting long-term healing response because the strain
magnitude at week 1 had a significant, positive correlation with long-term bone
healing outcomes. They also found that defects stabilized with the compliant load-
sharing plate exhibited vessel size distribution that more closely matched naïve
vasculature. Ultimately, the compliant plate allowed for increased strain across the
defect during gait relative to the stiff plate, and the increased strain enhanced bone
repair. The sensor readings also correlated with the status of healing, suggesting an
X-ray-free healing assessment platform. The wireless sensor could provide a non-
invasive readout of the progression of healing in a personalized, real-time manner,
which represents a notable shift in the ability to prescribe and monitor regenerative
rehabilitation therapies. This study further motivates inquiry into mechanical loading
as a clinical therapeutic, with emphasis on the mechanosensitive thresholds critical
to both angiogenesis and osteogenesis to leverage and augment tissue repair.

8.3 Future Opportunities in Bone Regenerative
Rehabilitation

8.3.1 Advances in Computational Modeling

In addition to the mechanical roles of patient geometry and fixation design, there are
often nonmechanical factors that lead to fracture nonunion which can be included in
computational studies of fracture healing. As noted by Carlier and colleagues, much
of the current hesitation to bring computational models to the clinic results from the
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over-idealization and over-simplification of models which assume the patient is
healthy and typical; in reality, patients may experience a number of factors that
impair the fracture repair process not limited to “age. . ., malnutrition, immune
compromise, genetic disorders, osteoporosis, anticoagulants, smoking, and anti-
inflammatory agents” (Carlier et al. 2015).

Future advances in computational modeling will likely rely on guidelines devel-
oped from patient-specific comorbidities and injury composition and geometry. For
example, it has been shown that genetic deficiencies in MMP9—a matrix
metalloproteinase involved in skeletal healing, inflammation, and release of
matrix-bound VEGF—led to altered patterns of hard callus cartilage remodeling,
callus mechanical properties, and angiogenesis (Colnot et al. 2003). Peiffer et al.
studied the effect of VEGF injections (either as a daily bolus or a slow-release
carrier) on mechanically stimulated fractures in MMP9 deficient individuals (Peiffer
et al. 2011). They found that injection of slow-release VEGF carriers, but not bolus
injections, led to improved vascularization and healing (although not quite to levels
seen in wild-type MMP9 models). Carlier and colleagues later demonstrated that
nonunion could be reduced by addressing patient and injury-specific factors (Carlier
et al. 2015). Using mechanoregulatory and mechanobioregulatory approaches, they
studied four etiologies that lead to nonunion: damage to the marrow canal, large
interfragmentary gap, genetic disorder, and mechanical overload during healing.
They showed that the success of various therapeutic interventions depended on the
etiology of fracture—highlighting the ability of personalized or etiology-based
simulations to guide treatment regimens and clinical guidelines.

The inclusion of novel wireless sensors in preclinical and clinical studies will also
allow better refinement of mechanobioregulatory models. Strain sensor measure-
ments can now be used as inputs for image-based simulations to more accurately
predict local strains and tissue differentiation. Biologic sensors and temperature
sensors may also be used to better simulate etiology-specific healing environments.
Guidelines formed from these simulations may also guide patient rehabilitation
programs and identify when strategy interventions may be required based on indi-
vidual comorbidities and sensor feedback.

8.3.2 Next Generation Wireless Implantable Orthopedic
Devices

Section 8.2.2 has provided a review on the evolution and current state of implantable
orthopedic sensors. This section will further describe the underlying technologies
that enable the continuous development of current and future orthopedic sensors.
This section will also highlight the various challenges for further clinical adoption of
implantable orthopedic sensors in terms of their wireless communication, power
source, long-term compatibility, etc.

274 K. E. Nash et al.



8.3.2.1 Wireless Technologies for Orthopedic Monitoring

Although percutaneous wires were used in the earlier implementations of orthopedic
sensors, they had been largely replaced by wireless sensors. The major advantage of
wireless implantable sensors is that they can be employed without significant
alteration to the standard orthopedic care while providing continuous, long-term
monitoring for the study, treatment, and prevention of future orthopedic injuries and
diseases (Karipott et al. 2018a). Today, most of the wireless implantable sensors are
clinical tools for preclinical studies, but some of them have been clinically
implemented. For example, implantable wireless sensors have been incorporated
into orthopedic prostheses to characterize forces and design better prosthetics (Ledet
et al. 2012). They are also used to measure flow and pressure in blood vessels as well
as implemented as neurostimulators to treat muscular and neurological damages
(Loeb et al. 2006; Potkay 2008). However, implantable sensors have limitations
especially in their operational lifetime, safety, and potential interference with other
medical devices; thus, careful design considerations regarding communication and
power for wireless sensors are needed (Nelson et al. 2020).

Wireless sensors can be passive, which are powered through an external device,
or active, which have an internal battery that can operate independently without an
external energy source (Nelson et al. 2020). Passive sensors are typically simpler in
design and smaller but limited in functionality, and only operate when being
remotely powered. On the other hand, the main advantage of passive sensors is
that they have a much longer operation lifetime since they are not constrained by
battery capacity. Active sensors typically contain electrical components like
microcontrollers and battery-powered transducers that need continuous power.
Compared to passive sensors, the complexity of active sensors allows customization
of its operation, simultaneous measurements of multiple analytes, and improved
performance. However, the operation lifetime and footprint of active sensors are
limited by their batteries (Nelson et al. 2020).

Both active and passive sensors have been employed for orthopedic monitoring.
For example, Karipott and coworkers embedded a passive temperature sensor in an
implantable screw to detect early infection of a wound site by monitoring the change
in its local temperature. The sensor was an inductive-capacitive-resistive (LCR)
sensor integrated into an interference screw and could be monitored wirelessly by
a detection coil. Similarly, Melik and coworkers (Melik et al. 2008), and Burton and
coworkers (Burton et al. 2019) developed LCR-type sensors for monitoring forces
on lower body orthopedic implants as well as bone growth in osseointegrated
implants, respectively. While these sensors provided real-time monitoring, they
only operated when they were powered by an external device. Therefore, they
were not suitable for continuous monitoring applications.

Compared to active sensors that can simultaneously measure multiple parameters
and potentially provide comprehensive data on the in vivo physiological environ-
ments, passive sensors have relatively limited functionalities. However, passive
sensors are still prevalent and have a significant place in the future of orthopedics.
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Passive sensors are simple, inexpensive, reliable, robust, and can be fabricated to be
very small. In addition, the interest in biodegradable sensors that can be
implemented for either short-term or long-term in vivo monitoring in orthopedic
implants makes passive sensors crucial for orthopedic care since they are made from
biodegradable materials.

For active implantable orthopedic sensors, the methods of wireless communica-
tion are paramount for their applicability and performance. Existing communication
technologies such as Wi-Fi networks, Bluetooth, and Zigbee are frequently used by
researchers (Baker 2005; Chakole et al. 2017). These wireless communication
methods have their advantages and disadvantages, and the choice of modality
depends on the distance of transmission, location of the device in the body as well
as safety and security considerations. However, these communication methods will
be critical for the development of future implantable orthopedic sensors because they
allow flexibility for standardized transmission of in vivo physiological parameters,
which coincides with the future trend of a more remote and personalized approach to
healthcare.

8.3.2.2 New Innovations in Power Technologies

For active implantable devices, the method of powering them depends on the
electronic circuit’s energy consumption rate, operational period, size constraints,
and safety considerations (Nelson et al. 2020). For most implantable sensors,
wireless communication is one of the major, if not the major, consumer of power
(Mathúna et al. 2008). Communication power consumption depends on the micro-
controller, antenna design, signal processing, and voltage levels. Compared to other
commonly used communication protocols, Bluetooth is more optimized for power
consumption since it can use a relayed transmission approach to maintain a linked
connection between the implant and external devices (Nelson et al. 2020). Specif-
ically, Bluetooth can form a network of devices, which is termed as the piconet, to
link two or more devices together. Once on the network, the connected devices can
serve as signal relays for one another to shorten the transmission distance for each
device (Frenzel 2018). Since transmission power increases exponentially with dis-
tance, the shortening of transmission distance can result in lowering the overall
power for a Bluetooth network. Aside from the choice of wireless communication
method, power consumption by wireless communication can be reduced by mini-
mizing the overhead of the microcontroller by dynamically adjusting the gain of the
antenna and/or managing the transmission time (Nelson et al. 2020). These energy
efficient communications are important for long-term monitoring of orthopedic
regeneration, which may need to function for months to years inside the body.

Batteries are a crucial source of consistent power especially for implants that need
to function continuously. However, they have a limited lifetime and their size
prevents miniaturization of the implant (Mond and Proclemer 2011). To overcome
these challenges, some wireless implants adopt rechargeable batteries that can be
charged through various remote power methods (Nelson et al. 2020). Remote power
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can be transferred through RF or magnetic induction, ultrasound, and infrared
(IR) light methods. RF or magnetic induction uses a coil antenna as a transmitter,
where it generates electromagnetic (EM) waves that are received by a secondary coil
that converts the EM energy into an electrical current (Nelson et al. 2020). Ultra-
sound is another mode of energy source that can remotely power the implant or
charge its battery. It has higher energy transfer efficiency through greater distances
and can be used in smaller implants. Although more complex to implement, ultra-
sound power has decreased tissue damage and lowered tissue heating compared to
induction, making it a safer choice (Nelson et al. 2020). However, there are limita-
tions with EM and acoustic remote power charging because the alignment between
the implant and the external power source can significantly affect the power transfer
efficiency. Nevertheless, advancements in charging systems can reliably resolve the
time limitation for many orthopedic sensors.

IR-based remote power is a newer concept that is being explored to power or
recharge implantable sensors. This method uses superficial photodetectors to receive
near-infrared lights which are transmitted through the skin with relatively high
efficiency (Goto et al. 2001). Another approach is the use of photovoltaic power
because near-infrared light exhibits low attenuation in tissues. However, the effec-
tiveness of these methods might vary from person to person and requires more
research before it can be implemented clinically (Bereuter et al. 2017).

Energy harvesting is another promising research area. Some of the more common
techniques include using solar energy or the motion of the body to generate power.
Furthermore, utilizing the body’s thermal energy is being proposed (Stark and
Stordeur 1999). Although thermal energy harvesting techniques had been previously
reported in wearable devices, the production cost of the thermoelectric components
was very high, making the sensors expensive (Stark and Stordeur 1999). Another
energy harvesting scheme involves the use of piezoelectric (PZT) elements, which
convert mechanical energy to produce electricity in vivo (Holmberg et al. 2013; Platt
et al. 2005). These energy harvesting techniques will be able to address limitations in
battery power and allow for more reliable implantable sensors that can be applied for
long-term monitoring of orthopedic regeneration.

8.3.2.3 Development of Biocompatible and Absorbable Implantable
Sensors

A critical requirement for implantable sensors is their ability to be functional and
stable for a prolonged amount of time in the human body without inducing severe
foreign body response. Foreign body responses such as fibrous encapsulation and
inflammation are some of the limitations of implantable sensors based on Micro-
Electro-Mechanical Systems (MEMS) due to the materials used to make these
sensors (Bashir 2004; Gilleo 2005). Therefore, using similar biocompatible materials
as those used in fabricating the prosthesis is the first step to minimize the host
response from the implantable sensors themselves (O’Connor and Kiourti 2017).
Approaches to make sensors more biocompatible include changes to packaging and
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polymer encapsulation, as well as using materials that are flexible or tissue mimick-
ing. Flexible implants and biological materials that closely resemble tissue can
reduce local damage, leading to reduced inflammation and minimized chance of a
foreign body response (Pang et al. 2013). Parylene and polyimide are some of the
most biocompatible polymers used to fabricate implantable MEMS (Pang et al.
2013).

Another approach to reducing host response is the development of biodegradable
implantable sensors that break down into nontoxic components after a specified
functional lifetime. The duration of function for biodegradable sensors can be
modified through the choice of the encapsulating material and the surface area of
the exposed electrodes (Klosterhoff et al. 2017a). Aside from their biocompatibility,
biodegradable sensors are ideal for use because they remove the need for secondary
surgery. In recent years, there have been encouraging new developments in biode-
gradable implantable sensors. One example of a biodegradable sensor is the passive
wireless pressure sensor developed by Luo and coworkers (Luo et al. 2014), which
was consisted of Poly (l-lactic acid) (PLLA) and polycaprolactone (PCL) for its
structural and dielectric material while the conductive portion was made of Zinc/Iron
bilayers.

While biodegradable implantable sensors are promising, they are all passive
sensors due to the challenges in developing biodegradable batteries and biocompat-
ible active electronic components. However, new advancements in degradable
batteries and electronic components have made the development of biodegradable
active sensors a real possibility. For example, Tsang and coworkers developed a
magnesium/iron battery packaged in PCL, which had six times the energy density
while being 1–2 orders smaller in volume (Tsang et al. 2015). Another similar
battery technology consisted of sodium chloride and PCL as the electrochemical
cell and used the fluid that entered the cell as the electrolyte (She et al. 2015).
However, these batteries have only been benchtop tested and demonstration for
in vivo application has yet to be performed.

Biodegradable electronic components have also been developed to realize a fully
biodegradable implantable sensor. Zhang and coworkers developed conductive
polymer-based biodegradable interconnects that were made with iron microparticles
as a conductor and PCL as the insulating material (Yin et al. 2014). Furthermore,
Kim and coworkers fabricated an electronic system consisting of biodegradable silk
fibroin as a supporting substrate (Kim et al. 2010). The development of biodegrad-
able electronics and batteries allows monitoring of orthopedic injuries for a con-
trolled timeframe while avoiding the need for an additional surgery for the sensor
removal after the monitoring period.

8.3.2.4 Conclusion

Extensive research and development have been conducted to apply wireless implant-
able sensors to orthopedics. However, wireless implantable sensors have not been
widely adopted clinically due to various issues and are mostly limited for research
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with few products available commercially. The two notable wireless implantable
sensors in the market are the VERASENSE by Orthosensor used in intraoperative
monitoring in TKA procedure, and the open eDisk developed by Theken Disc for
measuring motions and loads experienced by a spinal disc implant. Some of the
challenges associated with implementing wireless sensors include regulatory and
cost issues, lack of research on long-term effectiveness, biocompatibility as well as
privacy and security concerns from the wireless signals (Karipott et al. 2018a).
Besides these challenges, the future is promising for implantable wireless sensors
due to the rapid developments in wireless technologies, electronics, biodegradable
materials, and energy harvesting techniques, which can help address the current
issues with power, biocompatibility, reliability, and size of the sensors.

8.3.3 Current Gaps in Knowledge and Technologies

8.3.3.1 Utilizing more Complex Trauma Models

The field of regenerative rehabilitation works to minimize complications seen with
severe injuries that often effects bone, skeletal muscle, nerve, and vascular tissue.
However, preclinical research lacks knowledge and utility of multi-tissue models
and thus therapeutics. Well-characterized preclinical models with quantified out-
comes for functional restoration are crucial testbeds for evaluating emerging tech-
nologies and rehabilitation. However, most musculoskeletal trauma models consist
of single-tissue defects, which have an undeniable place in the field of regenerative
medicine but have limited utility for investigating regenerative strategies for com-
plex, multi-tissue defects. In summary, research laboratories have developed com-
posite bone and vascular injury models, bone and nerve injury models, as well as
bone and muscle injury models (Uhrig et al. 2013). However, preclinical research
that utilizes these complex models are limited because of their added complexity. In
order to advance functional interventions and address multi-tissue injuries, a greater
understanding of the biological interactions between damaged tissue is required
upon injury and throughout healing. Although certain therapeutics will exhibit
promising results in one tissue, unwanted negative consequences could arise in
other damaged tissues, as seen with early mechanical loading that affects bone and
vascular tissue differently (Klosterhoff et al. 2020). Selection of the model type is
paramount to in vivo research, and work with composite models could motivate
multistage and multifaceted therapeutic strategies to better address more complicated
injuries, with hopes of optimizing therapeutics for clinical use (Uhrig et al. 2013).

8.3.3.2 Optimizing Regeneration of all Tissue Types

Another common limitation in the field of regenerative medicine is reestablishing the
correct cellular environment for all tissue types involved. In the context of complex
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bone injuries, this often means an environment to promote adequate osteogenesis
and angiogenesis. Further, when utilizing mechanical loading as a rehabilitative
strategy, biological control is extremely important because progenitor cells for
bone, muscle, and vascular tissue are highly mechanosensitive (Claes and Heigele
1999; Kalfas 2001). Past work found the time of loading to be crucial for bone
healing, and strain sensors found that different tissue types may require specific
timing and magnitude of loading to optimize tissue regeneration (Klosterhoff et al.
2020). The biological intricacies involved in regenerative medicine is extremely
complex, and utilizing loading strategies adds to the complexity. Preclinical research
needs to continue in vitro and in vivo work to identify the mechanical thresholds
needed to promote functional tissue healing in all tissue types as well as composite
models. Further, research should continue to investigate the mechanical boundary
conditions that optimize the therapeutic effects of rehabilitation. Additionally, the
continued development of wireless strain sensor that ensure loading remains within
the boundary conditions can allow for dynamic, patient-specific adjustments to the
rehabilitation regimen with hopes of accelerating the functional regeneration of
musculoskeletal tissue.

8.3.3.3 The Immune System’s Role in Bone Healing

Another emerging aspect of bone healing is the dysregulation of the systemic
immune response following some severe bone injuries. This detrimental response
involves dysregulation of the systemic inflammatory response and compensatory
anti-inflammatory response following injury and is not well understood. The com-
plications that arise from immune dysregulation often result in poor healing out-
comes, which are devastating to patients. Novel research is investigating a potential
link between systemic immune health and bone healing. This preclinical work is
identifying cellular markers and cytokine levels that correlated to compromised bone
healing (Ruehle et al. 2020). Future work could use these predictive markers as
therapeutic targets. Additionally, research should consider how mechanical loading
might modulate the immune response, as well as how the patients’ immune profile
might impact the therapeutic effect of mechanical loading. The immune system plays
a key role in tissue healing and regeneration, so future work should continue
assessing immune cells at the time of injury and throughout the healing process.

8.3.3.4 Real-Time, Patient-Specific Monitoring for Clinical Application

One of the challenges in orthopedic regenerative medicine is the ability to accurately
and continuously track the progression of key physiological parameters (Klosterhoff
et al. 2017b). Therefore, technologies that enable real-time measurement of in vivo
environmental conditions such as pH, temperature, and oxygen tension in orthopedic
wound sites would provide great benefits to patient outcomes, as well as translatable
knowledge to improve treatment approaches (Klosterhoff et al. 2017b). Today,
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preclinical and clinical methods used to quantify in vivo parameters in orthopedic
regeneration are highly dependent on animal or human injury models (Klosterhoff
et al. 2017b). Thus, platforms for longitudinal tracking of physiological cues in vivo
can significantly increase the resolution and quantity of data acquisition from
individual test subjects, which can lower the number of animals and/or human
subjects needed for an adequately powered study (Klosterhoff et al. 2017b). Imaging
modalities such as ultrasound strain imaging, shear wave elastography, and magnetic
resonance imaging are also used in preclinical and clinical studies. However, these
methods do not provide continuous measurement, are generally more expensive, and
require a larger patient/animal sample size to be effective. On the other hand, FE
analysis and computational fluid dynamic analysis are used to gather information
such as the surface distribution of stress-strain and oxygen tension, but they are
limited by assumed boundary conditions that are difficult to be validated without
direct measurement with sensors (Klosterhoff et al. 2017b).

8.3.3.5 Miniaturizing Wireless Technologies

Advancements in MEMS and wireless technologies have allowed for the fabrication
of small, flexible, and low-power implantable sensors that can be used in preclinical
in vivo models and clinical settings. Miniaturized sensors fabricated for small animal
models can wirelessly transmit quantitative measurement in real-time, eliminating
the need to anesthetize the animal and disrupt normal activities (Klosterhoff et al.
2017b). Implementing minimally invasive implantable sensors in clinical settings
has also improved the outcomes and safety of orthopedic regenerative therapies
(Klosterhoff et al. 2017b).

8.3.3.6 Integration of Regenerative and Rehabilitation Strategies

The field of regenerative rehabilitation has suffered from a lack of integrated
multidisciplinary research support to advance technology and current clinical stan-
dards. As a result, there is tremendous variability in treatment approaches and post-
injury rehabilitation regimens. To help progress, multidisciplinary projects should
focus on evidence-based guidelines to synergize regenerative therapies and rehabil-
itation protocols to functionally restore musculoskeletal tissue (Fig. 8.6).

In the long term, combining both regenerative medicines related to stem cells,
orthobiologics, biomaterials, and tissue organoids with rehabilitation protocols
related to functional imaging, assistive technologies, biophysical stimuli, and bio-
sensors could optimize functional recovery and performance. Future integrative
work should advance technologies and rehabilitative strategies that proactively
avoid injury by promoting pre-injury reversal of tissue degeneration; improve
post-injury rate and quality of healing; and decrease long-term pain and disability.
In preclinical studies, research should focus on rigorous evaluations of regenerative
rehabilitation strategies, predictive multivariate models of functional recovery,
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combined treatment related to regenerative medicine and rehabilitation, as well as
evidence-based guidance that allows patient-specific treatment (Fig. 8.6). Focusing
on these emerging aspects of regenerative rehabilitation will help patient outcomes
because the rehabilitative protocol will rely on patient-specific factors to accelerated
functional regeneration and overall recovery.
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Chapter 9
Biomaterials in Connective Tissue
Regeneration and Rehabilitation

Michael Kowalski, Maddie Hasson, Kyle Hammond, Sameh Labib,
and Jay Milan Patel

Abstract Connective tissue encompasses a wide range of properties, including cell
types, multi-scale structure, and mechanical properties, and thus, treatment modal-
ities of each require distinct criteria for successful regeneration or rehabilitation. As a
result, the role of biomaterials in treating injuries to these tissues has broadened to
study a multitude of factors that may impact each individual’s ability to rehabilitate
injured tissue and heal. This chapter focuses on the types of connective tissue, their
unique properties, and their associated injuries and treatments; the structural,
mechanical, and biological considerations for biomaterial application in each of
these tissues are then highlighted. The chapter then discusses the role of these
considerations on connective tissues to promote improved healing, tissue regenera-
tion, and rehabilitation.

Keywords Connective tissue · Biomaterials · Tissue engineering · Tissue
interfaces · Regenerative medicine

9.1 Introduction

Connective tissues provide a wide array of functions to the human body, including
support, separation, and attachment. Examples of connective tissues include carti-
lage, ligament and tendon, bone, adipose, and blood, all of which have specific
structural, mechanical, and biological attributes that drive their function. Unfortu-
nately, these tissues are often injured or experience pathologies, and thus require
interventions to restore function and alleviate patient symptoms. While some repair
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techniques and replacement grafts exist, the field of biomaterials has made signifi-
cant strides in recent decades to improve the regeneration of connective tissues, and
ultimately, the rehabilitation and recovery of patients.

The distinct composition and organization of each type of connective tissue gives
it specific functions in the body (Fig. 9.1). The soft, spongy adipose tissue is not only
an energy storage unit for the body, but also serves a role in thermal insulation and
cushioning of organs. On the other end of the spectrum is bone, a rigid, mineralized
tissue that constitutes the skeleton, providing mechanical support and enabling
functional mobility. Other connective tissues include ligaments and tendons,
which are fibrous aligned tissues that connect bones to either bones or muscles,
and cartilaginous tissues, which are durable and resilient tissues that provide pad-
ding, shock adsorption, and load distribution in our joints. The extracellular matrices
(ECM) of these tissues are all unique; the ECM consists of a particular milieu of
fibers (mostly collagen) and ground substance (proteoglycans). Specific properties of
each tissue are discussed further in their respective subsections.

Throughout this chapter, we will discuss the use of biomaterials to regenerate and
rehabilitate each of these tissues with respect to three major categories: structure,
mechanics, and biology. Each of these is influential in how biomaterials and

Fig. 9.1 Types of Connective Tissues. Connective tissues include dermis, cartilage, bone, adipose,
and tendons/ligaments, with a broad array of functions
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regenerated tissue will function, both in the short and long term. We will highlight
recent advances in biomaterial design, synthesis, fabrication, and application, first
detailing biomaterial types (biologic vs synthetic) and overall approaches (e.g.,
3D/bioprinting, drug delivery), followed by a discussion of each connective
tissue type.

9.2 Biological and Synthetic Polymers

Perhaps, the most used classification of biomaterials is biological versus synthetic.
Biological materials are mostly derived from ECM components; collagen- and
polysaccharide-based scaffolds are perhaps the most frequent. As the major constit-
uent of the ECM, collagen is a substrate that cells can readily attach to and remodel,
providing a template for tissue regeneration (K. Lin et al. 2019; Parenteau-Bareil
et al. 2010). Polysaccharide-based scaffold materials (e.g., glycosaminoglycans)
include hyaluronic acid, agarose, alginate, heparin sulfate, chondroitin sulfate, and
chitosan, and their biocompatible and hydrophilic nature is typically supportive of
cell and tissue growth (Dinoro et al. 2019; Tiwari et al. 2018). These materials are
relatively biocompatible due to their presence in the existing ECM, and they can be
combined and tuned to provide cues that influence cellular and tissue response. For
this reason, decellularized tissue matrices are becoming increasingly popular (Cheng
et al. 2014; Rowland et al. 2016; Shimomura et al. 2017), as they present a tailored
set of ECM cues for each tissue that infiltrating cells sense, leading to increased
tissue-specific gene expression and ECM deposition. These biological materials are
usually fabricated into sponges or gels, which provide environments that allow
cellular infiltration or encapsulation. However, the soft nature of these scaffolds
limits their direct use in terms of functional restoration of many connective tissues,
and oftentimes a pre-culture period with cells and bioactive factors is required to
develop the requisite mechanical properties (e.g., stiffness, yield stress). Other
limitations or concerns of biologic materials include production variability and
relatively quick degradation/resorption.

Synthetic materials can help to combat many of these concerns, especially those
related to inadequate mechanical properties. A variety of synthetic polymers
(polylactic acid, polyglycolic acid, polyethylene glycol, polyvinyl acid,
polycaprolactone) present a broad range of utilizable chemistries. By further altering
properties such as polymer concentration, molecular weight, and copolymer ratios, a
library of materials, each with controlled fabrication and precise mechanics and
degradation, can be achieved. Thus, by using both biological and synthetic poly-
mers, a broad range of properties that resemble native connective tissues can be
achieved (Fig. 9.2). The main drawbacks of synthetic polymers are their relative
inability to be remodeled and possibility of inflammatory or encapsulation response,
due to their lack of presence in native tissues. However, functionalizing synthetic
polymers or combining them with biological polymers can improve biocompatibil-
ity, engraftment and remodeling of neo-tissue, and ultimately long-term function.
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9.3 Functional Biomaterial Fabrication

While many of the aforementioned biomaterial types have been utilized for decades,
the field of biomaterials has seen rapid development of material fabrication
approaches. The traditional use of isotropic sponges and gels has progressed to
guided techniques to recreate the spatial structure, mechanics, and biology of native
tissues.

9.3.1 3D Printing and Bioprinting

The field of 3D printing for tissue engineering has made significant strides in the past
decade. While tissue-scale anatomy was previously recreated with anatomical
molds, 3D printing offers the ability to recreate spatial organization and orientations
of a variety of tissues (Fig. 9.3). Traditionally, the technology has used synthetic
polymers, such as poly(L-lactic acid) (PLLA) and polycaprolactone (PCL), but
biological polymers, including decellularized ECM, have been printed recently

Fig. 9.2 Mechanical Properties of Connective Tissues. Elastic modulus values of tissues (top) and
materials (bottom) on a spectrum from 1 kPa to 100GPa. Modulus values include bulk, compres-
sive, tensile, and torsional values

Fig. 9.3 Three-dimensional
printing. Materials, cells,
and factors (bioprinting) can
be combined and printed
with spatial resolution to
reconstruct complex,
multiphasic tissues, such as
the meniscus and bone,
respectively
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(Dzobo et al. 2019; Pati et al. 2014). By incorporating aligned polymer fibers, the
complex anisotropic structure and mechanics of tissues such as the meniscus
(Ghodbane et al. 2019) and bone (Jariwala et al. 2015) can be recapitulated. These
printers are also well-suited to incorporate two or more dispensers, allowing for
simultaneous deposition of multiple polymer types in an organized spatial arrange-
ment. For instance, cortical and trabecular bone, which are composed of distinct
matrix components with vastly different mechanical properties, can be printed side
by side with a stiff cortical shell surrounding a spongier core (Almela et al. 2017).
While the majority of fabricated scaffolds have been acellular, a subset of 3D
printing called bioprinting has emerged that allows for the incorporation of cells
(M. Zhang et al. 2020) and/or factors (Lee et al. 2014) within printed fibers in a
specific spatial organization. For multicomponent tissues and tissue interfaces, this is
especially important, as multiphasic or gradient properties with one continuous
scaffold can be developed; for example, Sun et al. bioprinted an intervertebral disk
with dual growth-factor release in the annulus fibrosus and nucleus pulposus regions
(Sun et al. 2021). Hundreds of papers have been published with connective tissue 3D
or bioprinting, all of which have contributed new techniques to improve print fidelity
and resolution, fiber size and spacing, biocompatibility, fabrication conditions, etc.
In fact, these properties have become so refined that printing vascular networks or
nutrient channels has become quite common (Skylar-Scott et al. 2019). Altogether,
3D printing can allow for control of tissue structure and anatomy through printing
organization, tissue mechanics with polymer selection and fiber arrangement, and
biology through the incorporation of specific cell types and bioactive factors.

9.3.2 Biomaterial-Mediated Drug Delivery

Biomaterials are not only utilized as a scaffold material to replace tissues, but can
also aid in rehabilitation by controlling the release of bioactive factors. Often times,
these bioactive factors, such as growth factors, easily diffuse out of scaffolds if the
factors are not covalently linked to the material, creating a burst release in the first or
two days post-implantation, rather than a gradual release over a lengthy rehabilita-
tion timeline. To extend the release of factors, a variety of micro- and nano-carriers
have been used (Fig. 9.4a); both particles (solid spheres) and capsules (polymer
shells, aqueous cores) can be utilized with encapsulated or functionalized bioactive
factors, extending the release of factors to weeks, or even months (Fig. 9.4b)
(J.M. Patel et al. 2019b). Furthermore, these biomaterials can be modified in order
to tune their application and release according to various stimuli. For example,
enzyme-degradable biomaterials can be utilized to respond to inflammatory or
matrix-degrading cytokines, allowing for on-demand factor release. Other
approaches have developed materials responsive to pH (Cummings and Nordby
1966) and temperature (Tsai et al. 2003) changes, for example in the knee joint, or to
external stimuli such as ultraviolet light (Karimi et al. 2015), magnetism (Wang et al.
2014), or ultrasound (Nieminen et al. 2015), for controlled release at specific points
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Fig. 9.4 Biomaterials to deliver bioactive factors. (a) Relative sizes of spheres, capsules, and
liposome. (b) Release profiles of standard encapsulation (red) versus biomaterial encapsulation
(green) show extended release. Figure from (Jay M Patel et al. 2019c), reprinted with permission
from Elsevier
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during rehabilitation. One final technique that is particularly useful for load-bearing
connective tissues is the use of mechanically activated microcapsules (Mohanraj
et al. 2019); upon application of force, for example during weight-bearing recovery,
factors can be released to promote enhanced tissue growth and regeneration.

9.3.3 Tissue Engineering: Degradation Vs Growth

A common paradigm in the field of tissue engineering revolves around the degra-
dation of materials, and that the resorption of materials and decrease in mechanical
properties should mirror the increase in properties from regenerative tissue growth.
Biological polymers are typically resorbed within months, whereas synthetics can
last for years, so depending on tissue type, a more intermediate degradation profile
may better match neo-tissue formation (weeks to months). Furthermore, composite
devices, consisting of both biological and synthetic components, are promising; the
synthetic component initially bears load and provides structure, while the biological
component can be remodeled into the desired tissue type. For example, a composite
meniscus replacement device, consisting of a synthetic polymer fiber surrounded by
a collagen sponge, enabled successful meniscus reconstruction, as neo-tissue formed
between synthetic fibers (Merriam et al. 2015). If the degradation of the biomaterial
occurs too quickly, as patients begin to bear load and stress the material during
rehabilitation, failure and rupture are almost certain. Thus, this tissue engineering
balance (degradation vs growth) is an important consideration (Fig. 9.5).

9.3.4 Implantation Considerations

Another consideration for biomaterial usage in connective tissue repair and regen-
eration is the mode of implantation and retention. Certainly, the less invasive an
approach to implant materials, the better the recovery of the patient. Injectable

Fig. 9.5 Temporal tissue engineering. Initial scaffold materials degrade over time and give way to
regenerative tissue, giving total composite mechanics that are maintained with time
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treatments are perhaps the most ideal, especially solutions that can be injected and
form solids within the body. Certain materials are thermo-responsive, solidifying at
body temperature. Shear-thinning hydrogels have also garnered a lot of recent
interest, as they lose viscosity under shear, allowing for injection and subsequent
solidification once in place, typically best suited for soft-tissue applications. Stiffer
materials and scaffolds are best implanted through small portals, such as arthro-
scopic portals or small arthrotomies for joints, minimizing bleeding and the amount
of tissue that needs to be cut through for access. By minimizing bleeding at the site of
injury, the inflammatory cascade can be reduced, improving the regenerative poten-
tial of the biomaterial system. Retention of biomaterials at the desired site is also
very important to its function and to patient rehabilitation. For softer substances, like
adipose fillers, the surrounding capsule needs to be secured tightly to prevent
leakage. For load-bearing tissues, biomaterial implants are often fixed with screws,
pins, or rods to maintain position, and thereby function. The choice of fixation is
important, as to provide sufficient fixation strength but not prevent tissue regenera-
tion or integration with surrounding tissues.

9.4 Biomaterial Considerations for Connective Tissues

9.4.1 Bone

Bone is categorized into two distinct types that are differentiated by function:
cortical and cancellous. Cortical bone is responsible for supporting the body’s
weight, protecting organs, and acting as a lever for movement. As a result, cortical
bone is extremely stiff and dense, in order to maintain its shape and withstand routine
loading (Viguet-Carrin et al. 2006). Cancellous bone is less stiff and dense, with a
more porous structure that has a higher surface area. Primarily found near joints and
at the end of long bones, cancellous bone is adaptable to stresses (Gibson 1985),
aiding in the absorption of sudden stresses. Cancellous bone is also highly vascular;
the bone marrow within is responsible for hematopoiesis, or the production of blood
cells. In long bones, the hollow cylindrical cortical bone encompasses the cancellous
bone and marrow. As a result of these varying functions, clinicians have used a
plethora of methods to restore the proper function of bone.

The primary treatments for severe bone injuries include casting and splinting,
fixation with rigid metals, or bone grafts (Schlickewei et al. 2019; Somford et al.
2013). Casting and splinting of bone fractures in the body’s smaller extremities have
favorable outcomes (Kollitz et al. 2014); however, compact injuries, load-bearing
injuries, and other severe/complex injuries require additional treatment. Often times,
these injuries are treated with metallic hardware, including plates, screws, and/or
rods. While these methods provide a mode of rigid fixation to provide load support to
the initial healing environment, the regenerated bone is variable between patients
and locations, is often weaker than the surrounding tissue, and is susceptible to
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re-fracture (Olmstead 1991). Thus, replacing the bone with functional and
pro-regenerative materials is advantageous.

Bone grafts provide an alternative to fracture fixation, providing a template for
regeneration. The two main types of bone grafts include autografts, usually derived
from the patient’s iliac crest, and allografts, derived from cadaveric sources
(Finkemeier 2002). While autografts from the iliac crest are a good source of graft
material for smaller injuries, their limitations include donor site morbidity and
infection risk, neurological risk, vascular injuries, and deep hematomas. (Arrington
et al. 1996). For larger injuries and to avoid harvest site morbidity, allografts are
more readily available, but present challenges with patient immune response and size
matching (Burchardt 1983). One clinically utilized source of material, derived from
allograft sources, is demineralized bone matrix (DMB), which is ground bone matrix
that provides key proteins and growth factors from the ECM to promote
osteoinduction (Finkemeier 2002); however, this “putty” may not provide the initial
structural and mechanical support needed to treat bone injuries. Due to these
limitations, researchers have investigated bone graft substitutes that meet both the
mechanical and biological needs of bone to promote improved clinical outcomes in
patients.

9.4.1.1 Structural Considerations

The structure of cortical and cancellous bone provides researchers with key proper-
ties to mimic, as they design various biomaterials to improve rehabilitation of the
tissue. Some researchers have considered bone tissue a “two-phased porous struc-
ture” with cancellous bone within the cortical bone; however, others consider these
as two morphologically different types of bone as a result of the different structure
(Choi et al. 1990; Wall and Board 2014). Regardless, modeling bone tissue through
the nano- (mineralization, bone crystal formation, and collagen fibril alignment),
micro- (lamellae and osteon development), and macro- (cortical and cancellous)
levels is an effective way to design bone biomaterials (Fig. 9.6) (Rho et al. 1998).
These factors have led to synthetic polymers, like PLA, PGA, PCL, PVA, or PPF,
which can be fabricated into scaffolds that simultaneously mimic macro-scale
structure and mechanics, as well as micro-scale collagen fibril alignment and
porosity (H. Qu et al. 2019). Furthermore, while natural materials are too soft to
use on their own, they can be incorporated to present biological cues (Sheikh et al.
2017). Mineralization of the new tissue is also important in the structural develop-
ment of the bone tissue. Biomaterials can be augmented with simulated body fluids
that have similar ion concentrations of human plasma to induce mineralization of
newly forming tissue (Kokubo and Takadama 2006). Perhaps, more popular is
functionalizing calcium and phosphate (CaCl2 and Na2HPO4) or by using biomate-
rials that contain minerals (hydroxyapatite) to promote osteogenesis of recruited
cells (T. Gao et al. 2015; Hutchens et al. 2009). Finally, the macro-scale biomaterial
structure can exhibit anisotropy to be similar in structure to native cortical and
cancellous bone tissue, either with biphasic or gradient scaffolds.
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9.4.1.2 Mechanical Considerations

Bone tissue mechanics are extremely important to maintain the proper movement
and shape of the body, as well as to protect vital organs. Cortical bone has a much
higher Young’s modulus of 7–30 GPa compared to a modulus of 1–14 GPa for
cancellous bone (Rho et al. 1993; Wu et al. 2018). This allows the cancellous bone to
be more adaptable to extreme stresses (Rho et al. 1993). Clinicians and researchers
have focused on meeting this specific mechanical need of bones when treating
trauma with a variety of biomaterials that are able to withstand high loads without
significant deformation. These materials have primarily consisted of metals (e.g.,
aluminum) that are not biologically active, but provide the mechanical support for
the trauma site (Zaffe 2005). Titanium and titanium alloys are other examples of
metals that can withstand extremely high loads without undergoing much deforma-
tion. Titanium provides up to two times the tensile strength, compressive strength,
and elastic modulus of cortical bone (Chen et al. 2012; Niinomi 1998). Bioinert
ceramics, like zirconium, and bioactive glasses can also provide the key mechanical
properties to restore the function and are long-term solutions for severe bone injuries
because they typically do not cause any adverse reactions. Both metals and ceramics
can allow for loading soon after implantation, since a period of bone regeneration
may not be required to achieve adequate mechanical properties.

Another mechanical consideration for bone biomaterials is to provide environ-
mental cues that promote ossification rather than using biomaterials that permanently
replace the injured tissue. Mechanical stimuli, biophysical environments, and cellu-
lar mechano-transduction have all shown to have a significant effect in the bone
tissue healing process (Rosa et al. 2015). For example, a strain environment of
2.5–9% can contribute to intramembranous bone formation; however, apoptosis

Fig. 9.6 Multi-scale bone structure. Bone is composed of collagen molecules with bone crystals at
the micro-scale, which form collagen fibrils, osteons, and the entire bone structure as the size scale
increases
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occurs at strains greater than 10% (Carter et al. 1998; Claes et al. 1998; Kearney et al.
2010), which should be considered during rehabilitation protocols. Additionally,
higher shear strain and fluid flow directly lead to more granular tissue formation,
while lower strain and fluid flow contribute to ossification (Lacroix and Prendergast
2002; Prendergast et al. 1997), influential both during the pre-culture period of bone
tissue engineering scaffolds and during the recovery phase post-implantation. The
biophysical environment around recruited or exogenously added cells is also highly
influential in new bone formation, as the specific perception and transduction of
signals can be highly influential in the osteogenic potential of biomaterials. Tuning
the substrate stiffness, nanotopography, and the aforementioned mechanical loading
(Fig. 9.7) can precisely control progenitor cells and osteoblasts to deposit new
functional bone tissue (Hung et al. 2013; McDermott et al. 2019).

9.4.1.3 Biological Considerations

As mentioned previously, while the structure and mechanics of bone are influential
to successful regeneration and rehabilitation, the formation of new osseous tissue is
paramount to long-term function and prevention of re-fractures. Thus, the biological
activity of materials can be guided toward healing. Components of native healthy

Fig. 9.7 Mechanical cues on osteogenic differentiation. (Left): native bone. (i) Physiological
loading of bone induces fluid flow within the canaliculi, resulting in shear stress on the osteocytes,
which transmit these signals to osteoclasts and osteoblasts to remodel the bone. (ii) Stiffness and
(iii) topography of native bone matrix also impact new bone deposition by osteoblastic cells.
(Right): tissue engineers apply mechanical stimuli to enhance the osteogenic response of stem
and progenitor cells in vitro, via (i) fluid shear, (ii) substrate stiffness, (iii) nanotopography.
Figure from (Hung et al. 2013), reprinted with permission from Springer Nature
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bone present a method to do so, for example, tricalcium phosphate and calcium
silicate ceramics. Ni et al. showed calcium silicate promoted higher proliferation,
differentiation, and attachment of osteoblast-like cells in comparison to calcium
phosphate (Ni et al. 2007). Similarly, calcium phosphate improves collagen produc-
tion, cell proliferation, and osteogenic marker expression (Park et al. 2011). As the
primary ECM protein of bone, type 1 collagen provides an environment that can
enhance cell interaction and direct tissue formation (Ferreira et al. 2012). Alterna-
tively, cells and growth factors can be incorporated into scaffolds to improve
osteogenesis. For example, Kim et al. utilized hyaluronic acid hydrogels with
mesenchymal stem cells and the growth factor bone morphogenic protein-2
(BMP-2) to promote bone tissue growth (Kim et al. 2007). This class of growth
factors (BMPs) has long been shown to improve bone formation, and the aforemen-
tioned drug delivery techniques can help to prolong release over the healing and
rehabilitation timeline, which can last months. Another biological consideration
includes integration of biomaterials with the native tissue. Generally, biologically
inert compounds had been used clinically, until recently. Synthetics and ceramics
can undergo surface modifications using other bioactive ceramics such as tricalcium
phosphate (TCP) or hydroxyapatite to provide sites for cell attachment and tissue
growth (Niinomi 2008), potentially enhancing tissue deposition at the interface to
improve integration. Also, bioactive glasses are known to rapidly produce a
hydroxycarbonate layer that bonds to tissue in biological fluid (Stevens 2008).
These modifications can lead to increased tissue integration of native and newly
forming tissue.

9.4.1.4 Rehabilitation

These biomaterial strategies have the potential to improve the current treatment
modalities. Biomaterials can provide a structural scaffold, with the requisite mechan-
ical properties to provide initial support and biological activity to provide a long-
term replacement to injured bone. Tuning the biomaterial resorption profile (Fig. 9.5)
provides a unique avenue to ensure that the structure of the original scaffold is
preserved until new osseous tissue growth replaces it. Furthermore, different resorp-
tion rates have been developed to address the varying recovery times of bone tissue
injuries, ranging from 4 to 24 weeks. For example, femur fractures typically require
recovery times of about six months, but can last up to one year depending on the
severity of injury and age of the patient (Dyer et al. 2016; Fischer et al. 2019). At a
minimum, bone regeneration requires 12 weeks of healing from a clinical perspec-
tive, indicating that the biomaterial should maintain most mechanical properties up
until this time point (Dado and Levenberg 2009). Many common synthetic materials,
such as PLA and PLGA, can exhibit considerable loss in mass and molecular weight
by 10 weeks in vivo (H. Zhang et al. 2014), indicating degradation of the biomaterial
and a compromise in the mechanics of the biomaterial-injury site due to increased
strains. Therefore, the degradation rate of the biomaterials should be matched to the
length of rehabilitation for the fracture in question, as to avoid re-fractures and to
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utilize rehabilitation weight bearing as a mechanical stimulus for improved
osteogenesis.

9.4.2 Cartilage and Fibrocartilage

Three main types of cartilage exist: hyaline (i.e., articular), fibro- (e.g., meniscus,
intervertebral disk), and elastic (e.g., nose, ears) (Fig. 9.8a) (Krishnan and
Grodzinsky 2018), each with a unique composition and organization for their
specific functions (Fig. 9.8b). Articular cartilage lines the ends of long bones in
our joints, creating a near-frictionless environment to distribute loads and allow
smooth motion in the synovial joint (Sophia Fox et al. 2009). Due to this, articular
cartilage has strong compressive and shear properties, as well as lubricating capa-
bilities to enable frictionless motion. Fibrocartilage is a mix of fibrous and cartilag-
inous tissue, and its function is also to distribute loads within our joints. The primary
forms of fibrocartilage include the meniscus, intervertebral disk (IVD), and tempo-
romandibular joint (TMJ), and these tissues typically act in compression, shear, and
tension, where aligned circumferential fibers prevent extrusion of these tissues.
Elastic cartilage is the most flexible and is not load-bearing. Since elastic cartilage
is typically not damaged as severely as fibrocartilage or hyaline cartilage (Hutmacher
et al. 2003), and when damaged, does not present as many long-term complications,
this section focuses on biomaterial approaches for fibrocartilage and articular carti-
lage (Horner et al. 2016).

Cartilage injuries lack an inherent capacity to heal because the tissue can be
relatively avascular. As a result, interventions are almost always required. A host of
injections have been utilized as palliative measures to combat these injuries, includ-
ing nonsteroidal anti-inflammatory drugs (NSAIDs), corticosteroids, hyaluronic

Fig. 9.8 Cartilage types and structure. (a) Human skeleton with hyaline, fibro-, and elastic cartilage
highlighted. Figure from (Krishnan and Grodzinsky 2018), permission granted to reproduce. (b)
Structure of the three types of cartilage. Figure obtained from (Teixeira et al. 2020); MDPI grants
open permission privileges
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acid, as well as biologics like platelet-rich plasma, bone marrow aspirate, and stem
cells. However, surgical treatment is often needed to address symptoms, and physi-
cians typically debride (remove) the damaged tissue to create a smoother surface,
reducing mechanical irritation and providing symptom relief. However, removal of
the tissue (e.g., chondroplasty, meniscectomy, discectomy; G. Li et al. 2008) alters
the biomechanics on the entire unit, whether the joint or spine, and leaves the
remaining cartilage more susceptible for deterioration. For articular cartilage, perfo-
rating the subchondral bone in a process called microfracture can promote healing
via progenitor cell recruitment from the underlying marrow that fills the defect
(Buckwalter 1998); while microfracture is easy to perform and typically leads to
short-term symptomatic relief, the repair tissue is mechanically inferior and wears
with time (Buckwalter 2002). More recently, modified microfracture techniques,
autologous chondrocyte implantation (ACI), and modified ACI techniques have
been used clinically, with some improvement in patient outcomes, but challenges
relating to ACI include inconsistent long-term outcomes, donor site morbidity, cost
of harvest, and the need for a second procedure.

For fibrocartilage, when injured, the optimal mode of treatment is suture repair,
generally used to reattach the two loose ends of tissue. However, depending on the
location of the tear, removal may be the only possible treatment to provide relief of
mechanical symptoms, and pain may return as a result of progressive degeneration,
of the tissue itself and the surrounding environment. For example, meniscal tears,
especially when treated with meniscectomy, can lead to accelerated articular carti-
lage degeneration (Chambers and Chambers 2019). For both hyaline and
fibrocartilage, while autologous (for hyaline) and allogenic (for hyaline and fibrous)
grafts serve as a mode of replacement, they are limited in their long-term efficacy,
and present challenges with regard to availability, size and surface matching, and
disease transmission. This has led researchers to investigate how biomaterials can
regenerate tissues and recapitulate structure, mechanics, and biology to restore
articular cartilage and fibrocartilage function.

9.4.2.1 Structural Considerations

To best rehabilitate and restore the function of cartilage tissue, it is necessary to
provide specific compositional and structural characteristics specialized to articular
cartilage and fibrocartilage. Since water content is generally high throughout carti-
lage, hydrogels that mimic the solid–liquid ratio are popular, including agarose and
hyaluronic acid (Armiento et al. 2018). These hydrogels, including synthetic ones
like polyethylene glycol, provide tunable characteristics like porosity and density to
promote cartilaginous ECM deposition while still preserving the biomaterial’s high
water content (Bryant and Anseth 2002, 2003). However, hydrogels may not best
mimic the bulk mechanical properties and specific collagen fiber alignment of
cartilage tissues. For articular cartilage strategies should aim to recapitulate the
superficial alignment of smaller collagen fibers parallel to the surface (for friction
and shear properties), the randomly oriented in the transitional zone (Thompson
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et al. 2014), and the perpendicularly oriented, larger fibers in the deep zone
(Fig. 9.9a), altogether arranged in structures called the Benninghoff arcades. These
characteristics have led researchers to study the effects of fiber alignment on the cells
in these biomaterial scaffolds. Alignment can be achieved via 3D printing and
electrospinning, which show a positive effect on chondrogenesis when the fiber
alignment is modeled to native tissue in each zone (Accardi et al. 2013; Guo et al.
2018; Reboredo et al. 2016). Additionally, the micro-scale structure of scaffolds is
also important; the morphology of chondrocytes becomes more elongated (fibroblast
like) in micro-fibrous scaffolds, but remains relatively spherical on nanofibrous
substrates (W. J. Li et al. 2006), allowing cells to preferentially orient themselves
and maintain chondrogenic capacity, while recapitulating articular cartilage’s native
structure.

Fibrocartilage has a slightly different structure than hyaline cartilage, with a
mixture of dense fibrous connective tissue with fibroblasts and hyaline-like cartilage
with chondrocytes. Fibrocartilaginous tissues have a specific tissue-scale morphol-
ogy that enable them to effectively distribute loads. To maintain this specific
structure, 3D reconstructions, for example of the meniscus, can be obtained from
medical imaging scans, and be used to fabricate scaffolds that maintain this shape
(Ghodbane et al. 2019; Szojka et al. 2017). Furthermore, a large portion of the
collagen fibers in fibrocartilage are organized in dense bundles arranged parallel to
each other, along a circumferential axis to resist extrusion and “hoop stresses”
(Fig. 9.9b) (Watkins 2014). As previously discussed, methods to orient the multi-
scale structure of scaffolds can simultaneously recreate fibrocartilage mechanics and
guide cells toward aligned tissue deposition, re-establishing the native circumferen-
tial alignment of the meniscus (Lee et al. 2014; Jay M Patel et al. 2018) and IVD
tissues (Gullbrand et al. 2018). Novel methods, like bioprinting, provide viable
routes for the proper spatial incorporation of cells and factors to enhance regenera-
tion (Costa et al. 2020). These approaches to make custom, anisotropic scaffolds

Fig. 9.9 Collagen fiber alignment in cartilage and fibrocartilage. (a) Benninghoff arcades of
cartilage, with fibers parallel to the surface in the superficial zone, randomly oriented in the
transitional zone, and perpendicularly oriented in the deep zone. Figure from (Mansfield et al.
2015), available to be reproduced by the Creative Commons Attribution License. (b) Alignment of
collagen fibers in fibrocartilaginous meniscus. [1] Superficial fibers aligned randomly on surface for
shear properties. [2] Radial tie fibers hold together the [3] densely packed circumferential fiber
network. Figure from (Petersen and Tillmann 1998), reproduced with permission
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present the opportunity to improve the structural organization and ultimately the
long-term function of these techniques.

9.4.2.2 Mechanical Considerations

Cartilage tissue has unique mechanical properties that allow the tissue to mediate the
motility of joints and prevent bones from grinding against one another. When
damaged, the macro- and micro-scale cartilage mechanics are jeopardized and can
lead to progressive degeneration. One of the most important mechanical consider-
ations for both tissue types is the compressive properties of the tissue. The tensile
Young’s modulus of articular cartilage is 5–25 MPa, while fibrocartilage by com-
parison is much higher; however, the compressive modulus of articular cartilage
(0.2–0.8 MPa) is usually higher than that of fibrocartilage (Jin and Lewis 2004;
Watkins 2014). Simple isotropic sponges or hydrogels may provide a template for
regenerating these tissues, but they are usually a few orders of magnitude lower in
mechanical properties than healthy cartilage tissue (Pillai et al. 2018), leaving them
susceptible to failure post-implantation. To better approximate native tissue mechan-
ics, the density and porosity can be tuned to increase the stiffness of biomaterial
scaffolds (Pillai et al. 2018). Reinforced composite scaffolds are perhaps the best
route to provide the necessary support, at the time of implantation, and beyond
during rehabilitation (Moutos and Guilak 2008). Also, important to the compressive
properties of all cartilage tissues is their multiphasic response; the retention of water
due to high proteoglycan content allows for stress absorption and time-dependent
mechanics that can withstand repetitive loading. Polymer chemistry and
functionalization can improve these biphasic properties and better mimic native
tissue. Additionally, when fluid pressurization increases, the friction within the
joint drops dramatically, offering a very slick surface for articulation (Ateshian
2009). Methods to restore the near-frictionless environment in the joint are of
great interest, for example, lipid-based boundary-lubricated hydrogels that decrease
the friction and wear by over eighty percent (W. Lin et al. 2020). Finally, as
discussed previously, fibrocartilage structural properties are often recapitulated
with aligned fibers via printing or extrusion; this alignment and reinforcement of
scaffolds can also provide the necessary tensile properties that these tissues need to
resist rupture (J. Patel et al. 2019a).

9.4.2.3 Biological Considerations

Cartilage tissue engineering has long combined materials, cells, and bioactive factors
in order to regenerate functional cartilage tissue (Crecente-Campo et al. 2017;
J.M. Patel et al. 2019b). While great strides have been made with various cell
types (induced pluripotent stem cells, re-differentiated chondrocytes, guided stem
cells) and growth factors (e.g., TGF-β3, BMP-2), the material environment is highly
influential in the formation of tissue, as well as the delivery of chondrogenic factors.
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Decellularized cartilage ECM scaffolds have garnered much recent attention, as they
present cues from the native tissue itself that promote cellular differentiation
(Benders et al. 2013) and production of cartilaginous ECM components. Increasing
production of these ECM components, mainly type II collagen and proteoglycans,
would improve the biphasic mechanical properties of the repair tissue, enabling it to
absorb stresses more effectively. Chitosan (Lahiji et al. 2000; Nettles et al. 2002) and
hyaluronic acid (Antoine et al. 2014; Bian et al. 2013) may similarly improve
chondrogenesis, supporting aggrecan and collagen II production. However, these
approaches have not made it to the clinic, and thus require further preclinical
evaluation and improvement over current standards of care (microfracture, ACI).

To enhance the regeneration and rehabilitation of these tissues, biomaterials can
be used facilitate the chondrogenesis of encapsulated or recruited cells. First,
microparticles or nanoparticles have been used to incorporate both cells and factors
into scaffolds (Fig. 9.4a), prolonging their retention and activity during the regen-
eration timeline (Fig. 9.4b). One study used PLGA-based nanoparticles to slowly
release kartogenin, a bioactive factor known for improving chondrogenesis, into
their scaffold, driving cell behavior (Shi et al. 2016). The release of the drug was
modeled for 60 days and showed prolonged drug exposure that drove type II
collagen growth up to 12 weeks. Other studies have corroborated these findings by
using similar synthetic nanoparticles as a drug delivery mechanism for various
bioactive factors to prevent degeneration of cartilage tissue (Pi et al. 2015;
Rothenfluh et al. 2008). Since the clinical cartilage repair setting typically takes
place in an environment with greater inflammation (due to injury or surgical
procedure), successful cartilage regeneration is not often achieved as the inflamma-
tion leads to catabolic activities that prevent deposition of cartilage ECM. Matrix
metalloproteinase (MMP)-degradable systems of drug delivery would be a highly
effective route to combat this, since these systems can quell inflammation within the
regenerating tissue, allowing chondrogenesis to occur (Lan et al. 2020). By enhanc-
ing the regeneration of new cartilage tissue, whether by adding chondrogenic factors
or preventing tissue catabolism/inflammation, tissue properties and mechanics can
be maximized, limiting long-term deterioration and improving rehabilitation.

In order for these biomaterial strategies to be effective during and beyond the
rehabilitation process, they must integrate well with the surrounding tissues. The
inability to do so can result in tissue failure, symptomatic discomfort and irritation,
and pain for patients. To ensure that the newly regenerated tissue integrates with the
native extracellular matrix, researchers have investigated biomaterials that bind to
native tissue, encourage cell migration to and from the native tissue, or promote
biological responses that cause cells to interact with another. Composite multilay-
ered grafts have shown excellent integration with the subchondral bone (for both
articular and fibrocartilage), but relatively low integration of the cartilaginous layers
(J. Gao et al. 2001; Miot et al. 2012; Schaefer et al. 2002). Enzymes have been
incorporated into various scaffold-based approaches, loosening the surrounding
matrix to allow cells to remodel the interface zone and improve integration. Most
notably, in vitro culture of core-ring constructs, of both articular cartilage and
meniscus tissue, in the presence of enzymes has resulted in improved interfacial
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matrix quality and integration strength (F. Qu et al. 2017; Zanotto et al. 2019). This
improved integration reduces shear stress and stress concentrations at these interfa-
cial zones, lowering the risk of re-injury and enhancing the success rate and efficacy
of the biomaterial approach.

9.4.2.4 Rehabilitation

The rehabilitation timeline for cartilage injuries is also especially crucial to the
selection of biomaterial type. Specifically, cartilage and meniscal injuries that do
not require surgery are often followed by one to three months of rest, ice, and anti-
inflammatories (Simon and Jackson 2018). More severe injuries requiring surgery
generally take up to three months of restricted weight bearing, and subsequent
rehabilitation focused on range of motion (Giuliani et al. 2011). Fibrocartilage spinal
injuries of the IVD have varying timelines for rehab that can range from weeks to
months (Vangelder et al. 2013). Articular cartilage injuries have extremely long
recovery times divided into distinct rehabilitation phases. The first phase allows
healing for the injury at four weeks post-surgery followed by partial to full weight
bearing in the second phase (Reinold et al. 2006). The last two phases involve
continued rehabilitation and incorporating low impact activities to high impact
activities for 12–18 months post-surgery (Hambly et al. 2012; Korpershoek et al.
2020). Groups have now postulated load-bearing earlier in recovery, as dynamic
compressive and/or tensile loading has been showing to improve the anabolic
activity and matrix production of cells within these biomaterials. Thus, the rehabil-
itation process itself can be used to enhance regeneration, while simultaneously
preventing further degradation of the surrounding tissue through the inhibition of
catabolic pathways (Leong et al. 2011). Tuning biomaterial selection and activity to
account for this rehabilitation gives a timeline for functional regeneration of cartilage
and fibrocartilage tissues.

9.4.3 Ligament and Tendon Biomaterials

Ligament and tendon tissues, similar in composition and behavior, are composed of
fibrous, uniaxially aligned collagen bands. The dense ECM consists of a hierarchical
composition in which collagen molecules aggregate to form crimped collagen fibrils,
which assemble in a parallel arrangement with other fibrils to form a fascicle (Santos
et al. 2017). These fascicles are arranged longitudinally alongside other fascicles,
forming the ligament/tendon unit. The multi-scale fibrous and aligned nature
(Fig. 9.10a) of ligaments and tendons accounts for their anisotropic properties.
Due to this specific organization, ligaments exhibit remarkable tensile strength,
stiffness, and viscoelasticity, all of which allow them to resist failure and reassume
shape after experiencing high amounts of repetitive mechanical loading (No et al.
2020).
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Treatment of injured ligament and tendon can be challenging, and often depends
on the location and severity of the injury. The first mode of treatment includes rest,
ice, compression, and elevation (a.k.a., RICE) for mild and/or overuse injuries, as
well as the use of ibuprofen or other anti-inflammatory drugs. However, in many
cases, surgical intervention is required, either suture repair of the two ends of the torn
tissue or graft transplantation. Since tears are often perpendicular to the oriented
structure of the tissue, suture repair often does not restore this hierarchical organi-
zation, and thus graft implantation is required. However, the harvesting of autografts
can result in donor site morbidity (Santos et al. 2017), causing pain, instability, and
even degeneration of the harvest site. Autograft transfers also require additional
operation time and the rehabilitation of two separate injury sites. For this reason,
allograft tissues have also been used as replacements, but are often expensive
and not readily available (Kew et al. 2011). Moreover, there is also a small risk of
disease transmission associated with implanting donor tissues, and the biomechan-
ical properties of the graft may become compromised by the sterilization and
decellularization procedures used in preparation. Adverse immune reactions, high
rates of graft failure, and ineffective remodeling of the dense tissue are all concerns
in using grafts for ligament and tendon replacement. Thus, biomaterials to engineer
ligament and tendon tissue could improve treatment of these injuries.

Fig. 9.10 Tendon and ligament structural reconstruction. (a) Tendons and ligaments have an
aligned multi-scale structure, from tropocollagen molecules, to fibrils, to fascicles, to the entire
tissue unit. Figure reproduced via Creative Commons License from (Lozano et al. 2019) (b)
Scaffold alignment can be achieved via electrospinning, causing cells to align along an axis.
Figure reproduced with permission from (Moffat et al. 2009) (c) Clamped cultures can allow
multi-scale structural organization of collagen to better reconstruct tendons and ligaments.
Figure reproduced via Creative Commons License from (Puetzer et al. 2021)
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9.4.3.1 Structural Considerations

The unique, fibrous structure of ligament and tendon tissue has led researchers to
explore various engineering approaches to mimic the multi-scale alignment of native
tissues. Nanofibrous scaffolds fabricated from a range of synthetic and naturally
derived biomaterials are typically used, as the fibers are similar in size and strength to
native collagen fibers (Cross et al. 2016). Furthermore, electrospinning, which is
commonly used for nanofibrous scaffold fabrication, allows for control over the
spatial geometry, porosity, and fiber width. Many of these techniques allow for the
deposition of aligned nanofibers (Fig. 9.10b), recreating both fiber structure and
organization (Kew et al. 2011; Moffat et al. 2009; G. Yang et al. 2016). Additionally,
any seeded or recruited cells can respond to these aligned microenvironments,
enabling cellular alignment along the oriented microstructure, eventually leading
to uniaxial tissue deposition and remodeling.

Ligaments and tendons also exhibit collagen fiber crimping in the form of a
sinusoidal waveform created by the arrangement of collagen fibers throughout the
tissue. When the tissue is strained, crimped fibers begin to straighten with increased
load; thus, extensive research has been conducted to engineer biomaterials that
mimic these qualities. Recent studies using aligned nanofibrous scaffolds with the
inclusion of a sacrificial fiber fraction recreated the crimped microstructure and
mechanics of ACL tissue (Szczesny et al. 2017). To recapitulate this structure–
function relationship, certain textile grafts have been constructed using methods
such as weaving, braiding, and knitting (Kimura et al. 2008; Lu et al. 2005). Some
approaches achieve the advantages of multiple methods by creating hybrid con-
structs; for example, one group developed a scaffold for ligament regeneration that
was composed of braided bundles of electrospun PLLA nanofibers (Narayanan et al.
2016). The specific geometries of these structures afford the engineered tissues
different properties. For example, knitted grafts have very high porosity, which
promotes cell seeding and migration throughout the scaffold, and is optimal for
tissue ingrowth, whereas braided grafts offer more stability but have limited porosity
in comparison (Ge et al. 2006). These interwoven techniques provide further
mechanical support to the injury site due to increased frictional forces between the
fibers and help recreate the complex bundles of tissue seen in various ligaments like
the ACL (Kimura et al. 2008; Lu et al. 2005; Merriam et al. 2015). The structural
properties of ligament and tendon biomaterials are essential to their success in
restoring native tissues and are an important contributor to related qualities of the
biomaterial, especially mechanical properties.

9.4.3.2 Mechanical Considerations

To meet the mechanical requirements of damaged ligament and tendon tissues,
researchers focus on architecture and composition. Collagen, silk, and alginate
have been used as materials for ligament and tendon scaffolds (Cornwell et al.
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2004; No et al. 2020), but with the significant loading that ligament and tendon
tissues face, these natural polymers are often unable to provide the required tensile
mechanics. Synthetic polymers, such as poly(lactic-co-glycolic acid), polyglycolic
acid, and poly(lactic) acid, can provide these higher mechanical properties (G. Yang
et al. 2016). Recreating the aligned arrangement of nanofibers can help to recreate
uniaxial tensile mechanics, at least initially, but tissue deposition and organization
must be guided in order to maintain long-term tissue functionality as the initial
synthetic polymer degrades. Surgical repair of ligaments and tendons often results in
scar tissue formation, leading to disorganized structure and loss of mechanical
function (Connizzo et al. 2013), and thus, these biomaterial strategies, and their
associate rehabilitative protocols, must aim to prevent disorganized tissue formation.

Much work has been performed in inducing the hierarchical organization of
collagen, even by routes like clamping ends of a scaffold during culture, which
can promote the formation of aligned collagen bundles (Fig. 9.10c) (Puetzer et al.
2015, 2021). Robust fixation of scaffolds in ligament and tendon applications may
similarly fix the ends of the tissue, providing an axis of stress that cells can use to
remodel biomaterials and lay down new aligned tissue. Moreover, the use of highly
aligned cross-linked fibers stimulates cells to deposit and organize neo-tissue for-
mation, promoting the preservation of the properties imparted by the original
structure of ligament and tendon tissues. Finally, dynamic loading of biomaterials
and the cells within can be beneficial to mechanically superior tissue deposition; the
magnitude and frequency of loading can be varied to tune the biological healing
response (No et al. 2020). Doroski et al. found that the employment of one Hz of
tensile strain over three hours in a tensile culture bioreactor induced differentiation of
hMSCs toward a tendon/ligament fibroblast phenotype (Doroski et al. 2010),
improving the mechanical properties of cultured constructs. These loading protocols
during culture could theoretically be incorporated into the rehabilitation timeline,
discussed later.

9.4.3.3 Biological Considerations

To extend the capabilities of ligament and tendon biomaterials, the biological
components that contribute to regeneration and differentiation must be considered.
The low cellularity of ligaments and tendons leads to its limited regenerative ability,
leading researchers to augment biomaterials with exogenous cells and factors to
improve tissue regeneration. Bone marrow-derived mesenchymal stromal cells
(MSCs), tenocytes, and fibroblasts (Kew et al. 2011; Santos et al. 2017) are
commonly utilized, as are growth factors such as fibroblastic growth factor (FGF;
(Kuo et al. 2010)), connective tissue growth factor (CCN2/CTGF; (Lee et al. 2010));
and transforming growth factor-β (TGF-β; (Ohba et al. 2012)). Hydrogel systems,
micro-, and nanoparticles can be tuned to control the release of these factors
(No et al. 2020), and thus, combining some of these softer delivery systems with
more rigid polymeric structures presents a composite approach to enhance the
healing environment while providing suitable mechanical properties to avoid
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rupture. In addition to exogenous cells and factors, aligned biomaterial structures
provide biological adhesion sites for cells to align along (Fig. 9.10b), and may need
to be combined with bioactive factors to stimulate robust and aligned tissue depo-
sition. Finally, many ligament and tendon scaffolds have been augmented with
orthobiologics, such as platelet-rich plasma or bone marrow aspirate concentrate
(BMAC), as they are easily isolated at the time of surgery, and contain many of the
factors that enhance healing outcomes (T. Yuan et al. 2013).

9.4.3.4 Rehabilitation

The application of ligament and tendon biomaterials has demonstrated the potential
to facilitate healing following the repair or replacement of damaged tissues, mostly
in preclinical models. However, although biomaterials may enhance cell growth and
proliferation, engineered ligament and tendon tissues often do not entirely fulfill the
biomechanical properties of native tissues, presenting a barrier to clinical implemen-
tation (T. W. Lin et al. 2004). This can lead to a high rate of re-rupture as load-
bearing and activity is reintroduced. ACL injuries usually require 9–12 months of
postoperative rehab in order to make a complete return to sports, while athletes with
Achilles injuries take 12–24 months to achieve pre-injury level (Kruse et al. 2012;
X. Yang et al. 2018). These timelines present the opportunity to couple biomaterials
designed to promote neo-tissue growth with gradual loading in rehabilitation to
mimic the in vitro dynamic loading studies to improve tissue formation. For exam-
ple, early timepoints of physiological loading to the tissue in the rehabilitation
provided increased Achilles and ACL strength after rehab concluded (Kruse et al.
2012; X. Yang et al. 2018). Furthermore, in a rabbit MCLmodel of ligament healing,
immobilization was shown to actually upregulate catabolic activity and decrease
strength (Thornton et al. 2005), so balancing re-rupture rates and catabolic activity
during early loading is paramount toward ensuring proper rehabilitation. Another
major challenge in the rehabilitation process of ligament and tendon injuries is
failure at the interface, such as within bone tunnels following ligament reconstruc-
tion. Thus, recapitulation of the interface between tendon or ligament and other
tissues, such as bone, is important, and rehabilitation protocols need to carefully
balance loading to improve tendon regeneration while maintaining fixation to the
surrounding tissues.

9.4.4 Adipose Biomaterials

Adipose tissue is a loose connective tissue that is often categorized into two main
types: brown and white adipose tissue. White adipose tissue plays a role in metab-
olism, endocrine function, insulation, tissue support, and energy storage (Symonds
2012), and is thus utilized in many cellular therapies and regenerative medicine.
Recently, research has focused on regenerating adipose tissue, as it can be useful in
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treating patients with traumas or defects like third-degree burns, congenital defects,
or tissue damage or loss resulting from surgeries. The general treatment for adipose
injuries is grafting, where surgeons remove areas of extra fat in the body, called
liposuction, and inject it back into the deformation site. Specifically, the gold
standard treatment to injuries that damage the subcutaneous fat layer and require
reconstruction is an autologous fat transfer with vascularized flaps; however, the
technique can cause donor site morbidity and requires surgical and hospital time to
recover (Beahm et al. 2003). Depending on the severity of the trauma and availabil-
ity of autologous tissue, surgeons are required to use donor tissue, which unfortu-
nately runs the risk of failing to integrate with the host tissue from immune rejection,
allergic reactions, or even implant resorption (Patrick 2001). These weaknesses in
the current techniques used to treat adipose tissue injuries have led researchers to
investigate the use of varying biomaterials to replicate the structural, mechanical,
and biological properties of healthy adipose tissue to improve rehabilitation.

9.4.4.1 Structural and Mechanical Considerations

The structure of adipose biomaterials is a key property that researchers are investi-
gating to maintain the shape, volume, and organization of the regenerated tissue.
Adipose tissue is known to be highly porous and have high lipid content. Biomaterial
porosity has been shown to have a significant impact on the healing process and can
be tuned to avoid fibrous tissue deposition (Salzmann et al. 1997), which is prob-
lematic in adipose applications. Decellularized adipose scaffolds and sponges can
create this porous structure while incorporating key biological factors necessary for
cell differentiation and tissue growth (Jaipan et al. 2017; Takemoto et al. 2008).
Since adipose replacement is often a cosmetic feature and needs to fit a certain shape,
personalized scaffolds that can fit the desired defect site can be fabricated via
molding and 3D printing to customize their shape (Asmatulu and Khan 2019; Tibbitt
and Anseth 2009). As a soft and deformable tissue, adipose biomaterials should
similarly exhibit these properties and be able to bounce back and retain their shape.
At the lower end of the mechanical property range, hydrogels can be tuned to have
similar mechanical properties to adipose that allow them to be a viable biomaterial
for scaffold tissue engineering (O’Halloran et al. 2018). If biomaterials are too stiff,
the cells within likely generate cytoskeletal tension (Y. Yuan et al. 2016), which can
lead to a state of fibrosis and lower adipogenic regeneration, further motivating
softer materials. Finally, due to the ability for fat to dissipate energy (Alkhouli et al.
2013), biomaterials should strive to mimic these stress-relaxation properties, to
avoid residual stresses within the tissue.

9.4.4.2 Biological Considerations

The biologic properties of adipose biomaterials can also help promote fatty regen-
eration and reduce immune rejection. Natural materials like collagen, albumin, and
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fibronectin are a part of healthy adipose tissue and provide regenerative cues to help
direct adipogenic cell behavior (Kral and Crandall 1999). Decellularized fat matrices
have shown to promote improved biocompatibility, adipose-derived stem cell dif-
ferentiation, and fat deposition in comparison to synthetic scaffolds (Ghiasi et al.
2016), as far as exogenous mesenchymal stem cells are able to differentiate into
adipose tissue when cultured with vascular endothelial, hepatocyte, platelet-derived,
and insulin-like growth factor (De Ugarte et al. 2003; Ogawa 2008). Other growth
factors that can be used in conjunction with scaffolds to promote adipogenesis are
biotin, pantothenate, insulin, and rosiglitazone (Xie et al. 2013).

Regenerative rehabilitation typically focuses on the regrowth of new tissue as a
result of tissue damage; however, rehabilitation of adipose tissue is unique because it
can also focus on reducing excess tissue growth in overweight patients. Colloidal
biomaterials, biomaterials that have microscopic particles dispersed throughout, are
one such option to alter the metabolism in patients. These biomaterials typically act
through binding to extracellular signaling peptides or to induce intracellular signal-
ing pathways through cellular uptake (Joyce et al. 2020; Mao et al. 2013). Specif-
ically, these biomaterials have been studied to induce weight loss by acting
extracellularly through absorbing lipase enzymes, lipid interfaces, and lipid diges-
tion products to limit fat digestion and promote increased excretion (Joyce et al.
2019). These biomaterials could also be mixed with microscopic particles that
promote adipogenesis in the future to improve adipose tissue formation in regener-
ative medicine; however, studies involving regeneration in colloidal biomaterials are
a relatively new and expanding field. Thus, these biological augmentations can
enhance the structural and mechanical attributes of biomaterials to promote rehabil-
itation through fat formation or limiting excess formation.

9.4.4.3 Rehabilitation

Due to the soft nature of adipose tissue, injectable biomaterials are used regularly by
tissue engineers because they offer control over the composition and structure of the
material, while conforming to the desired volume and shape of the defect. Further-
more, injectable materials greatly reduce the invasiveness of application over surgi-
cal implantation, improving rehabilitation post-injury. Synthetic injectables, like
derivatives of polyethylene terephthalate, polylactic acid, and polyethylene glycol,
take on a fluid-like initial state, filling the defect site, and harden over time (Alhadlaq
et al. 2005; Shanti et al. 2008). This provides a template for tissue regeneration
and support to the surrounding tissue. However, these synthetics are not bioactive
and the by-products can be toxic when combined with in situ gelation (Young and
Christman 2012). To remedy these complications with synthetics, injectable bio-
polymers have been extensively researched and used to avoid the negative immune
response. The biopolymers provide specific structural components of the original
tissue to provide improved integration into the surrounding tissue; however, collagen
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and fibrin have shown rapid resorption after injected alone (Cho et al. 2006; Orbay
et al. 2011). These rapid resorption rates do not provide long-term volumetric filling
of the defect site and have led to failure. Combinations of biopolymers and synthetics
can be used in order to provide longer resorption times until new tissue fills the
entire defect site.

When fat tissue is damaged, monocytes and macrophages are recruited to the
injury site, reduce adipogenesis, increase inflammation, and form fibrous scar tissue
(Fig. 9.11) (Liu et al. 2020; Wynn and Vannella 2016). By limiting this response via
the use of biomaterials that limit inflammation and hypertrophy, adipogenic healing
can occur more quickly and fibrosis can be prevented. Moreover, fibrosis can
complicate the rehabilitation protocol as it can cause pain, discomfort, and irritation
of the normally compliant tissue. Adipogenesis and the prevention of scarring are
especially important in patients undergoing grafting procedures for congenital
defects, breast deformities from mastectomies, and burns. As a result, these bio-
materials may be useful and translatable to clinical settings because they are able to
help prevent further damage, abscess formation, and fibrosis from occurring and
maintain the desired function of the tissue. Finally, biomaterials can not only help
accelerate the regeneration of new adipose tissue, but also provide a rehabilitative
process of limiting the metabolism of triglycerides and lipids to promote weight loss
in patients suffering from obesity.

Fig. 9.11 Adipose hypertrophy and fibrosis. Adipocytes in lean adipose tissue exhibit normal lipid
storage and vascularity, but hypertrophy and inflammation lead to reduced adipogenesis and
collagen deposition. Figure reproduced via Creative Commons License, from (Liu et al. 2020)
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9.5 Interfaces of Connective Tissues and Biomaterials

The clinical presentation of connective tissue injuries often involves multiple types
of tissues (Fig. 9.12); the interfaces include but are not limited to osteochondral,
enthesis (meniscus or tendon to bone), myotendinous (muscle to tendon), vertebral
endplate (disc to bone), temporomandibular, and dermal epidermal. Clinicians are
presented with cases in which multiple tissues are impacted and the interfaces
between these tissues must be regenerated in order to restore healthy functioning.
These traumas are extremely difficult to heal resulting from the varied characteristics
of each tissue, and also from the unique transition zone properties between the
different tissue types (Lu and Jiang 2006). In this section, we will focus on various
biomaterials that promote regeneration of multiple tissue types, as well as integrate
within these tissue and transition regions to restore proper motion and function of the
inter-reliant tissues.

Fig. 9.12 Connective tissue interfaces. (a) Osteochondral interface includes both articular cartilage
and the underlying subchondral bone, which can be recapitulated with (b) a multiphasic
osteochondral scaffold. Figures a and b reproduced via the Creative Commons license, from
(Kilian et al. 2020). (c) Tendon-to-bone interface, known as the enthesis. Figure reproduced via
the Creative Commons license, from (Friese et al. 2020) (d) Multiphasic scaffold with osseous,
tendinous, and interface zones. Figure reproduced via the Create Commons License, from (Sun Han
Chang et al. 2020)
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9.5.1 Osteochondral Interface

The osteochondral interface is the region encompassing articular cartilage and the
underlying subchondral bone (Fig. 9.12a). These two tissue types have a significant
impact on one another, especially in an injured state. Articular cartilage defects can
lead to osteoarthritis development and create osteophytes due to altered loading or
catabolism. The interface mechanics are quite integral to restoring the function of
both tissues locally, which have vastly different mechanical, structural, and biolog-
ical properties. The bulk stiffness of cartilage is in the low megapascal range, while
the much stiffer subchondral bone is at a few gigapascals (Arvidson et al. 2011; P. J.
Yang and Temenoff 2009). Also, bone tissue comprises collagen I and hydroxyap-
atite, while articular cartilage has much more collagen II and proteoglycan.
Bi-layered or multiphasic scaffolds provide the ability to incorporate layers to
mimic the upper cartilage region and underlying bone region. The use of two
separate compartments in a bioreactor scaffold allows osteogenic cells and
chondrogenic cells to be cultured in different environments helping establish a
transition region from cartilage to bone (Frenkel et al. 2005; Ghosh et al. 2008;
Lien et al. 2009; Wendt et al. 2005). Sharp transition between regions of scaffolds
may lead to stress concentrations and high shear rates, so gradient or triphasic
scaffolds have also garnered much attention to prevent these issues (Sun Han
Chang et al. 2019, 2020; Xiao et al. 2019). These scaffolds provide an engineered
design to recapitulate the osteochondral interface prior to implantation, or a mix of
cartilage and bone properties (Fig. 9.12b). This could result in improvement of the
rehabilitation process by ensuring proper formation of the neo-osteochondral
interface.

9.5.2 Enthesis Interface

The enthesis interface consists of the connective tissue interface that anchors softer
load-bearing tissues, such as ligament/tendon and fibrocartilages, to the rigid bone
(Thomopoulos et al. 2013). The enthesis mimics cartilaginous properties such as
avascularity, dense collagen fibrils, and mineralization close to the bone
(Apostolakos et al. 2014; Benjamin and McGonagle 2009), and this transition
zone is highly compliant, toughens under tensile loads, and anchors the soft tissue
(tendon, ligament, meniscus) to bone (Deymier et al. 2017). To mimic this transition
zone, researchers have used multiphasic scaffolds for the enthesis, similar to those in
the osteochondral interface. Specifically, a multiphasic scaffold with PCL, tricalcium
phosphate (TCP), and a PCL/TCP porous scaffold was used to mimic the highly
compliant tendon, the fibrocartilage-like interface zone, and the bone (Cao et al.
2020). Other multiphasic scaffolds have been used as well; however, many bio-
materials are unable to completely recapitulate the mechanics in the transition zone
or still present sharp transitions between scaffold zones, leading to failure of the
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overall repair approach (Caliari et al. 2015; Caliari and Harley 2014; D. Qu et al.
2015). To reduce stress concentrations between zones, gradient scaffolds can pro-
vide a gradual transition between stiffer osseus regions and softer tissue regions to
better represent the gradient mechanics of the native enthesis (Seidi et al. 2011).
These biomaterials ensure that there are no increased strain concentrations and thus
prevent cell death or re-tears of the enthesis.

9.5.3 Myotendinous Interface

The myotendinous junction (MTJ) is the interfacial region between muscle and
tendon, two vastly different tissues. Tendon is composed of dense ECM and is
relatively acellular, while the muscle tissue is comparatively cellular and
vascularized (Nukavarapu et al. 2015). Mechanically, muscle is more compliant
than tendon and the myotendinous interface allows for force transmission between
the tissues. As a result, the greatest strain is often found at the thinnest region of the
entire tissue unit, which is typically the MTJ. At this interface, the muscle interdig-
itates the tendon to increase the contact surface area, reducing strain on the tissue.
The rehabilitation of this interface is often unsuccessful due to its complex structure.
Multiphasic scaffolds have shown promise in matching the mechanical properties of
each tissue individually, but researchers have faced difficulty in creating an effective
MTJ interface (Ladd et al. 2011; Mertens et al. 2014; Nukavarapu et al. 2015;
Shandalov et al. 2014). In contrast to multiphasic scaffolds, gradient scaffolds
provide a transition with a region of adequate strength and compliance that gradually
transitions between the two properties (Sensini et al. 2021), making it a suitable MTJ
replacement. In order to successfully improve the rehabilitation timeline for
myotendinous injuries like rotator cuff tears and Achilles tendon tears, biomaterials
must successfully match native mechanical and structural characteristics throughout
the entire interface region, as it is a common site of re-rupture.

9.5.4 Dermal Epidermal Interface

Skin is a connective tissue that plays an important role in the human body as a
protective barrier and mediator between the body and its surroundings. Its complex,
multilayered structure serves to facilitate this interaction. Skin has three distinct
layers: the epidermis, dermis, and hypodermis. The deepest layer of skin, the
hypodermis, is highly vascularized and attached to underlying structures such as
fat and muscle (Desaix 2018). Whereas skin exhibits certain self-healing mecha-
nisms, many large defects that penetrate the dermis and hypodermis do not func-
tionally heal without intervention. The current standard replacement therapy for skin
defects is skin grafting; a split thickness skin graft (STSG) consists of an epidermal
layer and a partial dermal layer, and a full thickness skin graft (FTSG) consists of
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both complete layers (Bell Jr. 2020). Because these grafts do not have their own
blood supply, they depend on a well-vascularized wound bed to promote vascular
ingrowth of recipient tissues. However, grafts, whether autologous or allogenic, may
not be relatively available. Therefore, biomaterials have been utilized to better
promote the regeneration of the dermal epidermal interface. These materials should
stimulate the growth of blood vessels to encourage the integration of skin with
underlying connective tissues. Naturally derived scaffolds like collagen or
hyaluronic acid can be modified to include amino acid sequences or growth factors
that promote angiogenesis (Moon et al. 2010). Vascular endothelial cell growth
factor (VEGF) is one factor that promotes vascularization of skin grafts, previously
delivered via subfascial injection (Richter et al. 2006). Peptide amphiphiles (PAs),
able to self-assemble into bioactive nanofibers, can develop supramolecular
nanostructures that mimic VEGF (Webber et al. 2011). Heparin-binding PAs
(HBPAs), when combined with heparin sulfate-like glycosaminoglycans, produce
nanofiber gels that are shown to induce formation of vascularized connective tissue
following subcutaneous implantation into host tissue (Ghanaati et al. 2009; Wells
et al. 2013). Vascular ingrowth of grafted skin tissue is crucial to properly integrate
skin grafts and to ensure the viability of the graft. Thus, materials can be used to
improve regeneration and angiogenesis of the interface between skin and connective
tissue, improving healing and rehabilitation following skin defects and grafting.

9.6 Conclusions

Recently, there have been major breakthroughs in the field of connective tissue
biomaterials for rehabilitation. These breakthroughs have primarily led to successful
products including Infuse™ bone grafts, MACI™ cartilage grafts, and the Bear
ACL™. All of these products have observed some degree of clinical success,
indicative of new tissue engineering strategies that provide biomimetic characteris-
tics, whether structural, mechanical, or biological, of native tissues. However, these
techniques are relatively new and require long-term investigation. The combination
of these biomaterial scaffolds with various biologics may serve to enhance outcomes
by accelerating the body’s regenerative responses and suppressing inflammatory or
degenerative processes. Future research will certainly evaluate the augmentation of
acellular strategies with biologics and factors, including improved drug delivery
systems, as well as research into the consistency of drug response between patients
via clinical trials. Furthermore, with recent breakthroughs in cell-based therapies,
such as CAR-T, the incorporation of pro-regenerative cells, such as induced plurip-
otent stem cells, could significantly enhance outcomes over previously acellular
approaches. Other exciting advances that may revolutionize the field are novel
material design and synthesis, innovative biomaterial fabrication techniques, spatial
micro-scale bioprinting, and precision/personalized medicine, all of which can better
recreate the structural and mechanical properties of these biomaterial strategies.
Altogether, the ability to improve and accelerate tissue-specific regeneration can
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expedite the required rehabilitation post-injury, and delay or prevent the need for
subsequent long-term care.

Funding Department of Veterans Affairs (IK1 RX003208, IK2 RX003928), Emory Department
of Orthopaedics.
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Chapter 10
Ultrasound Stimulation of Tendon Healing:
Current Strategies and Opportunities
for Novel Therapeutic Approaches

Chitra Meduri, Eli Vlaisavljevich, P. Gunnar Brolinson,
and Vincent M. Wang

Abstract Tendons are mechanosensitive tissues that are critical to musculoskeletal
mobility. An in-depth understanding of the mechanisms of tendon injury and healing
is crucial to the development of new therapeutic strategies for tendon healing.
Tendons do not possess a robust, intrinsic healing response, and conservative and
surgical treatments have shown limited efficacy. For chronic tendon injuries
(tendinopathies), the principal treatment of choice is exercise-based rehabilitation,
which confers improvements in clinical symptoms and function. Therapeutic Ultra-
sound (TUS) is commonly incorporated within physiotherapy applications and pro-
vides pain relief, likely via a thermal modality, to soft skeletal tissues. While
numerous animal studies have examined the efficacy of TUS in treating acute tendon
injuries, few clinical studies have examined this treatment for chronic
tendinopathies. Recently, focused ultrasound (FUS) methods have shown great
promise for noninvasive tissue ablation and stimulation of tissue healing but have
been minimally explored for musculoskeletal ailments. Precise and customizable
therapeutic FUS methods offer the potential to achieve effective, functional tissue
healing via thermal and/or mechanical stimulation pathways. This chapter explores
the potential of FUS therapies as customizable, noninvasive treatment options for
tendon injuries and offers insights into the current state and potential advancements
of ultrasound stimulation for tendon healing.
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10.1 Tendon: Anatomy, Injury, and Healing

10.1.1 Function and Anatomy

Tendons are dense, fibrous connective tissues that link muscle to bone and are
critical to the overall function of the musculoskeletal system. While the primary
function of tendons is to efficiently transmit tensile forces from muscle to bone, they
are also subjected to compression and shear forces. Mature tendon is characterized
by its hierarchical structure, and its mechanical function is dependent upon the
biochemical composition and organization of its extracellular matrix (ECM) (Voleti
et al. 2012; Screen et al. 2015; Snedeker and Foolen 2017). Tendon ECM is
primarily composed of fibrillar collagens, proteoglycans, glycosaminoglycans, gly-
coproteins, and elastin (Sharma and Maffulli 2006) (Fig. 10.1). Collagen is the
primary constituent of the tendon ECM, accounting for 60 to 85% of the dry weight
of the tissue (Screen et al. 2015). Type I collagen is the dominant structural
component, constituting nearly 95% of the total collagen content (Screen et al.
2015), while collagen types III, V, XI, XII, and XIV are present in much smaller
proportions (Benjamin et al. 2008; Screen et al. 2015). The typical, highly organized
collagen matrix can become disrupted in chronic injuries such as tendinopathy,

Fig. 10.1 Tendon hierarchical structure (reproduced with permission from Marqueti et al. (2019))
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while the presence of collagen III, which typically amounts to 3–5% of the total
collagen in a healthy tendon, may be elevated in tendinopathic tissue (Snedeker and
Foolen 2017). Non-collagenous ECM components include: proteoglycans (whose
hydrophilic nature allows for rapid diffusion of water-soluble molecules and cell
migration), glycoproteins such as fibronectin (which contributes to tendon repair and
regeneration processes), and elastic proteins such as Tenascin-C (which is associated
with collagen fiber alignment and orientation, and is upregulated by mechanical
strain) (Mackie and Ramsey 1996; Mehr et al. 2000) (Fig. 10.2).

Tendon cell populations are heterogeneous and contribute to ECM dynamics and
homeostasis (Costa-Almeida et al. 2019; Zhang et al. 2019). Tenoytes, also referred
to as resident cells, are fibroblast-like cells that are mainly responsible for ECM
turnover, collagen production and assembly. They are arranged in longitudinal rows
proximal to the collagen fibrils (Benjamin et al. 2008). Additionally, tendon stem/
progenitor cells (TPSCs) replenish tendon cells by undergoing self-renewal and
differentiation (Bi et al. 2007; Zhang and Wang 2010). Other cell populations
include endothelial and synovial cells of the tendon sheaths as well as chondrocytes
which are present within tendon-bone insertion sites and in tendon regions subjected
to compressive forces during physiologic loading (Benjamin and Ralphs 1998;
Kannus 2000; Zelzer et al. 2014). Tenocytes are mechanosensitive, and upon
experiencing mechanical load, they stretch along the collagen fibrils longitudinally,

Fig. 10.2 Interactions of proteoglycans and other matrix macromolecules within the extracellular
matrix of the tendon proper (reproduced with permission from Parkinson et al. (2011))

10 Ultrasound Stimulation of Tendon Healing: Current Strategies. . . 333



signaling collagen production. By modulating their alignment and signaling in
accordance with their mechanical environment they alter ECM composition and
structure (Humphrey et al. 2014; Muller et al. 2015; Popov et al. 2015). While little
is known regarding the optimal loading conditions that may positively influence
tendon healing, understanding how biophysical stimulation influences healing is
critical to developing therapeutic treatments to restore pre-injury function.

10.1.2 Tendon Injuries and Healing

As tendons are frequently subjected to continuous or intermittent high magnitude
forces, these tissues are prone to both acute and chronic injuries. Such injuries are
debilitating, and are associated with ineffective healing, long-term pain, and loss of
function (Nourissat et al. 2015). The type, severity, and prevalence of tendon injuries
are dependent on multiple factors such as age, sex, activity levels, and genetic
disposition (Sharma and Maffulli 2006; Thomopoulos et al. 2015). While tendon
injuries are predominant in the elderly and athletic populations, they are becoming
increasingly prevalent in the general population, due to increasing life expectancy,
manual labor, and the popularity of strenuous loading activities such as exercise.
Worldwide, more than half of the sport-related injuries involve tendons, and tendon
damage is the most common orthopedic soft tissue injury (Walden et al. 2017). Apart
from being highly prone to injury, tendons generally have a poor intrinsic capacity
for healing, although the latter is dependent on the anatomic location and local
environment (Thomopoulos et al. 2015). Intrasynovial tendon injuries do not exhibit
spontaneous healing, while extrasynovial tendon injuries often result in fibrous
tissue formation owing to a robust, scar-mediated healing response post-injury
(Shen et al. 2021). Following its intrinsic repair response, tendon exhibits material
properties which are inferior to those of native, uninjured tissue (Muller et al. 2015;
Nourissat et al. 2015). Surgical and conservative medical interventions have limited,
short-term efficacy and thus, there is significant motivation for the development of
alternative approaches to improve tendon healing. Tendon injuries can be broadly
categorized as acute or chronic, the former being the result of a “macro-trauma” such
as a sudden mechanical overload, leading to a partial or complete rupture of the
tendon. Chronic injuries typically present with an absence of inflammatory cells due
to multiple stressors, including metabolic, biomechanical, genetic, and hypoxic
factors; the latter may induce cellular responses that lead to disruption of matrix
organization, loss of tissue material properties, and disrupted cell-matrix
mechanotransduction (Nourissat et al. 2015; Sayegh et al. 2015). The etiology of
chronic tendon disorders is multifaceted, and the subsequent degenerative pathway
is triggered by dysregulated cell-cell and cell-matrix communication.

A primary etiologic factor in tendinopathies is repeated mechanical loading
which exceeds the tendon’s ability to heal (Steinmann et al. 2020; Millar et al.
2021). Although a biomechanical loading event individually may be of a magnitude
within physiological limits, cumulative microtrauma from repetitive loading often

334 C. Meduri et al.



leads to localized collagen fiber damage (Herod and Veres 2018; Leek et al. 2020;
Steinmann et al. 2020). When subjected to these stresses, a tendon may experience
either inflammation of its sheath or degeneration of its body, or a combination of
both (Sharma and Maffulli 2006). Recent evidence suggests the role of an inflam-
matory response in mediating tendon pathophysiology (Millar et al. 2017; Sunwoo
et al. 2020; Millar et al. 2021). Specifically, various immune cell types (mast cells,
macrophages, T cells) and inflammatory cytokines (interleukin (IL)-6, IL-5, IL-17,
IL-18, IL-33, tumor necrosis factor alpha (TNF-α)) have been identified to play a
critical role in the initiation and progression (early stages) of chronic tendon injuries
(Millar et al. 2010; Garcia-Melchor et al. 2021). Interactions between resident and
infiltrating immune cells and resident tenocytes are important in directing the
inflammatory response phase of tendon healing, via secretion of cytokines and
chemokines that regulate extracellular matrix remodeling. Pro-inflammatory cyto-
kines (including members of the IL- and TNF-families) have been implicated in
tendinopathy and are associated with immune cell recruitment, increased collagen
type III and reduced collagen type I production, and reduced tendon biomechanical
strength (Lin et al. 2006; Legerlotz et al. 2012; Dakin et al. 2014; Millar et al. 2017).
Very recently, Garcia-Melchor et al. (2021) reported that tenocytes upregulate the
genes involved in inflammation and T cell recruitment in vitro. T cell–tenocyte
interactions, in turn, resulted in the upregulation of inflammatory cytokine expres-
sion and an increased expression of collagen III. It has been proposed that this
autoregulated feedback loop plays a key role in chronicity and long-term complica-
tions of tendinopathy.

Largely due to the challenges presented in studying human tendinopathy, includ-
ing the difficulty in identifying the onset of the disease as well as in procuring injured
tissues at different stages of the post-injury response (Dirks and Warden 2011; Hast
et al. 2014), our understanding of the precise mechanisms of tendon injury and
healing remains incomplete. Tendon healing has primarily been studied using animal
models of acute tendon injury (e.g., transection) or other experimentally induced
tendon damage/injury models (Sharma and Maffulli 2005; Docheva et al. 2015).
Tendon healing consists of sequential and overlapping phases (Docheva et al. 2015;
Nourissat et al. 2015) including inflammation, cell proliferation, migration, and
remodeling (Voleti et al. 2012; Docheva et al. 2015); however, it is common for
incomplete healing to result in fibrovascular scar tissue which does not recapitulate
native composition and material properties (Nourissat et al. 2015).

In order to study mechanisms of mechanical “overload” on the development of
tendinopathy, researchers have developed a variety of preclinical approaches
(Thomopoulos et al. 2015; Theodossiou and Schiele 2019). Some of these methods
include uphill and downhill treadmill running in rats or mice (Heinemeier et al.
2012; Pingel et al. 2013; Zhang et al. 2020) and application of controlled, in vivo
fatigue loading to rat or mouse tendons (Fung et al. 2010; Andarawis-Puri et al.
2012; Sereysky et al. 2012). Furthermore, biochemical induction of tendon injury
has been studied using collagenase injections in various models including rabbits,
sheep, and rats (Chen et al. 2014; Lacitignola et al. 2014; Solchaga et al. 2014;
Urdzikova et al. 2014). Surgical repair following tendon transection has been
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particularly useful in studying acute injury healing mechanisms (Yoshida et al. 2016;
Moser et al. 2018). In vitro cell culture and tendon explant models (Goodman et al.
2004; Wunderli et al. 2020), as well as ex vivo rodent and equine tendon models,
have been used to examine the effects of repetitive mechanical loading (e.g., cyclic
strain or fatigue) on tendons (Arnoczky et al. 2007; Fung et al. 2009; Spiesz et al.
2015). Alteration of the tendon mechanical loading environment (e.g., by transec-
tion) can be effectively used to study biochemical responses (Maeda et al. 2011). An
in vivo tendinopathy model was developed (Bell et al. 2013a) by injecting TGFβ-1
into adult mouse Achilles tendons. This injury model induces tendinopathic changes
consistent with human histopathology (Bell et al. 2013a, b) and is amenable to
therapeutic mechanical interventions (Bell et al. 2013a; Rezvani et al. 2021) simu-
lating human treatments (Heinemeier et al. 2012; Dirks et al. 2013; Pingel et al.
2013; Reuther et al. 2013).

10.1.3 Mechanotherapy for Treatment of Chronic Tendon
Disease

There exist several common, conservative, and surgical approaches for the treatment
of chronic tendinopathies, such as rest and immobilization, anti-inflammatory drugs,
growth factor injections (i.e., platelet-rich plasma), and surgical repair (Lim et al.
2019; Tsai et al. 2021) (Table 10.1). However, there is limited evidence of their long-
term efficacy (Maffulli et al. 2010; Cardoso et al. 2019). The molecular mechanisms
of disease initiation and progression, as well as the reasons for a failed healing
response in lieu of restoration of tissue, are not well understood (Tsai et al. 2021).
However, it is hypothesized that dysregulated and/or missing cues underlie the
deficient healing response of a tendon; hence, a detailed understanding of such
cues and mechanisms will greatly assist in the identification and design of novel
therapeutic strategies to augment existing strategies to heal tendons. Rehabilitation
protocols aim to robustly repair injured tissues in a manner that reduces their risk for
reinjury (Gray and Brolinson 2001). This strategy involves the design of therapeutic
modalities and rehabilitative exercises that address the type of injury
(acute vs. chronic), symptoms, and tissue performance, via an in-depth understand-
ing of tissue biomechanics and pathophysiology of injury (Gray and Brolinson
2001). Rehabilitation protocols generally utilize “mechanotherapy” to induce adap-
tation of the musculoskeletal tissues to mechanical forces and/or strain by directing
cellular and molecular responses to achieve healing and/or regeneration. Identifying
optimal mechanical loading regimes defined by transcriptional, molecular, and
cellular responses is crucial in designing strategies for tendon repair and healing.
For example, eccentric exercise (lengthening of the muscle and tendon while under
load) is commonly used as a therapeutic modality to manage tendinopathy. These
exercises have been shown to improve tendon structure and mechanical properties
with corresponding improvements in clinical outcomes (Mafi et al. 2001; Fahlstrom
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et al. 2003; Yu et al. 2013) and have emerged as the most efficacious therapy across
numerous tendinopathies (Kingma et al. 2007; Murphy et al. 2018; Irby et al. 2020;
Vander Doelen and Jelley 2020). Given that the goal of tendinopathy treatments is to
restore normal tendon function, controlling the mechanical cues directed to the
injured tendon can potentially promote healing via mechanotransduction mecha-
nisms (Özer Kaya 2020). Regenerative rehabilitation approaches are, thus, central to
translational tendon healing research (Gottardi and Stoddart 2018; Rando and
Ambrosio 2018; Willett et al. 2020).

Table 10.1 Advantages and limitations of existing treatments for chronic tendon injuries

Method Advantages Limitations

1 Topical/systemic
anti-inflammatory
drugs for pain relief

Effectively relieve pain and
inflammation short-term; accessi-
ble and inexpensive

Insufficient evidence to support
use in chronic injuries; may neg-
atively alter natural tendon
healing process; long-term use
may cause adverse renal and
gastrointestinal effects

2 Exercise-based
rehabilitation

Principal treatment of choice
across all tendinopathies; may
tendon structural and biomechan-
ical properties with corresponding
improvements in clinical
outcomes

Precise mechanisms of action are
unknown; often require long
periods of rehabilitation; custom-
izing loading protocols to specific
degrees of pathology is challeng-
ing; chronic pain may deter par-
ticipation; requires patient
compliance with protocols

3 Growth factor, i.e.,
platelet-rich plasma
(PRP) treatment

Inexpensive; ease of administra-
tion (injections); low risk with
autologous treatment; potentially
beneficial in combination with
therapeutic exercise

Variable and conflicting out-
comes, potentially due to vari-
ability among PRP components

4 Therapeutic Ultra-
sound (TUS)

Widely accessible, noninvasive,
painless

Few existing clinical trial data;
conflicting data from preclinical
studies of efficacy for treatment
of acute injuries; no data on effi-
cacy for chronic injuries

5 Low energy laser
therapy (LLLT)

Evidence of reduction in inflam-
matory markers; provides pain
relief when used in conjunction
with exercise

Unclear mechanism of action;
lack of standardized/reliable pro-
tocols (parameters) for adminis-
tration; lack of homogeneous
efficacy data

6 Extracorporeal
Shockwave Ther-
apy (ESWT)

Ease of administration; proven
efficacy for treatment of specific
types of tendinopathy

Unclear mechanism of action,
lack of optimized treatment
parameters for different types of
tendon injuries
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10.2 Therapeutic Ultrasound and Tendon Healing

10.2.1 Physical Principles, Characteristics, and Modalities

Therapeutic Ultrasound (TUS) utilizes acoustic pressures and/or intensities higher
than those of diagnostic ultrasound to elicit biological responses in tissues. The
ultrasound beam is directed into a specific area or a region within the tissue of
interest to avoid damage to surrounding tissues. Existing TUS methods (e.g., in
physiotherapy to provide deep heating to tissues such as tendons, ligaments, and
skeletal muscles (Watson 2008) deliver low-intensity energy through the targeted
tissue via the propagation of sound waves applied by an external source. The most
common musculoskeletal application for TUS to date remains for pain and physio-
therapy in conditions such as osteoarthritis-related knee pain, chronic back pain,
lateral epicondylitis, and myofascial pain (Dedes et al. 2020; Gulati and Ottestad
2020; Petterson et al. 2020). Within the categorization of TUS, multiple ultrasound
modalities have been developed and examined with various delivery modes, acous-
tic pressures, and duty cycles, to elicit different biological mechanisms in tissues
(Fig. 10.3). Several examples include low-intensity pulsed ultrasound (LIPUS)
(Warden et al. 2008; Hsu and Holmes 2016; Tanaka et al. 2020), low-intensity
continuous ultrasound (cLIUS) (Lucchetti et al. 2020; Mittelstein et al. 2020), and
pulsed focused ultrasound (pFUS) for soft tissue healing (Burks et al. 2011;
Poliachik et al. 2014), nanoparticle delivery (O’Neill et al. 2009; Tharkar et al.
2019), physiotherapy for pain relief by providing deep heating to soft tissues
(typically combined with physical therapy) (Brown et al. 2015; Papadopoulos and
Mani 2020) and high-intensity focused ultrasound (HIFU) for thermal (tHIFU)
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Fig. 10.3 Schematic of waveforms (different amplitudes) illustrating different modalities of TUS
(Modified with permission from Liu et al. (2020))
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ablation (Dubinsky et al. 2008; Vidal-Jove et al. 2015; Mauri et al. 2018) and
non-thermal (histotripsy) tissue ablation (Vlaisavljevich et al. 2013; Bader et al.
2019; Xu et al. 2021).

A variety of labels have been utilized in published literature to describe different
types of therapeutic ultrasound, with some overlap between commonly used terms.
In general, these groups are broadly categorized based on the ultrasound intensity
(high vs. low) and exposure mode (continuous vs. pulsed) (Liu et al. 2020). For
clarity, in this chapter, we use the acronym HIFU to describe High Intensity Focused
Ultrasound exposures that induce thermal and/or non-thermal irreversible changes
within a short time frame (typically, it requires microseconds for direct effects during
the pulse or histotripsy cavitation, milliseconds to elicit physiological responses such
as in neuromodulation, to seconds or minutes for thermal changes). FUS refers to
focused ultrasound methods (see Sect. 10.3 below), while TUS is used to describe
low-intensity ultrasound exposures used currently for musculoskeletal physiother-
apy and pain relief applications, as noted above. Different forms of TUS can be
further categorized by understanding its basic physical parameters. A brief descrip-
tion of ultrasound parameters critical to the generated bioeffects and safety is given
in Table 10.2.

Thermal bioeffects of ultrasound result from absorption of the applied ultrasonic
energy. The amount of absorption and the accompanying heat generated depend
upon ultrasound acoustic parameters as well as tissue properties. The primary
determinants of thermal effects in tissues include tissue absorption coefficients and
ultrasound exposure conditions, such as duration, intensity, beam width, and fre-
quency. Importantly, there exists a direct relationship between the absorption capac-
ity of a tissue and its protein content. Highly collagenous tissues such as tendon and
ligament are known to absorb ultrasound energy more efficiently (Watson 2008).
Other determinants of tissue temperature changes include ultrasound pulse repetition
frequency and pulse duration, along with tissue characteristics such as density,
acoustic impedance, and thermal conductivity (Dalecki 2004; Shankar and Pagel
2011).

Research suggests that an increase of temperature between 1 �C and 4 �C from
baseline can provide therapeutic effects in tendons; however, higher elevations could
potentially result in harmful effects such as thermal denaturation of collagen
(Vlaisavljevich et al. 2015). An in vivo study investigated the ability of ultrasound
to heat human patellar tendon and found that ultrasound frequency, intensity,
duration of treatment, and size of the treatment area influenced heat production in
tendon (Chan et al. 1998). The rate of temperature rise was found to be higher in the
tendon compared to the adjoining muscle. Using a 3-MHz continuous ultrasound
treatment lasting 4 minutes, temperature rises in the range of 8 �C to 10 �C were
achieved using templates measuring two times the effective irradiation area of the
transducer head. Such controlled thermal effects via TUS application are desirable to
achieve pain relief, increased blood flow, decreased joint stiffness, and
hyperdynamic tissue metabolism (Watson 2008; Papadopoulos and Mani 2020).
Typically, physiotherapists utilize thermal effects of TUS to treat injuries such as
tendonitis, joint pain, low back and neck pain, muscle strains, plantar fasciitis,
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ligament sprains, and arthritis pain (Brown et al. 2015; Papadopoulos and Mani
2020).

A combination of non-thermal effects such as acoustic streaming, acoustic cav-
itation, and radiation force displacement (Dalecki 2004; Izadifar et al. 2017) can also
be produced by TUS or FUS application. Acoustic cavitation is the stable oscillation
(inertial cavitation) or collapse (non-inertial cavitation) of a gas bubble in the
presence of an acoustic field (Holland and Apfel 1990; Bader et al. 2019). Acoustic
radiation force is that which results from momentum transfer from the sound field to
the tissue of interest (Nightingale 2011; Urban 2018; Wang 2018). This effect itself
is a consequence of radiation torque and acoustic streaming. The acoustic streaming
phenomenon occurs when acoustic field propagation induces an increased rate of
fluid flow (Dalecki 2004).

Table 10.2 Ultrasound parameters

Parameter Definition

1 Frequency (Hertz, Hz) Number of US waves per second, or, number of times per second a
particle experiences a complete compression and rarefaction cycle.

2 Duty Cycle (%) The ratio of the time the transducer is “on” to the total exposure time
(time “on” plus time “off”)

3 Pulse Repetition Fre-
quency (Hz)

Number of pulses transmitted per second

4 Intensity (W/cm2) A measure of ultrasound exposure that can be calculated based on
maximum pressure measured in the field (Spatial Peak) or based on
pressure averaged over a specific area (Spatial Average). When
describing pulsed exposures, intensity may be applicable only while
the pulse is “ON” (Pulse Average) or may be averaged over total
time (Temporal Average).
The most commonly reported intensity is Spatial Average Temporal
Average (ISATA); other reported indices include Spatial Average
Pulse Average (ISAPA), Spatial Average Temporal Peak (ISATP),
Spatial Peak Temporal Average (ISPTA), and Spatial Peak Pulse
Average (ISPPA) (ter Haar 2007)

5 Acoustic power
(Watts)

Total energy passing through a surface per unit time (measure of
strength of ultrasound wave)

6 Mechanical index Peak negative pressure of US waves divided by peak frequency;
measures the likelihood of occurrence of a mechanical bioeffect due
to cavitation.

7 Acoustic pressure
(Pascal)

Changes in the local pressure of the medium, recorded as acoustic
compression and rarefaction, typically measured as peak to peak
pressure, peak negative pressure, or peak positive pressure. Defined
as the difference between maximum or minimum pressure of the
wave and average pressure of the medium in the absence of the
wave

8 Attenuation (dB/cm/
MHz)

Decrease in acoustic wave intensity per unit distance due to inter-
actions between the wave and medium. It is usually expressed as a
ratio of wave amplitudes in decibel notation, commonly per centi-
meter depth of tissue, per unit frequency, or at a specified frequency
(e.g., dB/cm/MHz or dB/cm at 1 MHz)
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TUS is an appealing method to safely transfer mechanical energy to tendon tissue
and elicit thermal and mechanical stimulation pathways in a prescribed manner.
Although the therapeutic efficacy of TUS has been demonstrated in multiple studies,
there is a substantial knowledge gap in understanding relationships between ultra-
sound dose (acoustic parameters) and the bioeffects elicited in these tissues. Optimal
identification of TUS parameters and their correlation with molecular and tissue-
level responses will largely benefit future research in ultrasound-induced tissue
regeneration and rehabilitation.

10.2.2 TUS in Tendon Healing

The most widely studied form of TUS for musculoskeletal tissue repair and regen-
eration is low-intensity pulsed ultrasound (LIPUS), with applications in osteoporo-
sis, fracture healing, mesenchymal stem cell recruitment and homing, and tendon–
bone junction healing (Warden et al. 2008; Khanna et al. 2009; Zhang et al. 2017;
Tanaka et al. 2020). Targeted application of TUS during different phases of tissue
repair can produce a synergistic effect on healing (Saber and Saber 2017). During the
inflammatory phase, TUS can stimulate mast cells, platelets, and macrophages,
activating inflammatory mediators (Maxwell 1992; Leung et al. 2004). Efficiency
of the proliferation phase of healing is also enhanced by TUS, by increasing collagen
production and scar tissue formation (Zhou et al. 2004; Watson 2008). Lastly, TUS
has also been shown to enhance the remodeling of scar tissue by improving collagen
fiber orientation and increasing tensile strength (Nussbaum 1998; Maan et al. 2014).

The therapeutic potential of TUS, specifically low-intensity ultrasound (LIUS), in
stimulating healing of acute tendon injuries has been investigated predominantly in
animal studies, which enable the concurrent evaluation of tissue biomechanics and
physiological responses to LIUS application (Table 10.3). Biomechanical metrics
such as ultimate load, tensile strength and energy absorption, and structural metrics
such as collagen organization and aggregation have been commonly characterized
after applying treatments to assess the efficacy of TUS on healing (Ng et al. 2003;
Yeung et al. 2006; Jeremias Junior et al. 2011). A 2016 review by Best et al.
summarized the effects of LIUS on tendon, tendon–bone junction, muscle and
ligament injuries (Best et al. 2016). The authors concluded that LIUS improves
tendon strength and accelerates collagen formation after acute injury in preclinical
models. Tensile strength and collagen expression (types I and III) were found to be
greater in LIUS treated tendons compared to untreated controls (Jackson et al. 1991;
da Cunha et al. 2001; Fu et al. 2008, 2010; Jeremias Junior et al. 2011; Kosaka et al.
2011). Regarding treatment time and duration (Fu et al. 2008, 2010), ultrasound
treatment in the earlier (relative to later) stages of healing appears to improve tensile
strength and matrix synthesis. While the available literature generally indicates that
LIUS enhances biomechanical and structural properties of injured tendons, ultra-
sound parameters (e.g., intensity, stimulation frequency, and mode) and animal
models (species, tendon of interest, and injury type) have varied across studies
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Table 10.3 Results of studies investigating therapeutic ultrasound (TUS) treatment of tendon
injuries

Author,
Year Species

Injury
(or Injury
Model) Treatment paradigm Key takeaways

da
Cunha
et al.
(2001)

Rat Achilles
tenotomy

1 MHz, 0.5 W/cm2, 5 min/
day for 14 days

Improved collagen orga-
nization and aggregation
when applied during early
stages of healing in pulsed
mode

Ng et al.
(2003)

Rat Achilles
hemitransection

1 MHz, 1.0 or 2 W/cm2,
4 min/session, for
22 sessions

Both treatment groups
showed improved ulti-
mate tensile strength
compared to controls

Demir
et al.
(2004)

Rat Achilles
tenotomy

1 MHz, 0.5 W/cm2, 5 min/
day, 9 days

Increased tendon break-
ing strength following
either TUS or laser ther-
apy; treatment using
combined modalities did
not show additional posi-
tive effects.

Yeung
et al.
(2006)

Rat Achilles
tenotomy

1 MHz, 0.5 W/cm2, 5 min/
day, 3 times/week, for 2 or
4 weeks

Increased ultimate tensile
strength and improved
collagen bundle
alignment.

Larsen
et al.
(2005)

Rabbit Achilles
tenotomy

3 MHz, varying intensities
from 50 to 2000 mW/cm2,
5 min/session, 10 sessions

No improvement in
mechanical properties of
healing tendons; mild
decline in stiffness with
increasing treatment
intensity

Ng and
Fung
(2007)

Rat Achilles
tenotomy

1 MHz, varying intensities
from 0.5 W/cm2 to 2 W/
cm2 daily starting from day
5 after injury for 4 min/
session for 22 sessions

Collagen fibril size
increased with treatment,
independent of intensity
level.

Fu et al.
(2008)

Rat Patellar tendon
mid-portion
window defect

1.0 MHz, 30 mW/cm2,
20 min/day, 5 days/week,
for 2, 4, or 6 weeks

Beneficial effects of
LIPUS (2-week treatment
group) included improved
ultimate tensile strength
and collagen fiber align-
ment. 4 or 6 weeks of
treatment was found to be
detrimental to collagen
remodeling.

Fu et al.
(2010)

Rat Central third
patellar tendon
removal

1.5 MHz, 150 mW/cm2,
20 min/day for 14 or
28 days

Enhanced collagen syn-
thesis during the granula-
tion phase of healing.

(continued)
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Table 10.3 (continued)

Author,
Year Species

Injury
(or Injury
Model) Treatment paradigm Key takeaways

Wood
et al.
(2010)

Rat Achilles tendon
partial rupture
by direct
trauma

3 MHz, 0.2 W/cm2, 5 min/
day, 5 days

Improved collagen orga-
nization; increased colla-
gen type 1 in laser- and
US-treated groups.

Jeremias
Junior
et al.
(2011)

Rat Achilles
tenotomy

1 MHz, 0.1 W/cm2, 5 min/
day for 28 days

Increased ultimate load
and tensile strength com-
pared to controls.

Kosaka
et al.
(2011)

Rat Achilles
tenotomy

1.5 MHz, 45 mW/cm2,
20 min/day

During the inflammatory
phase, COX-2 and EP4
were overexpressed with
LIPUS treatment, hence
exaggerating inflamma-
tion. TGF-β1, Col I, and
Col III expression levels
were elevated in treated
groups, encouraging tis-
sue remodeling.

Farcic
et al.
(2013)

Rat Achilles
tenotomy

1 MHz, 0.5 W/cm2, pulsed
application for 1, 2, or
3 minutes per transducer
area for 10 sessions

Collagen fibers showed
better aggregation and
organization in 3-minute
treatment group

Farcic
et al.
(2018)

Rat Achilles
tenotomy

1 MHz, 0.5 W/cm2, for
6 min/8 min/10 min for
10 days with 2 days of
interval after fifth treat-
ment day

10-minute treatment
group showed the best
collagen fiber aggregation
and organization.

D’Vaz
et al.
(2006)

Human Lateral
epicondylitis

1.5 MHz, 30 mW/cm2,
20 min/day for 12 weeks

Low-intensity ultrasound
was not very effective
compared to placebo.

Warden
et al.
(2008)

Human Patellar
tendinopathy

1.0 MHz, 100 mW/cm2,
20 min/day for 12 weeks

Visual Analog Scale
scores improved in both
placebo and LIPUS
treated groups; LIPUS
provided no additional
benefits over placebo.

Hsu and
Holmes
(2016)

Human Achilles
tendinopathy

Exogen® LIPUS device
used for 20 min/day for
8 weeks over an area of
maximum tenderness

Of 14 participants, 7 had
excellent clinical out-
comes with complete res-
olution of pain and other
symptoms. 2 patients had
good outcomes with mild
tendon irritation and stiff-
ness and 5 patients had
minimal benefit with con-
tinued pain, swelling, and
tenderness.

(continued)
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(Tsai et al. 2011). In consideration of these inconsistencies, direct comparison of
results is likely not warranted and researchers should exercise caution in deducing
the cellular and molecular mechanisms attributable to treatments. Hence, there is not
only an urgent need for standardization of TUS parameters and experimental
conditions (treatment time, injury models) in future investigations, but also clinically
relevant animal models whose tendon injury characteristics mirror those observed in
human injuries.

Clinical studies have examined the influence of TUS on lateral epicondylitis
(D’Vaz et al. 2006; Dedes et al. 2020), patellar tendinopathy (Warden et al. 2008;
de Jesus et al. 2019) and Achilles tendinopathy (Hsu and Holmes 2016). A 2015
study on the short-term effectiveness of LIPUS on human Achilles tendinopathy
revealed that all participants who had undergone traditional, nonsurgical treatment
modalities prior to using LIPUS, showed good to excellent improvements in pain
relief and function post-treatment (Hsu and Holmes 2016). In three studies that
examined the influence of TUS on epicondylitis and patellar tendinopathy, a signif-
icant decrease in tendon pain was observed after daily treatments with continuous or
pulsed LIUS treatment for 6 weeks (Best et al. 2016). However, two randomized
controlled trials were used to assess the utility of LIPUS to treat chronic
tendinopathies and reported that LIPUS provided no additional benefit to physical
therapy for chronic tendinopathies (D’Vaz et al. 2006; Warden et al. 2008). Thus,
while acute injury animal models demonstrate moderate effectiveness of LIUS in
tendon healing, human studies specifically investigating chronic tendon injuries do
not demonstrate promise as a noninvasive treatment option. Human studies investi-
gating TUS effects on acute tendon injuries would provide further evidence to guide
clinical practice, particularly if treatment paradigms across such studies were stan-
dardized, as noted above.

Extracorporeal Shockwave Therapy (ESWT) utilizes rapid, short-duration pres-
sure waves (“shockwaves”) intended to elicit physicochemical and cellular repara-
tive responses and has shown promise in treating a variety of musculoskeletal
conditions (Simplicio et al. 2020). ESWT can be regarded as high-intensity thera-
peutic ultrasound, since shockwaves can be generated under both continuous and
pulsed modes via transducers that induce nonlinear propagation effects resulting in
shock formation. Alternatively, shockwaves can also be generated by non-ultrasonic

Table 10.3 (continued)

Author,
Year Species

Injury
(or Injury
Model) Treatment paradigm Key takeaways

de Jesus
et al.
(2019)

Human Patellar
tendinopathy

1.0 MHz, 1.2 W/cm2,
8 min/day, 2�/week for
8 weeks in combination
with regimented exercise
program

TUS enhanced the results
obtained with rehabilita-
tive exercise including
pain and lower limb
motor function.

COX-2 cyclooxygenase-2 enzyme, EP4 Prostaglandin E2 receptor 4, TGF-β1 Transforming growth
factor beta 1, Col I Collagen type I, Col III Collagen type III

344 C. Meduri et al.



sources such as electrohydraulic and electromagnetic systems (Simplicio et al.
2020). To date, the US FDA has only approved the use of ESWT for plantar fasciitis
and lateral epicondylitis (Wang 2012). Studies have shown that ESWT acts as a
mechanical stimulus and promotes healing via mechanotransduction (Moya et al.
2018; Simplicio et al. 2020) and may also alleviate pain (Hausdorf 2008). In
humans, ESWT may aid tendon healing by providing mechanical stimulation to
aid inflammatory and catabolic processes that are associated with damaged matrix
constituents (Waugh et al. 2015). A recent study compared the effectiveness of
ESWT and LIUS on pain, return to functionality, and quality of life in patients with
Achilles tendinopathy (Dedes et al. 2020). Although both interventions resulted in
significant improvements in pain and functionality immediately and 4 weeks post-
treatment, the effects of ESWT were more pronounced compared to LIUS. Another
recent, randomized controlled trial evaluated the effectiveness of point-focused
(small treatment volume focused on the point of maximum pain) and line-focused
(larger treatment volume with equally distributed energy density but smaller maxi-
mum pressure compared to point-focused) ESWT on patients with confirmed Achil-
les tendinopathy and concluded that both modalities showed superior outcomes in
terms of pain relief compared to placebo treatment (Gatz et al. 2021). Previous
in vitro studies have shown the positive effects of ESWT on tenocyte viability and
proliferation, collagen fiber synthesis and organization, expression of TGF-β1 and
IGF-1, and decreased expression of MMPs and pro-inflammatory interleukins (ILs)
(Banes et al. 1999; Chen et al. 2004; Notarnicola and Moretti 2012). While ESWT is
currently deemed as a safe and effective “mechanotherapy” to treat many musculo-
skeletal pathologies including chronic tendon injuries, unfortunately, there exists
very little guidance with regard to parameter selection to ensure repeatability and
effectiveness for degenerative tendinopathy (d’Agostino et al. 2017; Fan et al. 2020).

10.3 Focused Ultrasound: A Novel Therapeutic for Tendon
Healing?

Recently, Focused Ultrasound (FUS) methods have shown great promise for non-
invasive tissue ablation, neuromodulation, and drug delivery (Daoudi et al. 2017;
Miller and O’Callaghan 2017; Chua and Faigel 2019). FUS treatments are currently
approved for numerous applications including treatment of painful bone metastases,
essential tremor, uterine fibroids, and prostate cancer (Duc and Keserci 2019). FUS
is also gaining considerable interest as a musculoskeletal treatment option, with
clinical research in applications such as osteoarthritis, bone and desmoid tumors,
epicondylitis, rotator cuff injury, and plantar fasciitis (Liberman et al. 2009; Weeks
et al. 2012; Masashi Izumi et al. 2013; Chan et al. 2017). Another emerging
application of FUS is pain relief. Although the precise mechanisms of
FUS-induced analgesia are not clear, localized denervation of tissue targets and
neuromodulatory effects have been presumed (Brown et al. 2015).
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The multitude of diverse applications of FUS are largely dependent on the
exposure conditions and the manner in which they are delivered (Fishman and
Frenkel 2017). In contrast to HIFU (which is primarily used for tissue ablation),
therapeutic FUS can be leveraged to achieve effective, functional tissue healing via
thermal and/or mechanical stimulation pathways, without inducing irreversible
tissue damage. Furthermore, FUS can achieve higher precision with a wide range
of acoustic exposures that can encapsulate those utilized in LIUS and ESWT
(Fig. 10.4). Additionally, the pulsing parameters can be modulated in real-time
during treatment across a wide parameter space. With the advent of state-of-the-
art, customizable, reliable, and safe FUS systems, researchers and clinicians are
beginning to leverage the potential of image-guided, therapeutic FUS for the treat-
ment of many debilitating conditions.

Focusing on the ultrasound beams prevents them from being applied to other
regions, and minimizes the potential for thermal or mechanical damage to tissues
located outside the focal zone, allowing for precise treatments of targeted tissues or
tissue regions. To achieve localized biological effects, FUS transducers are designed
such that focused ultrasound beams converge at a single focal point, using tech-
niques such as geometric focusing (concave transducers that cause waves to arrive at
a single focal point), electronic focusing (using phased array transducers composed
of multiple piezoelectric elements), or by using acoustic lenses (mimicking a
concave transducer surface) (Elhelf et al. 2018).

Ultrasound waves interact with tissues to produce thermal and non-thermal
bioeffects (Sect. 10.2.1). Acoustic cavitation, which is one of the most widely
studied non-thermal mechanisms, is not significant at lower intensities and is often
associated with “high” acoustic pressures (Bader et al. 2019). Typically, at high-
pressure amplitudes, microscopic gas bubbles form and oscillate (non-inertial cav-
itation) or steadily grow in size and collapse above certain pressure thresholds
(inertial cavitation). Stable or non-inertial cavitation may induce reversible tissue
effects such as sonoporation, whereas inertial cavitation induces large stresses and
strains on the tissue, ultimately leading to irreversible tissue damage, i.e., histotripsy
ablation. Cavitation can also enhance thermal effects by increasing energy absorp-
tion at the focal point. Thus, acoustic amplitudes can directly alter the threshold for
inertial cavitation as they can change bubble response from non-inertial to inertial
cavitation. Mechanical Index (MI) is another parameter that is commonly used to

PEAK ACOUSTIC PRESSURE (MPa)

ESWT

FUS

TUS

0.01 0.5 1 10 100 150

Fig. 10.4 Comparison of an approximate range of peak acoustic pressures delivered by FUS,
ESWT, and Low-Intensity TUS
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determine the likelihood of cavitation. It is defined as the maximum value of
negative peak pressure divided by the root square of the acoustic center frequency.
The MI is frequently used to determine the exposures below which cavitation and
related bioeffects would not be observed.

In the absence of cavitation, tissue displacement due to FUS application typically
occurs as a result of radiation forces. Acoustic Radiation Force (ARF) is defined as
the time-averaged force exerted by acoustic waves on the tissue (Urban 2018). As a
result of these forces, localized tissue displacement and deformation can be
observed, due to transfer of momentum from the sound field to the tissue. Depending
on variables such as probe orientation, ultrasound can induce mechanical loading of
the extracellular matrix, which in turn provides a biophysical stimulus to the resident
cells. ARFs are known to influence cellular proliferation and protein synthesis as
evidenced by augmented wound healing and bone remodeling and healing (Curra
and Crum 2003; Zhang et al. 2012; Tang et al. 2015). Figure 10.5 depicts the
application of radial forces, which deform the tendon transversely while, simulta-
neously, shear loading of the tendon occurs longitudinally (i.e., along the tendon’s
long axis). Irrespective of the mode of mechanical loading, tissue deformation can be
spatially and temporally quantified using speckle-tracking methods in conjunction
with high-frequency imaging (Bercoff et al. 2004; Liu and Ebbini 2010; Ebbini and
ter Haar 2015). Perhaps the most prominent biomedical application utilizing ARFs is
in conjunction with imaging, to determine the mechanical properties of tissue by
utilizing radiation forces (Wells and Liang 2011; Doherty et al. 2013; Urban 2018).
Acoustic Radiation Force Impulse (ARFI) imaging utilizes short-duration acoustic
radiation forces to generate localized, quantifiable tissue deformation, thereby pro-
viding a noninvasive method to quantify tissue biomechanical properties. Recently,
the utility of ARFI imaging has been recognized for multiple tissue types including
tendon, thyroid, breast, kidney, and pancreas (Bojunga et al. 2012; Wang 2016;
Kaya et al. 2018).

Fig. 10.5 An FUS transducer producing Acoustic Radiation Force to generate tissue displacements
and/or deformation
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Currently, FUS methods are being explored to achieve effective tendon healing.
One approach is to utilize “low intensity” FUS methods to promote tendon healing
via radiation forces (predominantly mechanical stimulation) without producing
thermal damage and cavitation-like bioeffects (Meduri et al. 2020). Higher ampli-
tude pulses (compared to traditional physiotherapy applications) are expected to
induce larger tendon matrix strains, and this mechanical effect, similar to existing
mechanical loading (exercise) therapies typically used for the treatment of chronic
tendon injuries (Mafi et al. 2001; Kingma et al. 2007; Irby et al. 2020), in turn, can
effectively stimulate tendon repair. Researchers are also exploring histotripsy, a
cavitation-based therapy that utilizes short, high-intensity pulses to mechanically
homogenize tissue with negligible heating in the tissue (Smallcomb and Simon
2019). Such cavitation effects can induce targeted microdamage within the tendon
and promote a healing response, thus serving as an improved, noninvasive alterna-
tive to traditional dry needling approaches (Khandare et al. 2021). Initial studies
have shown that this approach preserves the mechanical properties of tendons better
than dry needling, without damaging the surrounding tissue.

The wide range of FUS applications utilizing both thermal and non-thermal
bioeffects indicate the need for robust, real-time image guidance systems with
high sensitivity and specificity, for target visualization, beam focusing, and accuracy
verification. An ideal, innovative FUS system for tendon healing applications can
precisely target tendons, accurately measure the resulting thermal and mechanical
bioeffects and facilitate the investigation of cell/tissue responses. Given the paucity
of published data on acoustic parameters and mechanisms of action associated with
focused ultrasound therapies for tendon injuries, a thorough investigation of such
methods in suitable preclinical models is necessary. Controlled studies in relevant
animal models will provide a rigorous basis for optimizing acoustic pulsing param-
eters for FUS tendon treatments, strengthen the rationale for using FUS as a
noninvasive treatment method of stimulating tendon healing and will establish a

Fig. 10.6 Schematic of a custom-built small animal FUS system allowing interchangeable trans-
ducers and driving systems (for different FUS exposures) and a high-frequency imaging system for
real-time treatment monitoring and guidance
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modular, scalable experimental platform upon which further studies of different
species (e.g., rabbit, equine, and human) can readily be undertaken. Figure 10.6
depicts a modular, custom designed system that can apply controlled mechanical,
thermal, and mechanical-thermal (dual) stimulation to murine Achilles tendons,
under image guidance (Meduri et al. 2020). To establish the feasibility and efficacy
of applying different pulsing schemes to injured tendons, investigators may utilize
reliable preclinical tendon injury models such as tenotomy for acute injuries or a
previously established murine Achilles model (Bell et al. 2013a; Rezvani et al. 2021)
of degenerative tendinopathy. The concurrent utilization of real-time, high-fre-
quency ultrasound imaging (as depicted in Fig. 10.6), high field magnetic resonance
imaging (MRI) methods, or laser vibrometry enables the quantification of mechan-
ical effects.

Noninvasive (MRI thermometry) or invasive (thermocouple) assessment of
dynamic temperature changes accompanying FUS treatment of tendons is a crucial
component in analyzing thermal effects of pulsing. Experimental, regional measure-
ments of temperature may further be used to validate computational simulations of
predicted heating effects from FUS fields. The effect of predominantly thermal and
predominantly mechanical stimulation on the healing profiles of injured tendons can
then be established using biomechanical, geometric, cellular, and histologic
analyses.

10.4 Future Advancements in Ultrasound-Based
Stimulation of Tendon Healing

Although therapeutic ultrasound approaches are widely used for physiotherapy
applications, the mechanism of action and optimal acoustic parameters are poorly
understood and have not been systematically investigated in comparative studies
utilizing in vivo tendon injury models. Novel in vivo data from small animal FUS
studies will serve as a foundation upon which the methodology can be readily
adapted to larger species in order to explore a wider range of FUS treatments in
more clinically relevant animal models. Future studies aimed at identifying optimal
TUS modalities (e.g., FUS and ESWT) and the corresponding acoustic parameter
sets for the treatment of specific tendon injuries (acute and chronic) will strengthen
the rationale for using ultrasound modalities for noninvasive stimulation of tendon
healing and regeneration.

Specifically, for the treatment of chronic tendon injuries, it is widely known that
mechanical loading-based treatments such as exercise-based rehabilitation can effec-
tively treat symptomatic tendinopathy; however, the mechanism of this healing
response is not well understood. Furthermore, physiotherapy requires patient com-
pliance, frequently causes discomfort, and may require lengthy treatment periods
(e.g., up to 5 years) for symptomatic relief and restored functionality. Successful
development of US-based treatments for chronic tendon injuries may provide further
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insights into the aforementioned healing pathways in response to mechanical load-
ing. Finally, FUS approaches for treatment of tendon injuries alone or in combina-
tion with other therapies could represent an attractive alternative for individuals who
are unable or unwilling (e.g., due to pain or injury severity) to pursue physical
therapy. In turn, prompt and effective treatment of injured tendons is expected to halt
the progression of long-term, degenerative changes that may lead to chronic mobility
issues.
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Chapter 11
Mechanical Stimulation as Both the Cause
and the Cure of Tendon and Ligament
Injuries

Lauren Paschall, Krishna Pedaprolu, Sabrina Carrozzi, Aman Dhawan,
and Spencer Szczesny

Abstract Tendon and ligament injuries are common orthopedic disorders whose
current treatment fails to restore native tissue structure and function. The resulting
structural and mechanical deficits often lead to pain, dysfunction, and an increased
risk of reinjury. To improve both injury prevention and treatment, it is necessary to
better understand the etiology of tendon/ligament injury and the factors that inhibit
recovery and healing. Given that the primary function of tendons and ligaments is to
transmit loads, it is not surprising that mechanics play an important role in both the
cause and cure of tendon and ligament injuries. The objective of this chapter is to
review the existing data demonstrating the importance of mechanical stimuli (proper
and improper) on tendon/ligament injury and repair, with a focus on degenerative
tendinopathy and anterior cruciate ligament tears/reconstruction. Additionally, we
identify the most critical unanswered questions preventing progress in the field as
well as the potential opportunities for regenerative rehabilitation to prevent injury
and improve structural, functional, and patient-reported outcomes. We hope that this
review serves as a valuable reference for those new to the field of regenerative
rehabilitation and provides insight into its application to tendon and ligament
injuries.
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11.1 Introduction

Current estimates suggest that tendon and ligament injuries account for 20–30% of
all musculoskeletal disorders and are the most common form of non-fatal occupa-
tional injury resulting in over 420,000 days away from work each year in the USA
(Bureau of Labor Statistics 2016; Badley and Tennant 1993; Fleming et al. 2005).
Tears are most common in the tendons of the rotator cuff (e.g., supraspinatus), the
Achilles tendon, and the anterior cruciate ligament (ACL) (Sanders et al. 2016;
Millar et al. 2021). In fact, ACL reconstruction is one of the most common pro-
cedures performed in orthopedic surgery (Garrett et al. 2006).

There are a number of operative and non-operative treatment options for tendon
and ligament injuries. In the case of tendinopathy, pain may be manageable with
non-surgical options such as nonsteroidal anti-inflammatory drugs (NSAIDs), cor-
ticosteroids, and eccentric loading (Andres and Murrell 2008). However, pain
recurrence is common and, particularly in the case of anti-inflammatory treatments,
the structural deficits of the tendon remain or even worsen, which increases the risk
of subsequent tissue rupture (Shrier et al. 1996; Virchenko et al. 2004; Su and
O’Connor 2013; Bedi et al. 2020). Surgical repair of torn tendons has varied success
with rates ranging from 98% (for Achilles’ tendons) to 56% (for supraspinatus
tendons) (Rashid et al. 2017; Ochen et al. 2019). Even in the case of successful
repairs, structural and functional deficits remain, which pose a risk for reinjury
(Freedman et al. 2014; Collin et al. 2019). For ACL tears, surgical reconstruction
is the gold-standard treatment given the limited intrinsic repair capacity of the ACL
(Hefti et al. 1991; Dunn et al. 2004). Reconstruction involves replacing the ACL
with a tendon either from the patient (i.e., autograft) or from a cadaver (i.e.,
allograft). While the success rates can be satisfactory depending upon patient and
graft specifics, reconstruction failure occurs in up to 30% of young active patients,
who are three times more likely to tear their ACL and account for nearly 70% of all
ACL reconstructions (Barrett et al. 2010; Buller et al. 2015; Sanders et al. 2016).
Therefore, there is significant interest in preventing tendon/ligament injuries and
improving treatment success.

The objective of this chapter is to summarize the data regarding the role of
mechanics in the etiology and treatment of tendinopathy and ligament tears, specif-
ically involving the ACL. Given that the primary function of tendons and ligaments
is to transmit loads, it is not surprising that mechanics play an important role in both
the cause and cure of tendon and ligament injuries. In the following sections, we will
demonstrate that, while tendon and ligament ruptures may appear to be acute
injuries, they are often preceded by the accumulation of tissue damage, microtrauma,
and degeneration, which further weaken the tissue and result in injury. Additionally,
we will examine the evidence suggesting that, in the case of tendinopathy, proper
physical therapy (i.e., mechanical loading) can help reduce pain and potentially help
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restore tissue structure and function. Similarly, evidence suggests that proper
mechanical loading of ACL reconstructions is critical for successful surgical out-
comes, especially for allografts. At the end of this chapter, we hope that this
information regarding the role of mechanics in tendinopathy and ACL injury will
demonstrate the potential of using regenerative rehabilitation for developing better
methods of injury prevention and treatment.

11.2 Tendinopathy

11.2.1 Mechanical Loading is a Primary Risk Factor
for Tendinopathy

Tendinopathy is a broad term that can include a variety of symptoms, including
chronic pain, inflammation, matrix disorganization, and tendon rupture (Millar et al.
2021). Tendinopathic tissues are often marked by tissue degeneration in the form of
disorganized collagen fibers, increased activity of matrix metalloproteinases
(MMPs), synthesis of inflammatory markers such as interleukins and
cyclooxygenases, production of abnormal matrix deposits (i.e., calcium, lipid, car-
tilage), and inferior mechanical properties (Kannus and Józsa 1991; Tallon et al.
2001; Magra and Maffulli 2005; Jones et al. 2006; Arya and Kulig 2010; Dakin et al.
2014; Wiesinger et al. 2020). While the cause of tendinopathy and the associated
tissue degeneration is unclear, risk factors include age, obesity, and chronic disease
(e.g., diabetes) (Kannus et al. 2005; Scott et al. 2015; Ranger et al. 2016; Svensson
et al. 2016; Macchi et al. 2020; Millar et al. 2021). Tendons in aged individuals
exhibit changes in matrix composition, such as the accumulation of atypical deposits
containing calcium, lipids, and glycosaminoglycans (GAGs), as well as many
cellular and vascular changes (Kannus et al. 2005). Additionally, the incidence of
tendon rupture increases with age (Yamaguchi et al. 2006). While there is data to
suggest that these structural changes and higher failure rates are due to biological
changes associated with aging (Zhou et al. 2010; McBeath et al. 2019), it is also
possible that they are simply a result of the accumulation of tissue damage over time.

Obesity is another factor associated with a greater risk of tendinopathy. Obese
patients have a higher incidence of surgical treatments for tendon tears, more
complications after surgeries, and inferior tendon mechanical properties (Macchi
et al. 2020). Furthermore, obese patients have a higher incidence rate of low-grade
chronic inflammation similar to that seen in chronic diseases that are also risk factors
of musculoskeletal disease (Abate et al. 2013). For example, diabetic patients have a
higher incidence of tendon injuries (Ranger et al. 2016; Lui 2017) resulting from
reduced biomechanical properties and an altered tissue structure, (Snedeker 2016;
Nichols et al. 2020; Lu et al. 2020) which is possibly due to abnormal behavior of
tenocytes and tendon stem/progenitor cells in response to high glucose levels (Tsai
et al. 2013; Ueda et al. 2018; Nichols et al. 2020; Lu et al. 2020).
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While biologic factors likely contribute to tendon injuries, overuse (i.e., fatigue
loading) is the most well-established cause of tendinopathy. Cases are commonly
seen in people who use the same muscles repeatedly, such as athletes and physical
workers (Werner et al. 2005; Forde et al. 2005; Kujala et al. 2005). Fatigue loading
has been shown to directly cause the accumulation of tissue damage and collagen
fiber disorganization (Fig. 11.1), which is dependent on the loading magnitude, cycle
number, and tendon type/function (Wang et al. 1995; Gibbon et al. 1999;
Schechtman and Bader 2002; Nakama et al. 2005; Cook and Purdam 2009; Fung
et al. 2010; Herod et al. 2016; Szczesny et al. 2018; Zitnay et al. 2020). In addition to
direct mechanical damage, fatigue loading has also been shown to induce many of
the biological changes associated with tendinopathy, including the synthesis of
catabolic proteases and inflammatory cytokines as well as the formation of abnormal
(e.g., calcium, lipid, and cartilaginous) matrix deposits. Specifically, tendons in
animals subjected to intense treadmill running show increased expression of

Fig. 11.1 Disorganization of collagen fibers with fatigue loading. (a) Highly aligned collagen
fibers in the unloaded tendon. (b) Isolated kinked fiber deformations (KD) in a low fatigue tendon.
(c) Density of kinked fiber deformations increases in moderately fatigued tendons. Widening of
inter-fiber space (IS) is also observed. (d) Significant matrix disruption, fiber disorganization, and
greater widening of inter-fiber space are observed. FOV ¼ 400 mm. Adapted with permission from
Fung et al. (2010)
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chondrogenic (collagen II, aggrecan, SOX9), adipogenic (LPL, PPARγ), and oste-
ogenic (RUNX2, Osterix) genes, the appearance of round chondrocyte-like cells,
GAG deposition, hypercellularity, increased vascularity, and reduced mechanical
properties (Fig. 11.2) (Archambault et al. 2007; Glazebrook et al. 2008; Ng et al.
2011; Zhang and Wang 2013; Zhao et al. 2019). Increases in gene expression and
protein synthesis of matrix metalloproteinases (MMP13) and inflammatory cyto-
kines (IL1-β) were also observed in an in vivo fatigue loading model of the rat
patellar tendon (Sun et al. 2008). While these animal studies clearly link fatigue
loading and abnormal mechanical stimuli with tendon degeneration, it is unclear
whether the degenerative cellular response to fatigue loading is due to excessive or
reduced mechanical stimuli (Arnoczky et al. 2007a).

In vitro cell stretching experiments provide the clearest demonstration of the
effect of mechanical over-stimulation on tendon cells. Typically, these studies
involve isolating tenocytes or tendon/stem progenitor cells, seeding them onto
flexible 2D substrates, and stretching the substrates at various strain levels (Robbins
et al. 1997; Banes et al. 1999; Skutek et al. 2001, 2003; Archambault et al. 2002;
Wang et al. 2003; Yang et al. 2005; Zhang and Wang 2013; Jones et al. 2013). In

Fig. 11.2 Degenerative changes in mouse Achilles tendons with excessive treadmill running. (a) H
& E staining of tendons from cage control mice does not show round cells with cavities. (b)
Intensive treadmill running (ITR) creates numerous chondrocyte-like cells with cavities. (c) Alcian
blue staining shows minimal GAG presence in tendons from cage control mice (d) Strong Alcian
blue staining for GAGs and presence of chondrocyte-like cells in intensive treadmill running
group. Bar: 25 μm. Adapted with permission from Zhao et al. (2019)
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response to mechanical stimulation, these studies found that tendon cells increase
expression and synthesis of inflammatory mediators, like PGE2, COX2, IL1-β, and
IL-6, as well as matrix metalloproteinases MMP1 and MMP3 (Almekinders et al.
1993; Skutek et al. 2001; Wang et al. 2003; Tsuzaki et al. 2003; Yang et al. 2005).
Furthermore, excessive stretching of tendon stem/progenitor cells leads to an
increase in the production of non-tenogenic (i.e., osteogenic, adipogenic, and
chondrogenic) genes, which supports the hypothesis that excessive loading of
tendon cells causes the accumulation of abnormal tissue deposits (Zhang and
Wang 2013). However, these in vitro conditions do not replicate the mechanical
stimulation, cell-matrix interactions, and cell-cell communication that is present in
the native tendon microenvironment. In contrast to a dense cell monolayer, tendons
are sparsely populated with cells that are enveloped by a pericellular matrix, which
physically separates the cells from the surrounding collagen fibrils (Bray et al. 1993;
Senga et al. 1995; Keene et al. 1998; Ritty et al. 2003). This pericellular matrix not
only reduces the mechanical stimuli that cells experience in situ (Puxkandl et al.
2002; Screen et al. 2004; Rigozzi et al. 2011; Szczesny and Elliott 2014) but also
influences the biological behavior of tendon cells (Bi et al. 2007). To overcome these
artificial in vitro conditions, tissue explant models have been used to study the
response of tendons to fatigue loading. These studies also found an increase in levels
of proteinases (MMP1, MMP3, MMP13) and inflammatory markers (COX2, IL-6,
PGE2) with fatigue loading (Devkota and Weinhold 2010; Spiesz et al. 2015;
Thorpe et al. 2015). This agreement between 2D in vitro and tissue explant models
suggests that excessive mechanical loading may indeed be responsible for the
degenerative response of tendon cells observed with tendon overuse.

However, there is also substantial data suggesting that the degenerative changes
associated with tendon overuse are due to a lack of mechanical stimulation. Fatigue
damage to the extracellular matrix likely reduces the strains transmitted to tendon
cells (Arnoczky et al. 2007a; Ros et al. 2019). This cellular unloading increases the
production of catabolic proteases (Lavagnino and Arnoczky 2005; Lavagnino et al.
2006) that induce further deterioration of the pericellular matrix, thereby increasing
cellular unloading and leading to progressive tendon degeneration. This hypothesis
is supported by in vitro stress deprivation experiments of tendons, which causes an
upregulation of MMP3 and MMP13 (Arnoczky et al. 2007b, 2008; Leigh et al.
2008), a decrease in the level of tissue inhibitors of metalloproteinases (TIMPs)
(Gardner et al. 2008), and reduced collagen synthesis (Dideriksen et al. 2017). This
overall increase in catabolic activity leads to a decrease in the tissue mechanical
properties by approximately 50% in rat tail tendon fascicles and canine flexor
digitorum profundus tendons (Hannafin et al. 1995; Arnoczky et al. 2007b). Fur-
thermore, stress deprivation leads to degenerative changes, including tendon cell
apoptosis (Egerbacher et al. 2008) and production of large, GAG-rich proteoglycans
(Egerbacher et al. 2021). Very similar results have also been found from in vivo
animal and clinical studies of tendon unloading or immobilization, including large
reductions in tissue mechanical properties (Almeida-Silveira et al. 2000; Kubo et al.
2004; Reeves et al. 2005; de Boer et al. 2007), tendon cell apoptosis (Kawabata et al.
2009), and increased expression of inflammatory cytokines (TNF-α) and

364 L. Paschall et al.



chondrogenic factors (TGF-β) (Uchida et al. 2005). Finally, an adaptive
mechanobiological model incorporating these data has shown that cellular unloading
due to fatigue-induced tissue damage can explain the degenerative changes associ-
ated with tendinopathy (Mehdizadeh et al. 2017). Therefore, it is still unclear
whether mechanical over-stimulation, under-stimulation, or potentially both, is
responsible for fatigue-induced tendon degeneration. Identifying the underlying
mechanisms driving tendon degeneration is essential for preventing tendon injury
and developing novel therapies for restoring tissue structure and function.

11.2.2 Treatment Opportunities Via Regenerative
Rehabilitation

Many treatment options exist for tendinopathy, including NSAIDs, corticosteroids,
platelet-rich plasma, glyceryl trinitrate, extracorporeal shockwave therapy, low-level
laser therapy, and surgery (Millar et al. 2021). In general, NSAIDs and corticoste-
roids are effective for short-term pain relief (Riley 2008), and surgery has mixed
success rates (Paavola et al. 2000), whereas most other treatments are unproven. For
the purpose of this chapter, we will focus on exercise, specifically eccentric exercise,
since it is the most relevant to regenerative rehabilitation and is the most effective
conservative approach for treating tendinopathy (Alfredson et al. 1998; Cannell et al.
2001; Fahlström et al. 2003; Ohberg et al. 2004; Jonsson and Alfredson 2005;
Kongsgaard et al. 2006; Riley 2008; Girgis and Duarte 2020; Millar et al. 2021).

For several decades, eccentric exercise (i.e., lengthening of active/force-
generating muscle) has been a popular first-line treatment for tendinopathy given
that it is noninvasive and has no major adverse side effects. Furthermore, eccentric
exercise has been shown to significantly reduce pain and improve the recovery of
functional strength in symptomatic Achilles tendons to preinjury levels in athletes
(Alfredson et al. 1998). This initial study was replicated in a larger group of patients
(Fahlström et al. 2003), and a comparison of different rehabilitation techniques
demonstrated that eccentric exercise is better than concentric exercise (Mafi et al.
2001). Importantly, not only does eccentric exercise reduce pain, but it also restores
the tissue structure (Ohberg et al. 2004). Finally, similar success with slow eccentric
exercises has also been observed for patellar tendinopathy (Jonsson and Alfredson
2005; Lee et al. 2020).

Despite the popularity and established clinical success of eccentric exercise, the
mechanism underlying its effectiveness has not been clearly established (Maganaris
et al. 2017). One hypothesis for the beneficial effects of eccentric exercise is that the
larger tensile forces produced by eccentric muscle contraction may lead to higher
tendon stiffness (Malliaras et al. 2013a). However, another study found no signifi-
cant difference in peak tendon force or changes in tendon length between eccentric
and concentric exercises (Rees et al. 2008). Instead, the authors discovered high-
frequency oscillations in tendon force during eccentric exercise that were absent in
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concentric exercises, suggesting that these force fluctuations provide an important
remodeling stimulus to tendon cells. Another hypothesis is that eccentric exercise
increases tendon cell metabolism and blood flow. Specifically, eccentric exercise
produces greater oxyhemoglobin, total hemoglobin, and saturated oxygen in Achil-
les’ tendons compared to concentric exercises (Kubo 2015). One final hypothesis is
that eccentric exercise creates greater water exudation compared to concentric
exercise due to a larger decrease in tendon volume and that this might also be an
important stimulus responsible for healing (Grigg et al. 2009). However, it is
unknown whether any of these differences observed between eccentric and concen-
tric exercise are responsible for the differential clinical benefits.

More recent studies suggest that the benefits of eccentric exercise are not univer-
sal and that individual factors like pain, patient compliance, and personal perfor-
mance should be considered to optimize treatment protocols (Millar et al. 2021). In
fact, progressive tendon loading [succession of isometric (static), isotonic
(dynamic), energy-storage (explosive), and sport-specific exercises] might be more
effective than eccentric exercises for treating patellar tendinopathy (Breda et al.
2020). Additionally, heavy slow resistance training was equivalent to (if not better
than) eccentric exercise in terms of neuromuscular performance for both Achilles
and patellar tendons (Malliaras et al. 2013b). Moreover, it was associated with
reduced vascularity, reduced tendon diameter, and greater collagen turnover.
Finally, isometric loading was also effective in reducing pain in patients with patellar
tendinopathy (Malliaras et al. 2013a). However, most of this evidence is qualitative,
and personalization of exercise protocols is complicated by the lack of knowledge
regarding the association between exercise therapy outcomes and individual patient
factors, like BMI, sex, and baseline pain levels (Färnqvist et al. 2020).

It is also important to note that mechanical loading can not only treat
tendinopathy but is also essential for maintaining healthy tendons and, therefore,
can prevent disease development. Moderate tendon loading is beneficial for anabolic
gene production, collagen turnover, and maintaining tendon mechanical properties
(Langberg et al. 2001; Wang et al. 2012). Even short-duration exercise
upregulates key tenogenic genes, such as scleraxis, tenomodulin, collagen I, and
mechano-growth factor (Mendias et al. 2012; Zhang and Wang 2013; Thampatty
and Wang 2018). Moderate loading also increases tendon tensile strength (Viidik
1967) and offsets the decline in tendon material properties observed with aging
(Narici and Maganaris 2006). Interestingly, similar to the treatment of degenerated
tendons, eccentric loading may also provide greater preventative benefits in healthy
tendons. Specifically, in rats subjected to both concentric and eccentric loading, the
triceps, patellar, and Achilles tendons accumulated more collagen in the eccentric
group (Kaux et al. 2013). Therefore, while inappropriate mechanical stimuli can
induce tissue degeneration and ultimately tendon injury, proper tendon loading is
essential for maintaining tissue health and treating tendinopathy.
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11.3 ACL Reconstructions

11.3.1 Repetitive Mechanical Loading as Potential Cause
of ACL Rupture

The prevailing medical and scientific perspective is that noncontact ACL injuries are
predominantly a “single traumatic event” caused by an acute overload of an other-
wise healthy ligament (Boden et al. 2000). However, a couple recent studies suggest
that repetitive subfailure loading creates microtrauma and structural tissue damage at
multiple length scales and predisposes the ACL to injury (Lipps et al. 2013; Chen
et al. 2019). Specifically, repetitive loading of cadaveric knees under conditions
simulating single-legged pivot landings leads to rapid (i.e., low cycle number)
fatigue failure of human ACLs (Lipps et al. 2013). Additionally, infrared spectros-
copy of the fatigue-loaded ligaments revealed a strong 1740 cm-1 feature that is
indicative of disrupted collagen molecules (Chen et al. 2019). This interpretation
was confirmed by increased labeling of loaded ACLs (compared to controls) with a
collagen hybridizing peptide that targets denatured collagen molecules. Further-
more, the same study found a significant increase in disruption of collagen fibrils
and fibers in ACLs from tested knees using atomic force microscopy and second
harmonic generation imaging. Consistent with these data, abnormal mechanical
loading of the ACL is also suggested to induce mucoid tissue degeneration within
the ACL (Yigman and Toprak 2020). Specifically, mucoid degeneration of the ACL
is prevalent in patients with trochlear dysplasia (TD), which is a developmental
condition characterized by an abnormally shallow femoral trochlea. A normal
trochlear groove is essential for the extensor mechanism function of the knee
(Botchu et al. 2013). Therefore, it is hypothesized that knee instability in patients
with TD may increase ACL loading which leads to structural damage and inadequate
repair (Yigman and Toprak 2020). Together, these data suggest that noncontact ACL
injuries may be due to fatigue damage and the accumulation of microtrauma and
progressive tissue degeneration, similar to the onset of tendon injuries.

11.3.2 Role of Mechanical Loading in Success of Allograft
ACL Reconstruction

Reconstruction of the ACL is the gold-standard treatment following rupture given
the lack of spontaneous tissue repair and risk of secondary knee damage (Dunn et al.
2004; Cristiani et al. 2020; Mortazavi et al. 2021). Graft options for reconstructing
the ACL come in the form of autogenous or allogeneic tendon. Across the general
patient population, allografts exhibit higher failure rates than autografts (Kaeding
et al. 2011); however, this is likely due to the detrimental effect of irradiation that is
sometimes used to sterilize allografts (Schwartz et al. 2006). Indeed, when irradiated
grafts are excluded from large-scale analyses, no significant difference is observed
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between autografts and non-irradiated allografts (Krych et al. 2008; Zeng et al. 2016;
Kan et al. 2016). Nevertheless, rerupture rates of non-irradiated allografts are 3–4
times higher than autografts in young (<35 years) active individuals (Singhal et al.
2007; Barrett et al. 2010; Bottoni et al. 2015), who account for nearly 70% of all
ACL reconstructions (Buller et al. 2015; Sanders et al. 2016). While the reason for
increased allograft failure in young active patients is unclear, there is evidence
suggesting that it may be due to impaired post-surgical graft remodeling.

Following surgical implantation, all tendon grafts undergo a process termed
“ligamentization” in which the graft structure is substantially remodeled toward a
tissue resembling the native ACL (Amiel et al. 1986; Scheffler et al. 2008b; Claes
et al. 2011; Giordano et al. 2015). This remodeling process can be described in three
key phases: an early healing phase, a proliferation phase, and a final ligamentization
phase. In animal models, the early healing phase occurs from the time of the ACL
reconstruction up until around the 4th postoperative week (Scheffler et al. 2008b).
This period is marked by graft necrosis, hypocellularity, structural degradation, and a
drop in mechanical properties (Bosch and Kasperczyk 1992; Papageorgiou et al.
2001). Additionally, the grafts slowly become revascularized and infiltrated by host
cells (Kleiner et al. 1986; Bosch and Kasperczyk 1992). In the proliferation phase,
which occurs roughly between the 4th and 12th postoperative week in animals, the
graft mechanical properties stop declining and begin to recover due to an increase in
cellular activity and remodeling of the extracellular matrix (Curtis et al. 1985; Grana
et al. 1994; Scheffler et al. 2008b; Dong et al. 2015). Specifically, the proliferation
phase exhibits increased cellularity, increased collagen synthesis, and the formation
of a more organized tissue structure (Kleiner et al. 1989; Spindler et al. 1996;
Goradia et al. 2000; Giordano et al. 2015). The proliferation phase gradually
transitions into the ligamentization phase, which encompasses the long-term process
of remodeling the graft into a tissue that more closely resembles the structure and
function of the native ACL. In particular, the reconstructed tissue obtains moderate
amounts of collagen III fibrils, GAGs, and collagen crosslinks that are comparable to
levels observed in ACLs and distinct from the original tendon graft (Amiel et al.
1986; Lane et al. 1993; Ng et al. 1995). Additionally, the cellularity and vascular-
ization of the graft return to normative values (Arnoczky et al. 1982). Nevertheless,
even after several years, the tissue structure and function never completely replicate
that of the native ACL. In both allografts and autografts, the reconstruction contains
an altered collagen crimp pattern (Weiler et al. 2002) and a high percentage of small-
diameter fibrils (Jackson et al. 1993), which is consistent with inferior mechanical
properties compared to the ACL (Shino et al. 1984; Bosch and Kasperczyk 1992;
Jackson et al. 1993; Ng et al. 1995; Weiler et al. 2001). The same basic process is
believed to occur in humans, albeit with less robust tissue remodeling that occurs
over a longer timeframe (Scheffler et al. 2008b; Claes et al. 2011).

While both graft types undergo the same post-surgical remodeling process,
allografts recover their mechanical properties more slowly, which leaves lasting
structural and mechanical deficits. As mentioned above, one of the initial effects of
graft remodeling is the breakdown of the collagen fibrils into small diameter
structures, which is less pronounced in allograft reconstructions (Jackson et al.
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1993). Additionally, reorganization of the tissue structure during later phases of
remodeling is delayed in allografts (Scheffler et al. 2008a), which also exhibit higher
levels of MMP activity that stretch into the proliferation phase (Wang et al. 2017a).
These structural deficits are consistent with the inferior stiffness and strength of
allografts compared to autografts throughout the remodeling period (Fig. 11.3)
(Jackson et al. 1993; Dustmann et al. 2008; Wang et al. 2017a). The impaired
remodeling of allografts is also consistent with clinical data demonstrating that
allografts tend to fail within the tissue midsubstance whereas autografts fail almost
exclusively at the bone tunnel insertions, indicating that the tissue midsubstance is
the weak point for allograft reconstructions (Magnussen et al. 2012). Together, these
data suggest that impaired graft remodeling is responsible for increased rerupture of
allograft ACL reconstructions.

One explanation for impaired allograft remodeling is a heightened inflammatory
response to the exogenous tissue. While this may seem obvious, evidence for the
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hypothesis that allografts generate an increased inflammatory response that leads to
impaired graft remodeling is mixed. Research suggests that a single freeze–thaw
cycle is sufficient to nearly eliminate the antigenicity of tendon allografts (Minami
et al. 1982). This is because the freezing process kills the cells within the graft (likely
disrupting the cell surface proteins responsible for immune cell activation) and
because collagen itself within the extracellular matrix is weakly antigenic (Steffen
et al. 1968). While some studies still demonstrate a measurably increased immune
response with allografts compared to autografts (Jackson et al. 1993; Yang et al.
2012), much of this difference could be due to graft type (bone-tendon-bone versus
free tendon grafts) (Biau et al. 2006) and sterilization (i.e., ethylene oxide) (Schwartz
et al. 2006; Bottoni et al. 2015) rather than an intrinsic property of allografts. Indeed,
several studies demonstrate that there is no heightened immunological response with
allografts (Arnoczky et al. 1982; Shino et al. 1984; Curtis et al. 1985; Fromm et al.
1996; Scheffler et al. 2008a). Nevertheless, ACL reconstruction failure is correlated
with increased numbers of pro-inflammatory cells (e.g., M1 macrophages and Th17
cells) (Hays et al. 2008; Yang et al. 2012; Song et al. 2017). Therefore, while more
research is necessary to conclusively demonstrate immunological differences
between graft types, it is possible that a heightened immune response to allograft
reconstructions is responsible for impaired remodeling. However, this still does not
explain why allograft failure is increased compared to autografts particularly in
young active patients (Singhal et al. 2007; Barrett et al. 2010; Bottoni et al. 2015).

Another possible reason for poor allograft outcomes is that allografts have a
deficient or abnormal response to increased mechanical stimuli present during
rehabilitation and post-surgical remodeling. In general, ACL reconstruction
remodeling is highly sensitive to mechanical loading. Animal studies demonstrate
that stress shielding ACL reconstructions significantly impair structural remodeling
and reduces the tissue mechanical properties in a dose-dependent manner (Ohno
et al. 1993). Additionally, excessive mechanical loading (induced by reducing the
cross-section of the grafts) also leads to inferior mechanical properties (Tohyama
and Yasuda 2002). These data suggest that there is an optimal amount of mechanical
loading during graft remodeling and that too much or too little loading can be
detrimental to the overall success of the graft. These animal studies are also
supported by clinical data indicating that high graft bending angles, which put
greater stress on the reconstruction, impairs tissue remodeling (Tashiro et al.
2017). Furthermore, increased patient activity (and presumably greater graft loading)
amplifies outcome differences between allograft and autograft reconstructions. Spe-
cifically, highly active patients (e.g., athletes, military service members) with allo-
graft reconstructions are almost seven times more likely to rupture their
reconstruction (controlling for age and gender) than low activity patients, whereas
there was no effect of patient activity with autografts (Borchers et al. 2009; Pallis
et al. 2012). Given that allografts and autografts have similar mechanical properties
at the time of implantation (Jackson et al. 1988; Jung et al. 2011; Suto et al. 2012;
Arnout et al. 2013), these clinical data strongly suggest that allograft remodeling is
negatively affected by mechanical stimuli and that this is responsible for their
increased failure. Consistent with these findings, animal studies demonstrate that
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allograft reconstructions contain proportionally fewer myofibroblasts compared to
autografts (Dustmann et al. 2008; Scheffler et al. 2008b), which are highly produc-
tive cells responsible for the remodeling of fibrous tissues (Bell et al. 2018). Since
myofibroblast differentiation is induced by mechanical loading (Tomasek et al.
2002), these data further suggest that impaired allograft remodeling is due to a
deficient response to mechanical stimuli.

11.3.3 Opportunities for Improving Allograft Reconstruction
Via Regenerative Rehabilitation

Understanding the importance of mechanical stimuli on allograft remodeling and
failure offers many new opportunities for improving their performance. Of course,
rehabilitation protocols can be tailored to meet the patient’s goals while also
protecting the reconstruction. However, the ideal option would be to augment
allograft reconstructions such that they have a positive (rather than negative)
response to increased mechanical stimuli. Intriguingly, the interconnection between
fibroblast mechanobiology, immune cell polarization, and mechanical loading sug-
gests that these may be effective targets for allograft augmentation strategies. For
example, in vitro co-culture experiments show that macrophages influence
myofibroblast differentiation and survival (Ullm et al. 2020; Sapudom et al. 2020).
Specifically, co-culture of fibroblasts with anti-inflammatory M2 macrophages sig-
nificantly activates myofibroblast differentiation and the secretion of extracellular
proteins (Sapudom et al. 2020). Furthermore, M2 macrophages themselves can
differentiate into myofibroblasts through a process called “macrophage to
myofibroblast transition” (Wang et al. 2016, 2017b), suggesting that M2 macro-
phages may improve graft remodeling. In contrast, pro-inflammatory M1 macro-
phages are associated with reconstruction failure (Song et al. 2017). Consistent with
poor allograft outcomes with increased mechanical stimuli, mechanical loading of
ACL reconstructions leads to increased macrophage recruitment to the graft (Dagher
et al. 2009; Brophy et al. 2011), which is associated with impaired graft-to-bone
healing (Hays et al. 2008). Therefore, these data collectively suggest that efforts to
enhance macrophage polarization to anti-inflammatory phenotypes may increase
myofibroblast density within allografts and improve their remodeling response to
mechanical loading.

Additional data linking tissue structure with immune cell polarization also sug-
gest that impaired allograft remodeling with increased mechanical loading may be
due to a runaway biological feedback loop (Fig. 11.4a). Specifically, increased
recruitment of pro-inflammatory (i.e., Th17) immune cells to allografts (Yang
et al. 2012) may delay graft remodeling and increase tissue disorganization
(Scheffler et al. 2008a). Based on in vitro studies, this disorganized tissue environ-
ment could promote pro-inflammatory M1 macrophage polarization, which would
be further enhanced by increased mechanical loading (Schoenenberger et al. 2020).
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Macrophage secretion of IL-12 and IL-6 will in turn cause newly recruited T cells to
differentiate into pro-inflammatory Th1 and Th17 cells, respectively (Luckheeram
et al. 2012; Italiani and Boraschi 2014), thereby completing the vicious cycle and

Fig. 11.4 Biological feedback loops potentially driving differential remodeling of allograft and
autograft ACL reconstructions. (a) In allografts, an initial increased recruitment of
pro-inflammatory immune cells may delay graft remodeling and increase tissue disorganization
through a catabolic feedback loop. (b) In autografts, an increased recruitment of anti-inflammatory
cells may promote the formation of a more aligned tissue structure during initial graft remodeling
through an anabolic feedback loop
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leading to impaired allograft remodeling with increased mechanical loading. In
contrast, a beneficial feedback loop may explain why autograft remodeling remains
productive with increased mechanical loading (Fig. 11.4b). Specifically, an
increased recruitment of anti-inflammatory immune cells [i.e., regulatory T cells
(Treg)] to autografts (Yang et al. 2012) will promote the formation of a more aligned
tissue structure during initial graft remodeling (Scheffler et al. 2008a), which could
enhance M2 macrophage polarization (Schoenenberger et al. 2020). The resulting
increase in TGF-β secretion would increase myofibroblast and Treg differentiation
(Hays et al. 2008; Luckheeram et al. 2012; Sapudom et al. 2020). This overall anti-
inflammatory environment would serve to reduce antigen presentation and T cell
receptor strength, thereby promoting the differentiation of arriving naive T cells into
anti-inflammatory Th2 phenotypes (Bhattacharyya and Feng 2020). Secretion of
IL-4 and IL-13 from these Th2 cells would then reinforce M2 macrophage polari-
zation and amplify collagen synthesis by myofibroblasts (Barron and Wynn 2011),
which would be further amplified by mechanical loading (Lee et al. 2005;
Schoenenberger et al. 2020). Whether these feedback loops actually operate during
ACL reconstruction remodeling is unknown; however, they may potentially offer
new insight into the differential response of allografts and autografts to mechanical
stimuli.

Another potential therapeutic strategy is the inhibition or management of MMP
activity. In general, MMPs are necessary for reconstruction remodeling since they
break down the initial tendon graft structure so that a more ligamentous tissue can be
formed (Bramono et al. 2004). Indeed, both autografts and allografts exhibit
increased MMP synthesis compared to the native ACLs (Wang et al. 2017a).
However, excessive MMP activity impairs graft integration within the bone tunnels
(Demirag et al. 2005) and could also prevent the recovery of the tissue mechanical
properties during the proliferation and ligamentization remodeling phases. As men-
tioned in the previous section on tendinopathy, tendons increase their production of
MMPs in response to fatigue loading (Tsuzaki et al. 2003; Yang et al. 2005;
Wiesinger et al. 2020). Consistent with the hypothesis that allografts have an
abnormal (i.e., catabolic) response to increased mechanical stimuli, allograft recon-
structions exhibit increased synthesis of MMPs compared to autografts throughout
the remodeling period (Wang et al. 2017a). One reason for this could be an increased
concentration of pro-inflammatory cytokines (e.g., IL1-β, PGE2), which are
upregulated with excessive tendon loading and activate MMP expression (Tsuzaki
et al. 2003; Liu et al. 2010). This would fit with the hypothesis of a counterproduc-
tive feedback loop between mechanical loading and the immune response to allo-
grafts proposed in the preceding paragraph (Fig. 11.4a). However, MMP expression
is also downstream of Wnt signaling (Wu et al. 2007), and allograft reconstructions
have been shown to contain elevated levels of Wnt and reduced levels of the Wnt
pathway inhibitor adenomatous polyposis coli (APC) (Wang et al. 2017a). These
data suggest that Wnt/β-catenin may be another potential target for improving
allograft remodeling in young active patients.

One final consideration is the effect of sex and sex hormones on ACL recon-
struction remodeling. It is well known that the incidence of ACL injury is strongly
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dependent on sex; females who participate in sports that require cutting and/or
jumping have a four to six times greater chance of tearing their ACL when compared
to males (Lee et al. 2015). While this could be potentially explained by the fact that
female ACLs have inferior mechanical properties (Jackson et al. 1993), there is also
substantial evidence that the increased risk of ACL rupture is due to levels of sex
hormones. Specifically, 70% of ACL injuries in women occur within the first two
days of the menstrual cycle (Slauterbeck et al. 2002). Furthermore, ACL stiffness is
significantly correlated with levels of estradiol, estriol, estrogen, and progesterone
(Romani et al. 2003), which is consistent with data from in vitro constructs demon-
strating that estrogen inhibits lysyl oxidase and impairs mechanical function (Lee
et al. 2015). Therefore, it is highly likely that levels of sex hormones also strongly
affect ACL reconstruction remodeling. Additionally, sex is an important factor to
consider when choosing the appropriate donor for allograft reconstructions; ACL
reconstructions using allografts harvested from females over 50 years old were seven
times more likely to fail compared to allografts from younger women or men of any
age (Shumborski et al. 2020). The authors of this study hypothesized that this could
be explained by the loss of estrogen in older women leading to sex-related changes in
elastin and collagen metabolism. Therefore, levels of sex hormones in the patient
and the donor are important considerations for optimizing allograft reconstruction
remodeling.

11.4 Conclusions

As presented in this chapter, there are many parallels between tendon and ligament
injuries, which is not surprising given their similar structure and function. Interest-
ingly, by considering both tissues in a single review, it is possible to fill in the gaps of
our understanding and offer novel hypotheses regarding the role of mechanical
stimuli on their injury and repair. The depth of information regarding the effect of
abnormal mechanical stimuli on tendon degeneration provides context and support
to the relatively recent idea that ACL tears are a result of subfailure damage
accumulation and degeneration. Additionally, the decades of study on post-surgical
remodeling of ACL reconstructions help inform the role of mechanical loading (e.g.,
eccentric loading) on the remodeling of degenerative tendons. In both cases, the
mechanisms underlying the effects of mechanical stimuli on tissue injury and repair
need to be elucidated so that injury prevention and treatment programs can be
optimized. However, the data clearly indicate that there is a strong potential for the
use of regenerative rehabilitation to improve clinical outcomes by enhancing con-
structive cellular activity and tissue remodeling through the manipulation of
mechanical stimuli. Future research coupling clinical and animal studies with
novel imaging and characterization techniques will hopefully lay the mechanistic
foundation for future therapies.
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Chapter 12
Methods to Enhance the Beneficial Effects
of Exercise in Individuals with Spinal Cord
Injuries

Matthew R. Ely, Brett R. Ely, Ryan J. Solinsky, and J. Andrew Taylor

Abstract Physical deconditioning commonly occurs following spinal cord injury
(SCI) due to loss of voluntary functional movement and resultant increased seden-
tary behavior. This lesser energy expenditure leads to increased fat mass, decreased
lean tissue mass, increased body mass index, declines in cardiac structure and
function, reduced insulin sensitivity, and lower cardiorespiratory fitness. Collec-
tively these physiological changes increase the risk of morbidity and mortality from
cardiovascular diseases. Exercise as a therapy after an SCI may mitigate these
negative health effects and improve quality and longevity of life. However, current
exercise interventions for individuals with SCI may not be sufficient to prevent the
elevations in risk factors for cardiovascular disease. Therefore, interventions to
enhance the effectiveness of exercise therapy may be needed in this population in
order to experience the same benefits seen by the uninjured population. Further,
adjunctive therapies that mimic exercise may induce health benefits to combat
cardiovascular disease. This chapter highlights novel interventions that may enhance
function, increase exercise capacity, and decrease disease risk in individuals follow-
ing an SCI. An effort was made to concentrate this chapter on human investigations
of SCI but, where appropriate, investigations using animal models of SCI are
referenced and specifically stated. Although this chapter highlights novel interven-
tions to enhance the positive health benefits of exercise, combinations of these
interventions may be necessary to improve the health of these individuals and
warrants future investigation.
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12.1 Introduction

Spinal cord injuries (SCI) occur in approximately 18,000 individuals in the United
States each year, in 250,000–500,000 individuals globally, and are among the most
catastrophic injuries that a person can experience (Jain et al. 2015; McDonald and
Sadowsky 2002; Roberts et al. 2017; WHO 2013). An SCI results in lifelong
disability in those who are typically young adults, predominantly men aged
16–44 years, and are primarily caused by vehicular accidents (DeVivo et al. 1999;
Jain et al. 2015). An SCI disrupts neural connections below the level of injury that
affect almost every major organ system, resulting in muscle paralysis, loss of
sensation, and autonomic dysfunction. An SCI can occur anywhere along the
24 vertebrae and vary in severity from complete (American Spinal Injury Associa-
tion Impairment Scale; AIS A) to incomplete impairment (AIS B, C, D). Complete
impairments occur when there is an absence of all motor and sensory functions,
including the sacral roots, distal to the site of the injury. Incomplete impairments
occur when some voluntary movement or sensation is preserved. Additionally, SCIs
may occur where normal motor and sensory function is retained but there may be
abnormalities in reflex control (AIS E) (Roberts et al. 2017). Beyond neural disrup-
tion, SCI results in damage to vertebral bones, intervertebral disks, spinal ligaments,
and blood vessels (McDonald and Sadowsky 2002).

Regardless of the neurological level of injury, there is rapid physical
deconditioning secondary to the loss of voluntary motor control and increased
sedentary activity following the injury (Pelletier and Hicks 2013). The reduced
physical activity leads to a myriad of health issues associated with increased fat
mass, decreased lean tissue mass, lipid disorders, blood pressure irregularities,
abnormal glycemic control, and chronic inflammation (Bigford et al. 2017; Cragg
et al. 2012; LaVela et al. 2006; Myers et al. 2007; Pelletier and Hicks 2013;
Warburton et al. 2007; Weaver et al. 2007; Whiteneck et al. 1992). In addition,
lesser activity induces structural and functional cardiovascular maladaptations (Ely
et al. 2021; Williams et al. 2019). Together, these broad systemic physiological and
structural changes increase the risk for cardiovascular diseases (Mercier and Taylor
2016; Myers et al. 2007). In fact, there is an increased prevalence and earlier onset of
cardiovascular diseases, including heart failure, atrial fibrillation, atherosclerosis,
and ischemic heart disease which are the leading causes of morbidity and mortality
in individuals with chronic SCI (Cragg et al. 2012; Myers et al. 2007; Roger et al.
2012; Whiteneck et al. 1992).

12.2 Exercise Rehabilitation

Regular physical exercise is preventative for a broad range of diseases in uninjured
individuals. Similarly, aerobic exercise in individuals with SCI is important to slow
the progression or reverse negative health risks and minimize the incidence of
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cardiovascular disease (Mercier and Taylor 2016; Myers et al. 2007; Qiu and Taylor
2016). However, exercise must meet certain intensity and volume criteria to create
cardiovascular and metabolic demands sufficient to induce significant benefits across
multiple physiological systems (Kikkinos et al. 2014; Qiu and Taylor 2016). These
demands include increased oxygen consumption to elevate cardiac output and
respiration, skeletal muscle blood flow demands to redistribute blood flow and
increase vascular shear stress, and metabolic heat production sufficient to increase
core temperature, all of which are implicated in the cardiometabolic benefits of
exercise and are reduced in individuals with SCI (Green 2009; Joyner and Green
2009; Laughlin 1999; Laughlin et al. 2008). Muscle paralysis, as a consequence of
SCI, reduces the amount of skeletal muscle that can voluntarily contribute to
exercise, and therefore lessens the exercise intensity and duration that can be
attained, and therefore the associated health benefits. Additionally, with an increased
duration of time since injury, there are parallel declines in whole-body cardiorespi-
ratory fitness and non-paralyzed muscle strength such that these individuals rank
near the bottom of the physical fitness spectrum (Dearwater et al. 1986; Qiu and
Taylor 2016). To maintain or increase cardiorespiratory fitness, it is currently
recommended that individuals with SCI complete at least 30 min of moderate
aerobic exercise 3 or more days per week or 20 min of vigorous aerobic exercise
more than 3 days per week (Martin Ginis et al. 2018; Tweedy et al. 2017). Although
these exercise guidelines are based on improvements in cardiorespiratory fitness, an
increase in fitness occurs in parallel with reductions of many factors related to risk
for cardiovascular disease (Franklin and McCullough 2009). However, the ability
simply to participate in exercise, much less meet exercise intensity and duration
guidelines is a challenge. Therefore, interventions to enhance exercise capacity or
supplemental therapy to mimic exercise may be beneficial for those with SCI to
confer the protective benefits of exercise.

12.3 Restoration of Function

Many types and modes of therapy are available for SCI rehabilitation but most do not
fully restore the motor function of paralyzed limbs (Harvey et al. 2016). The lack of
recovery is due to limited plasticity and regenerative capacity of the nervous system
(Ashammakhi et al. 2019). In the past 10 years, there have been substantial advances
in cell-based therapies, biomaterials, and biomolecules that aid in neuroregeneration
but these techniques have not advanced to a point to restore functional recovery in
humans (Ashammakhi et al. 2019). In general, treatment for SCI is focused on
stabilization of the injury site, prevention of complications, and physical rehabilita-
tion. Physical therapies are pragmatic and intended to improve quality of life
(McDonald and Sadowsky 2002). Therefore, therapies for SCI are not “regenera-
tive” but focus on maintaining or enhancing remaining function. In this context,
exercise has become an important and quantifiable means for functional recovery
(Fu et al. 2016; Sandrow-Feinberg et al. 2009; Warburton et al. 2007). Exercise not
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only strengthens non-paralyzed and potentially paralyzed muscle but may also
increase functional recovery through promoting brain remodeling, improving spinal
microenvironments, and maintaining distal motor neuron function (Fu et al. 2016).

12.3.1 Spinal Stimulation

Motor deficits are considered the most significant barrier to functional recovery.
Currently, some rehabilitative strategies attempt to activate and enhance remaining
functional neurons in individuals with partially preserved motor function. Spinal
stimulation (epidural or transcutaneous) requires a neural computer interfaced with
an electrode to apply electrical impulses onto dorsal root spinal neurons (Ozpinar
et al. 2016; Wagner et al. 2018). The impulses are synchronized with voluntary
repetitive muscle contractions or joint movements (i.e., exercise) (Ievins and Moritz
2017; McPherson et al. 2015). Following the cessation of stimulation, there can be
improvements in muscle activation and limb movement/mobility. While used pri-
marily in rodents, this technique has resulted in large improvements of joint move-
ments that aid walking, reaching, and grasping (Mushahwar et al. 2002; Sunshine
et al. 2013; Zimmermann et al. 2011). In humans, smaller improvements in joint
movement have occurred with spinal stimulation. Importantly, spinal stimulation in
combination with physical therapy has shown greater recovery of movement com-
pared to physical training alone and has improved lower limb flexion/extension, leg
strength, sit-to-stand tasks, ankle mobility during walking, as well as hand control
and grip strength (Al’joboori et al. 2020; Donovan et al. 2021; Jilge et al. 2004; Lu
et al. 2016; Meyer et al. 2020; Minassian et al. 2016; Sayenko et al. 2019; Wagner
et al. 2018). Although the precise mechanisms leading to the improved function are
unknown, it is believed that the stimulation drives neural plasticity by increasing
neural output, increasing neural activation, recruiting peripheral undamaged neu-
rons, or increasing the sensitivity of proprioceptive pathways (Ievins and Moritz
2017; Wagner et al. 2018). The improved mobility and muscle activation may
enhance exercise options for those with SCI. Unfortunately, continuous stimulation
appears to lose its effect after an extended period of time, and the improvements in
motor control gained from stimulation are often lost or significantly reduced in the
hours to days following the cessation of stimulation.

12.3.2 Functional Electrical Stimulation (FES)

Most aerobic exercise options for those with SCI are limited to the volitional
movement of the upper body given the loss of motor function in the legs. Unfortu-
nately, the small muscle mass of the upper body is insufficient to produce sustainable
high levels of aerobic work (Jacobs et al. 2001; Qiu and Taylor 2016). For example,
peak oxygen consumption during arms-only exercise can reach 25 ml/kg/min at
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workloads (~34 Watts) that can only be maintained for a few minutes (Glaser et al.
1980; Sawka et al. 1980). Hence, arms-only exercise is limited as a therapy to fulfill
exercise intensity and duration requirements for cardiovascular health. This is likely
the reason for the modest cardiovascular and respiratory improvements with arms-
only training (Taylor et al. 1986). To overcome the limitations of arm-only exercise,
external stimulation of paralyzed muscle, specifically the lower body, has been
promoted as a practical and effective intervention to increase active muscle mass
and whole-body oxygen consumption (Mutton et al. 1997).

Contraction of paralyzed skeletal muscle is accomplished by using an electrical
stimulus applied through muscle/nerve implantable probes or skin electrodes. The
electrical stimuli initiate action potentials within motor neurons resulting in muscle
contraction (Peckham and Knutson 2005). When the electrically elicited muscle
contractions are coordinated in a manner that provides functional movement, the
technique is termed functional electrical stimulation (FES) (Peckham and Knutson
2005). The purpose of FES is to generate muscular contractions and produce useful
movements such as leg flexion/extension for cycling or rowing exercises, and in
some cases walking.

For example, FES-evoked cycling uses bilateral stimulation of the quadriceps,
hamstrings, and gluteal muscles to perform cyclical pedaling movements of the legs
(Deley et al. 2014; Qiu and Taylor 2016). This commonly used FES modality
activates a relatively small amount of muscle mass and causes modest increases in
oxygen consumption, heart rate, and cardiac output (Fornusek and Davis 2008; Hunt
et al. 2007). FES activation of lower limb muscles has been shown to be important to
the exercise response as it engages the skeletal muscle pump during rhythmic
contractions to aid in venous return to the heart. Repeat sessions of FES have been
shown to increase quadriceps torque, glucose transport, citrate synthase activity,
capillary number, fatigue resistance, and muscle fiber cross sectional area (Chilibeck
et al. 1999a, 1999b; Rodgers et al. 1991; Sabatier et al. 2006). This technique has
been promoted as an effective way to increased exercise tolerance and improves
overall cardiovascular health by mimicking moderate-to-vigorous intensity exercise
training (Warburton et al. 2007). However, FES should not be considered synony-
mous with voluntary exercise. Externally activating skeletal muscle bypasses
feedforward input to the cardiorespiratory system from the central nervous system
(i.e., central command) and the paralyzed muscle provides minimal or no feedback
from the periphery (i.e., group III/IV muscle afferents) to the cardiovascular and
pulmonary centers in the brain stem Ely and Taylor 2021. Additionally, due to the
nature of electrical stimulation, muscle fibers are activated in reverse physiological
order. This reverse recruitment induces a high rate of muscle fatigue and a poten-
tially altered metabolism (Binder-Macleod and Snyder-Mackler 1993; Gregory and
Bickel 2005; Peckham and Knutson 2005). FES also results in low levels of systemic
vascular shear stress and small elevations of body core temperature. These factors
are not trivial and have causative connections to improving cardiovascular health.
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12.3.3 Hybrid Functional Electrical Stimulation

To induce greater exercise benefits and better mimic exercise in uninjured individ-
uals, a combination of FES of paralyzed leg muscle with voluntary arm exercise has
been implemented for cycling and rowing (Laskin et al. 1993). This hybrid mode of
exercise increases the mass of active musculature and produces simultaneous train-
ing of the upper and lower extremities (Qiu and Taylor 2016). Hybrid FES-exercise
results in greater cardiovascular responses and higher oxygen consumption than
either upper or lower body exercise alone (Brurok et al. 2011; Mutton et al. 1997).
Importantly, exercise training using hybrid methods produce between 10 and 60%
larger increases in cardiorespiratory fitness and cardiac function compared to arms-
only or FES lower body exercise training (Brurok et al. 2011; Gibbons et al. 2016;
Hettinga and Andrews 2008; Taylor et al. 2011). Importantly, studies have shown
that hybrid exercise is well-tolerated by individuals with SCI and can be maintained
at sufficient submaximal exercise intensities for long durations to meet exercise
guidelines for cardiovascular health (Hettinga and Andrews 2008; Qiu and Taylor
2016; Taylor et al. 2011). In fact, hybrid FES-exercise has been shown to decrease
blood pressure, insulin resistance, blood glucose, systemic inflammation, and
improve overall cardiovascular health (Bakkum et al. 2015; Griffin et al. 2009;
Warburton et al. 2007).

12.4 Ventilatory Limitations to Exercise in SCI

To meet the higher oxidative needs of muscle as exercise workload increases,
pulmonary ventilation is normally increased in parallel by increases in tidal volume
and breathing frequency. In most uninjured individuals ventilatory capacity is more
than adequate to meet metabolic demands for all exercise intensities, even following
large increases in muscle oxygen demand after strenuous training programs
(Casaburi et al. 1992; McParland et al. 1992). Individuals with SCI can have
impaired respiratory muscle control proportional to the level of injury. For example,
individuals with SCI above the third thoracic vertebra (<T3) have profound motor
loss/spasticity to accessory muscles of respiration, atrophy of respiratory muscles,
and reduced compliance of the lungs and chest wall. These factors not only reduce
the total amount of air an individual can move in and out of their lungs with each
breath but also contribute to an increased oxygen cost of breathing (Shields 2002). A
larger recruited skeletal muscle mass during exercise via FES creates a mismatch
between the oxygen demand of the muscle and the ventilatory capacity of the lungs,
especially in those with high-level injuries (Taylor et al. 2014). Therefore, when
large amounts of muscle mass are active (i.e., hybrid FES-exercise), exercise
intensity can be limited by pulmonary capacity (Qiu et al. 2016).
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12.4.1 Non-Invasive Ventilation (NIV)

A novel approach to potentially improve exercise capacity would be a support of
ventilation during exercise. Non-invasive ventilation (NIV) does not require intuba-
tion and provides external ventilatory support via positive air pressure through a
facemask during inhalation. Current NIV machines use bi-level positive pressure to
assist with lung expansion during inhalation and a reduced positive pressure upon
exhalation to limit airflow back to the machine. This technique has been demon-
strated to reduce the work of breathing, enhance exercise tolerance, and improve
exercise capacity in individuals with obstructive and resistive pulmonary diseases
(Borel et al. 2008; Dreher et al. 2010; van’t Hul et al. 2006; Vila et al. 2007).
Additionally, in individuals with chronic obstructive pulmonary disease (COPD),
NIV during a single bout of exercise reduced dyspnea, improved breathing patterns,
and enhanced oxygen and carbon dioxide exchange (Dreher et al. 2007; Maltais et al.
1995; van’t Hul et al. 2004). One study examining maximal exercise capacity in
individuals with SCI noted that NIV increased oxygen consumption only in indi-
viduals with high-level injuries and shorter time since injury. The improvement in
this population likely reflects the greater amount of respiratory motor control loss
due to the high injury and remaining muscle strength due to lesser atrophy from the
shorter time since injury (Vivodtzev et al. 2020). Therefore, targeted use of NIV to
support exercise could be an effective approach to overcome ventilatory limits.

12.4.2 Buspirone (Serotonergic Receptor Agonist)

Although paralyzed pulmonary musculature is partly responsible for the reduced
function, spinal and supraspinal neural control of respiration are reduced after SCI
and may also contribute to the reduced ventilation (De Troyer et al. 1986; De Troyer
and Heilporn 1980; Schilero et al. 2014; Zimmer and Goshgarian 2007). In addition
to damaged descending neurons, impaired ascending neuronal feedback contributes
to dysregulation during inspiratory and expiratory phases of breathing (Bezdudnaya
et al. 2017). One important neurotransmitter in both descending and ascending
pathways is serotonin. As a result, the serotonin 5HT1A receptor agonist buspirone
may increase the excitability of pulmonary neurons that survived the injury (Choi
et al. 2005; Kheck et al. 1995). Although buspirone is commonly prescribed as an
anxiolytic, it has been shown to increase respiratory responses to carbon dioxide in
an animal model of SCI (Choi et al. 2005; Teng et al. 2003), and in human case
studies, it has been found to improve chemosensitivity and respiratory rhythms in
individuals with apneustic syndromes/injuries (El-Khatib et al. 2003; Saito et al.
1999). In patients with COPD, 14 days of buspirone treatment reduced symptoms of
dyspnea and increased exercise tolerance (Argyropoulou et al. 1993). Interestingly, a
retrospective analysis of individuals with SCI taking buspirone displayed greater
increases in peak oxygen consumption and ventilation following 6 months of
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FES-rowing compared to a matched group of individuals in the same training
program not taking buspirone (Vivodtzev et al. 2021). Hence, this anxiolytic may
have the potential to improve exercise respiration, exercise capacity, and health
outcomes in those with SCI.

12.4.3 Drug Therapy that May Improve Locomotor Function

There are a number of medications that have displayed the potential to be
neurorestorative or improve motor function following a SCI. Some of these medi-
cations include metformin (Afshari et al. 2018; Zhang et al. 2017), riluzole (Srinivas
et al. 2019), dalfampridine (Hansebout et al. 1993), and antiNOGO (Zörner and
Schwab 2010). These medications have various targets on motor neurons including
modulating glutamine, potassium channels, and the myelin sheath. Individually,
these medications have varying levels of efficacy at improving function in animal
models of SCI. A medication that is showing some promise is spinalon. Spinalon,
currently in Phase I/II trials, is an investigational drug that is a combination of
monoamine receptor agonists, noradrenaline/dopamine precursors, and decarboxyl-
ase inhibitors (buspirone, levodopa, and carbodopa). This drug combination has
enhanced walking coordination in mice, turtles, and humans with SCI. These drugs
appear to stimulate the spinal walking reflex, allowing for up to 60 minutes of
walking motions to occur after administration (Guertin and Guertin 2012; Guertin
et al. 2010; Ung et al. 2012). Interestingly, this drug combination has initiated
walking motions in individuals with motor incomplete (AIS B) and complete (AIS
A) injuries. This combinational therapy may greatly improve exercise options,
including bipedal exercise therapy, and improve the health of individuals with
SCI. Unfortunately, early outcomes from transected mice models show that the
long duration sessions of walking may not reach an exercise intensity to improve
health outcomes in all body systems. In these mice, the walking attenuated loss of
muscle mass but did not slow the rate of reduction in bone density (Guertin et al.
2011). These investigations suggest that there is promise in improving motor
function through medications, and that combinational medications may be most
efficacious. Additionally, combinational drug therapies may be an important avenue
of enhancing exercise capabilities in those with SCI.

12.4.4 Intermittent Hypoxia

Intermittent hypoxia is a non-pharmacological intervention that may also increase
respiratory responses to exercise. This technique exposes individuals to short (60 s to
5 min) bouts of air with reduced oxygen content (~5% O2) which results in increased
ventilation. This practice appears to strengthen synaptic pathways to respiratory
motor neurons by a mechanism known as phrenic long-term facilitation (Ling et al.
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2001). Long-term facilitation is a serotonin-dependent change in spinal plasticity
that is characterized as a progressive increase in phrenic motor output during
hypoxia which remains elevated upon return to normal arterial oxygen levels (Fuller
et al. 2001, 2003). Only a small number of hypoxic events are required for a lasting
increase in respiratory motor output. In rats, the increased motor output lasts
approximately 90 min after three 90 sec hypoxic exposures, and it is reported that
10 exposures over 7 days could produce an effect that lasts 24 hours. In humans,
there is elevated ventilation immediately after hypoxic exposure and the effect is
larger in those with higher level injuries (Sankari et al. 2015). A case report in an
individual with a chronic C4 injury showed that 10 days of intermittent hypoxia
improved inspiratory capacity (Jaiswal et al. 2016). Therefore, longer duration
hypoxic exposure may enhance the magnitude of ventilatory long-term facilitation
in those with SCI (Jaiswal et al. 2016; Tester et al. 2014).

Intermittent hypoxia may also have positive effects on motor output, as hypoxia
increased the size of the motor action potentials of finger muscles by 20%
(Christiansen et al. 2021). In individuals with incomplete SCI, 15 90 s sessions of
intermittent hypoxia in combination with overground walking improved speed of
walking during 10-meter walk tests after 1 day and walking distance in a 6 min walk
test after 2 weeks of exposure (Hayes et al. 2014). Hence, intermittent hypoxia may
have therapeutic potential to enhance respiratory and motor function and may
improve exercise tolerance and capacity in individuals with SCI (Fuller et al.
2003). However, it should be noted that, potentially counterproductive to decreasing
risk factors for cardiovascular disease, intermittent hypoxia has been shown to
increase serum levels of cholesterol, phospholipids, and triglycerides in lean mice
(Li et al. 2005) and increase pro-inflammatory pathways in individuals with sleep
apnea (Ryan et al. 2005).

12.5 Heat Stress

Individuals with SCI are unlikely to experience large increases in body core tem-
perature during regular exercise therapies. Lesser whole-body metabolism from
relatively low exercise intensities, short duration, and smaller total skeletal mass
recruited to perform the exercise result in small elevations in core temperature. Some
of the cardiovascular benefits of exercise training are related to repeated intermittent
increases in body core temperature (Locke et al. 1990; Rhind et al. 2004) and
resultant alterations in vascular shear stress (Laughlin et al. 2008). The reduced
influence of this potentially important signaling pathway could limit cardiovascular
and metabolic adaptations. Therefore, heat therapy, or repeated exposure to passive
heat stress, has been proposed as a means to improve cardiovascular and metabolic
health in individuals with SCI (Ely et al. 2018; Hooper and Hooper 2009; Neff et al.
2016). Exercise and heat stress elicit many common physiological responses, in
addition to increasing core temperature, there are increases in cardiac chronotropy
and inotropy, redistribution of blood flow, and increased endothelial shear stress, all
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of which impact cardiovascular health (Johnson and Proppe 2011). Passive heat
therapy, using either sauna or hot water immersion, has been shown to improve
cardiovascular health in healthy, uninjured humans and in patients with elevated
cardiovascular disease risk. Passive heating increases cardiac function (Tei et al.
1995), decreases systemic vascular resistance (Tei et al. 1995), improves autonomic
profile (Ely et al., 2019b), augments brachial artery flow-mediated vasodilation
(Brunt et al. 2016b; Ely et al. 2019b; Imamura et al. 2001; Kihara et al. 2002),
elicits protection from ischemia-reperfusion injury (Brunt et al. 2016c; Ely et al.
2019b; Engelland et al. 2020), and improves microvascular function (Brunt et al.
2016a; Romero et al. 2017). Improvements have also been observed in
cardiometabolic variables including fasting blood glucose (Ely et al. 2019a; Hooper
1992), blood lipid profile (Ely et al. 2019b), and markers of inflammation (Ely et al.
2019a). Additionally, repeated heat exposure leads to the induction of cytoprotective
pathways which are associated with protection from cardiovascular and metabolic
disease (Horowitz and Assadi 2010; Krause et al. 2015; Kurucz et al. 2002; Maloyan
et al. 2005). Heat therapy research in individuals with SCI is currently limited to
single sessions studies, but importantly, these studies indicate heat therapy is safe
and well-tolerated. The single session studies indicate that passive heating interven-
tions such as lower limb or whole-body hot water immersion lead to altered
inflammatory profiles (Leicht et al. 2015) and endothelial cell activation (Coombs
et al. 2019), similar to what is observed following acute exercise. These initial first
studies indicate that heat therapy may be a novel and important approach to restore
cardiometabolic function in individuals with SCI.

12.6 Exoskeleton/Body Weight Supported Treadmill
Exercise

Robotic exoskeletons, limb orthoses, or bionic suits can allow individuals with
varying levels of SCI to safely and functionally walk for mobility or exercise
(Kandilakis and Sasso-Lance 2019). These orthoses increase walking/exercise time
by increasing the number of steps individuals can take (Gorgey et al. 2017). A
limitation often associated with exoskeletons is that they slow the movements of the
individual and often require greater oxygen consumption than normal walking
(Asselin et al. 2015; Evans et al. 2015; Massucci et al. 1998; Waters and Mulroy
1999). The greater oxygen consumption or metabolic load of movement may
actually be a benefit, as this indicates a greater exercise intensity (Kandilakis and
Sasso-Lance 2019). Previous individual sessions of exercise using exoskeletons in
conjunction with bodyweight supported treadmill training have shown a prolonged
exercise time, decreased ratings of fatigue, and improved muscle strength and
endurance (Wu et al. 2012). Using exoskeletons for up to 6 months of exercise
training has resulted in global changes in body composition such as an increased
bone density and decreased intramuscular and subcutaneous adipose tissue (Gorgey

396 M. R. Ely et al.



et al. 2017; Karelis et al. 2017). Six months of exoskeleton training also resulted in
improved blood glucose regulation (Phillips et al. 2004). Cardiac improvements with
exoskeleton exercise training include increased ejection fraction, increased heart
mass, decreased end-systolic and increased end-diastolic volumes, and reduced
isovolumetric relaxation times (Turiel et al. 2011). The positive changes in body
composition, cardiac structure and function, and glucose regulation ultimately
reduce the cardiovascular disease risk in those with SCI.

12.7 Combined Therapies

Exercise training in combination with other treatments that enhance or mimic
exercise may be important to realize the benefits of exercise. Combination therapies
may better mimic the stress of exercise upon the body than singular therapies and
may be more effective at improving the cardiovascular health of individuals with
SCI. For example, the combination of intermittent hypoxia with transcranial mag-
netic stimulation of the motor cortex produced larger motor evoked potentials of
finger muscles than repeated stimulation alone (Christiansen et al. 2021). Similarly,
the pairing of serotonin agonists drugs with electrical stimulation produced enhanced
motor function and greater muscle movements in mice than stimulation alone
(Gerasimenko et al. 2007, 2015; Van Den Brand et al. 2012). Recently, one study
on individuals with incomplete SCI paired peripheral nerve stimulation and mag-
netic transcortical stimulation with exercise. The combination of exercise and
stimulation contributed to a lasting retention of muscle strength and a decreased
time in a 10-minute walk test (Jo and Perez 2020). Incredibly, this combination
produced improvements in motor function that remained 6 months after the therapy.
These combinational therapies are showing great promise at increasing mobility and
exercise capacity. Therefore, combinational therapies with exercise may further
decrease cardiovascular health risk in those with SCI. Moreover, SCI can be
heterogenous; individuals with the same injury level and AIS scale may have a
very different loss of respiratory or autonomic function (Draghici and Taylor 2018).
Hence, some patients may respond better to some adjunctive therapies than others,
and so it may be wise to apply combination therapies to ensure the greatest response
across the spectrum of SCI.

12.8 Limitations

Many of the therapies to increase exercise tolerance may not be practical options for
all individuals. For example, to complete FES-exercise, electrical stimulation units
must be integrated with modified exercise equipment (e.g., bicycle or rowing
ergometer). In general, a basic electrical stimulation unit is not cost prohibitive
(<$200) but units that coordinate antagonistic muscle firing may be a few thousand

12 Methods to Enhance the Beneficial Effects of Exercise in Individuals. . . 397



dollars and are not commonly covered by insurance. Additionally, exoskeletons for
exercise rehabilitation are cost prohibitive for personal use (>$80,000) and require
additional trained personnel to set up and operate. Therefore, these therapies are
generally limited to clinical outpatient settings at hospitals or rehabilitation clinics
where equipment and trained staff are available for guidance. Similarly, heat therapy
using lower leg hot water immersion is a feasible home-based option using a bathtub
or heated leg bath (<$200), but supervision may be recommended for individuals
with higher level injuries (T6 and above) due to challenges with thermoregulation
and blood pressure regulation during heat stress, in addition to potential burning of
insensate skin (Schmidt and Chan 1992). Additionally, there are home-based units
that are able to produce hypoxic environments (e.g., HYPO2XICO) which can be
used in conjunction with exercise equipment, but these are often cost prohibitive at a
few thousand dollars per unit. Finally, animal models do not approximate the effects
of SCI in humans across all systems (Akhtar et al. 2008; Seok et al. 2013). Therefore,
many animal studies should be interpreted with caution as they were conducted in
murine species. Murine species are often used as surrogates for understanding
human physiology, but genomic differences often result in divergent findings
between the species (Seok et al. 2013).

12.9 Concluding Remarks and Future Directions

Individuals with SCIs are 2–6 times more likely to experience cardiovascular disease
than uninjured individuals (Cragg et al. 2012, 2013). The increased incidence of
CVD is due to amplified risk including increased physical inactivity, dyslipidemia,
uncontrolled blood pressure, and uncontrolled blood glucose (Cragg et al. 2013).
Currently, the best therapy to improve these cardiovascular disease risk factors is
exercise. However, benefits to health and wellness may not be available to those with
SCI since they may not be able to attain necessary exercise intensity or duration
thresholds. Therefore, a combination of approaches including drug and adjunctive
therapy in addition to exercise may be needed for this population to obtain reduc-
tions in cardiovascular disease risk. Future research focusing on combining exercise
with other treatments to maximize benefits will further elucidate the potential for
these adjunctive treatments to improve health and reduce morbidity and mortality
from metabolic and cardiovascular diseases in individuals with SCI.
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Abstract The potential for rehabilitation to improve recovery after traumatic brain
injury (TBI) is limited by a lack of inherent regenerative capacity in the brain as well
as the chronic disabilities and ongoing pathologies of various injury
endophenotypes. A large body of previous work has shown that traditional rehabil-
itative therapies in combination with dietary modifications and regular exercise can
enhance brain plasticity and, in some cases, neurogenesis, but prolonged secondary
injury and limits to plasticity and regeneration significantly limit the impact of
rehabilitation. Therefore, there is an urgent need for therapeutic strategies to promote
regeneration and complement rehabilitation efforts to maximize recovery from TBI.
In the following chapter, we discuss the unique translational challenges for devel-
oping TBI therapeutics, existing approaches to rehabilitation, promising therapeutic
targets for enhancing regeneration and plasticity, and emerging regenerative medi-
cine approaches that could significantly expand attainable levels of functional
recovery following TBI.

Keywords Traumatic brain injury · Regenerative medicine · Rehabilitation

13.1 Introduction

Traumatic Brain Injury (TBI) is a surprisingly common injury that can have devas-
tating health consequences. According to a recent report from the Centers for
Disease Control and Prevention, there were approximately 2.87 million TBI Emer-
gency Department visits or hospitalizations in the USA in 2014—a 53% increase
from 2006—of which 56,800 resulted in death (CDC 2019). Incidence has also
increased in the modern military, with 22% of all combat casualties from Iraq and
Afghanistan estimated to be TBIs compared to 12% from Vietnam (VA Office of R
& D). While TBI is among the leading causes of death, survival can also be
devastating as roughly 2% of the U.S. population currently lives with chronic
TBI-related disabilities (Langlois et al. 2006; Wilson et al. 2017). Long-term
disability along with increased risk for neurodegenerative disease, stroke, and
other maladies have led many to view TBI as a chronic health condition (Wilson
et al. 2017; Edlow et al. 2018). Thus, TBI has a tremendous impact on health and the
overall economy, resulting from both direct medical expenditures and indirect costs
totaling over $60 billion annually (Langlois et al. 2006). This underscores the fact
that there are currently no targeted medical therapeutic agents to attenuate
TBI-induced neural degeneration or to promote effective regeneration.

While TBI creates a chronic health condition, it begins with a physical event that
generates injurious forces in the brain. More detailed descriptions of the mechanical
forces of TBI and their translation to brain pathology can be found in several
in-depth reviews (LaPlaca et al. 2007; Meaney and Smith 2015; Meaney and Cullen
2016; Keating and Cullen 2020). For the convenience of the reader, we are providing
illustrations from the recent review by Keating and Cullen in Fig. 13.1. Mechanical
loading in TBI can occur via direct impact, impulsive motion, blast pressure waves
from an explosion, or a combination thereof (Fig. 13.1a). For example, while
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impulsive loading can be initiated without direct impact to the head (e.g., car
accidents rapidly accelerating/decelerating the entire body), it most often occurs
due to a direct impact to the head that sets the head in motion. Conversely, in the case
of impulsive loading initiated by rapid body movement, the resulting head motion
can also lead to impact loading due to the moving head encountering an object.
Therefore impact-to-impulsive and impulsive-to-impact injuries are common (also
impact-to-impulsive-to-impact). While primary impulsive loading with no focal
impact lesion is common in mild TBI, impact to an immobilized head with no
impulsive component is rare. The centrality of impulse loading to human TBI
presents a challenge in preclinical studies, since the injurious forces are dependent
on acceleration and brain mass, requiring large gyrencephalic animal models like
non-human primates or swine to study mechanisms of injury and novel therapeutics
in the context of impulse-generated TBI (Cullen et al. 2016; O’Donnell et al. 2019).

Fig. 13.1 Mechanical loading and deformation in TBI. Impact, impulse, and blast loading mech-
anisms of TBI are depicted (a). Head motion relative to the brain’s center of mass affects impulse
loading (b). Mechanical loading produces a variety of brain tissue deformations (c). Figure adapted
with permission from Keating and Cullen (2020) (http://creativecommons.org/licenses/by-nc-
nd/4.0/)
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Despite the impractical accelerations necessary to account for the small brain mass of
rodents, there have been attempts to apply impulse loading in small animal TBI
models, but unfortunately, it does not appear possible to reach scaled thresholds with
such disparate masses (Meaney et al. 2001; Sauerbeck et al. 2018). Blast TBI often
also includes impulsive or impact loading components, contributing to the hetero-
geneity of the injury. Adding to this heterogeneity, the magnitude, distribution, and
consequences of injurious forces generated by impulse loading vary based on the
way the head moves relative to the brain’s center of mass (Fig. 13.1b). Translational
(a.k.a. linear) impulse loading occurs when the center of mass moves without
rotation, and may be associated with brain surface injury that can occur due to the
brain impacting the skull (sometimes referred to as contrecoup injury). Rotational
loading involves head swivel around the brain’s center of mass, and angular rota-
tional loading involves rotational acceleration affecting the brain’s center of mass.
While injury at the surface of the brain from translational/linear loading can be a
concern, there are far more injurious forces generated by angular rotational loading.
Foundational work in non-human primates revealed that angular rotational loading
(not translational/linear) was necessary and sufficient to produce extended loss of
consciousness, a key element for clinical classification of TBI severity as shown in
Table 13.1 (Denny-Brown and Russell 1941; Ommaya and Gennarelli 1974). Later
work in the swine model utilizing pure impulse loading demonstrated that angular
rotational head acceleration in the axial plane produced diffuse injury throughout the
brain and prolonged coma, with lesions in the pons associated with coma duration
(Smith et al. 2000; Cullen et al. 2016). The pons is a key branch point of the

Table 13.1 Classification of TBI severity

(If a patient meets criteria in more than one category of severity, the higher severity level is
assigned)

Criteria Mild Moderate Severe

Structural imaging Normal Normal or
abnormal

Normal or
abnormal

Loss of consciousness (LOC) 0–30 min >30 min and
<24 h

>24 h

Alterations of consciousness/mental state
(AOC)a

Up to
24 h

>24 h; severity based on other
criteria

Posttraumatic amnesia (PTA) 0–1 day >1 day and
<7 days

>7 days

Glasgow Coma Scale (GCS) (best available
score in first 24 h)b

13–15 9–12 <9

aAlteration of mental status must be immediately related to the trauma to the head. Typical
symptoms would be looking and feeling dazed and uncertain of what is happening, confusion,
and difficulty thinking clearly or responding appropriately to mental status questions, and being
unable to describe events immediately before or after the trauma event.
bIn April 2015, the DoD released a memorandum recommending against the use of GCS scores to
diagnose TBI. See the memorandum for additional information
Table reproduced from VA/DoD Clinical Practice Guideline for the Management of Concussion-
Mild Traumatic Brain Injury
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Ascending Reticular Activating System (ARAS), and trauma to deep brain structures
of the ARAS are associated with coma and prolonged Disorders of Consciousness
(DoC) in humans following TBI (Edlow et al. 2012, 2013; Snider et al. 2019, 2020).

Direction of head rotation was a key determinant of outcomes such as duration of
unconsciousness in a piglet model of TBI, and a more recent study suggests that
properties of individual kinematic elements of head rotation (e.g., maximum nega-
tive velocity and peak-to-minimum acceleration time, both associated with more
abrupt deceleration) influence recovery parameters in adult swine (Eucker et al.
2011; Wofford et al. 2021). These various mechanical loading parameters result in a
variety of distinct types of tissue deformation determined by the type of loading as
well as the physical properties and relative orientation of the material (in this case the
brain) being deformed (Fig. 13.1c). Forces generated by mechanical loading will
result in a combination of these deformations, with impact generally associated with
direct compression at the brain’s surface, and impulse generally associated with
shear deformation throughout the brain. These deformation patterns may result in
gross damage to vasculature and diffuse axonal injury (DAI), and at a sub-cellular
level may cause cytoskeletal damage, loss of membrane potential due to opening
mechanically-sensitive ion channels, plasma and organelle membrane
permeabilization, disruption of the extracellular matrix and cell contacts, and other
primary pathologies (Meaney and Smith 2015; Keating et al. 2020; Keating and
Cullen 2020). The mechanical loading and tissue deformation of TBI is a rapid,
high-energy event that typically lasts only milliseconds, but can produce patholog-
ical consequences that last a lifetime.

Following the initial mechanical TBI, secondary injury cascades produce waves
of additional pathology and dysfunction over days, weeks, months, and even years.
There are currently no approved therapeutics to mitigate this ongoing secondary
injury. The varied consequences of the initial mechanical injury and the resulting
multi-faceted secondary sequelae have been termed “endophenotypes.” The concept
of endophenotypes recognizes the heterogeneity of TBI and its consequences and
allows a focus on treatment strategies and targeted therapeutics based on affecting
specific phenomena. The heterogeneity of the primary injuries of TBI along with that
of the patient population (e.g., age, sex, genetic background, medical history)
contribute to the emergence of distinct endophenotypes—like microvascular injury
and post-traumatic epilepsy (PTE)—with varying levels of contribution to the
overall patient outcome (Diaz-Arrastia et al. 2009; Sandsmark et al. 2019).
Endophenotypes that make major contributions to secondary injury cascades include
inflammation, excitotoxicity, mitochondrial dysfunction, and oxidative stress at a
cell/molecular level, and blood–brain barrier (BBB) disruption, microvascular
injury, and PTE at the organ/systems level. Other endophenotypes of TBI exist as
disabilities that impair rehabilitation and limit recovery but are not typically catego-
rized as secondary injuries due to less-than-direct contributions to ongoing pathol-
ogy. These include consequences such as sleep disturbances, confusion, and fatigue.
Just as characteristics of the acute physical trauma are associated with—and
indeed directly initiate—the subacute secondary injury cascades, the presence of
various endophenotypes of secondary injury have been associated with increased
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likelihood of chronic sequelae, such as pathological protein aggregation and
neuroinflammation, potentially adding an additional layer of chronic neurodegener-
ative disease and disability. The line between injury and recovery is blurred
following TBI due to prolonged secondary injury processes and ongoing
neurodegeneration. Therefore, regenerative rehabilitation approaches to TBI must
address both recovery and ongoing sequelae to be effective.

13.2 Current Approaches to TBI Rehabilitation

As highlighted above, there is significant heterogeneity inherent with a clinical
diagnosis of TBI (Zasler et al. 2007). This includes variations in the number and
severity of possible TBI-induced endophenotypes (e.g., DAI, cerebral microvascular
injury, intraparenchymal contusion, intracranial hemorrhage, cerebral edema) within
one or more regions of the brain (e.g., focal, multifocal, or diffuse injury), depending
on the mechanism of injury and direction of the applied mechanical force(s). Further,
patients exposed to TBI often have a wide variety of pre-existing medical
comorbidities, many of which further contribute to compromised neurocognitive
function and/or predict a worse outcome. In an effort to parse this heterogeneity,
current diagnostic guidelines classify TBI as “mild,” “moderate,” or “severe” based
on specific diagnostic criteria at the time of injury, including the presence and
duration of any loss of consciousness, the duration of an alteration in consciousness
or mental state, the duration of post-traumatic amnesia, the presence or absence of
pathological findings on traditional structural neuroimaging, and the best available
Glasgow Coma Scale (GCS) within 24-h of the TBI exposure, as shown in
Table 13.1 (VA/DoD 2016).

As a result of the considerable heterogeneity and the non-specific nature of TBI
diagnoses, current neurorehabilitation interventions are not designed to target or
mitigate specific neuropathological component(s) (e.g., DAI, microvascular injury,
or persistent neuroinflammation), whether present in discrete regions of the brain or
diffusely throughout the brain parenchyma. Rather, an individualized treatment/
neurorehabilitation plan is developed for each patient by a Physiatrist (physician
specializing in Physical Medicine and Rehabilitation, often sub-specializing in Brain
Injury Medicine) centered around common physical, cognitive, and neurobehavioral
symptoms and/or functional deficits, which occur across the spectrum of TBI
severity (Zasler et al. 2007; VA/DoD 2016). The resulting individualized
neurorehabilitation plan is generally implemented through collaboration with a
multidisciplinary team, including Physical Therapy, Occupational Therapy,
Speech-Language Pathology, Neuropsychology, and Neuro-Optometry, amongst
others. For each component of the overall neurorehabilitation prescription (e.g.,
Vestibular Physical Therapy), there is an emphasis on goal-based interventions to
improve specific neurological symptoms or functional deficits, which are continually
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reevaluated to ensure the prescribed neurorehabilitation interventions are leading to
symptomatic and/or functional improvement. Thus, neurorehabilitation interven-
tions selected for each patient are modified throughout the rehabilitation course,
based on their individual therapeutic response. Three of the most common neuro-
logical deficits seen throughout all severities of TBI for which neurorehabilitation
interventions are prescribed include cognitive, oculomotor, and vestibular deficits.

13.2.1 Cognitive Deficits

Cognitive complaints are often the most concerning symptom for patients following
TBI exposure, and the extent of objective cognitive deficits vary widely during the
acute and sub-acute phase of TBI recovery, throughout the spectrum of TBI severity
(Esslinger et al. 2007; VA/DoD 2016). Initial clinical evaluation includes screening
for orientation, executive, visuospatial, naming, memory, attention, and language
deficits. Depending on the findings and the overall clinical presentation, the cogni-
tive rehabilitation plan may be to (1) monitor for natural recovery and re-assess at a
future date; (2) prescribe specific cognitive rehabilitation with Speech-Language
Pathology and/or Occupational Therapy; or (3) refer to Neuropsychology for
in-depth cognitive evaluation. The decision for referral for comprehensive neuro-
psychological testing depends on both the severity of TBI and the time post-TBI
exposure. When performed, neuropsychological testing involves extensive objective
testing of multiple cognitive domains, such as memory, working memory, attention,
executive and academic functioning, language, reasoning, processing speed, visual-
spatial perception, visual-motor construction, and motor function (Lezak et al. 2004;
Esslinger et al. 2007). Neuropsychological testing can be used to (1) identify the
specific cognitive domains that demonstrate an impairment, weakness, or strength;
(2) help guide the cognitive rehabilitation provided by Speech-Language Pathology
and/or Occupational Therapy; (3) generate specific accommodation request(s) for
school or work; and (4) perform longitudinal evaluations to evaluate for cognitive
improvement or secondary cognitive decline. This last point is becoming especially
important given the increasing numbers of epidemiological studies demonstrating an
association between TBI exposure and an increased risk of age-related cognitive
decline or dementia (Fleminger et al. 2003; Gardner and Yaffe 2014, 2015; Gardner
et al. 2014), including a recent large cohort study involving over 350,000 Veterans
which documented a dose–response relationship between the severity of TBI (from
“mild” TBI without a loss of consciousness through “moderate-to-severe” TBI) and
the cumulative incidence of dementia diagnosis as illustrated in Fig. 13.2 (Barnes
et al. 2018).
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13.2.2 Oculomotor Deficits

Given that approximately half of the brain’s neural networks are involved in
binocular vision, abnormalities of oculomotor function are very sensitive to neuro-
logical insult and are commonly diagnosed throughout the spectrum of TBI severity
(Padula et al. 2007; Ventura et al. 2014; VA/DoD 2016). Initial clinical assessment
of oculomotor function often utilizes the validated Vestibular/Ocular Motor Screen-
ing (VOMS) assessment, which documents a patient’s symptomatic response (head-
ache, dizziness, nausea, and mental fogginess) when testing smooth pursuits,
horizontal and vertical saccades, near point of convergence, the vestibulo-ocular
reflex (VOR), and visual motion sensitivity (Mucha et al. 2014). When abnormalities
are identified, patients are referred to Neuro-Optometry and/or Vestibular Physical
Therapy for further sub-specialty evaluation and treatment (Padula et al. 2007;
Scheiman and Wick 2008). Convergence insufficiency is then treated with either
neuro-optometric rehabilitation or custom prism glasses when neuro-optometric
rehabilitation is not indicated or available, while abnormalities of saccadic and
smooth pursuit eye movements are treated by varied combinations of Vestibular
Therapy, Occupational Therapy, and Neuro-Optometric Rehabilitation, depending

Fig. 13.2 Cumulative Incidence of Dementia by TBI Severity. The unadjusted cumulative inci-
dence of dementia (age at dementia diagnosis) is shown as a function of TBI severity. After
adjustment for demographics, medical conditions, and psychiatric disorders, there was a dose–
response relationship between TBI severity and dementia diagnosis with hazard ratios of 2.36 (95%
CI, 2.10-2.66) for mild TBI without loss of consciousness (LOC); 2.51 (95% CI, 2.29-2.76) for mild
TBI with LOC; 3.19 (95% CI, 3.05-3.33) for mild TBI with LOC status unknown, and 3.77 (95%
CI, 3.63-3.91) for moderate to severe TBI. Reproduced with permission from Barnes et al. (2018)
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on the overall clinical presentation (Padula et al. 2007; Shepard et al. 2007;
Scheiman and Wick 2008; Gallaway et al. 2017).

13.2.3 Vestibular Deficits

Vestibular deficits are commonly present throughout all severities of TBI and can be
central and/or peripheral in origin (Shepard et al. 2007). Initial clinical evaluation
often includes the validated Balance Error Scoring System (BESS) for static balance
assessment, and components of a Functional Gait Assessment (FGA) for evaluation
of dynamic balance (Wrisley et al. 2004; Bell et al. 2011; Iverson and Koehle 2013).
Static balance screening with the BESS is a standardized assessment that evaluates a
patient’s stability during double limb stance, non-dominant single limb stance, and
tandem stance, on both firm ground and a soft foam pad (Bell et al. 2011; Iverson and
Koehle 2013). In contrast, dynamic balance screening with the FGA is a standard-
ized gait assessment under ten conditions, including ambulation on level surfaces
with changes in gait speed, horizontal and vertical head movements, eyes open
versus closed, normal versus narrow base of support, pivot turns, stepping over
obstacles, and ambulating backward (Wrisley et al. 2004). When abnormalities of
static and/or dynamic balance are identified on initial clinical screening, referral is
made to vestibular physical therapy for formal vestibular evaluation and treatment,
where a more thorough assessment is conducted (Nashner 1993; Powell and Myers
1995; Shepard et al. 2007; Alahmari et al. 2014; Horn et al. 2015; VA/DoD 2016).
Vestibular physical therapy evaluation commonly includes computerized dynamic
posturography, which quantifies the ability to maintain postural stability through the
use of visual, proprioceptive, and/or vestibular cues (Nashner 1993; Alahmari et al.
2014). TBI-induced static and/or dynamic vestibular deficits are then treated with a
course of vestibular physical therapy, with the goal of retraining the vestibular
system to maintain both static and dynamic postural control, utilizing a combination
of visual and somatosensory substitution techniques, gaze stabilization exercises,
saccadic and smooth pursuit eye movement exercises during both static stance and
ambulation, and techniques to habituate the patient to chronic vestibular deficits
which may remain despite targeted rehabilitation interventions (Shepard et al. 2007).

13.2.4 Developing the Evidence-Base for Rehabilitation
Interventions

Apparent in the above overview of neurorehabilitation following TBI is the fact
that there is substantial heterogeneity not only in TBI exposure and diagnosis
but also in the subsequent neurorehabilitation prescribed. Further, the current
neurorehabilitation interventions prescribed are targeting resulting neurological
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symptoms and functional deficits, rather than targeting specific underlying neuropa-
thology. Perhaps that is one reason why—despite numerous clinical studies—it is
not currently possible to distinguish the effectiveness of different rehabilitation
approaches after TBI (Injury et al. 2012; Brasure et al. 2013; Oberholzer and Müri
2019). Available neurorehabilitation interventions, while better than doing nothing,
have indistinguishable efficacy and are limited to mechanistically vague, minimally
invasive interventions due to a lack of a clear translatable preclinical pipeline for
research and development of novel therapeutics. The inability to distinguish between
the efficacy of neurorehabilitation strategies also stems from a disconnect between
the “active ingredients” and the “therapeutic targets” within the overall strategies
(Whyte et al. 2014). New frameworks like the Rehabilitation Treatment Specifica-
tion System (RTSS) seek to improve the design, reporting, replication, and synthesis
of rehabilitation research by providing guidance on forming specific hypotheses
based on clearly identified “ingredients” and “targets” being tested, enabling refine-
ment of the underlying theories that comprise neurorehabilitation strategies by
elucidating their mechanism of action (Van Stan et al. 2019). This precise and
rigorous approach to evaluating the efficacy of neurorehabilitation treatments will
be vital for measuring and comparing the efficacy of novel regenerative treatments
when integrated into neurorehabilitation, as will establishing a viable translational
pipeline for developing those novel regenerative treatments.

13.2.5 Exercise and Diet

Currently, various forms of exercise and diet constitute key “ingredients” of TBI
rehabilitation strategies. Exercise is generally believed to enhance the expression of
brain-derived neurotrophic factor (BDNF), reduce reactive oxygen species, and
improve hemodynamics leading to improved cognitive recovery in humans and
animals (Devine and Zafonte 2009; Lojovich 2010). Exercise-induced growth factor
cascades enhance synaptic plasticity by instructing a change in synaptic structure
and potentiation of synaptic strength (Cotman et al. 2007). Exercise has been shown
to increase neural stem cell proliferation (i.e., neurogenesis) in the injured brain
parenchyma, prevent neurodegeneration, and improve cognition following experi-
mental TBI (Itoh et al. 2011a, b). Additionally, exercise was found to augment
hippocampal neurogenesis and was associated with improved neurobehavioral
recovery in a preclinical model of TBI (Karelina et al. 2021). Exercise-induced
neurogenesis following TBI may therefore contribute to cognitive recovery by
enhancing plasticity and compensatory rewiring, increasing neurogenesis, and/or
by increasing resistance to insult via indirect improvements to learning and memory.
While we still have much to learn and refine, the benefits of exercise during recovery
from TBI are widely accepted and it is an active ingredient in most rehabilitation
therapies. Dietary factors have been found to improve recovery from TBI through
similar mechanisms, and have even been found to complement exercise during
rehabilitation (Gomez-Pinilla and Gomez 2011; Wu et al. 2013). Omega-3 fatty
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acids—particularly the essential fatty acid and neural membrane component
docosahexaenoic acid (DHA)—have been shown to promote the restoration of
energy homeostasis, reduce reactive oxygen species, and increase BDNF after
brain injury (Wu et al. 2004; Gomez-Pinilla and Gomez 2011). Interestingly, unlike
the benefits for improving recovery after injury, neuroprotective effects were not
observed in rats administered a prophylactic diet rich in fish oil (high in omega-3s)
prior to FPI, while a diet high in saturated fatty acids and cholesterol—associated
with reduced plasticity and negative impact on recovery—was protective against
acute permeabilization of neuronal plasma membranes and reduced lesion size; thus
highlighting the importance of considering injury mechanism and phase when
developing therapeutic strategies (Keating et al. 2021). Dietary administration of
branched-chain amino acids (BCAAs) has enhanced cognitive recovery after TBI in
several rodent studies, due in part to correcting neurotransmitter synthesis deficien-
cies (Cole et al. 2010; Elliott et al. 2018; Paterno et al. 2018). Lateral FPI in mice led
to a significant reduction in brain BCAA concentrations that were corrected with
dietary BCAA administration, as were deficits in contextual fear conditioning (Cole
et al. 2010) and spatial memory (Paterno et al. 2018). Dietary BCAAs and physical
exercise share mechanisms of action, such as PGC1α-mediated increases in BDNF
expression (Blomstrand 2001; Samuelsson et al. 2016; Nasrallah et al. 2019). They
have also both been shown to improve the sleep and cognitive deficits associated
with damage to the ARAS after TBI (Devine and Zafonte 2009; Cole et al. 2010;
Lojovich 2010; Lim et al. 2013; Elliott et al. 2018; Paterno et al. 2018). Furthermore,
there is evidence that dietary BCAAs may reduce exercise-induced cognitive fatigue
by competitively inhibiting increased tryptophan transport into the brain that typi-
cally occurs in response to exercise (Blomstrand 2001). Due to the limitations of
small animal models, exercise and diet have not been thoroughly investigated in the
context of neuronal loss associated with their therapeutic targets in humans. How-
ever, there appears to be some potential for local plasticity changes (i.e., new or
strengthened local connections that can form and/or reinforce certain neural net-
works) and this plasticity may underlie improved recovery with contemporary
rehabilitation strategies.

Developing effective regenerative therapeutics to pair with traditional rehabilita-
tion approaches offers the greatest potential for improving outcomes. There are a
variety of pathological TBI endophenotypes that can impair recovery, as well as
secondary injury mechanisms that remain active during the rehabilitation/recovery
phase of TBI. Different treatments and therapies should be based on the goals of the
patient and adequately address underlying issues at the time via (1) neuroprotection:
reduce ongoing sequelae to prevent ongoing cell death and axon loss, (2) plasticity:
new or strengthened local connections/synapses that can form and/or reinforce
neural networks involved in certain behaviors, and/or (3) regeneration: new neural
cells and/or new long-distance connections. Traditional rehabilitation techniques
and emerging regenerative rehabilitative techniques could be targeted to address
one or more of these areas. In the following sections, we will discuss some of these
pathological endophenotypes and how to target them, demonstrating the variety of
potential strategies for providing regenerative rehabilitation following TBI, as well
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as the urgent need for developing therapeutic approaches to target these
mechanisms.

13.3 Removing Anti-regenerative Barriers

The brain’s inherent lack of regenerative capacity along with dysfunction and
ongoing pathology after TBI create an anti-regenerative environment. Therefore,
any treatment that removes these barriers after injury is pro-regenerative, and
mitigating dysfunction and secondary pathology following TBI is necessary to
facilitate strategies intended to directly enhance underlying regenerative capacity.
Beyond the broad categories of neuronal loss and inflammation (discussed in more
detail in later sections), there are other endophenotypes present during the chronic
phase of TBI that could present attractive targets for regenerative rehabilitation.

13.3.1 Post-Traumatic Epilepsy (PTE)

PTE has been reviewed elsewhere in much greater detail than what would fit within
the scope of this chapter (Diaz-Arrastia et al. 2009), but we will provide a general
summary of the etiology and need for regenerative treatments for this important
endophenotype of TBI. Functional brain signaling is a product of coordinated and
balanced excitatory and inhibitory signaling, but damage to brain circuitry due to the
mechanical insult and secondary pathologies of TBI can result in disruption of
excitatory/inhibitory coordination (Cohen et al. 2007; Wolf and Koch 2016; Wolf
et al. 2017; Ulyanova et al. 2018, 2019; Koch et al. 2020). Ongoing secondary injury
cascades along with aberrant neuroregeneration and reorganization can produce a
discordant signaling imbalance that can in turn result in seizures that cause additional
excitotoxic cell death and further exacerbate inflammation, metabolic distress, and
other mechanisms of secondary pathology following TBI. Beyond secondary pathol-
ogy, there also appears to be a connection to chronic neurodegenerative disease, as
an association between seizure activity and tauopathy has been suggested by the
increased prevalence of seizures in Alzheimer’s disease patients and animal models
(Yan et al. 2012; Sánchez et al. 2018). A recent study utilizing a model of blast TBI
in tauopathy reporter zebrafish found that seizure-like activity was associated with
increased accumulation of human tau in the brain, and blocking seizure activity after
injury prevented that accumulation (Alyenbaawi et al. 2021). Inflammation-focused
therapeutic approaches could be effective at mitigating PTE, as inflammation has
been implicated in several studies investigating the mechanistic underpinnings of
PTE (Webster et al. 2017; Sharma et al. 2019; Therajaran et al. 2020). Although
surgical interventions can be effective (Hitti et al. 2020), many common anticon-
vulsants are ineffective against trauma-induced epilepsy, indicating a need to
improve our mechanistic understanding of this unique condition via translational
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modeling and data collection modalities (Diaz-Arrastia et al. 2009). PTE can signif-
icantly impair patients’ ability to engage in exercise and cognitive rehabilitation
activities. Therefore, it is imperative to develop regenerative rehabilitation strategies
focused on managing post-traumatic epilepsy to maximize the effect of rehabilitation
on recovery.

13.3.2 Vascular Injury

A recent study found that chronic BBB dysfunction and inflammation after TBI in
rats and humans is associated with increased seizure susceptibility, suggesting that
targeting these chronic endophenotypes may be effective for treating PTE (van Vliet
et al. 2020). BBB disruption from mechanical and secondary injury is a persistent
endophenotype of TBI that contributes to neuroinflammation and limits rehabilita-
tion and recovery (Hay et al. 2015). In addition to BBB disruption, TBI also results
in diffuse damage to microvasculature throughout the brain and in focal contusions.
Beyond the direct consequences of disrupted circulation (e.g., ischemia), microvas-
cular injury is also associated with inflammation and thrombosis via mechanisms
that warrant further study (Hubbard et al. 2021). Microvascular injury, particularly in
areas like the dorsal pons, can be predictive of long-term outcome (Izzy et al. 2017;
Griffin et al. 2019). A recent review from Sandsmark and colleagues presents an
in-depth discussion of the mechanisms and consequences of TBI-induced microvas-
cular injury as well as the potential for therapeutic intervention (Sandsmark et al.
2019). Among treatments under investigation for addressing neurovascular dysfunc-
tion, there are several focused on the chronic phase of TBI that could be relevant for
enhancing the impact of rehabilitation. For example, a study in mice 1 year after TBI
found that administering the aminopropyl carbazole P7C3-A20 for 30 days restored
BBB integrity, arrested axonal degeneration, and improved cognitive recovery
(Vázquez-Rosa et al. 2020). Cerebrovascular reactivity—the change in cerebral
blood flow in response to a stimulus—is commonly used as a measure of microvas-
cular health, and a recent clinical study utilizing the phosphodiesterase-5 inhibitor
sildenafil restored cerebrovascular reactivity in patients in the chronic phase of TBI
(Kenney et al. 2018). As BBB and microvascular dysfunction are intricately linked
to other endophenotypes of chronic TBI, these results suggesting that they are viable
targets for therapy bode well for future research into regenerative rehabilitation.

13.3.3 Mitochondrial Dysfunction

Dysregulated metabolism and energy deficits are prominent characteristics of TBI
and a critical component of the secondary injury cascade. Mitochondria are funda-
mental to cellular bioenergetics, and in addition to providing energy substrates,
mitochondria also buffer Ca2+ and provide antioxidant support. Axons and astrocytic

13 Emerging Approaches for Regenerative Rehabilitation Following. . . 421



processes are full of mitochondria moving to and from the soma, pausing at nodes of
Ranvier or glutamate transporters servicing synapses, and engaging in constant
dynamic fission and fusion to maintain mitochondrial health (Ohno et al. 2011;
Genda et al. 2011; Youle and Bliek 2012; Schwarz 2013; Jackson et al. 2014).
Axons and astrocytic processes are highly vulnerable to the diffuse shearing forces
of TBI, producing cytoskeletal damage that disrupts or eliminates mitochondrial
dynamics, and also leading to increased cytosolic Ca2+ that can exceed mitochon-
drial buffering capacities (Wang et al. 2021; Nguyen et al. 2021). The resultant
mitochondrial dysfunction and energy failure lead to a collapse of ion gradients
causing exacerbation of excitotoxicity due to reduced Ca2+ buffering capacity, a
switch from providing protective antioxidants to producing damaging reactive
oxygen species and, potentially, culmination in mitochondrial permeability transi-
tion that triggers programmed cell death. Cells that survive are often left with
dysfunctional mitochondria, resulting in prolonged foundational impairments to
energy production, neurotransmitter synthesis, Ca2+ signaling/buffering, and oxida-
tive stress that negatively affect all downstream aspects of cell function and exacer-
bate the inflammatory extracellular environment. In addition to the central role of
mitochondria during secondary injury after TBI leading to an anti-regenerative
environment, they are also essential for cellular regeneration, making them a very
attractive target for developing new neurotherapeutics (Wang et al. 2021).

There are numerous pharmacological approaches under investigation to mitigate
mitochondrial dysfunction after TBI. A recent study utilizing focal TBI in swine
found that a new lipid emulsion formulation of cyclosporine—a drug that functions
in part via inhibiting the formation of the mitochondrial permeability transition pore
and has significant preclinical evidence for mitigating TBI pathology—preserved
fractional anisotropy as measured by diffusion tensor imaging (DTI) and reduced
concentrations of neurofilament light (NF-L) in cerebrospinal fluid (Karlsson et al.
2020). These results are significant not only for providing evidence that this cyclo-
sporine formulation reduces white matter pathology from TBI in a large animal
model but also for validating DTI and NF-L as translational endpoints for future
neurotherapeutic studies. A more unconventional and early-stage regenerative strat-
egy involves the transfer of healthy mitochondria into cells with damaged mito-
chondria (McCully et al. 2016; Chang et al. 2019; Chen et al. 2020). Preliminary
clinical studies in cardiac arrest have yielded encouraging results (Emani and
McCully 2018). While models of ischemia/reperfusion injury have produced mito-
chondrial damage and autophagic degradation in astrocytes, other brain injury
models have demonstrated that astrocytes transfer healthy mitochondria to neurons
in distress (O’Donnell et al. 2016; Hayakawa et al. 2016; Quintana et al. 2019;
English et al. 2020). Seeking to emulate this endogenous phenomenon on a larger
scale, therapeutic vehicles for mitochondrial transfer currently under investigation
include synaptosomes and mesenchymal stem cell-derived exosomes (Zhang et al.
2020; Lu et al. 2020; Picone et al. 2021). Mitochondria are both essential for cellular
function and central to mechanisms of cell death, making them an ideal therapeutic
target for reducing secondary injury after TBI and for facilitating plasticity and
regeneration to maximize the effect of rehabilitation on recovery.
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13.3.4 Astrocytic Dysfunction

Astrocytes are the most abundant cell type in the brain, where they are responsible
for ion gradient homeostasis, facilitating anabolic and catabolic metabolism, pro-
viding antioxidant protection, fixing NH4, incorporating nitrogen into biological
molecules, preventing edema, removing glutamate from the extracellular space,
coupling neuronal activity to changes in blood flow and glucose uptake, regulating
breathing in response to changes in brain oxygenation, directly participating in
signaling and plasticity, and many other vital functions. Not surprisingly, disruptions
of each of these functions, often in combination, have been implicated in acute
trauma and neurodegenerative disease (for reviews, see (Chen and Swanson 2003;
Rossi et al. 2007; Sheldon and Robinson 2007; Barreto et al. 2011; Lange et al.
2012; Brambilla et al. 2013; Stary and Giffard 2015; Nguyen et al. 2021)). Histor-
ically, the vast heterogeneity of astrocytes and their wide variety of responses to
pathological conditions have been inappropriately classified into a single “reactive”
phenotype, and a recent consensus statement drawing attention to this oversimplifi-
cation emphasized the need to move away from a cursory quantification of
“astrogliosis” to study pathological responses of astrocytes in vivo in the context
of multiple molecular and functional endpoints (Escartin et al. 2021).

Astrocytes are vital for brain metabolism, a myriad of essential homeostatic
functions, stemming the perpetual threat of excitotoxicity, and communicating
between brain and body. As such, they provide an excellent therapeutic target for
rescuing distressed neurons and directly facilitating regeneration. One particular
endophenotype following TBI—elevated intracranial pressure—has been mechanis-
tically linked to the disrupted homeostatic function of astrocytes leading to cerebral
edema, and as a result, the astrocytic water channel aquaporin 4 has emerged as a
potential therapeutic target, at least in the acute/subacute phase of injury and
recovery (Shields et al. 2011). Indeed, loss of aquaporin 4 and other astrocytic
responses to TBI such as clasmatodendrosis were recently described in an in-depth
histological and transcriptomic analysis in mice and were also found to be exacer-
bated with age (Early et al. 2020). Although astrocytes possess significant glycolytic
capacity that contributes to their ability to survive pathological conditions, their
mitochondria are involved in nearly all of the essential functions that astrocytes
provide to the rest of the brain. As described in the previous section, these astrocytic
compartments and the mitochondria therein appear to be uniquely susceptible to
pathological conditions. Studies examining astrocytic mitochondria in primary cul-
ture have revealed depolarization and dysfunction in response to various patholog-
ical conditions as well as a few techniques to prevent that dysfunction (Stary and
Giffard 2015). Heat shock proteins involved in mitochondrial Ca2+ handling have
been implicated in mitochondrial dysfunction in primary astrocytes, and pharmaco-
logical or genetic induction is neuroprotective in in vitro and in vivo models of
ischemia (Ouyang et al. 2005, 2006; Sun et al. 2006; Xu et al. 2010; Li et al. 2021).
Astrocyte-targeted reduction of microRNAs that have been implicated in mitochon-
drial homeostatic mechanisms is neuroprotective in in vivo models of ischemic
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stroke (Ouyang et al. 2011, 2012a, b, 2013; Xu et al. 2015b). Purinergic signaling
plays a prominent role in astrocytic communication during health and disease
(Franke et al. 2012). Calcium-mediated stimulation of mitochondrial metabolism
in astrocytes via activation of purinergic P2Y1 receptors provides neuroprotection
against oxidative stress in primary co-cultures (Wu et al. 2007) and reduces edema
and infarct size in an in vivo photothrombotic stroke model in mice (Zheng et al.
2010, 2013). Compared to the often-fatal consequences in neurons, mitochondrial
dysfunction and other secondary injury mechanisms are far less severe and very
rarely fatal for astrocytes. During the chronic phase of TBI, astrocytes are intimately
involved in angiogenesis and BBB repair, as well as neurogenesis, synaptogenesis,
and synaptic remodeling (plasticity), and they simultaneously perform pro- and anti-
regenerative functions that should be specifically targeted to improve recovery
(Zhou et al. 2020). Since astrocytes are capable of rescuing neurons from a multitude
of pathways simultaneously, a therapeutic approach that targets the less-severe
dysfunction in astrocytes may offer greater chances of success compared to therapies
focused on a single neuronal target. Astrocytes are also entangled in the processes of
neuroinflammation, and anti-inflammatory strategies are therefore also likely to
affect astrocytic dysfunction, providing additional benefits for enhancing regenera-
tion during rehabilitation.

13.4 Current and Future Approaches to Mitigate
Inflammation

Neuroinflammation encompasses myriad mechanisms by which the immune system
responds to events in the central nervous system (CNS). These complex mechanisms
involve central and peripheral cellular activity such as resident microglial activation
and peripheral recruitment of neutrophils, lymphocytes, and monocyte-derived
macrophages, as well as molecular components such as cytokine and chemokine
signaling. Under normal conditions, neuroinflammation provides vital physiological
functions, but in the case of TBI, this response is often pushed beyond homeostatic
parameters to become pathological and can contribute to a lifetime of disability and
neurodegenerative disease. This critical need for inflammation is exemplified by the
numerous failed anti-inflammatory therapy clinical trials. Therefore, a new frame-
work has been proposed to optimize targeted interventions and the immune response
to TBI: acute proinflammatory response should be limited to levels needed for debris
clearance and danger signaling; anti-inflammatory and pro-regenerative immune cell
phenotypes should be promoted; and the development of chronic neuroinflammation
should be prevented (Simon et al. 2017). This framework addresses the critical role
inflammation plays in neuroprotection, fostering plasticity (synaptic remodeling),
and facilitating regeneration. In the sections below, we will outline current and future
therapeutic approaches that can be utilized within these framework guidelines to
modify the neuroinflammatory response to TBI.
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13.4.1 Complement Activation

The complement system is a vital part of the innate immunological response and
plays a key role in various functions of the immune system. Classically described as
having three distinct activation patterns—the classical, alternative, and lectin path-
ways—all leading to a cascade-like enzymatic process that converges on common
end products as depicted in the schematic in Fig. 13.3 from a recent review by
Dalakas, Alexopoulos, and Spaeth (Dalakas et al. 2020). Unlike the regulated
complement activation that occurs in response to infection and autoimmune pro-
cesses, an exaggerated complement response follows a traumatic injury. The cleav-
age of complement components initiates the subsequent steps and produces activated
complement cleavage products that act as anaphylatoxins both locally and system-
ically. As a result, complement components comprise a large proportion of circulat-
ing blood proteins and play an important role in a multitude of processes.

While the CNS is generally considered to be immune-privileged due to the BBB,
emerging evidence has demonstrated that the innate immune system functions

Fig. 13.3 Complement activation pathways and emerging therapeutic targets. Schematic reprinted
with permission from Springer Nature (Dalakas et al. 2020)
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within CNS. Cells of the brain can indeed produce complement components.
Likewise, neurons, astrocytes, oligodendrocytes, and especially microglia express
complement receptors (Orsini et al. 2014). Complement plays an important function
in homeostasis, helping to clear protein debris and damaged cells as well as neuronal
pruning during development (Veerhuis et al. 2011). Consequently, complement has
been implicated in neurodegenerative diseases such as Alzheimer’s and autoimmune
diseases like Multiple Sclerosis. Indeed, increased complement component deposi-
tion has been found in hippocampi of aged mice, an indicator of the function of
complement in senescence (Krukowski et al. 2018).

In addition to its role in homeostasis, complement is activated in times of injury
and cerebral distress. TBI is often devastating due to the multifactorial nature of
injury mechanisms leading to acute and long-lasting damage. While several pro-
cesses contribute to the clinical manifestations of TBI, neuroinflammation and
complement activation specifically play a critical role. Following TBI, the immune
reaction is vast, with both systemic and localized activation, changes in epigenetic
transcription, and enzymatic expression (Orsini et al. 2014). Activated complement
components act as anaphylatoxins and lead to immune cell activation and recruit-
ment in the injured brain, endothelial damage, and BBB breakdown. In addition to
exogenous cell recruitment, an important function of complement anaphylatoxins is
the activation of glial cells and recruitment of microglia specifically to the site of
injury. This in turn can lead to localized cytokine release with pathologic conse-
quences. Breakdown of the BBB results in a further influx of systemic complement
components in addition to locally produced proteins. The complement cascade has
been shown to contribute to both acute and subacute secondary injury following TBI
through anaphylatoxin release, immune cell recruitment and activation, and directly
causing neuronal death. Both the classical and the lectin pathways have been
implicated in TBI-related secondary injury (Ciechanowska et al. 2020). In addition,
the interplay between neuroinflammation and platelet activation has pointed to the
role of complement in post-TBI hypercoagulability and microthrmobosis (Fletcher-
Sandersjöö et al. 2020). Complement has likewise been linked with long-term
disability and cognitive decline following TBI (Alawieh et al. 2021).

The vast majority of research into the role of complement in TBI has been
performed in rodent models using gene knockout techniques and small molecule
complement inhibitors. Not surprisingly, complement blockade has emerged as an
attractive target for TBI therapy in preclinical rodent models with studies investi-
gating the efficacy of complement inhibition as a therapeutic strategy following TBI
(Leinhase et al. 2007; Rostami et al. 2013; Fluiter et al. 2014; Ruseva et al. 2015;
Bambakidis et al. 2016; Alawieh et al. 2018; Rowe et al. 2018; De Blasio et al. 2019;
Weiss et al. 2020). C1 inhibition has shown improved motor function at 4 weeks
following TBI, as well as significant behavioral improvement and decreases in injury
volume (Longhi et al. 2009). C3 knockout mice demonstrated decreased edema and
microglial activation after TBI. Likewise, neutrophil recruitment was significantly
reduced following TBI in the knockout animals (You et al. 2007). In addition, C3
knockout animals show decreased proinflammatory gene expression, lesion size, and
vascular damage (Sewell et al. 2004). Studies show that inhibiting C3 cleavage

426 J. C. O’Donnell et al.



reduces post-injury activation of microglia and astrocytes, C3 deposition, and
neuronal cell death, leading to improvements in cognitive and functional recovery
(Rich et al. 2016; Alawieh et al. 2018). Likewise, evidence points to C3 convertase
inhibition as a potent inhibitor of blood–brain barrier breakdown and neutrophil
recruitment to the CNS, mirroring evidence in knockout experiments (Kaczorowski
et al. 1995). Furthermore, overexpression of C3 convertase inhibitor demonstrated
improvements in behavioral outcomes following TBI, both acutely at 4 and 24 hours
after injury, as well histopathological evidence of less neuronal loss in key anatomic
areas (Rancan et al. 2003). In longer-term studies, C3 activation promotes a
sustained degenerative state through microglial and astrocyte activation for several
weeks following injury, resulting in long-term effects (Alawieh et al. 2018). The
resultant neuroinflammation is longer lasting and seems to be a key driver of
negative outcomes. Mice deficient in C4 also demonstrated attenuated damage and
improved recovery following TBI (You et al. 2007).

Further down the complement cascade, C5 has also emerged as a potential target
for intervention, although less potent due to the downstream position in the activa-
tion sequence (Sewell et al. 2004). The administration of a C5-binding protein
inhibitor was shown to reduce neurologic deficits after TBI (Fluiter et al. 2014).
Direct C5a blockade has also been shown to improve outcomes in mice (Sewell et al.
2004; Yang et al. 2006). Inhibiting the formation of the membrane attack complex
(MAC, a.k.a. C5b-9), the end product of the complement cascade and downstream of
C5 cleavage, has likewise been studied as a potential intervention strategy with
results suggesting a reduction in the accumulation of microglia and macrophages as
well as reduced neuronal death and axonal pathology (Fluiter et al. 2014).
Downregulation of CD59 in knockout animals resulted in increased neurologic
deficits and neuronal damage, further evidence that the role CD59 plays in MAC
inhibition is potentially impactful for attenuating traumatic injury (Stahel et al.
2009). C3a and C5a receptor antagonists (C3aRA and C5aRA respectively) have
been investigated in rodent models of TBI and stroke and found to be effective in
suppressing the complement response, decreasing the expression of complement
receptor, and decreasing secondary brain injury (Fattouch et al. 2007; Ducruet et al.
2008; Kim et al. 2008; Rynkowski et al. 2009; Széplaki et al. 2009; Garrett et al.
2009; Banz and Rieben 2012).

While the majority of evidence supporting the critical role of complement in TBI
is from rodent studies, a significant body of work has shown complement
up-regulation in humans following TBI. Studies examining the CSF of TBI patients
identified a significant increase of activated C3 (Kossmann et al. 1997; Morganti-
Kossmann et al. 2001a). Brain injured patients have increased levels of complement
activation products in CSF (Lindsberg et al. 1996; Mocco et al. 2006; Széplaki et al.
2009; Elvington et al. 2012; Manek et al. 2018; Si et al. 2019). Pathologic studies
have also demonstrated expression of complement receptor and deposition of com-
plement components on injured brain tissue including the MAC, the convergent
end-product of all three complement pathways, and an effector of direct cellular
damage (Rostami et al. 2013). Likewise, pathological studies demonstrated
increased deposition of complement in perilesional and peri-vascular regions. This
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is supported with rodent evidence of increased mannose-binding lectin (MBL)
deposition in perivascular and perilesional space in injured mice resulting in activa-
tion of the lectin pathway (Longhi et al. 2014). In longer-term studies, increased
expression of complement protein has been described up to 6 months post-injury
with implications for amyloid homeostasis and chronic sequela (Bao et al. 2018).

With significant animal model evidence indicating therapeutic efficacy, attention
is turning to complement inhibition as a therapy in human neurological diseases
including TBI. Unfortunately, the TBI field has failed to translate any therapies
strongly supported by rodent preclinical data despite over 30 clinical trials (Loane
and Faden 2010; Xiong et al. 2013; Kabadi and Faden 2014; Vink 2018). To address
the weaknesses in the translational pipeline and bridge the gap between rodents and
humans, swine appears to be a viable preclinical model for complement research.
Swine studies of severe TBI resuscitation with valproic acid led to a down-regulation
of complement activation, and a resultant decrease in injury severity (Dekker et al.
2014; Bambakidis et al. 2016). Complement-directed therapeutics such as
eculizumab (Soliris, Alexion, USA) have gained significant traction with a well-
established safety profile and have been proposed as a potential therapy in TBI
(Roselli et al. 2018). Likewise, small molecule complement receptor antagonists,
specifically for C3a and C5a, are entering human trials and will likely move on to
TBI as a disease target (Ducruet et al. 2009; Garrett et al. 2009). The complement
system appears to be integral to the acute and chronic inflammatory response
following TBI, offering promising therapeutic targets for neuroprotection, improved
plasticity, and increased regenerative potential to enhance rehabilitation and improve
outcomes.

13.4.2 Microglial Activation

One of the earliest inflammatory cellular responses after TBI is the activation of
microglia, the primary immune cells of the CNS. Microglia in the healthy adult brain
survey the local environment and monitor synapses, while microglia after TBI (and
in other disease pathogenesis) engulf cellular debris and promote both regeneration
and inflammatory cytokine release (Salter and Stevens 2017; Wofford et al. 2017).
This activity may have both beneficial and detrimental effects, as prolonged or
uncontrolled activation may contribute to more serve cognitive impairments and
neurodegenerative disorders (Simon et al. 2017). Indeed, microglial activation can
persist for weeks, years, or decades after injury as demonstrated in human TBI and
preclinical animal models of injury (Gentleman et al. 2004; Johnson et al. 2013a;
Loane et al. 2014; Lafrenaye et al. 2015; Grovola et al. 2020, 2021).

Recent therapeutic advances have attempted to target the mechanisms responsible
for neuroimmune dysregulation using a variety of approaches. Unfortunately, many
clinical trials targeting inflammation TBI have failed to demonstrate beneficial
effects on neurological outcomes. These failed trials include corticosteroids, such
as hydrocortisone and methylprednisolone, hypothermia therapy, and hypertonic
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saline infusion (Roberts et al. 2004; Hutchison et al. 2008; Bulger et al. 2010;
Asehnoune et al. 2014). Other anti-inflammatory drugs, such as minocycline, have
had mixed results; in a clinical trial of 15 patients, minocycline administered for
12 weeks reduced chronic microglial activation after TBI but increased
neurodegeneration (Scott et al. 2018). These minocycline trial results suggest that
microglia play a reparative role in the chronic phase of TBI and drug treatment may
need to be employed at specific time points post-injury.

One promising method that allows finer control over microglia involves
inhibiting the microglia colony-stimulating factor 1 receptor (CSF1R). CSF1R is
expressed by microglia, macrophages, and osteoclasts, and knocking out the CSF1R
gene eliminates the brain’s microglia population (Patel and Player 2009; Erblich
et al. 2011). To determine the role of CSF1R signaling in microglial homeostasis,
Elmore et al. (2014) tested the effectiveness of CSF1R inhibitors in adult mice. After
initial compound selection experiments, PLX3397 displayed the greatest decrease in
brain microglia by demonstrating a 50% reduction after just three days of adminis-
tration in standard rodent chow and greater than 90% reduction after 7 days of
administration. Furthermore, remaining microglia stained for active caspase-3, a
marker for apoptosis, indicating that CSF1R inhibition initiates microglial cell
death. Researchers then withdrew drug administration and made two remarkable
discoveries. First, microglia began to repopulate the brain within 3 days, though
these microglia were hypertrophied with short stubby processes compared to sham.
Second, microglia density and morphology mirrored sham specimens 14 days after
drug withdrawal. Therefore, microglia repopulation occurs through rapid increase in
cell number followed by stabilization of their morphology. Finally, profiling of
86 immune-related genes lead to a reduction of these genes after microglial depletion
(Elmore et al. 2014). Overall, CSF1R inhibitors allow for highly-selective microglial
depletion through non-invasive administration and lacks a cytokine inflammatory
response.

Recently, Spangenberg et al. (2019) developed the next generation of CSF1R
inhibitors for microglial elimination (Spangenberg et al. 2019). These researchers
sought to create a CSF1R inhibitor that is orally bioavailable, brain-penetrant, and
depletes microglia for an extended time period. After several key changes to the
chemical structure of PLX3397, PLX5622 was synthesized. Thorough pharmacoki-
netic investigation in mice, rats, dogs, and monkeys revealed a 20% brain penetrance
for PLX5622 compared to 5% for PLX3397. This improved penetrance can be
attributed to PLX5622’s lower molecular weight, higher lipophilicity, and better
cell permeability, thus allowing PLX5622 to cross the BBB more easily. Addition-
ally, PLX5622 caused a 90% reduction in microglia within 5 days of administration
in standard rodent chow at doses as low as 1200 ppm. Importantly, withdrawal of
PLX5622 also allows for microglial repopulation, potentially offering a means to
reset a predominantly pathological microglial phenotype after injury.

While Spangenberg et al. initially applied PLX5622 to plaque formation in
preclinical models of Alzheimer’s disease, Henry et al. (2020) investigated the
elimination of microglia utilizing a controlled cortical impact injury in rodents
(Henry et al. 2020). At 28 days after injury, Henry et al. administered PLX5622 to

13 Emerging Approaches for Regenerative Rehabilitation Following. . . 429



mice for 1 week to potentially mitigate posttraumatic neurodegeneration and neuro-
logical dysfunction. This delayed depletion of microglia improved motor function
recovery in beam walk and rotarod tests, as well as improved cognitive function
recovery in Y-maze and Morris Water maze tasks. Additionally, PLX5622 treated
mice had decreased lesion volume and attenuated cortical and dentate gyrus neuron
loss. Histological examination of microglia in PLX5622 treated animals showed an
increase in resting, ramified microglia in the injured cortex compared to TBI +
vehicle-treated animals. Finally, PLX5622 altered cortical transcription patterns of
oxidative stress, neuroinflammation, neuroplasticity, and apoptosis (Henry et al.
2020). These findings suggest that functional recovery after TBI may occur at
chronic time points, thus expanding the therapeutic window for post-TBI interven-
tions. Furthermore, CSF1R inhibitors did not cause cognitive or motor impairments
despite the critical role of microglia in brain surveillance and synapse monitoring
(Salter and Stevens 2017).

While CSF1R inhibitors are showing increasing potential as a therapy for TBI
and a range of other neurological disorders, it should be noted that CSF1R inhibition
by PLX5622 also affects peripheral immune cells. Lei et al. (2020) administered
PLX5622 to adult mice for 3 weeks, then ceased treatment for 3 weeks before
assessing bone marrow, spleen, and blood for immunological changes (Lei et al.
2020). PLX5622 administration resulted in the suppression of select monocyte
progenitor cells, bone marrow-derived macrophages, hematopoietic stem cells, and
hematopoietic progenitor cells. Importantly, these cell populations did not recover
by this 3-week post-treatment experimental timepoint (Lei et al. 2020). Therefore,
research focusing on peripheral and circulating macrophages in addition to microglia
is necessary to understand the consequences—positive and/or negative—of admin-
istering PLX5622 following TBI.

Despite the need for further investigation into the impact of depleting peripheral
immune cells, PLX5622 remains the best available tool to deplete microglia
in vivo—both to investigate their functions in TBI and a myriad of other conditions,
and also for proof-of-concept TBI therapeutics studies. Thorough characterization of
all immune cell types at extended time points should be monitored across various
factors, such as subject age, sex, mechanism and degree of injury, and secondary
insults to determine the full effectiveness of CSF1R inhibitors as a potential therapy
for TBI. Targeted modulation of microglia continues to garner significant research
interest due to their potential to mitigate specific drivers of neurodegeneration and
dysfunction following TBI, and though it may seem extreme to some, short-term
depletion of microglia may yet prove to be a powerful non-invasive therapy to
mitigate neurodegeneration and dysfunction following TBI, providing a more regen-
erative environment for rehabilitation. Future studies will need to discern if tempo-
rary microglia removal/repopulation or a more sustained and targeted modulation of
detrimental microglia behavior will yield superior therapeutic benefits.
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13.4.3 Macrophage Infiltration

In addition to resident cells of the CNS, the peripheral immune system can also have
profound effects on the extent of regeneration and recovery following TBI. In
healthy conditions the BBB limits interactions between the CNS and the peripheral
immune system. However, following trauma, the BBB can become mechanically
and chemically altered, thereby reducing the impedance between the peripheral
whole blood and the CNS. Of course, penetrating TBIs and focal TBIs result in
mechanical trauma to cerebral vasculature, affecting the neurovascular unit integrity.
Furthermore, changes in signaling molecules can affect the stability of astrocytic
endfeet, endothelial cell tight junctions, and pericyte support (Cash and Theus 2020),
all of which can affect vasculature integrity after trauma. These changes to BBB
integrity have been described in focal, diffuse, and closed-head TBI and have been
noted in clinical TBI cases (Hay et al. 2015; Li et al. 2016; Johnson et al. 2018; van
Vliet et al. 2020).

It is therefore unsurprising that peripheral immune cells, which are primed to
identify tissue damage, can infiltrate into the brain when the BBB becomes leaky.
Within hours of the injury, neutrophils, the first responders of the peripheral immune
system, infiltrate into the brain tissue (Liu et al. 2018). Once inside the brain, they
can contribute to pathological progression by secreting neutrophil extracellular traps
(NETs) and altering the cerebral blood flow rate (Vaibhav et al. 2020). Following the
neutrophils, monocyte-derived macrophage numbers in the brain begin to signifi-
cantly increase approximately three days after trauma (Alam et al. 2020; Hazy et al.
2020). Lastly, adaptive immune cells, including B cells and T cells have been
reported to infiltrate brain tissue several days after TBI (Morganti-Kossmann et al.
2001b; Ling et al. 2006; Alam et al. 2020).

Research efforts aimed at mitigating pathology and behavioral deficits after TBI
have turned to controlling monocyte-derived macrophages because of the conve-
nient timing, magnitude of infiltration, and association of monocyte-derived macro-
phage infiltration into the brain with neurotoxicity and neurological deficits in
animal models (Hsieh et al. 2014; Gyoneva et al. 2015; Morganti et al. 2015).
Over the last couple decades, much attention has been garnered to attempt to
understand, remove, or reprogram monocyte-derived macrophages in the CNS
after trauma (Lee et al. 2016; Chan and Viswanathan 2019). Here, we will briefly
review the contributions of monocyte-derived macrophages to TBI and some ther-
apeutic approaches that employ these cells to provide a more regenerative environ-
ment for rehabilitation.

Monocyte-derived macrophages are unique because they can exhibit a wide range
of behavioral phenotypes that can amplify inflammation, promote angiogenesis,
remodel extracellular matrices, or stimulate phagocytosis (Mosser and Edwards
2008; Wynn et al. 2013; Brown et al. 2014; De Paoli et al. 2014; Graney et al.
2020). As a result of the environmental cues in the injured brain, infiltrating
monocyte-derived macrophages generally promote a chronic inflammatory pheno-
type and exacerbate neuroinflammation (Wofford et al. 2019b; Hazy et al. 2020).
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This preserved inflammatory phenotype is distinct from the phenotype progression
that monocyte-derived macrophages typically present in other models of healthy
tissue regeneration (Kim et al. 2016). Typically, monocyte-derived macrophages
will exhibit a transient inflammatory phenotype followed by a tissue remodeling
phenotype (Snyder et al. 2016; Spiller and Koh 2017). It is theorized that this
temporal sequence encourages clearance of necrotic and infectious material,
wound closure, and tissue remodeling. To avoid or overcome the chronic inflam-
matory processes in the brain after TBI, several strategies have emerged to control
monocyte-derived macrophages that broadly fall into three categories: (1) keeping
monocytes and macrophages out of the CNS, (2) employing monocyte-derived
macrophages to deliver therapeutics to the CNS, or (3) controlling monocyte-derived
macrophage phenotype in the CNS.

Preventing infiltration of monocyte-derived macrophages in animal models of
TBI lessened neuropathology and behavioral deficits (Hsieh et al. 2014; Makinde
et al. 2017). These studies suggest that preventing monocyte-derived macrophage
infiltration into the injured brain may be a logical treatment strategy. In line with this
premise, researchers developed a drug-free microparticle-based treatment strategy
that directs monocyte homing toward the spleen instead of sites of damage or disease
(Getts et al. 2014). This team found that intravenous infusion of negatively charged
microparticles would be rapidly phagocytosed by circulating monocytes. Thereafter,
the particle-loaded cells would preferentially home to the spleen, where they subse-
quently undergo apoptosis, rather than traffic to the sites of inflammation (the brain,
peritoneum, bowel, or heart in several models of disease or damage). Building on
this work, researchers have administered similar negatively charged particles intra-
venously to mice following a closed head or a focal TBI (Sharma et al. 2020).
Particles were administered 2–3 h, 24 h, and 48 h after a TBI and resulted in reduced
myeloid cell infiltration, decreased lesion volume, decreased GFAP intensity, atten-
uated edema, and preserved long-term motor behavior (Sharma et al. 2020). These
studies utilized FDA-approved materials and a reasonable treatment timeline that is
promising for the field of neurotrauma. This strategy is a novel way to selectively
suppress detrimental immune functions and suggests that the depletion of peripheral
macrophages along with microglia via CSF1R inhibition may provide additive
therapeutic benefits. Indeed, other attempts to broadly suppress the peripheral
immune system have resulted in poor long-term neurological outcomes and also
increase the risk of secondary infections (Lim and Smith 2007; Hazeldine et al.
2015). Targeting circulating monocytes without broadly suppressing immune func-
tion could have utility as a TBI treatment, although this needs to be tested in other
species and in clinical situations.

In contrast to preventing monocyte homing to the injured brain, other researchers
are attempting to leverage the convenient homing behavior of monocytes to enhance
the delivery of therapeutics into the CNS. Indeed, delivery of therapeutics to the
injured brain is notoriously challenging. Employing monocytes to carry and deliver
therapeutics to injured brain could be a strategic way to locally increase the concen-
tration of beneficial therapeutics in the CNS after TBI. For example, reactive oxygen
species are especially detrimental to neuronal health and are a major driver of
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secondary injury progression after TBI. Indeed, because the brain’s baseline oxygen
consumption is much higher than other organs it is especially vulnerable to reactive
oxygen species and free radicals. Administration of antioxidants has emerged as a
potentially promising therapeutic strategy (Corps et al. 2015). However, these
treatment strategies typically require antioxidant administration prior to the injury,
within minutes of the injury, or direct injection into the CNS. A more translational
approach was employed by the Batrakova lab where they loaded the redox enzyme,
catalase, into phagocytosable nanoparticles (Klyachko et al. 2014). These
“nanozymes” were taken up by macrophages, were stable intracellularly, and pre-
served catalase activity. When nanozyme-loaded macrophages were administered
intravenously 48 hours after a CNS injury, they reduced neuroinflammation and
increased neuronal survival. Additionally, other groups have attempted to use mono-
cytes to deliver other types of therapeutics to the injured brain, including viral
vectors (Tong et al. 2016). Other researchers are working to enhance monocyte
delivery of therapeutics to peripheral tissues and organs. For example, recent studies
suggest that monocytes can carry hypoxia-activated pro-drugs to sites of hypoxia
(Evans et al. 2019). Additionally, others are working to develop monocyte “back-
packs” that adhere to the surface of homing cells (Anselmo and Mitragotri 2014;
Anselmo et al. 2015). These loaded monocytes can home to sites of inflammation
and reduce off-target delivery. While these results are promising, much work still
remains to determine if the homing potential of loaded monocytes is conserved and
the therapeutic efficacy can reduce secondary injury cascades following TBI.

Finally, new strategies are emerging that attempt to control macrophage pheno-
type as a therapeutic strategy for TBI treatment. As previously mentioned, when not
assuming an inflammatory phenotype macrophages can perform a variety of func-
tions that are required for tissue regeneration and stability including angiogenesis,
extracellular matrix remodeling, and clearing damaged tissue. Indeed, there are a
number of problems in TBI-induced secondary injury that monocyte-derived mac-
rophages are uniquely poised to remedy. Macrophages cultured with CNS slice
cultures subjected to oxygen-glucose deprivation rescued hypoxic neurons
(Desestret et al. 2013). Macrophages can secrete essential neuronal growth factors
including brain-derived neurotrophic factor (BDNF) (Kerschensteiner et al. 1999).
Additionally, macrophages may be more capable of clearing toxic components
including myelin debris and erythrocytes compared to other brain cells (Hikawa
and Takenaka 1996; Kroner et al. 2014; Nairz et al. 2017). Indeed, a number of
clinical trials have attempted to deliver monocytes or macrophages to the brain,
spinal cord, and other peripheral organs (Chan and Viswanathan 2019). However,
methods to control an ideal phenotype over time are necessary for these approaches
to reach their full potential.

To address this need, our group has co-developed a strategy to exogenously
reprogram monocytes with drug-loaded microparticles. Phagocytosed microparticles
degrade over time releasing immunomodulatory drugs into the cytosol of the
monocyte-derived macrophages, thus controlling their phenotype over time
(Wofford et al. 2019a, 2020). Intracellular microparticles were able to mitigate
gene expression and protein secretion related to inflammation when the cells were
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cultured in both regular and inflammatory environments. Experiments validating the
efficacy of this cell reprogramming strategy in vivo after a TBI are necessary to
determine if controlling monocyte-derived macrophage phenotype could have ther-
apeutic efficacy. Moreover, modulating inflammation to a constructive magnitude
and duration is likely the first step toward implementing these cells as a therapy.
Controlling the extent of homing, phagocytosis, and cytokine secretion will also be
imperative if they are to become a clinical treatment. This strategy along with other
macrophage-directed TBI therapies offers promising avenues to provide a
pro-regenerative environment that can improve the efficacy of rehabilitation and
maximize recovery.

13.5 Current and Future Approaches to Mitigate Neuronal
and Axonal Loss

Despite the heterogeneity of brain injury, all forms of TBI—whether mild or severe,
focal or diffuse—are thought to result in some form of neuronal and/or axonal loss
(Meaney et al. 2014; Dixon 2017; Kaur and Sharma 2018). While the location and
extent of neuronal or axonal loss depend on the specific injury mechanisms, the
presence of such degeneration appears to be ubiquitous. The initial event resulting in
TBI causes mechanical tissue deformation that may lead to relatively rapid necrotic
cell death (Kaur and Sharma 2018). In focal brain injuries such as hematomas,
hemorrhages, and contusions, a large proportion of the initial neuronal loss is
concentrated around the injury site (Kaur and Sharma 2018). In diffuse brain injury,
inertial impulse loading leads to widespread axonal damage throughout the brain
(DAI), as well as acute plasmalemma permeabilization affecting soma in the gray
matter (Singleton and Povlishock 2004; Cullen et al. 2011; Johnson et al. 2013b;
Meaney et al. 2014; Kaur and Sharma 2018; Keating et al. 2020). The disruption of
axonal integrity caused by DAI leads to structural, metabolic, and neurochemical
impairments that in turn initiate Wallerian degeneration of the axons, a series of
hallmark pathologies that begins with disrupted axonal transport and ultimately leads
to complete degeneration and self-destruction (Johnson et al. 2013b; Koliatsos and
Alexandris 2019). This pathology generally develops quickly but can persist chron-
ically following even a single injury event in the human brain (Povlishock and
Christman 1995; Johnson et al. 2013b). Additionally, across both focal and diffuse
TBI, the primary insult that results in initial neuronal death is followed by secondary
(or indirect) injury that is driven by events including neuroinflammation,
excitotoxicity, oxidative stress, and mitochondrial dysfunction (Wang and Jin
2015; Russo and McGavern 2016; Wofford et al. 2019b; Ladak et al. 2019). This
secondary injury further exacerbates the initial neuronal loss resulting from the
primary injury, causing a continual neuronal loss for weeks, months, and even
years after the initial injury. Thus, acute pathology can lead to widespread axonal
degeneration and programed neuronal loss that may greatly exceed any necrotic cell
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death that occurs at the time of the initial injury. In addition, the adult CNS has an
extremely limited capacity to regenerate following injury (Fry 2001; Illis 2012),
owing to an extremely limited capacity for neuronal replacement, an inability of
axons to regenerate on their own absent directed guidance, coupled with an
inflammation-induced inhibitory environment that further limits regenerative poten-
tial (Fry 2001; Kyritsis et al. 2014). The meager regenerative capacity of CNS
neurons limits the potential for recovery from TBI. This deficiency has inspired
research into the development of a variety of therapies specifically designed to
promote neuronal replacement and/or axon regeneration following brain injury.

As described in the previous section on current approaches to rehabilitation, diet
and exercise can enhance plasticity—and to some degree neurogenesis—in the
brain, facilitating compensatory rewiring to achieve functional recovery. In addition
to these contemporary approaches for enhancing plasticity, there are currently three
advanced regenerative strategies being explored to replace lost neuronal populations
following TBI (Grade and Götz 2017): (1) transplantation of exogenously-sourced
stem cells, or differentiated neurons derived from stem cells (Kassi et al. 2018;
Clervius et al. 2019; Liao et al. 2019), (2) direct reprogramming of existing cell
populations in the brain (Torper and Götz 2017; An et al. 2018; Wang and Zhang
2018), and (3) redirection of endogenous neural stem and/or progenitor cells
(NSPCs) into an injured brain region (Bellenchi et al. 2013; Rolfe and Sun 2015;
Hayashi et al. 2018; Purvis et al. 2020). The majority of neuronal replacement
techniques have been designed to repopulate areas afflicted by focal injury such as
cerebral ischemia or focal TBI. Indeed, the first thing that comes to mind for most
people when they hear “regenerative therapy” is stem cell transplantation. This
technique involves transplanting a bolus of stem cells either directly into or nearby
a region of brain injury. Transplanted stem cells have been shown to reduce
cognitive and motor deficits caused by experimental TBI (Haus et al. 2016; Spurlock
et al. 2017) and to offer neuroprotection in the penumbra by reducing inflammation,
mitigating chronic glial activation, and augmenting endogenous neurogenesis in
preclinical models of TBI (Kassi et al. 2018; Clervius et al. 2019). While exogenous
stem cells have the ability to survive, integrate, and fire action potentials following
transplantation into the brain (Tennstaedt et al. 2015; Falkner et al. 2016), differen-
tiation and functional integration to restore lost neural circuitry remains a challenge,
and benefits observed in preclinical studies are primarily attributed to release of
neurotrophic factors from the transplanted cells (Rolfe and Sun 2015; Yamashita
et al. 2017; Xiong et al. 2018). Furthermore, the efficacy of mesenchymal stem cell-
derived exosomes for improving functional recovery in a preclinical model of TBI
coupled with a lack of differentiation of transplanted cells shows that the benefits of
exogenous stem cell transplantation are independent of differentiation or neuronal
replacement (Zhang et al. 2020). In fact, one of the most difficult challenges in stem
cell transplantation is promoting and ensuring survival and functional integration of
the transplanted cells (Liu and Huang 2007; Uemura et al. 2010). Limited cell
survival indicates that the beneficial effects of transplanted cells (i.e., growth/
neurotrophic factors released from stem cells into the injury site) are likely short-
lasting, suggesting that multiple transplants would be required to promote enduring
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neuroprotection and regeneration over time. In addition to a lack of cell differenti-
ation and low neuronal survival rates, exogenous stem cell transplantation often
comes with the risk of immune rejection (Barker and Widner 2004) and retention of
epigenetic memory of the transplanted cells (Kim et al. 2010).

Current regenerative treatments are not limited to exogenous stem cells. Another
widely investigated neuronal replacement approach is direct in vivo reprogramming
of one somatic cell type (e.g., fibroblasts, astrocytes, NG2 glia, reactive glial cells,
early post-mitotic neurons) into another (i.e., a specific neuronal phenotype lost due
to injury) without intermediately generating induced pluripotent stem cells (Xu et al.
2015a; Torper and Götz 2017; An et al. 2018; Wang and Zhang 2018). A variety of
techniques have been used to induce reprogramming including lineage-specific
regulatory transcription factors (Guo et al. 2014; Heinrich et al. 2014) and
microRNAs (Ambasudhan et al. 2011; Yoo et al. 2011). Small molecules have
also been used for direct reprogramming, bypassing the need for invasive genetic
manipulation techniques (Hu et al. 2015; Li et al. 2015). While direct cell
reprogramming circumvents issues of immune rejection and tumor formation caused
by exogenous transplants, this approach has the potential to introduce dangerous
genetic mutations causing deleterious side effects and inherently relies on reducing
the quantity of other cell types presumably necessary to brain function. Additionally,
although conversion efficiencies have improved over time and have fairly high
efficacy (Guo et al. 2014; Gascón et al. 2016), current reprogramming techniques
still struggle to reliably generate sufficient numbers of functional, subtype-specific
neurons (Torper and Götz 2017; Wang and Zhang 2018).

A third class of neuronal replacement techniques has focused on endogenous
NSPCs as a source to replace neurons lost due to brain injury. There is a substantial
body of research detailing a variety of different experimental technologies that are
designed to redirect endogenous NSPCs in the brain from their site of origin into a
site of brain injury (recently reviewed by Purvis et al. 2020) (Purvis et al. 2020).
Endogenous neuroblasts are a particularly attractive cell source to replace lost
neuronal populations because there is no risk of immune rejection as occurs with
exogenous stem cell transplants and there is no requirement for invasive
reprogramming techniques for cells to acquire a neuronal phenotype (Bellenchi
et al. 2013). Most endogenous neuronal replacement techniques target NSPCs that
arise from the subventricular zone as these cells already possess the inherent ability
to depart from their site of origin and migrate toward regions of neuronal injury
(Ramaswamy et al. 2005; Thored et al. 2007; Lindvall and Kokaia 2015; Kaneko
et al. 2018), an observation that has also been reported in the human brain (Jin et al.
2006; Minger et al. 2007). However, the quantity of endogenous neuroblasts that
mature into functional neurons in injured regions is insufficient to improve func-
tional recovery without experimental intervention (Kojima et al. 2010; Kernie and
Parent 2010; Hayashi et al. 2018). Various pharmacological strategies, biomaterial
scaffolds, and emerging tissue-engineering techniques have been created to enhance
the migration of subventricular zone-derived NSPCs and promote survival and
integration following their arrival into regions of neuronal injury.
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Pharmacological strategies include utilization of neurotrophic factors such as
epidermal growth factor (Teramoto et al. 2003), stromal-derived factor 1 (Ohab
et al. 2006), or BDNF (Schäbitz et al. 2007) to augment NSPC production within the
subventricular zone and migration of these cells into injured regions. The majority of
pharmacological techniques have administered neurotrophic factors directly into the
lateral ventricles (Teramoto et al. 2003; Kolb et al. 2007; Schäbitz et al. 2007), but
subcutaneous (Ohab et al. 2006; Popa-Wagner et al. 2010) and intranasal (Ma et al.
2008) administration methods have also shown efficacy at augmenting NSPC
migration into regions of injury. The efficacy of neurotrophic factor administration
for promoting endogenous NSPC infiltration can be further augmented when the
factors are administered in biomaterial hydrogels (Wang et al. 2012). However, such
pharmacological interventions have overall shown limited efficacy for altering
endogenous NSPC arrival into regions of injury, and the transient effectiveness
indicates that repeated administration over time is likely needed to produce clinical
efficacy. There is also limited research demonstrating whether these pharmacolog-
ical techniques can lead to actual functional recovery following experimental TBI.
Additionally, while compounds such as growth and neurotrophic factors do provide
chemoattractive cues that guide NSPCs toward regions of injury, cells must migrate
through harsh, unfamiliar territory to reach distant locations in the brain. For
instance, NSPCs often migrate along blood vessels, with branching blood vessels
often leading NSPCs astray and preventing a majority of cells from reaching their
destination (Kojima et al. 2010; Grade et al. 2013; Hayashi et al. 2018).

This challenge has led to the development of a variety of acellular biomaterial
scaffolds designed to directly intercept the subventricular zone neurogenic niche and
span directly into an injured brain region, providing a pathway to guide endogenous
NSPC migration and circumventing the need for NSCPs to travel along inefficient,
indirect routes to reach injured destinations (Oliveira et al. 2018; Purvis et al. 2020).
One concern with using endogenous NSCPs to replace lost neurons is that these
precursors are multipotent, meaning that they have the potential to differentiate into
neurons or glial cells once they arrive at a site of injury (Lim and Alvarez-Buylla
2016). To circumvent this problem, biomaterial hydrogels are often engineered to
contain neurotrophic factors to encourage neuronal differentiation upon arrival at an
injury site (Fon et al. 2014a, b; Zhou et al. 2016; Clark et al. 2016). Some of the most
efficacious of these acellular scaffolds are constructed from laminin, mimicking the
material properties of blood vessels that traditionally support endogenous NSPC
migration toward regions of injury (Ajioka et al. 2015; Fujioka et al. 2017;
Gundelach and Koch 2018). These biomaterial scaffolds have effectively augmented
the delivery of new, mature neurons into neuron-deficient brain regions (Wang et al.
2012; Gundelach and Koch 2018; Jinnou et al. 2018; Motamed et al. 2019) and have
contributed to behavioral recovery following preclinical brain injury (Clark et al.
2016; Jinnou et al. 2018). These scaffolds are an attractive strategy for endogenous
NSPC redirection as they offer an enhanced level of spatial control for cell migration
and they can be engineered to mimic signaling mechanisms that typically support
endogenous NSPC migration.
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An alternative technology that seeks to further enhance NSPC migration from the
subventricular zone into injured brain regions is the tissue-engineered rostral migra-
tory stream (TE-RMS) (O’Donnell et al. 2018, 2021; Purvis et al. 2020). This “living
scaffold” contains living astrocytes encapsulated within a preformed three-
dimensional hydrogel column and is designed to emulate the structure and function
of the endogenous rostral migratory stream, thus providing an “implantable high-
way” that recapitulates the mechanisms with which subventricular zone-derived
NSPCs naturally migrate in the adult brain (Winter et al. 2016; O’Donnell et al.
2018, 2021; Katiyar et al. 2018). Similar to the acellular scaffolds discussed above,
the TE-RMS is intended for implantation to span from the subventricular zone
neurogenic niche toward a region of brain injury. It is predicted that this scaffold
will integrate into the brain following implantation, becoming enwrapped by blood
vessels that surround and support the scaffold. While further research is needed to
demonstrate the ability of this emerging technology to promote functional recovery
following injury, the TE-RMS is predicted to be particularly effective at NSPC
redirection and functional integration due to the ability of NSPCs to actively
communicate with cells contained within the scaffold, thus recapitulating both the
physical (e.g., glial tube structure (Gengatharan et al. 2016)) and chemical (e.g., Slit/
Robo signaling (Kaneko et al. 2017)) cues that traditionally guide subventricular-
zone derived NSPC migration (O’Donnell et al. 2018, 2021). Additionally, by
replicating the mechanisms with which NSPCs migrate endogenously, the
TE-RMS is designed to slowly introduce new neurons into regions of injury over
time (rather than introducing a large quantity of new cells all at once as occurs with
exogenous stem cell transplantation). It is hypothesized that providing slow,
sustained delivery of NSPCs over time will increase cell survival and augment the
ability of redirected cells to functionally integrate into existing circuitry as compared
to traditional cell transplantation or reprogramming techniques.

In addition to repopulating neuron-deficient brain regions with single neurons,
strategies are being explored to replace long-distance axonal tracts that have been
lost or damaged as a result of brain injury. Axons are generated early during
embryonic development when neuronal targets are close to one another (Tau and
Peterson 2010). As the brain develops, the length of axonal pathways increases
simultaneous with the growth of bone and connective tissue, leading to the estab-
lishment of long-distance “stretch-grown” axonal tracts throughout the brain. Fol-
lowing injury, the adult CNS is generally unable to re-grow long-projecting axons
due to a combination of an inhibitory environment, limited intrinsic neuronal growth
capacity, and insufficient directed axon guidance to appropriate distant targets
(Fawcett 2002; Curinga and Smith 2008; Fitch and Silver 2008; Huebner and
Strittmatter 2009). Due to this lack of axon regeneration, the effects of widespread
axonal loss in white matter following TBI can be devastating and permanent. Cell
transplantation and replacement strategies cannot sufficiently restore the anatomical
features of long, damaged axonal pathways. Strategies to encourage targeted and
long-distance axon re-growth encompass two broad techniques: reducing the inhib-
itory environment that prevents axon regrowth (Stichel et al. 1999; Bradbury et al.
2002; Mingorance et al. 2006) and increasing the intrinsic regeneration ability of
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axons (Jain et al. 2004; Yip et al. 2010; Liu et al. 2010). Various biomaterial-based
tubular conduits have been developed that promote axon regeneration following
spinal cord injury in vivo (Tsai et al. 2004; Moore et al. 2006; Silva et al. 2010).
While these strategies have demonstrated some success at eliciting axon regenera-
tion, achieving sufficient axonal growth rates and proper targeting in vivo remain
major challenges. Therefore, these strategies have had minimal success at function-
ally restoring lost axonal connections.

In addition to repopulating neuron-deficient brain regions with single neurons,
another emerging tissue engineering approach seeks to replace entire circuits that
have been lost due to brain injury. For example, micro-tissue engineered neural
networks (micro-TENNs) are implantable living scaffolds consisting of neurons and
preformed axonal tracts contained within a hydrogel structure that are designed to
re-establish long-distance neuronal connections in the brain (Struzyna et al.
2015a, b, 2017). This is the first technology created to simultaneously replace
multiple discrete neuronal populations and their long-distance axonal connections,
introducing the possibility of targeted neurosurgical reconstruction designed to
facilitate functional axonal replacement and/or regeneration following brain injury
(Struzyna et al. 2015a, b, 2017; Harris et al. 2016). Micro-TENNs have been created
with both unidirectional and bidirectional architectures (Struzyna et al. 2015a) to
recapitulate specific neuronal tracts including the nigrostriatal (Struzyna et al. 2018)
and corticothalamic (Struzyna et al. 2015b) pathways. Notably, micro-TENNs have
been shown to exhibit functional connectivity (Dhobale et al. 2018) and have been
successfully engineered from human embryonic stem cells (Struzyna et al. 2018).
Further advancements in this technology may introduce significant potential to
restore functional neuronal connectivity following TBI.

Patients that suffer a severe TBI may experience damage to connections between
the deep brain areas that constitute the ARAS—such as those between pons and
thalamus or pons and basal forebrain—resulting in prolonged Disorders of Con-
sciousness (DoC) (Edlow et al. 2012, 2013; Snider et al. 2019, 2020). The resultant
disruption of activation of higher-order brain circuitry and lack of awareness of self
or environment can render traditional cognitive and exercise rehabilitation
approaches unworkable. DoC patients require specialized rehabilitative approaches
focused on restoring awareness (Schnakers and Monti 2017; Provencio et al. 2020;
Edlow et al. 2021). In the future, it may be possible to replace lost connections
between select areas of the ARAS, and micro-TENNs for replacing ponto-thalamic
afferents offer a focused, promising target for initial testing, with thalamocortical
reconstruction as a secondary goal. While these new approaches are exciting, it
should be stressed that these technologies are many years away from clinical
application. Investigating tissue engineering approaches to regenerative rehabilita-
tion from traumatic DoC will require preclinical studies, and while a preclinical
model of traumatic DoC does not currently exist, efforts are underway to make these
studies possible (O’Donnell et al. 2019).

In general, there are several questions and challenges that remain to be addressed
regarding the ability of the abovementioned technologies to restore lost neuronal
populations to regions of brain injury (Aboody et al. 2011; Purvis et al. 2020). One
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of the biggest challenges for all neuronal replacement techniques is the ability to
generate a sufficient number mature, phenotype-specific neurons to effectively
restore function to an injured brain region. Across all neuronal replacement technol-
ogies, more research is needed to demonstrate that new neurons appropriately
mature, differentiate (i.e., express relevant synaptic structures and synaptic markers),
and functionally integrate with preexisting circuitry. There are also numerous
manufacturing, safety, and regulatory considerations as these technologies move
toward clinical utilization. While significant hurdles remain, these evolving technol-
ogies demonstrate considerable potential for neuronal and/or axon tract replacement
following TBI.

13.6 Conclusions and Future Directions

Current efforts to promote plasticity and regeneration during rehabilitation from TBI
are limited in their potency, specificity, and efficacy. Diet and exercise have been
found to provide some improvement to regenerative potential during rehabilitation,
but the ceiling is unfortunately low compared to other regenerative therapies under
preclinical investigation. Emerging strategies for regenerative rehabilitation, from
more traditional therapeutic approaches intended to mitigate anti-regenerative TBI
endophenotypes, to more innovative approaches like tissue engineering and
microglial depletion/replacement, offer significant potential for removing limits to
rehabilitation to maximize functional recovery. Of course, spurring neurogenesis is
only part of the challenge—new neurons need to end up where they are needed,
integrate within appropriate 3D architecture, mature into correct phenotypes, and
form functionally meaningful connections. Just as these nascent regenerative thera-
pies are intended to enhance traditional rehabilitative therapies, those traditional
rehabilitative therapies may help to improve the microenvironment of new neurons
and therefore indirectly aid in addressing these challenges. For example, exercise
and diet can reduce harmful inflammation, promote neurotrophic factor release, and
improve plasticity, creating a more favorable environment for the survival and
functional integration of implanted neural networks and/or re-routed endogenous
neurons. As such, next-generation pro-regenerative therapies should be integrated
with the existing—and effective—framework for cognitive rehabilitation after TBI.

Despite the lack of any approved treatment for mitigating neurodegenerative
cascades and/or improving recovery from TBI, there are many potential therapeutics
and even more potential therapeutic targets under preclinical investigation. For
example, device-based plasticity (e.g., transcranial direct current stimulation,
transcranial magnetic stimulation) may have a role as an adjunct to traditional
rehab but is beyond the scope of the current article. We only discussed a fraction
of these potential therapeutics and targets in this chapter, while illustrating the
chronic challenges limiting recovery from TBI and the various ways in which
regenerative rehabilitation strategies could be employed to maximize recovery.
Unfortunately, neurotrauma therapeutics have a history of translational failure, due
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in part to the heterogeneity of TBI, but also largely due to an overreliance on rodent
models that do not sufficiently recreate the mechanisms and manifestations of the
injury to provide reliable efficacy testing. Small animal models of TBI are essential
to study specific endophenotypes, identify potential therapeutic targets, and test
mechanisms of action for novel therapeutics. However, large animal models that
better represent the mechanisms of biomechanical injury, neurophysiological
sequelae, and neuropathological distribution of human TBI must be utilized to
bridge the gap between small animal models and clinical trials to establish a viable
translational pipeline for neurotrauma. By engaging in research addressing the
challenges of both plasticity and ongoing injury, targeting specific endophenotypes
based on the heterogeneity of TBI, and progressing through a carefully considered
translational pipeline from small animals to large gyrencephalic animals, emergent
strategies for regenerative rehabilitation can be brought to bear to maximize recovery
after TBI.
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