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Chapter 1
Introduction to Regenerative Medicine

Grant Cooper, Joseph Herrera, Jason Kirkbride, and Zachary Perlman

Regenerative Medicine Intro Combined

Patients suffering from musculoskeletal ailments frequently seek additional treat-
ment options after more traditional methods have failed. Though eager for alterna-
tive methods, they may have reservations over the safety and efficacy of the broad
range of regenerative medicine techniques, which can make regenerative medicine
a somewhat controversial topic [1, 2]. A large pool of anecdotal evidence exists, but
there is no standardization of techniques, and evidence-based research has strained
to catch up (Table 1.1). As is the case with cutting-edge treatments, research is
continually emerging. By reviewing, evaluating, and exploring the current state of
regenerative medicine research, we hope to provide a foundation upon which the
practitioner can converse with the patient. Organizing the book based on the ana-
tomic site of injury will allow the medical practitioner to easily reference evidence-
based regenerative medicine treatment options and help guide open discussion with
their patients about additional treatments that may be appropriate to offer.

In the broad sense of the term, “regenerative medicine” is delivering cells or
products to diseased tissues or organs in the attempt to restore tissue or organ func-
tion. What we are interested in is connective tissue and bone regeneration [3]. The
rationale for using these therapies is that the injected product will stimulate repair
of these damaged structures as opposed to only treating the patient’s symptoms. To
understand these regenerative options, it is important to look back at the history of
platelet-rich plasma (PRP) and stem cell therapy.
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Table 1.1 Regenerative Medicine Questions

What is the particular “injectate”?

Are we using leukocyte-reduced or leukocyte-enriched PRP?

How are you harvesting your stem cells?

Bone marrow aspirate, bone marrow concentrate, or mesenchymal from adipose tissue?

What about embryonic products?

Which therapy is the most powerful “regenerator”?

How do we price them?

How much volume is just right for your patient?

Do they need a single or series of multiple injections?

If we are treating an arthritic condition, then what stage of arthritis responds best?

How active is the patient?/What level of competition?
Gender?

What is the post-injection rehabilitation protocol?

As you can see, there are many possible combinations of answers to the above questions, which
makes this field very intimidating to patients and practitioners because of the many variables.

Platelet-rich plasma was developed in the field of hematology in the 1970s [4].
PRP releases growth factors, which are also known as bioactive proteins. These
proteins aid in stimulating the body’s natural ability to heal. Hematologists were
treating thrombocytopenia with a product that was plasma with a platelet count
higher than peripheral blood. In the late 1980s, it was used during open heart sur-
gery. Then, in the 1990s, maxillofacial surgeons were using PRP to aid in healing
skin flaps. Next, it was used in musculoskeletal medicine. The first documented
case in Sports Medicine was in 1999, when Dr. Allan Mishra used PRP to treat San
Francisco 49ers quarterback Steve Bono’s Achilles tendon injury. In 2006, PRP use
for elbow tendonitis was published in the American Journal of Sports Medicine.
That study showed 60% improvement in pain levels immediately, 81% improve-
ment in 6 months, and 93% improvement at 2 years. This is when PRP gained
significant popularity and many well-known professional athletes began using
PRP therapy including Kobe Bryant and Tiger Woods [5]. It then gained popular-
ity among orthopedic surgeons for treating fracture nonunion, arthritis, tendonitis,
muscle strains, cartilage injuries, and more [6]. Today, PRP is being used in pediat-
ric surgery, gynecology, urology, plastic surgery, dermatology, and ophthalmology.

Stem cells are cells that have the ability to differentiate or change into a par-
ticular cell. A specific type of stem cell known as a mesenchymal stem cell can
transform into a bone, cartilage, muscle, or fat cell. The first scientists who defined
the key properties of stem cells were Ernest McCulloch and James Till in the 1960s.
They discovered that the cells can divide and differentiate into mature cell types [7].
Then, in 1996, scientists were crossing ethical boundaries when attempting to clone
“Dolly the sheep” by using stem cells. In the early 2000s, Dr. Shinya Yamanaka
discovered skin cells can be converted into stem cells by altering gene expression.
This was the birth of induced pluripotent stem cells, or iPS. Since then, stem cells
have been used in musculoskeletal medicine and many other areas including gene
therapy for inheritable disorders.
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As you will find, the research is not unambiguous. Patients who have been
failed by more traditional treatment options are frequently desperate for additional
potential treatments. Demand for regenerative medicine is growing as the amount
of evidence increases. Oftentimes, patients are initiating the conversation about
regenerative medicine and it is important for the physician to be well prepared for
such a discussion. Practitioners must be ready to acknowledge the lack of clear-cut
evidence at times and be open to frank discussions regarding the risks of treatment
and potential benefits [8]. Informed consent is paramount and cannot be stressed
enough. The ability to counsel on the risks and benefits of different regenerative
medicine techniques based on the current literature is the first step to offering regen-
erative medicine treatment options. Though it is important to remain hopeful that
regenerative treatment will allow for improvements when more conservative mea-
sures have failed, it is essential to develop realistic goals with the patient.

As the number of degenerative and chronic conditions continues to climb among
the population, demand for regenerative medicine is increasing. Regenerative
medicine and tissue engineering have been identified as top research priorities by
the Medical Research Council in the United Kingdom and the National Research
Council of the United States [9]. With increased interest and research into regenera-
tive medicine, the ambition to transition healthcare from a focus on symptomatic
treatment to a more curative treatment approach grows [10]. Because of this grow-
ing expectation, significant controversies exist. Concerns include research miscon-
duct and tumor development [11, 12], while unproven therapies are creating an
entire stem cell tourism industry with little safety oversight for patients desper-
ate for therapeutic treatment [13]. In addition, there are multiple manufacturers of
the systems that isolate the injectate, so not every physician offering regenerative
medicine is using the same concentration of growth factors. Another major bar-
rier to administering regenerative medicine to patients is that insurance companies
generally do not cover these injections. It is difficult to say if the Food and Drug
Administration (FDA) could administer an approval since “the injectate” is not a
product of a pharmaceutical laboratory, but it stems from the patient themselves.
Despite these obstacles, regenerative medicine continues to make progress with
regard to safety and its use of evidence-based treatment options. As the number
of clinical trials continue to increase, regenerative medicine is at the cutting edge
of translational research and will require a collaborative effort among a vast array of
interdisciplinary researchers and clinicians [14]. This further cements the need for
an evidence-based, practitioner-friendly guide to regenerative treatments.
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Chapter 2
Basic Science Concepts in Musculoskeletal
Regenerative Medicine

Check for
updates

Allison C. Bean

Introduction

Injury and degeneration of musculoskeletal tissues of the spine and joints are
common causes of pain and disability, creating a significant worldwide health
and economic burden. These tissues are particularly at risk due to their lim-
ited intrinsic healing capacity in conjunction with repetitive exposure to high
mechanical loads over a lifetime. Following injury, many musculoskeletal tis-
sues are unable to fully recover, leading to persistent alterations in mechanical
properties that may initiate a cascade of progressively worsening tissue degrada-
tion and functional impairment.

Regenerative medicine has been studied as a method to repair or replace dam-
aged cells, tissues, and organs. Numerous strategies have been investigated, includ-
ing but not limited to tissue engineering, autologous cell therapy, gene therapy,
and administration of growth factors (Fig. 2.1) [1]. Tissue engineering strategies
typically focus on combining cells, scaffolds, and biochemical factors to create a
functional tissue in vitro that may subsequently be implanted. Other regenerative
approaches may rely on altering the in vivo environment via injection or implanta-
tion of cells and biochemical factors in order to stimulate the body’s innate healing
mechanisms to repair or regenerate the damaged tissue.

Regardless of the approach, thorough knowledge of the biological structure and
function of the tissue niche is essential to develop effective regenerative therapies.
This chapter will focus on the basic science concepts that guide the development
and application of regenerative medicine for treatment of spine and joint dysfunc-
tion. An overview of the developmental biology of the joints, spine, and associated
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Fig. 2.1 Schematic representation of the various components of regenerative medicine. (Reprinted
from Yalcinkaya et al. [1], with permission from Elsevier)

tissues from fertilization to maturity will be presented, followed by a summary of
the current scientific understanding of the pathophysiology underlying degeneration
of skeletal tissues.

Musculoskeletal Development

Developmental biology focuses on understanding the physical and chemical cues
that lead to tissue and organ formation. Regenerative medicine seeks to create or
heal tissues through manipulation of cells and the diseased tissue environment.
Applying knowledge of developmental processes to regenerative medicine strate-
gies can allow for improved control over cell behavior and potentially result in more
effective therapies.
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Early Musculoskeletal Embryogenesis

Most scientific knowledge of musculoskeletal development is derived from experi-
ments performed in chick and mouse embryos. The majority of musculoskeletal
tissues, except for craniofacial tissues that arise from the neural crest, are derived
from the mesodermal layer of the embryo. The axial skeleton arises from the par-
axial mesoderm while the limbs are derived from the lateral plate mesoderm [2].
Skeletogenesis is regulated through several signaling pathways. In particular, mem-
bers of the transforming growth factor-beta (TGF-f) superfamily, which include
TGF-p as well as bone morphogenic proteins (BMPs), fibroblast growth factors
(FGFs), and growth differentiation factors (GDFs) play important roles throughout
bone and cartilage development and in maintaining tissue homeostasis during adult-
hood [3].

Bone Embryogenesis

Bone formation occurs through two different mechanisms. The flat bones of the
skull form through a process known as intramembranous ossification, during which
mesenchymal cells directly differentiate into osteoblasts, laying down osteoid
matrix that is then mineralized. The process of intramembranous ossification will
not be covered in this chapter, but has been described in detail elsewhere [4, 5].
In contrast, long bones and vertebrae develop through a process known as endo-
chondral ossification, where tissues proceed through a cartilaginous phase prior to
mineralization (Fig. 2.2).

The initial step in limb bone and joint formation begins with clustering of mes-
enchymal cells within the limb bud in a process known as mesenchymal condensa-
tion. Following condensation, under regulation by the transcription factor Sox9, the
mesenchymal cells begin to differentiate into two separate populations of cells —
an avascular core containing rounded chondrocytes and an outer layer of flattened
perichondrial cells closely associated with the surrounding vasculature [7, 8]. The
chondrocytes proliferate, producing an initial cartilaginous extracellular matrix
template, or anlage, which segments to form early the individual skeletal elements.
Chondrocytes at the center of the anlage eventually stop proliferating and undergo
hypertrophy, shifting from secretion of type II to X collagen and inducing matrix
mineralization. Hypertrophic chondrocytes also secrete paracrine factors including
Indian hedgehog (IHH), signaling perichondrial cells to undergo differentiation,
and vascular endothelial growth factor (VEGF), triggering blood vessel invasion.

Hypertrophic chondrocytes eventually undergo apoptosis as mineralization lim-
its nutrient delivery to the interior of the tissue [9-12]. Perichondrial cells adjacent
to the hypertrophic zone differentiate into osteoblasts, which create a mineralized
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Fig. 2.2 Endochondral bone formation. (a) Mesenchymal cells condense. (b) Cells of condensa-
tions become chondrocytes (c). (¢) Chondrocytes at the center of condensation stop proliferating
and become hypertrophic (h). (d) Perichondrial cells adjacent to hypertrophic chondrocytes
become osteoblasts, forming the bone collar (bc). Hypertrophic chondrocytes direct the formation
of mineralized matrix, attract blood vessels, and undergo apoptosis. (e) Osteoblasts of primary
spongiosa accompany vascular invasion, forming the primary spongiosa (ps). (f) Chondrocytes
continue to proliferate, lengthening the bone. Osteoblasts of primary spongiosa are precursors of
eventual trabecular bone; osteoblasts of the bone collar become the cortical bone. (g) At the end of
the bone, the secondary ossification center (soc) forms through cycles of chondrocyte hypertrophy,
vascular invasion, and osteoblast activity. The growth plate below the secondary center of ossifica-
tion forms orderly columns of proliferating chondrocytes (col). Hematopoietic marrow (hm)
expands in the marrow space along with stromal cells. (Reprinted from Kronenberg [6] with per-
mission from Springer Nature)

bone collar, forming early the cortical bone, and endothelial cells, which initiate
vascular invasion into the tissue [7]. As blood vessels invade, they bring chondro-
clasts and hemopoietic stem cells. The chondroclasts resorb the cartilaginous matrix
and osteoblast precursors use the remnants as a scaffold for bone matrix deposi-
tion. This tissue is known as the primary spongiosa and is later remodeled into a
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mature trabecular bone. Hemopoietic stem cells migrate to the center of the eventual
diaphysis, where they reside within the bone marrow postnatally [13]. This region is
called the primary ossification center (POC). Chondrocytes at the epiphyseal ends
continue to proliferate, elongating the bone, while progressive chondrocyte hyper-
trophy and subsequent ossification continue from the POC toward the epiphysis.
Postnatally, a secondary ossification center (SOC) forms at the epiphysis in a pro-
cess similar to the POC. Chondrocyte proliferation is then limited to the epiphyseal
or growth plate, which closes at the end of puberty [9-12, 14, 15].

Synovial Joint Development

Development of synovial joints begins at the time of cartilage anlagen segmenta-
tion as mentioned previously. The first step is condensation of cells into a densely
packed region called the interzone. The interzone layer gradually thickens and then
separates to form early the joint space. Cells in the interzone express Gdf5 and
eventually give rise to the articular cartilage covering the joint surface, as well as
other joint tissues including the joint capsule, synovium, ligaments, and menisci.
They also contribute to chondrocyte proliferation and bone maturation at the SOC
[16-18].

Articular cartilage maturation continues postnatally, with chondrocytes continu-
ing to proliferate and produce matrix proteins. Eventually, the tissue is organized
into four zones: superficial, middle, deep, and calcified. Articular cartilage ECM
is primarily composed of type II collagen and proteoglycans, the most prevalent
being aggrecan. The superficial zone contains flattened chondrocytes expressing
lubricin and hyaluronic acid, creating a smooth, low-friction surface and preventing
overgrowth of synovial cells [19]. The collagen matrix in the superficial zone runs
parallel to the tissue surface. In the middle/intermediate zone, chondrocytes have a
more rounded morphology while collagen fibers are thicker and loosely organized
into radial bundles. Chondrocytes in the deep zone are organized into columns and
secrete less collagen and more aggrecan. Lastly, chondrocytes in the deep calcified
zone located adjacent to the subchondral bone are hypertrophic and terminally dif-
ferentiated, expressing type X collagen and alkaline phosphatase [20]. This tissue
organization enables cartilage to effectively absorb and dissipate the forces gener-
ated during loading.

Spine Joint Development

At each spinal level, three joints link adjacent vertebrae and stabilize the spine.
Zygapophysial or facet joints are located posteriorly on each side of the vertebral
column and are articular joints that form between superior and inferior processes
of adjacent vertebrae [21]. Between each bony vertebra lies an intervertebral disc
(IVD) which functions to stabilize the spine, acts as a shock absorber during
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loading, and allows for multidirectional movement of the spinal column [22]. The
IVD is bound rostrally and caudally by the endplate (EP), a thin layer of articular
cartilage less than 1 mm thick, that separates the IVD from the vertebral bodies
and aids in mechanical load distribution [23]. During embryogenesis, blood ves-
sels transverse through the EP and into the IVD, supplying nutrients to the AF and
NP. As development progresses, the vessels regress, and the IVD becomes avascular
by adulthood, relying on diffusion of nutrients through the endplate from vessels
terminating within the subchondral bone [23, 24].

The NP is derived from cells originating from the embryonic notochord [25,
26]. The notochord initially begins as a rod-like structure oriented along the rostro-
caudal access of the embryo and acts as a signaling center, directing patterning
of the neural tube and other tissues. The mechanisms driving the transformation
of the notochord into the NP are not fully understood; however, notochordal cells
eventually differentiate into chondrocytic NP cells and secrete a gelatinous ECM
composed primarily of aggrecan along with sparse, randomly oriented type II col-
lagen fibers. The glycosaminoglycan (GAG) chains of aggrecan proteoglycans are
negatively charged and hydrophilic, creating high osmotic pressures within the NP
and giving it the ability to withstand and distribute compressive loads [22].

The AF is composed of fibrochondrocytes that secrete an ECM predominately
composed of aligned collagen with small amounts of proteoglycans organized into
15-25 lamellar sheets. The collagen fibers of consecutive layers are obliquely ori-
ented and alternate in direction with each layer, creating an angle-ply structure.
This arrangement gives the AF the ability to withstand the high tensile forces during
compressive loading [22, 27]. The outer AF has a more fibrous structure containing
more type I collagen, while the inner zone is more cartilaginous with higher aggre-
can and type II collagen content [28].

Tendon and Ligament Development

While not part of the joint proper, tendons play an important role in joint motion,
since they couple muscle to bone across joints. Ligaments also play an important
role in joint stabilization as they form bone-to-bone connections. Research focused
on ligament development is limited; however, there appears to be significant over-
lap with tendon, as these tissues have comparable composition and properties [29].
Given these similarities and lack of scientific literature specific to ligament develop-
ment, this text will focus predominately on the formation of tendons.

Cells that will differentiate into mature tendon cells are known as tenocytes.
Axial tenocytes originate from a dorsolateral strip of the sclerotome in a region
known as the syndetome. Syndetome formation is dependent on FGF signaling from
the myotome, which induces expression of the transcription factor scleraxis (Scx), a
key regulator of tendon development. Tendon progenitors are initially loosely orga-
nized between the developing bone and muscle. Then, under regulation by TGF-§
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secreted by the bone and muscle, additional tendon precursors are recruited and the
cells become organized, begin to differentiate, and integrate with bone and muscle
at the enthesis and myotendinous junction [30, 31].

Limb tenocytes arise from the lateral plate mesoderm and in the early limb bud
consist of ventral and dorsal blastema, from which the flexor and extensor tendons
arise, respectively. Unlike the axial skeleton, muscle is not required for initial induc-
tion of tendon progenitors in the limbs, though it does appear to be required in later
stages of differentiation. Instead, the blastemas are located under the ectodermal
layer, from which they receive signals required for induction of Scx expression,
which mediates expression of BMP4 [32]. As the limb bud lengthens, the tendon
progenitor cells of the proximal limb realign between the differentiating muscle
and bone, while distal tendon cells are already near their eventual position prior to
induction.

Mature tendon ECM is predominately composed of aligned type I collagen fibers
assembled in a hierarchical pattern, with small amounts of other collagens and pro-
teoglycans. Initial tendon matrix synthesis begins with formation of thin collagen
fibrils, which assemble together, gradually increasing in length and width, eventu-
ally forming collagen fibers. Fibers are bundled together into fascicles, which are
separated by loose connective tissue composed of small collagen fibers and elastin
called the endotenon, which is contiguous with the surrounding epitenon. Some ten-
dons also have an outer sheath known as the paratenon, which allows tendons, such
as at the Achilles, to slide more easily over bony protuberances [33].

The underlying mechanisms of the juncture of tendon with bone at the enthe-
sis and tendon with muscle at the myotendinous junction (MTJ) are incompletely
understood. Muscle cells, or myocytes, originate from the somite myotome. Cells in
the dorsomedial portion of the myotome give rise to the axial muscles while those
in the ventrolateral portion migrate toward the lateral plate mesoderm to eventu-
ally form the limb muscles [34]. As tendon and muscle precursors become closely
approximated, a disorganized ECM including integrin ligands and thrombospondin
4 (Tsp4) is secreted by myoblasts, forming early the basement membrane. These
proteins facilitate integrin binding, stabilizing myofibers and tendon collagen fibers
at the MTJ. As myotubes begin to contract, the tension generated at the MTJ inter-
face stimulates increased production and alignment of tendon collagen and parallel
assembly of sarcomeres. Persistent mechanical forces promote maturation of col-
lagen fibers and formation of the finger-like processes characteristic of the MTJ as
noted above [35-37]. Unlike much of the musculoskeletal system, MTJ formation
is complete by the time of birth [36].

Mature fibrocartilaginous entheses, which typically occur near joints, consist of
four zones, gradually transitioning from tendinous to cartilaginous to mineralized
tissue [38, 39]. After establishment of the primary cartilage anlagen, eminences
appear at the site of the future enthesis and are composed of a separate pool of pro-
genitor cells that initially co-express Scx and Sox9, as well as Gdf5 and later Glil
[40, 41]. Glil is a downstream target of Hedgehog, and its expression is essential
for enthesis development, where it may play a role in mineralization and widening
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of the enthesis [42, 43]. Mechanical loading of the enthesis during early post-natal
development has been shown to be essential for enthesis maturation, likely through
modulation of Hedgehog expression, as reduction of loading results in impaired
mineralization [42, 44].

Musculoskeletal Tissue Homeostasis and Response to Injury

Osteoarthritis (OA) is estimated to affect 10-15% of the population and is a leading
cause of disability worldwide, particularly among older individuals [45]. OA most
commonly affects the hips, knees, fingers, and spine but can occur in any joint.
Development of OA is often multifactorial and is associated with systemic and
biomechanical risk factors including but not limited to age, sex, genetics, weight,
occupation, joint shape, joint alignment, and comorbid medical conditions [46].
OA is primarily characterized by cartilage deterioration, but surrounding joint tis-
sues including the synovium, meniscus, ligaments, and subchondral bone are often
involved [47]. In this section, we provide a brief summary of the pathophysiology of
degenerative disease of joints, spine, and tendons, identifying potential mechanisms
through which regenerative therapies may prevent or manage pain and disease pro-
gression. Proposed mechanisms of repair in currently used regenerative therapies
such as platelet-rich plasma and stem cells will be covered in later chapters.

Osteoarthritis of Articular Cartilage

The normal cartilaginous tissues of articular joints are avascular and hypoxic, rely-
ing on diffusion for delivery of nutrients from the joint capsule, synovium, and
underlying subchondral bone. As a result, chondrocyte metabolism and ECM turn-
over are limited under normal physiologic conditions, with the half-life of type II
collagen and aggrecan estimated to be 120 years and 120 days, respectively [48].
Tissue homeostasis is maintained through a balance of anabolic and catabolic factors
released by chondrocytes in response to environmental cues, carefully modulating
the slow ECM turnover. Disruption of this balance leads to the complex cascade of
changes seen in OA. Below, we briefly highlight some of the mechanisms that drive
the development of OA. Additional comprehensive discussions of the important
molecular pathways are found in other reviews [49-54]. It is important to note that
much of the knowledge regarding these pathways has been obtained from animal
studies and may not be completely translatable to the general human population.
The primary driver in development of osteoarthritis is thought to be abnor-
mal mechanical loading of the joint. Chondrocytes are mechanoresponsive cells,
altering their phenotype based on changing mechanical cues. Cyclic physiologic
loading is important for maintaining cartilage health, and it has been suggested
that in the absence of altered biomechanics or biology of the tissue, the cartilage
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becomes conditioned to the physiologic loads generated during locomotion, main-
taining homeostasis [55]. Previous studies have demonstrated that reduced loading
due to immobilization has been shown to lead to decreased cartilage thickness [56,
57]. In several experiments using canine models, immobilization resulted in loss
of proteoglycans in the cartilage superficial zone and reduced mechanical proper-
ties [58—60]. Mechanical overloading either through strenuous repetition or single
high-magnitude loads can lead to increased catabolic activity and cartilage degrada-
tion. In in vitro and canine models, supramaximal repetitive loading causes tissue
swelling, chondrocyte apoptosis, increased oxidative stress, reduced matrix protein
production (including GAGs), increased matrix protein breakdown, and reduced
mechanical properties, with the severity of findings often proportional to the magni-
tude of loading [61-68]. Furthermore, injuries to other joint tissues such as menisci
or ligaments can lead to increased risk of developing post-traumatic osteoarthritis,
which likely occurs secondary to long-term changes in joint kinematics as a result
of the previous injuries [69]. Re-establishing healthy joint kinematics should be
part of any OA treatment plan; however, this is a difficult task as small variations
are difficult to detect.

The earliest change typically seen in OA is disruption of the collagen fibers in the
superficial layer [70, 71]. In response to injury, chondrocytes proliferate and form
clusters around the damaged area, releasing both anabolic and catabolic factors in
an attempt to remodel the injured tissue [72]. However, the overall anabolic capa-
bilities of chondrocytes are limited, and unless there is a full thickness injury pen-
etrating the subchondral bone, progenitor cells with increased reparative abilities
cannot be recruited due to the lack of vasculature. Even in full thickness injuries,
the repair response is limited, with the repaired tissue lacking the organization and
mechanical strength of the native tissue [73, 74]. In contrast, the catabolic processes
initiated by chondrocytes following injury are robust and self-sustaining, shifting
the balance toward progressive tissue degeneration and OA.

In a process akin to endochondral ossification that occurs normally during devel-
opment of long bones, following initial clustering and proliferation, chondrocytes
in injured cartilage become hypertrophic, eventually initiating mineral deposition
and thickening of the deep calcified zone. VEGF expression in the underlying sub-
chondral bone increases concomitantly, inducing bone remodeling and vascular
invasion into the cartilage layers, leading to impaired mechanical properties and
progressive cartilage degradation and chondrocyte apoptosis. In later stages of OA,
persistent activation of catabolic pathways may also stimulate other pathologic
changes throughout the joint including meniscus and ligament degeneration, osteo-
phyte formation, subchondral bone sclerosis, joint capsule hypertrophy, and syno-
vial inflammation and fibrosis [75, 76]. Blood vessel ingrowth occurs with many of
these changes and is typically accompanied by sensory nerves containing substance
P and calcitonin gene-related peptide. These small unmyelinated nerves are thought
to contribute to the development of pain typically seen in OA [77, 78].

Cartilage homeostasis is maintained by transcriptional control of the chondrocyte
phenotype through several different interconnecting pathways. Following injury,
activation of these pathways shift, driving chondrocytes toward a hypertrophic
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phenotype and terminal differentiation, similar to that seen in endochondral ossifi-
cation. Each of these pathways induces downregulation of Sox9 and upregulation of
Runx2, and the cells begin to synthesize type X collagen while reducing production
of type II collagen and aggrecan. Hypertrophic chondrocytes in injured articular
cartilage also express high levels of proteases including metalloproteinases (MMPs)
and a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS),
which degrade collagen and aggrecan, respectively. MMP-1, MMP-3, and MMP
-13 and ADAMTS-4 and ADAMTS-5 have been shown to be particularly important
in tissue degeneration in OA. Conversely, tissue inhibitors of metalloproteinases
(TIMPs) are downregulated. Thus, inhibition of MMP and ADAMTS activity has
been seen as a potential therapeutic target. While most of the specific inhibitors
of these enzymes have not yet made it past pre-clinical testing [79, 80], an oral
ADAMTS-5 inhibitor is currently being tested in a phase II clinical trial [81].

Inflammation plays an integral role in the progression of OA (Fig. 2.3). Molecules
known as damage-associated breakdown products (DAMPs) are released by chon-
drocytes following injury and serve as ligands for pattern recognition receptors
(PRRs) including toll-like receptors (TLRs) and receptor for advanced glycation
end products (RAGE) expressed by chondrocytes and synovial cells. Interaction
between DAMPs and PRRs induces release of pro-inflammatory cytokines includ-
ing pro-inflammatory interleukins, IL-1p and IL-6, and tissue necrosis factor-
alpha (TNF-o) from chondrocytes and macrophages. This signals chondrocytes to
undergo hypertrophy and terminal differentiation and promotes tissue degradation
through nuclear factor-kappaB (NF-kB) and MAPK pathways, resulting in upregu-
lation of MMPs and ADAMTS, as well as other pro-inflammatory mediators includ-
ing nitric oxide (NO), cyclooxygenase-2 (COX-2), and prostaglandin E2 (PGE2)
[50, 52]. Activation of the complement system and infiltration of cell mediators of
the adaptive immune system including T-cells, B-cells, and macrophages have also
been found to be increased in the synovium of osteoarthritic joints [§2—84]. In sum,
the pro-inflammatory environment induced by cartilage injury leads to progressive
synovitis and chondrocyte activation, promoting a cycle of inflammation and cell
damage that results in progressive cartilage breakdown and changes in the other
joint tissues as described above.

Medications commonly used in OA including corticosteroids, nonsteroidal anti-
inflammatory drugs (NSAIDs), COX inhibitors, and hyaluronic acid are directed
toward inhibition of inflammatory pathways; however, long-term use can result
in significant side effects, including adverse gastrointestinal and cardiovascular
events, and may even accelerate OA progression [85—87]. Anti-cytokine therapies
have been demonstrated to be effective in the treatment of rheumatoid arthritis;
however, their efficacy in OA thus far appears to be limited [88].

TGF-p is essential for chondrocyte maturation and differentiation during devel-
opment and is present in low concentrations in young, healthy articular cartilage.
TGF-f signaling through the Alk5-SMAD?2/3 pathway has been shown to be essen-
tial for inhibiting chondrocyte hypertrophy and terminal differentiation [89, 90].
Following injury, TGF-p downstream signaling appears to shift from signaling
through the Alk5-SMAD2/3 pathway to the Alk1-SMAD1/5/8 pathway, inducing
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chondrocyte hypertrophy and increased MMP and ADAMTS expression [89, 91—
95]. TGF-p has also been implicated in early osteophyte formation and subchondral
bone sclerosis [96, 97].

Fibroblast growth factors (FGFs) have also been shown to play an important role
in OA. In particular, FGF-2 is released from the pericellular matrix following injury,
inhibiting anabolic growth factors BMP-7 and IGF-1 [98] and inducing expression
of matrix degrading factors MMP-13 and ADAMTS-5, and reactive oxygen spe-
cies. This suggests that FGF-2 plays a dual anti-anabolic and pro-catabolic role in
OA [99-102]. In contrast, FGF-18 appears to promote cartilage synthesis through
inhibition of noggin, a known BMP inhibitor, while FGF-2 increases noggin expres-
sion [102]. A phase II clinical trial using intra-articular recombinant FGF-18 for
treatment of OA is currently underway, with early results showing that the drug may
increase or at least help to maintain cartilage thickness in patients with moderate
knee OA [103].

Wnhnt signaling pathways are important in skeletal development, health, and dis-
ease, modulating both chondrogenesis and osteogenesis through both canonical
Whnt/B-catenin or non-canonical pathways. As described in a recent review, several
studies have shown that Wnt/pB-catenin signaling is upregulated in OA, promot-
ing chondrocyte hypertrophy and matrix degradation [104]. The use of a small-
molecule inhibitor of the Wnt pathway has shown some promise in phase II clinical
trials [105]. Importantly, while some studies have found that inhibition of Wnt sig-
naling can reduce OA progression, others have found that it may lead to increased
cell death and cartilage destruction [104, 106]. Taken together, this suggests that
Wht signaling is tightly controlled in cartilage homeostasis, with significant disrup-
tion in either direction increasing the risk of OA.

Due to its avascularity, chondrocytes reside in a relatively hypoxic environment.
A group of transcription factors known as hypoxia-inducible factors (HIFs) play an
important role in cartilage development and homeostasis. HIF-1a is expressed by
healthy chondrocytes and promotes expression of several anabolic cartilage genes
including Sox9 and type II collagen. However, under abnormal mechanical load-
ing or inflammatory conditions, pro-inflammatory cytokines induce expression of
HIF-2a through NF-kB. HIF-2a induces chondrocyte hypertrophic differentiation
by increasing Runx2, IHH, and VEGF expression and cartilage degradation by
increasing MMP and ADAMTS expression [107]. Suppressing HIF-2a while main-
taining HIF-1a expression is another potential target in inhibiting the chondrocyte
hypertrophy and cartilage degradation typically seen in OA.

Finally, it is important to discuss the role of aging in OA. The incidence of OA
increases dramatically with age; however, recent research has suggested that aging
in and of itself does not cause OA. Instead, changes that occur with normal aging
increase cartilage susceptibility to damage in the setting of trauma or altered joint
kinematics. Changes secondary to aging that increase this risk can be seen at cel-
lular, tissue, and systemic level.

One of the main hallmarks of aging is cell senescence, an irreversible arrest
in the cell cycle. Senescence can occur either through replicative senescence via
telomere shortening that occurs with each cell division or through stress-induced
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senescence triggered by oxidative stress. Since mature chondrocytes rarely divide,
stress-induced senescence has been hypothesized to be the main driver of chon-
drocyte senescence or “chondrosenescence” and likely contributes to development
of OA [108]. Oxidative stress can be induced through intracellular processes as
described below or by external dysfunction such as abnormal mechanical loading
or inflammatory cytokines released from surrounding tissues. Chondrosenescence
increases susceptibility to OA due to decreased responsiveness to anabolic growth
factors and increased production of catabolic factors [108].

Inflammation has also been implicated in aging. As cells age, their anti-
inflammatory responses gradually become less robust and are eventually unable to
neutralize the pro-inflammatory processes, resulting in a chronic low-grade inflam-
mation known as “inflammaging” [109, 110]. Increased longevity has been asso-
ciated with reduced inflammatory and more robust anti-inflammatory responses.
The intrinsic effects of aging on cells contributes to the development of inflam-
maging and OA. Aging cells have been shown to progressively lose their ability to
remove dysfunctional proteins and organelles through lysosomal degradation in a
process known as autophagy. Loss of autophagic capacity results in protein aggre-
gation, mitochondrial dysfunction, and accumulation of oxygen species (ROS)
such as NO. ROS activate the NF-«xB signaling pathway, increasing production of
pro-inflammatory cytokines including IL-1p and TNF-a. Autophagy may be fur-
ther suppressed in OA through inhibition of the HIF-2a pathway described previ-
ously [109].

These changes in the cellular environment due to aging eventually lead to
development of fibrillations on the cartilage surface, decreased size of proteogly-
can aggregates due to reduced length of glycosaminoglycan side chains, increased
cross-linking of collagen, and decreased total water content, all of which contribute
to decreased stiffness and strength that may make the tissue more susceptible to
injury [111, 112]. Regenerative therapies that increase cellular resilience to oxida-
tive stress through inhibition of premature chondrosenescence and loss of autoph-
agy could potentially prevent or delay the onset of OA.

Intervertebral Disc Degeneration

Most individuals will experience back pain at some point in their lives. As the lead-
ing cause of disability globally, back pain carries a high social and economic burden
[113]. In the United States alone, healthcare costs for treatment of low back and
neck pain are estimated to exceed $85 billion per year [114]. The most common
underlying etiology in the development of low back pain is IVD degeneration [115].
While less is known about the mechanisms underlying IVD degeneration compared
to articular cartilage, many similarities are apparent. First, the primary driver of
progressive IVD degeneration is biomechanical stress; however, aging, genetics,
and other systemic factors also play an important secondary role. Additionally,
loss of the delicate balance between anabolic and catabolic processes triggers a
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degenerative cascade, leading to upregulation of the same inflammatory mediators
and tissue degrading enzymes that are active in articular cartilage degeneration.
Lastly, aging and cellular senescence also appear to play an important role in IVD
degeneration [116—118]. Despite this overlap, the structure of the IVD is signifi-
cantly different than that of articular cartilage; thus, regenerative therapies targeting
the IVD will likely require a unique approach. Below, we will briefly discuss the
pathophysiology of IVD degeneration, focusing on cellular and ECM structure and
function in the diseased state.

The first pathologic change noted in IVD degeneration is dysfunction of the
NP. Over time, aggrecan content in the NP decreases, leading to a loss of hydro-
philicity and compressive resistance. This causes shifting of mechanical loads onto
surrounding structures including the AF and EP, increasing mechanical stresses on
these tissues. As described above for articular cartilage, persistent mechanical stress
disrupts the balance between anabolic and catabolic processes, including upregula-
tion of pro-inflammatory cytokines and matrix degrading enzymes. Under stress,
aggrecan and type II collagen within the NP are progressively replaced with fibrous
type I collagen leading to worsening dehydration and loss of disc height. The lamel-
lae composed of predominately type I collagen in the outer AF also become increas-
ingly disorganized, increasing susceptibility to disc bulging or AF rupture leading
to NP herniation [116, 119].

Nutrients are delivered to the NP and AF primarily by diffusion from the verte-
bral bodies through the avascular, cartilaginous EP. With degeneration and aging,
the EP becomes increasingly thin and calcified. Decreased nutrient perfusion and
altered mechanical properties can lead to increased apoptosis and progressive IVD
degeneration [118]. NP herniation through the EP into the adjacent vertebral body
due to EP mechanical failure results in development of a calcification called a
“Schmorl’s node” [119].

Development of regenerative therapies for treatment of IVD degeneration
require considerations of the different cell types and tissue structure within the
IVD. Targeting replacement or preventing loss of aggrecan in the NP may be the
most beneficial, as it is the earliest change that is seen with IVD degeneration and
is the workhorse in dissipating mechanical forces on the spine. Similar to articu-
lar cartilage, regenerative therapies that effectively disrupt the pro-catabolic cycle
that occurs in IVD degeneration may also slow progression of the disease and ease
symptoms. Finally, restoration of appropriate mechanical loading will need to
accompany any regenerative therapy in order to prevent reignition of the pathologi-
cal processes following treatment.

Tendon and Ligament Degeneration

Tendon and ligament injuries are estimated to account for nearly 50% of muscu-
loskeletal injuries and are common among athletes as well as the general popula-
tion [120]. While tears or ruptures may occur acutely due to trauma or sudden
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mechanical overload, injuries of these tissues occur more frequently as a result of
progressive degenerative changes secondary to repetitive mechanical overload-
ing in combination with other factors including aging, genetics, and systemic
disorders. In this chapter, we will focus on the pathogenesis of tendinopathy as
this is the most frequently encountered and commonly investigated. Similar con-
cepts to those discussed with tendinopathy may also be applied to ligamentous
injuries.

Tendinopathy is characterized by several changes including tenocyte prolifera-
tion, disruption and disorganization of collagen fibers, increase in the ratio of type
IIT to type I collagen, and increase in non-collagenous matrix proteins including
GAGs [121]. The water content of the tissue increases, leading to increased cross-
sectional area. Vascular ingrowth, often accompanied by sensory nerves, has also
been noted [122].

Much remains to be understood regarding pathophysiology of tendinopathy,
and key components continue to be debated. Like other degenerative joint dis-
eases, tendinopathy is considered to be the result of a failed healing response,
with a loss of balance between anabolic and catabolic factors. Mechanical loading
is a central regulator, with appropriate physiologic loading resulting in an increase
in anabolic activity, particularly in the periphery, while underloading or overload-
ing can induce factors that promote tissue degeneration [123]. One of the most
popular models proposed to describe the pathophysiology of tendinopathy is the
continuum model. Initially published in 2009 [124] and updated in 2016 [125],
this model suggests that tendon pathology occurs as a potentially reversible con-
tinuum across three stages in the setting of abnormal mechanical loading: reactive
tendinopathy, tendon disrepair, and degenerative tendinopathy (Fig. 2.4). As the
tendon moves toward the degenerative tendinopathy stage, it becomes more dif-
ficult to reverse the pathologic process. A fourth stage, reactive-on-degenerative,
was added in the 2016 model to highlight the potential for only a portion of a
tendon to have progressed to the degenerative stage, while another area may be
in a reactive stage.

The role of inflammation in tendinopathy has remained controversial. In the
1970s, histological studies on degenerated tendons demonstrated an absence of
acute inflammatory cells, leading to a shift away from an inflammatory etiology
for chronic tendon pain and toward a degenerative model [127, 128]. However,
recent studies using more advanced techniques have confirmed the presence
of macrophages, lymphocytes, and mast cells in acutely injured and chronically
degenerated tendons [129-132]. Interestingly, macrophages found in chronic ten-
dinopathy typically express the M2 phenotype, which produces immunosuppres-
sive cytokines to reduce inflammatory responses, unlike the M1 phenotype, which
is pro-inflammatory. Similar to OA pathogenesis, inflammatory mediators appear
to play an important role in modulating matrix composition and tenocyte pheno-
type. By binding to cell surface receptors and inducing downstream pathways, pro-
inflammatory cytokines including interleukins and TNF-a, as well as PGE2 and
NO among others, can enhance inflammation, induce collagen remodeling, increase
tenocyte proliferation, and promote angiogenesis [133-135].



20

Fig. 2.4 Continuum
model of tendinopathy.
(Reprinted from Rudavsky
and Cook [126] with
permission from Elsevier)
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Studies investigating the changes that occur in otherwise healthy tendons with
aging, particularly in humans, are somewhat limited. Results from in vitro stud-
ies suggest that aging may cause a decline in tenocyte migration and proliferation
capacity. However, there is no clear evidence that aging leads to impairment in
the ability of tenocytes to synthesize collagen, consistent with findings that aging
does not independently lead to reduced cross-sectional area. Whether aging affects
mechanical properties of the tendon remains uncertain, though physical activity
appears to increase tissue stiffness independent of aging [123].
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Conclusion

Unlike many current therapies that focus primarily on reducing physical symptoms,
regenerative medicine has the potential to either halt or even reverse tissue disease
and degeneration. The high prevalence of pathology and disability related to degen-
eration of skeletal tissues including articular cartilage, IVD, and ligaments/tendons
makes them an important focus for regenerative therapies. As the field advances,
understanding the biology of tissue development and disease can provide invaluable
insight into potential therapeutic targets. Potential targets for regenerative therapies
include inhibition of catabolic pathways including the inflammatory cascade, matrix
degrading enzymes and their upstream effectors, vascular and neural ingrowth, and
cellular senescence, as well as enhancing anabolic pathways by increasing cell pro-
liferation and the availability of anabolic growth factors and antioxidants. Finally,
as altered mechanical loading is often the sentinel change that leads to progressive
degeneration, it is imperative that normal kinematics and mechanical stress on the
tissue are restored and that appropriate cyclic loading through exercise is continued
in conjunction with the use of regenerative therapies.
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Chapter 3
Viscosupplementation

Krutika Parasar Raulkar

Introduction

Osteoarthritis (OA) is a major source of disability worldwide, causing progressive
pain and functional decline [1] (see Fig. 3.1). In the United States, 10-20% of
people above the age of 60 suffer from clinically significant OA [2]. Patients make
more than 5.5 million physician visits for OA-related treatment per year. Non-
modifiable risk factors include advanced age, post-menopausal status, female
gender (45% higher incidence than male gender [3]), and European ancestry [4]
(see Fig. 3.2). Modifiable risk factors include obesity, injury, anatomic abnor-
malities, significant running history, and tobacco and alcohol use. Symptoms have
insidious onset and include stiffness, pain, and swelling. Incidence of knee OA
in adults is 6% [4], making knee OA twice as common as hip OA [2]. In visco-
supplementation, lubricating fluid is injected with the immediate goal of adding
support to arthritic joints, relieving pain, and improving mobility and the ultimate
goal of slowing disease progression [1]. The most common injectate is hyaluronic
acid (HA), also known as HA, hyaluronan, or hyaluronate, which is a natural
substance in the joint capsule that allows cartilages to glide against each other,
minimizing friction and absorbing force during weight-bearing activities. Patients
with radiographic evidence of osteoarthritis (OA) who fail to benefit from conser-
vative methods such as physical therapy and oral pain medications can be consid-
ered candidates for HA injections [1].
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History

HA is a glycosaminoglycan like chondroitin that is formed inside cell plasma mem-
branes [5]. It was originally used in the 1960s in eye surgeries, when it was har-
vested from human umbilical cords and rooster combs in the form of hyaluronan [6]
(see Fig. 3.3). In the 1970s, the sodium hyaluronan product NIF-NaHA Healon was
formed. These first-generation products were used by veterinarians to treat canine
and racehorse injuries.

Over the following two decades, 2nd-generation hylans were developed. Hyalgan
was produced for use in humans in Italy in the 1980s and was officially approved
by the FDA for use in Canada (1992) and the United States (1997) for the treatment
of knee OA [1]. It has since been approved and marked under the brand names
Hyalgan (1997), Synvisc (1997), Supartz (2001), Orthovisc (2004), and Euflexxa
(2004) [5] (see Fig. 3.4). Of these products, Synvisc One is available in a single
formulation. Hyalgan in available as a series of two injections, and the remainder as
series of three to five injections. Nonavian products include Euflexxa and Orthovisc,
which are derived from bacterial fermentation. Generic formulations can also be
prescribed. Treatment courses should be completed within 8 weeks.
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Fig. 3.3 History of viscosupplementation
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Synvisc [prescribing information], Ridgefield, NJ:Genzyme Blosurgery; 2006.
Hyalgan [prescribing information], NewYork, NY: Sanofi-Synthelabo Inc; 2001.
Supertz [prescribing information], Memphis, TN: Smith & Nephew Inc; 2007.

*Molecular weight of human

Orthovisc [prescribing information], Rayrham, MA: DePuy Mtek; 2005.

HA is ~6 million Da. Euflexxa [prescribing information], Suffern, NY; Ferring Pharmaceuticals Inc; 2005.

Fig. 3.4 Characteristics of viscosupplements

Fig. 3.5 Chemical
structure of HA [4]

Biology

Hyaluronan is a non-sulfated anionic substance found widely in connective, neural,
and epithelial tissues and involved in cell proliferation and migration (see Fig. 3.5)
[5]. Healthy knee joints inherently contain approximately 4 mL of hyaluronic acid
in the joint capsule [6], where it is a central component of cartilage and syno-
vial fluid [8]. It acts as a lubricant with slow movements and shock absorber in
fast motion. In OA, the molecular weight and concentration of HA decreases by
33-50%. Supplementation with HA may decrease pain-triggering molecules [7]
and inflammatory matrix metalloproteinases (MMP) [8] while enhancing normal
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HA production [7]. Man-made derivatives of hyaluronic acid are often used in injec-
tions and are known as hylans. Currently research suggests the effects of natural
hyaluronic acid and its synthetic form to be comparable [6].

Indications

Viscosupplementation is indicated for patients with function-limiting pain refractory
to NSAIDs, aspirations, and corticosteroid (CS) injections. Ideal candidates include
elderly patients, younger patients with mild to moderate OA, patients with radio-
graphic findings classified as 1-3 on the Kellgren-Lawrence Scale (see Fig. 3.6),
and patients with stage 4 OA who want to delay total knee replacement (TKR) [8].
It can be considered as first-line treatment in patients with comorbidities, for exam-
ple, in diabetics who cannot tolerate CS injections, patients with CAD in whom
NSAIDs are not recommended, or patients on anticoagulation for whom surgery
could be dangerous. Contraindications include allergy to hylan, active infection,
bleeding disorder, or venous stasis [7]. Some products are made from rooster combs
and should not be administered to patients with egg allergies [6].

Despite the 2008 Osteoarthritis Research Society International guidelines stating
that IA HA is an acceptable treatment for both hip and knee OA [2], currently visco-
supplementation is only FDA approved for the treatment of knee OA, for which injec-
tions are typically approved every 6 months. Nevertheless, it can still be considered
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Fig. 3.6 Kellgren-Lawrence stages of knee OA
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as a treatment option for other joints but is usually not covered by insurance in these
cases [4]. Preliminary research has shown efficacy in treating ankle OA [8]. For OA
of the hip, one study found moderate improvement in pain and function at 3—6 months
after HA injections without significant adverse side effects [4]. Conversely, a 2018
meta-analysis of 8 RTCs concluded that there was little difference between hyaluronic
acid and placebo at 3 and 6 months, but that it was no different than methylpredniso-
lone for pain relief or in terms of adverse events at 1 month [9]. Thus, it could poten-
tially be an alternative to methylprednisolone for hip OA as well.

Efficacy of viscosupplementation in the treatment of acute injuries such as ante-
rior cruciate ligament and chondral injuries has also been demonstrated, delaying
the need for total knee arthroplasty (TKA) [2]. In one study of patients with stage 4
OA who were candidates for TKA, 75% were able to delay the need for TKA after
3.8 years following IA HA injections [8].

There is still little published research regarding efficacy of viscosupplementa-
tion for joints other than the knee and such use is considered off-label and usually
require out-of-pocket expense from the patient [1].

Procedure

Injections can take place in an office and usually take 5 min. Patients should be
positioned supine with knees flexed to 20-30° [1]. Ultrasound guidance has been
shown to increase optimal placement and thus injection efficacy. The injection site
is cleaned with antiseptic and lidocaine is applied to numb the knee. Fluid can be
aspirated if effusion is present. For knee osteoarthritis, 2 mL of hyaluronic acid is
typically injected into the joint capsule. Unlike corticosteroid shots which can be
effective if injected even in local soft tissue via dispersion, hyaluronic acid should
be injected directly in the joint space to be efficacious and can be uncomfortable
if injected into the soft tissue [8]. A lateral mid-patellar approach may be more
accurate than anterior approaches [9] (see Fig. 3.7). The injection site is cleaned, a
Band-Aid is applied, and the patient is asked to move their knee to spread the injec-
tate. Doses can be administered in one injection or as a weekly series for 3-5 weeks
[1]. In the first 48 h following injections, excessive weight-bearing activity should
be avoided [11]. Following this initial rest period, rehabilitation therapy is recom-
mended for further strengthening and improved range of motion (ROM) [1].

Efficacy

Systematic reviews have found that IA HA reduces OA pain and improves
function [11, 12] according to the highest level of evidence [12]. Pain relief is
expected for 3 months to 1 year, though some patients will not experience any
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Fig. 3.7 Common injection approaches [10]. (a) Anterior approaches. (b) Lateral mid-patellar
approach

relief and some will have longer-lasting effects. Maximal effect has been dem-
onstrated between 5 and 13 weeks with benefits persisting to 26 weeks [13]. A
2006 Cochrane Database review of 76 trials cited the average pain improvement
to be between 28% and 54% and with functional improvement between 9% and
32%, which is comparable to the effects of non-steroidal anti-inflammatories
(NSAIDs). Benefits were found to be longer term than corticosteroid injections
[14]. If first injections are without efficacy, then it is not recommended to repeat
the series. Even if initially efficacious, repeat injections may be less and less
effective as OA progresses [1]. Multiple studies of repeat HA injections have
demonstrated the additive benefits of repeat injections in reducing pain with min-
imal side effects [15]. Obesity and very severe joint space narrowing are associ-
ated with decreased efficacy of viscosupplementation. Experts have suggested
that patellofemoral OA is less responsive to viscosupplementation, but there is
little evidence in the literature to support this.

Treatment Algorithms

If effective at 6 months, retreatment is not recommended unless patients experience
recurrence of pain, they are professional sports players, they are at high risk for
progression, they have severe comorbidities, or they have risk factors that prevent
TKR (see Fig. 3.8) [15]. If adequate protocol and imaging guidance (ultrasound or
fluoroscopy) was used but injections are not effective, retreatment is not recom-
mended. The evidence regarding soluble biomarkers is currently not robust enough
to include them in retreatment decision-making.
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Safety

Although viscosupplementation is considered a safe procedure, 1-3% of patients
can have typical injection associated side effects of erythema, stiffness, soreness,
and swelling. These are usually mild and last 1-2 days. More severe side effects
include allergic reaction, bursitis, infection, or significant swelling; though uncom-
mon, these effects may warrant more immediate medical attention. A more compre-
hensive list of side effects is included in Table 3.1.

Comparison to Alternative Treatments

Evidence regarding the effectiveness of HA injections has been mixed. A 2009
review found no clinically meaningful improvement following treatment for knee
OA with glucosamine or chondroitin oral supplements, viscosupplementation,
or arthroscopic lavage with or without debridement [2]. A 2015 meta-analysis of
only double-blinded, sham-controlled trials with at least 60 patients did not find
HA more clinically effective than placebo [17]. A 2015 systematic review of 137
randomized control trials found hyaluronic acid injections to be more effective in
treating OA treatment than corticosteroid injections, NSAIDs, and Tylenol [18].
Corticosteroids have been shown to be more effective in the first 4 weeks whereas
HA provides better relief from 4 to 26 weeks [4, 16]. Thus, there could be a syner-
gistic benefit from administration of both medications and co-administration could
reduce inflammation in part of early OA treatment [4]. Corticosteroid injections

Table 3.1 Viscosupplementation side effects [16]

Severe (all are very Life-threatening
Mild Moderate (all are rare) rare) (all very rate)
Local pain® Acute pseudoseptic arthritis Septic arthritis Hypotension
(aka “flare” reaction or
chemical synovitis)
Transient Granulomatous inflammation | Reactivation of Air embolism
inflammatory complex regional pain
response? syndrome
Local tissue Hemarthrosis Seizures Anaphylactic
atrophy reaction
Cramps and Vertigo Crystal deposition Laryngeal edema
restless legs arthritis
Adjacent structure injury Adjacent structure Apnea
(nerves, vessels) injury (nerves,
vessels)
Urticaria, pruritus Vasomotor
collapse

*Common



38 K. P. Raulkar
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Fig. 3.9 HA provides greater pain relief than naproxen [20]

have been in common use in humans for approximately 65 years versus 35 years
for HA but have more adverse side effects such as damage to cartilage, osteopo-
rosis, hyperglycemia, immunosuppression, skin atrophy, depigmentation, Charcot
arthropathy, Nicolau syndrome, and tendinopathy [7].

A 1998 comparison to naproxen and placebo showed that patients who received
HA were significantly more likely to report no or slight pain in the past 48 h (see
Fig. 3.9) [20]. Platelet-rich plasma has been found to be more effective than hyal-
uronic acid injections and with longer symptomatic relief in the treatment of knee OA
[21-23]. Insurance coverage can still be a barrier for some patients to obtain [A HA
injections.

Glucosamine and Chondroitin

Glucosamine and chondroitin are substrates proposed to be involved in the forma-
tion of hyaluronic acid and thus have possibly similar joint-preserving potential.
Glucosamine is a precursor to glycosaminoglycan, whereas chondroitin is part of
a large proteoglycan molecule that confers flexibility to cartilage and inhibits its
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enzymatic breakdown. They are theorized to increase the rate of new cartilage for-
mation [2], and both are sold as dietary supplements that some short-term stud-
ies have found to be efficacious in treating OA [23]. Glucosamine derivatives are
typically purified from crustacean shells and chondroitin from shark and cow car-
tilage [2]. In 2004, $730 million was spent on these products and while marked as
a supplement in the United States and Canada, glucosamine is marketed as a drug
in Europe [24]. The Glucosamine/Chondroitin Arthritis Intervention Trial (GAIT)
studied 1583 patients with knee OA who received either glucosamine, chondroitin,
a combination of both, celecoxib, or a placebo [2]. It found improvement of global
pain and joint function in all groups without more clinically significant improve-
ment from glucosamine and chondroitin versus placebo. However, in the subgroup
of patients with moderate to severe OA, glucosamine and chondroitin did improve
pain and functionality as compared to placebo. Both supplements have not been
shown to have more adverse effects than placebo. It is still unknown whether the
salts of glucosamine sulfate differ from glucosamine chondroitin and further inves-
tigation is needed.

Market

The market for viscosupplementation is predicted to steadily increase over the next
decade [25] (see Fig. 3.10).

In 2016, the US market for viscosupplementation was valued at 3 billion, and
a compound annual growth rate of 9.04% is expected until 2025 due to increasing
geriatric population and rates of osteoarthritis. North American and Asia Pacific
comprised the majority of the market share (Fig. 3.11). In the United States, eco-
nomic impact of OA treatment was estimated to be 185.5 billion in a 2009 study,
and a large portion of this was allocated to knee OA.

||

2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

Single injection W Three injection m Five injection

Fig. 3.10 US viscosupplementation market projections by product 2014-2025 [25]
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Fig. 3.11 Viscosupplemen-
tation market share by
geography [25]

. North America Europe . Asia Pacific
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Chapter 4
Stem Cells

Nadia N. Zaman and Dayna McCarthy

Introduction

Musculoskeletal pain is a common type of chronic pain often resulting from osteoar-
thritis and chronic tendinopathy that affects various joints in the body. Osteoarthritis
is characterized by a degenerative and inflammatory process that leads to joint pain
and stiffness, causing a decrease in functional mobility and joint destruction over
time. Because articular hyaline cartilage is avascular with poor regenerative capa-
bilities, chondral injuries have very little stimulus to produce inflammation and
healing. According to data from the National Health Interview Survey, over 52 mil-
lion Americans were reported to have been diagnosed with some form of arthritis,
with over 22 million having some level of arthritis-related activity limitation; both
numbers are expected to grow by 2030 [1]. Tendinopathy accounts for 30-50%
of sports-related injuries and is a multifactorial condition characterized by tendon
thickening and localized tendon pain that may result from trauma, or more com-
monly, overuse [2]. For example, nontraumatic rotator cuff tendinopathy can be
a significant source of morbidity among those with shoulder pain and can lead to
long-term disability if left undertreated [3]. In the past decade, the body of knowl-
edge regarding the use of stem cells to treat musculoskeletal conditions has grown
as physicians have taken an active role in the research, education, and clinical use of
this regenerative technique. While there is a literature regarding the different types
of stem cells and their use in various arthritic and tendinopathic processes, there is
still a lack of uniformity in composition, concentration, and results post-injection.
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History

Prior to the availability of orthobiologics, the mainstay of nonoperative symp-
tomatic management was intra-articular or peri-articular corticosteroid injection;
however, recent research has shown only short-term benefit, with patients requiring
numerous injections as the effects wear off. Repeated injections can lead to tendon
and cartilage toxicity over time, with magnetic resonance imaging (MRI) showing
evidence of cartilage volume loss [4]. As a result, the need for more effective treat-
ment options for osteoarthritis and chronic tendinopathies has grown as the average
man and woman continues to stay active and live longer.

While hyaluronic acid viscosupplementation has been around for some time, and
regenerative therapies such as platelet-rich plasma and prolotherapy have provided
alternatives to corticosteroids, stem cell therapy is another innovative technique
becoming more and more available today. Stem cell therapies have been used in
veterinary medicine since the early 2000s, but only more recently has the clinical
efficacy been explored [5]. While the least studied of the available regenerative
medicine treatments because of the often restrictive regulatory guidelines, the body
of literature regarding stem cell therapy continues to grow.

Scientists Ernest A. McCulloch and James E. Till first published data regarding
the clonal nature of marrow cells in the 1960s [6]. The first clinical trial of mesen-
chymal stem cells (MSCs) was completed in 1995 when a small number of patients
were injected with cultured MSCs to test for safety [7]. Since then, hundreds of
clinical trials have been registered at http://clinicaltrials.gov studying the effects
of MSCs as treatment. As a result, in 2006, the International Society for Cellular
Therapy recommended that cells must fulfill the following criteria to be considered
MSC:s: the cells must be plastic-adherent when maintained under standard culture
conditions; they must express CD73, CD90, and CD105 markers and should not
express CD34, CD45, CD14, HLA-DR, CD11b, or CD19; and they should be able
to differentiate into osteoblasts, chondroblasts, and adipocytes in vitro [8].

MSCs are multipotent; they can be harvested from a wide variety of tissues in
the body and have the ability to differentiate into many types of tissues, such as
bone, cartilage, muscle, ligament, fat, and tendon as noted in Fig. 4.1 [9-11]. MSCs
have been used in animal studies both in vivo and in vitro to demonstrate chon-
drogenesis, osteogenesis, and tendon healing in osteochondral defects, fractures,
and tendinopathies, respectively [12—15]. Nonetheless, stem cells are regarded as
advanced therapy medicinal products by regulatory bodies, thus requiring a time-
consuming process of assessment for quality, safety, and efficacy protocols [16].
The development of processes to harvest human stem cells through minimally inva-
sive means and prepare them using “minimal manipulation” has allowed for the use
of stem cells for various musculoskeletal pathologies. Although there is no stan-
dardization of protocols, patients are required to discontinue any corticosteroids or
anti-inflammatory medications for at least 7 days prior to the harvesting of cells to
allow for the proper pro-inflammatory mediators in the cells to proliferate. Post pro-
cedure, patients are advised to not use any anti-inflammatory medications because
these will essentially cancel out the effects of the stem cells injected.


http://clinicaltrials.gov
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Fig. 4.1 Mesenchymal stem cells are multipotent and are believed to give rise to a number of dif-
ferent cell lines. (Image from Meregalli et al. [9])

This chapter will expand upon the types of stem cells currently available for
soft tissue and joint pain, as well as the major indications for which they have been
tested with good results.

Bone Marrow-Derived Stem Cells

Bone marrow aspirate (BMA) is a rich source of MSCs that can be isolated and
concentrated to create an injectate. Once the BMA is harvested, it is prepared using
centrifugation to produce bone marrow aspirate concentrate (BMAC), which is rich
not only in MSCs but also other progenitor cells such as hematopoietic stem cells
(HSCs), platelets, cytokines, platelet-derived growth factors, interleukin-1 recep-
tor antagonists, and bone morphogenetic proteins 2 and 7, all of which are known
to promote stem cell differentiation and proliferation [17, 18]. Although the exact
mechanism of action for BMAC is not fully understood, one of the proposed theories
is that progenitor cells use paracrine signaling, meaning they are able to communi-
cate with neighboring cells to produce anti-inflammatory and immunomodulatory
effects in order to stimulate growth and differentiation leading to tissue repair [19].

It is important to understand the differences between the two types of bone
marrow-derived stem cells (BMSCs) that are available: cultured and non-cultured.
Generally, BMSCs make up 0.001-0.01% of the total nucleated cells in BMA
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[18]. Cultured BMSCs require a two-step process where cell counts are increased
in vitro to several hundred- to thousand-folds over several weeks. Currently, cul-
tured BMSCs are not available in the United States because the two-step process of
cell expansion is considered more than minimal manipulation and is not approved
for use by national regulatory bodies [18]. Non-cultured BMSCs, on the other hand,
do not require any cell expansion in the laboratory and can be prepared through a
one-step process of centrifugation and are approved for use in the United States.
Non-cultured BMSCs provide the advantage of same-day bedside therapy, with
cells usually readily available for injection within 30 min of aspiration and allow
for autologous inoculation, thereby decreasing the risks associated with an immune
response from an allogeneic transplantation.

The technique for harvesting bone marrow was first discovered in the nineteenth
century and was used as a means to diagnose marrow disorders [18]. Today, bone
marrow is usually harvested from the ilium under anesthesia with sterile procedure
using ultrasound or fluoroscopic guidance [17, 18]. The BMA is then processed,
filtered, and centrifuged to produce approximately 6—10 milliliters of BMAC that
can be injected into a variety of locations. The volume aspirated can range from 30
to 400 milliliters, with small volumes aspirated from different sites on the ilium to
prevent dilution by peripheral blood. Because there is a lack of uniform consensus
regarding the protocol of harvesting and concentration techniques, the composition
of progenitor cells in BMAC is variable; some suggest the different compositions
may affect the regenerative properties that are produced. BMAC preparations from
various recent studies are listed in Table 4.1.

BMAC can been used for a wide range of both bony and tendinous musculo-
skeletal pathologies with good results. For knee osteoarthritis, BMAC alone has
been shown to be a relatively well-tolerated procedure that led to decreased pain at
follow-up with no serious adverse effects reported [22, 27]. BMAC in combination
with scaffold plugs in osteochondral defects of the knee showed MRI evidence of
cartilage maturation with greater fill like normal hyaline cartilage than scaffolding

Table 4.1 Bone marrow aspirate concentrate preparations

Site being injected Aspirate (mL) Concentrate (mL) Harvest site

Rotator cuff [16] 60-90 1-3 Posterior superior iliac crest
Rotator cuff [20] 150 12 Anterior iliac crest

Femoral head [21] 400 50 Posterior iliac crest

Knee [22] 52 6 Bilateral superior iliac crests
Femoral head [23] 60 7-10 Iliac crest

Achilles tendon [24] 30-60 6-9 Iliac crest

Patellar tendon [25] Not reported 6-8 Anterior iliac crest

Lumbar spine [26] 100 10 Bilateral posterior iliac crests
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alone [28]. BMAC injected after meniscectomy also resulted in improved pain
scores in the visual analog scale, as well as increased meniscal volume quantified
by MRI when compared to controls who received hyaluronic acid viscosupple-
mentation [29]. BMAC has also been used as treatment for osteonecrosis of the
femoral head with mixed results, with one particular study showing no difference
in time to total hip arthroplasty; however, it has been argued in the literature that
the stage of osteonecrosis was important to the ultimate results, with lower staging
responding better to BMAC than higher staging [30, 31]. In the spine, posterolateral
lumbar fusion has shown greater and faster bone healing with the implantation of
BMAC [32].

There are limited studies in the use of BMAC as intradiscal therapy for degenera-
tive disc disease. A randomized controlled trial reported on the safety and feasibility
of using allogeneic BMAC for the treatment of low back pain secondary to degen-
erative disc disease, showing improved functional and pain scores [30]. Intradiscal
BMAC may also lead to radiographic improvement in Pfirrmann grade and reduce
the likelihood of progression to surgery in the long term [33]. Further research will
elucidate whether biologic therapies for degenerative disc disease will be beneficial
for patients.

The use of BMAC for rotator cuff, patellar, and Achilles tendinopathy has also
been studied. Improvement in pain and disability was observed at long-term follow-
up in rotator cuff tears and chronic patellar tendinopathy [16, 34]. When used in
conjunction with surgical repairs, such as those done for rotator cuff and Achilles
tendon pathologies, patients who received BMAC had more accelerated healing
with no reported re-ruptures [29, 35]. A summary of major indications studied in the
literature for BMAC are listed in Table 4.2.

Table 4.2 Major
musculoskeletal indications
for stem cell therapy

Bone marrow-derived Osteonecrosis of femoral head
stem cells Osteoarthritis of knee

Osteochondral lesions of knee

Osteoarthritis of shoulder

Rotator cuff tendinopathy

Patellar tendinopathy

Achilles tendinopathy

Adipose-derived stem Osteoarthritis of knee

cells Osteochondral lesions of talus

Lateral epicondylosis

Achilles tendinopathy
Amniotic tissue-derived | Osteoarthritis of knee
products Osteochondritis dissecans of talus

Plantar fasciitis




48 N. N. Zaman and D. McCarthy
Adipose-Derived Stem Cells

Subcutaneous adipose tissue is an abundant and accessible source of MSCs.
Because adipose tissue is highly vascularized, it provides a large pool of undifferen-
tiated cells with perivascular access for mobilization and relocation to injured and
diseased structures [5]. Although bone marrow is currently the most studied source
for MSCs, adipose tissue is considered to have a higher concentration of these cells,
sometimes yielding 500-2500 times more MSCs as the same volume of bone mar-
row; it is also less invasive to harvest [11, 31]. Furthermore, adipose-derived stem
cells (ADSCs) are considered more genetically stable and have higher proliferative
and differentiation capabilities than BMSCs because it is believed that the progeni-
tor cell concentrations are better preserved in adipose tissue as one ages [9, 11].
Injection of ADSCs stimulates recovery through paracrine signaling as well, lead-
ing to the release of cytokines and growth factors to promote healing.

There are two ways to prepare ADSCs for use. The first requires isolation, cen-
trifugation, and culture expansion of cells to create the stromal vascular fraction
(SVF), which is then resuspended for clinical use. This method allows for increas-
ing the total number of ADSCs that can be used for treatment. However, it does not
meet the requirements for “minimal manipulation” and thus is not approved for use
by national regulatory bodies [35]. As a result, much of the research utilizing SVF
is developed and implemented outside of the United States. The second method is
a nonenzymatic mechanical method known as microfragmentation. Through this
method, the adipose tissue is put through a process of mechanical filtration and agi-
tation while protected in a liquid environment, usually saline, in order to provide the
highest concentration of ADSCs without any enzymes or additives [34].

Adipose tissue is readily available and can be obtained through minimally inva-
sive means. Approximately 50—100 milliliters of subcutaneous adipose tissue can
be harvested from abdominal or buttocks fat through lipoaspiration. Once processed
through filtration and centrifugation, or through enzymatic digestion, filtration,
and centrifugation such as with the SVF, this can yield 1.8-9.3 x 10° stem cells
in approximately 4—10 milliliters of solution [9, 29]. In vitro study of ADSCs has
shown that the cells can form a biological scaffold that can provide mechanical sup-
port to the joint while helping regenerate or repair damaged cartilage [5].

ADSCs have been studied in a number of musculoskeletal pathologies. Phase
I trials using injection of ADSCs for osteoarthritis have shown promising results.
Individuals experienced no adverse effects from the lipoaspiration procedure or
injection thereafter and showed long-term improvement in both pain and function,
lasting at least 2 years [11, 32, 36]. Not only did individuals with OA experience
subjective improvement; follow-up MRIs in a number of studies showed improve-
ment in the size of the cartilage defects in the joint space [11, 31]. Intratendinous
injection of ADSCs for Achilles tendinopathy showed faster improvement in pain
and function than platelet-rich plasma injection, with improvement seen within
15 days [29]. In lateral epicondylosis, injection of ADSCs led to decrease in elbow
pain as early as 6 weeks, with effects lasting at least 52 weeks [37]. While studies
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have shown good results, they were often limited due to their small sample sizes;
there is still a dearth of literature regarding the use of ADSCs. A summary of major
indications studied in the literature for ADSCs are listed in Table 4.2.

Amniotic Tissue-Derived Products

MSCs have also been found in abundance in cord blood, placenta, and amniotic
fluid. Since these tissues are routinely discarded after birth, they do not have the
same ethical concerns associated with them as the use of embryonic stem cells;
thus, these are affordable and available resources for obtaining MSCs [38]. It is also
important to note that because there is both a fetal and maternal component to the
composition of the placenta, there has been a different terminology ascribed to the
different origins of cells. Amniotic mesenchymal and epithelial cells produce and
release several growth factors, cytokines, and matrix components that contribute to
metabolic processes, as well as protein and collagen synthesis and collagenase activ-
ity [32, 39]. They also have an advantageous immunogenic profile because of their
low levels of expression of major histocompatibility complex class I and II, thereby
making them a desirable product as an allogeneic source [32]. Several preparations
of amniotic tissue-derived stem cells are available in the United States, as regulated
by the Food and Drug Administration (FDA) under the minimally manipulated tis-
sue guidelines; these products can be commercially available as long as they are not
marketed as stem cell products and do not contain viable cells [40].

The processing of these amniotic tissue-derived products is also varied but
includes cleaning, sterilizing, screening, and testing for any pathogenic disease. The
cells are then processed to preserve their efficacy through dehydration, cryopreser-
vation, and hypothermic or fresh storage; preprocessing and postprocessing stan-
dards and guidelines are established by the American Association of Tissue Banks
and the FDA. Dehydrated allograft tissue can be stored at ambient temperatures
for up to 5 years; cryopreservation and hypothermic or fresh storage have a much
shorter shelf life in comparison [32, 36]. The dehydrated powder can be applied
directly to the site of injury or can be reconstituted into a suspension for injec-
tion [37].

Much of the current available literature on the use of amniotic tissue-derived
products for musculoskeletal pathologies focuses on ankle and foot disorders.
Dehydrated amniotic/chorionic membrane resuspended in saline led to improved
pain and function in those suffering from chronic plantar fasciitis when injected
directly at the source of pain; furthermore, the results were similar in treatment effi-
cacy to those who received open release surgery or endoscopic plantar fasciotomy,
with less follow-up office visits required [36]. When cryopreserved human amniotic
membrane injection was compared to corticosteroid injection, it was found that
amniotic tissue-derived products provided a safe and effective alternative treatment
for chronic plantar fasciitis, but the effect may be dose-dependent with those who
received a series of two injections experiencing more benefits with respect to pain
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and function than those who received one [41]. A small feasibility study looking
at the use of amnion injections for symptomatic knee osteoarthritis found patients
could tolerate the procedure and have clinical benefit up to 12 months after a single
injection; however, a large-scale randomized controlled trial is not yet available
[42]. A summary of major indications studied in the literature for amniotic tissue-
derived products are listed in Table 4.2.

Adverse Events Associated with Stem Cell Therapy

Stem cell injections have been generally well tolerated, with little to no serious
adverse effects reported in the literature. Many patients reported being completely
satisfied with the procedure itself, as well as the results; when surveyed, most
reported they would do it again if pain recurred or occurred at a different site [21].

The adverse effects most often reported were pain and swelling at the injection
site, pain at the harvest site, discomfort on the skin overlying the injection site, or
low-grade fevers, all of which usually resolved quite quickly and required little to no
intervention [16, 29, 41, 42]. The use of laboratory tests, vital signs, and electrocar-
diograms showed no local or systemic safety concerns. As a result, it is considered
safe to continue a rehabilitation protocol that includes light- to moderate-intensity
exercise after a short period of relative rest, with gradual increase in activity back to
baseline as the patient tolerates.

The primary theoretical concern with the use of stem cells has been whether these
cells have the potential to divide spontaneously and uncontrollably into unwanted
lineages of cells to produce tumors. However, studies both in vivo and in vitro, as
well as in animal and human models, have shown no formation of soft tissue masses
or atypical cells on fluid analysis, even on long-term follow-up [11, 20, 43]. Thus,
at this time, stem cell therapies are considered to be non-tumorigenic.

Nonetheless, choosing the right patient for treatment is paramount to successful
management of any disease process. While stem cell therapy can be used as treat-
ment for musculoskeletal pathologies, it should likely be avoided in those who have
bone marrow-derived cancers, such as lymphoma, are on blood thinners, or have
systemic infections that put them in immunocompromised states [18].

Conclusion

While corticosteroid injections and viscosupplementation have been the longstand-
ing choices for conservative management of many musculoskeletal pathologies,
mesenchymal stem cells may provide another alternative to more costly and inva-
sive procedures, such as surgery, when these other options fail. For example, those
who have received stem cell injections for OA have often been able to avoid the
need for any further procedures [22]. Moreover, stem cells may be considered the
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more beneficial choice as the first-line therapy for some people in order to avoid the
numerous injections required with corticosteroids and viscosupplementation and
the adverse effects associated over time with these treatment options.

Currently, there are no established guidelines regarding the ideal number or tim-
ing of injections, nor a standardized volume or concentration of stem cells to be
injected. There is also a lack of universal consensus with respect to how stem cells
are being harvested, processed, and prepared. Continued research may help eluci-
date some of these answers and more. Despite this, however, the literature regarding
stem cell therapies grows at an exponential pace, with hundreds of clinical trials
registered with governmental databases. The incredible capabilities of these multi-
potent cells and their accessibility through minimally invasive means make them a
great addition to the clinician’s arsenal of what can be done to ultimately improve
the functional mobility and optimize the active lifestyles of patients.
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Chapter 5
Platelet-Rich Plasma

Xiaoning (Jenny) Yuan and Alfred C. Gellhorn

Introduction

In 2001, Dr. Richard Marx, an oral and maxillofacial surgeon, defined platelet-rich
plasma (PRP) as a “volume of autologous plasma that has a platelet concentration
above baseline” [1]. However, surgical applications of platelets and clotting factors,
fibrinogen and thrombin, emerged much earlier in the 1970s and 1980 to augment
healing. Yet, it was not until Dr. Marx’s publication that a catalyst was in place for
the development of PRP technology and commercialization.

By 2008, Hines Ward, then wide receiver for the Pittsburgh Steelers, reported
to the media that he received PRP treatment for an acute grade 2 medial collateral
ligament sprain, allowing him to return to play within 2 weeks, compared to the
more typical 4—6-week recovery period [2]. The Steelers went on to win the Super
Bowl that year. Ward’s injury, treatment, and response to PRP therapy represents
a key event and impetus for growing clinical interest in PRP applications in sports
medicine and musculoskeletal injuries.

In this chapter, we discuss the basic science underlying PRP and clinical applica-
tions for musculoskeletal pathology. We review the diverse classification schemes
and preparation methods of PRP, which relate to observed variations in clinical
outcomes and efficacy of treatment, and the advantages and disadvantages of PRP
therapy. We examine the regulation of PRP technology and barriers to expanding
Food and Drug Administration approval for additional musculoskeletal indications.
Finally, we close with future directions for PRP applications to the field of nonop-
erative sports medicine and spine care.
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Basic Science of PRP and Mechanism of Action

Clinical interest in PRP lies in its regenerative properties, as well as its anti-
inflammatory, anti-microbial, and analgesic actions on the tissue of interest [3].
Platelets are anucleate cytoplasmic fragments of megakaryocytes from the bone
marrow, containing upward of 50-80 a-granules per platelet [4]. Physiological
levels of platelets range from 150,000 to 350,000/pL. Their lifespan is approxi-
mately 10 days in circulation [5], and platelet death occurs by an intrinsic program
of apoptosis [6]. Platelet activation, adhesion, and aggregation are the initial steps
of the wound repair process and inflammatory cascade (Fig. 5.1). After activation,
a-granules within the platelets degranulate, releasing growth factors and cytokines
involved in cell proliferation and tissue remodeling, which play key roles in wound
healing and repair.

The composition of PRP has been reported to contain over 300 growth factors
and cytokines [8]. Growth factors present in PRP are promoters of mitogenesis and
anabolism and have also been shown to suppress inflammation [9]. For example,
PRP contains growth factors that have been shown to enhance chondrocyte prolif-
eration, extracellular matrix (ECM) synthesis, and mesenchymal differentiation in
laboratory studies [10, 11]. These growth factors include platelet-derived growth
factors (PGDF-AA, PDGF-AB, PDGF-BB), transforming growth factors (TGF-f1,

Inflammation Proliferation Remodeling
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Fig. 5.1 The three overlapping phases of wound healing: inflammation, proliferation, and remod-
eling. Following tissue injury, platelet adhesion, aggregation, and activation occur, along with
initiation of the inflammatory cascade, occurring over the first few days of healing. This is fol-
lowed by the cell proliferation and tissue synthesis phase, consisting of angiogenesis, collagen
deposition, granulation tissue formation, epithelization, and wound contraction. Finally, the tissue
remodeling phase occurs weeks to months after injury, involving collagen and extracellular matrix
maturation. Time in days presented on a logarithmic scale. (Modified from Lee et al. [7])
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TGF-p2), insulin-like growth factor 1 (IGF-1), epidermal growth factor (EGF), vas-
cular endothelial growth factor (VEGF), and fibroblast growth factor § (FGF-f) [1,
9]. PDGF in PRP has a role in early wound healing and stimulates fibroblast pro-
liferation [12]. TGF-B1 increases collagen production by fibroblasts [13]. PRP also
comprises cytokines with pro-inflammatory (interleukin 1, interleukin 6) and anti-
inflammatory (interleukin 4, interleukin 10) functions. The function of major growth
factors and cytokines of relevance to wound healing is summarized in Table 5.1.

Table 5.1 Composition of PRP and selected growth factors and cytokines involved in wound
healing, musculoskeletal repair and regeneration

Growth Role(s) in wound healing, Reported concentrations in PRP
factor or musculoskeletal repair, and PRP
cytokine® regeneration® system® | Concentration
Ang-2 Angiogenesis; chondrogenic and PCCS 425 + 405 pg/mL [18]
osteogenic differentiation [15-17]
EGF Endothelial chemotaxis and Arthrex | 659.8 +£35.9 pg/mL [4]
angiogenesis; MSC and epithelial cell | Fibrinet | 1.4 + 1.2 ng/mL [21]
mittogene'sis; cdolll?ge(ril synth.esis; GPS 470 = 317 pg/mL [22]
osteogenic and chondrogenic
difforentiation of MSng[19, 20] GPSIIT_|2639.5 + 197.7 pg/mL [23]
PCCS 57 =77 pg/mL [18]
Plateltex | 1.6 +0.7 ng/mL [21]
Regen 0.1 £0.1 ng/mL [21]
bFGF MSC, chondrocyte, osteoblast, and Arthrex 15.6 £ 2.4 pg/mL [23]
capillary endothelial cells mitogenesis; | Fibrinet | 31 + 27 pg/mL [21]
cl.londroc.yt.e, myoblast, and osteoblast GPSII | 752 +21.4 pg/mL [23]
differentiation [24, 25]
Plateltex | 3.5 =8 pg/mL [21]
Regen 13 + 10 pg/mL [21]
HGF Angiogenesis, endothelial cell Arthrex | 645.2 £ 72.1 pg/mL [23]
mitogenesis; anti-inflammatory effects | GPS TIT | 4277.3 + 1508.2 pg/mL [23]
[26]
IGF-1 Myoblast proliferation and AGF 132 + 32 ng/mL [29]
differentiation; fibroblast chemotaxis | Arthrex | 64.8 + 55.4 pg/mL
and&rote;in syngl::;;; OS?OE’_laSt vse cs 100 = 29 ng/mL [29]
roliferation and differentiation; o
groliferation and survival [27, 2%] Fibrinet |27 + 11 ng/mL [21]
GPS 72 + 25 pg/mL [22]
99 + 29 ng/mL [29]
GPSIII | 672.9 +378.4 pg/mL [23]
MCS 3p |84 +23 ng/mL [30]
PCCS 5.550 £2.075 ng/mL [18]
Plateltex | 88 =34 ng/mL [21]
Regen 36 + 14 ng/mL [21]
IL-1 Pro-inflammatory and catabolic Arthrex | IL-1p: 0.31 pg/mL [32]
effects [31] GPSIII | IL-1p: 3.67 pg/mL [32]
Mini

(continued)
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Growth Role(s) in wound healing, Reported concentrations in PRP
factor or musculoskeletal repair, and PRP
cytokine® regeneration® system” | Concentration
PDGF-AB Chemotaxis of inflammatory cells; Arthrex 16.6681 +5.5123 ng/mL
angiogenesis; fibroblast chemotaxis [23]
and proliferation; ECM synthesis; 6.4 ng/mL [32]
MSC and osteoblast mitogenesis Cascade | 9.7 + 3.6 ng/mL [36]
[33-35] GPSIIl |42.2739 +2.9024 ng/mL
[23]
18.7 £ 12.8 ng/mL [36]
GPSIII |22 ng/mL [32]
Mini
Harvest 133 +£29.2 ng/mL [37]
Magellan |34.4 = 10.7 ng/mL [36]
MCS 3p | 117 £63 ng/mL [30]
PCCS 103 + 27 ng/mL [37]
PDGF-BB AGF 250 + 80 pg/mL [29]
Cascade | 14.8 £ 2.5 ng/mL [36]
CS 204 + 53 pg/mL [29]
Fibrinet | 3.6 £ 2.4 ng/mL [21]
GPS 17 £ 8 ng/mL [22]
191 + 36 pg/mL [29]
GPSIII | 23.1 +10.1 ng/mL [36]
Magellan |33.0 + 8.2 ng/mL [36]
MCS 3p |10 =8 ng/mL [30]
Plateltex | 14.3 £ 11.3 ng/mL [21]
Regen 2.3+ 1.9 ng/mL [21]
MMPs ECM remodeling and tissue Arthrex | MMP-9: 40 ng/mL [32]
degradation [38] GPSTII | MMP-9: 222 ng/mL [32]
Mini
TGF-p1 Fibroblast activation and proliferation; | Arthrex | 66,246.2 = 7620.4 pg/mL
ECM synthesis; endothelial [23]
chemotaxis and angiogenesis; MSC 20 ng/mL [32]
proliferation; chondrogenic and Cascade | 0.1 = 0.08 ng/mL [36]
osteogenic differentiation [33, 39-41] Fibrinet | 8.8 + 5.0 ng/mL [21]
GPS 120 + 42 ng/mL [22]
GPSIII | 141.2869 + 12.5761 ng/mL
[23]
0.1 £0.08 ng/mL [36]
GPSIII | 89 ng/mL [32]
Mini
Magellan | 0.2 + 0.1 ng/mL [36]
MCS 3p | 169 + 84 ng/mL [30]
Plateltex |40.4 £ 14.9 ng/mL [21]
Regen 6.2 +4.0 ng/mL [21]
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Table 5.1 (continued)

Growth Role(s) in wound healing, Reported concentrations in PRP
factor or musculoskeletal repair, and PRP
cytokine® regeneration® system” | Concentration
TGF-p2 MSC proliferation; chondrogenic and | MCS 3p | 0.4 £ 0.3 ng/mL [30]
osteogenic differentiation [39—-41]
VEGF Angiogenesis and vasculogenesis; Arthrex | 138.7 £ 11.2 pg/mL [23]
macrophage and granulocyte Cascade | 0.3 + 0.3 ng/mL [36]
chemotaxis [42] Fibrinet | 0.3 + 0.3 ng/mL [21]
GPS 955 + 1030 pg/mL [22]
GPSTII | 142.9 +12.5 pg/mL [23]
2.4 + 1.1 ng/mL [36]
Magellan | 1.2 + 0.8 ng/mL [36]
Plateltex | 0.7 = 0.4 ng/mL [21]
Regen 0.1 £0.1 ng/mL [21]

Modified from LaPrade et al. [14]

*Ang-2 angiopoietin-2, ECM extracellular matrix, EGF epidermal growth factor, bFGF basic fibro-
blast growth factor, HGF hepatocyte growth factor, /GF insulin-like growth factor, /L interleukin,
MMP matrix metalloproteinase, MSC mesenchymal stem cell, PDGF platelet-derived growth fac-
tor, TGF transforming growth factor, VEGF vascular endothelial growth factor

"AGF: Autologous Growth Factor Filter (Interpore Cross International, LLC, Irvine, CA, USA);
Arteriocyte: Arteriocyte Magellan (Arteriocyte Medical Systems, Inc., Cleveland, OH, USA);
Arthrex: Arthrex ACP (Autologous Conditioned Plasma) Double Syringe System (Arthrex Inc.,
Naples, FL, USA); CS: Electa Cell Separator (Sorin Group Italia S.r.I, Mirandola, IT); Fibrinet:
Fibrinet (Cascade Medical Enterprises, LLC, Wayne, NJ, USA); GPS: Biomet Gravitational
Platelet Separation (GPS) System (Biomet Inc., Warsaw, IN, USA); GPS III: Biomet GPS III
(Biomet Inc.); GPS III Mini: Biomet GPS III Mini Platelet Concentrate Separation Kit (Biomet
Inc.); Harvest: Harvest SmartPReP (Harvest Technologies Corporation, Plymouth, MA, USA);
MCS 3p: Haemonetics Gradient Density Cell Separator (Haemonetics Corporation, Miinchen,
DE); MTF: MTF Cascade PRP System (MTF Biologics, Edison, NJ, USA); PCCS: Platelet
Concentrate Collection System (Implant Innovations Inc., West Palm Beach, FL, USA); Plateltex:
Plateltex (Plateltex S.R.O., Bratislava, SK); Regen: RegenPRP-Kit (RegenLab SA, Mollens, CH)

PRP therapy allows for supraphysiological concentrations of these molecules to
be delivered to a site of injury to optimize, accelerate, or reinitiate tissue healing,
regeneration, and repair [43, 44]. Platelet activation leads to immediate secretion
of growth factors, upward of 70% in the first 10 min, and over 95% of the growth
factors within 1 h [1, 37]. However, an in vitro study of PRP activated by contact
with collagenous tissue, explants did not demonstrate a decrease in TGF-p1 and
PDGF-BB levels between 24 and 96 h (4 days) of culture [45], suggesting that
platelets may continue to synthesize and secrete growth factors after initial activa-
tion. In the absence of activation, PDGF-AB release from PRP prepared by four
different systems occurred steadily out to 120 h of in vitro storage at physiological
temperature (37 °C) [46].

Applications of PRP leverage the function of platelets for remodeling, repair,
and regeneration. Current musculoskeletal applications of PRP include treatment
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of tendinopathy, osteoarthritis, ligament and meniscus injury, muscle injury, and
spine disorders. Although PRP has been promoted and publicized as a regenerative
therapy, it is important to note that studies thus far have not demonstrated de facto
tissue regeneration in clinical sports and spine applications.

Creation and Classification of PRP

The different forms and methods of preparing PRP are numerous, and its nomen-
clature reflects this variation. Platelet concentrate, platelet gel, platelet-rich fibrin
matrix, platelet-rich in growth factors, and platelet-rich fibrin are names of products
produced by various devices.

Protocols for deriving PRP involve a one- or more commonly two-step centrifu-
gation procedure, which vary by time and speed. The first centrifugation step sepa-
rates whole blood into platelet and cell fractions. The second centrifugation step,
which is typically at higher speed, further refines the platelet fraction. The final
volume of PRP produced from whole blood varies but is usually approximately
10% of the initial blood volume.

Preparation methods vary by platelet concentration, leukocyte concentration
(leukocyte-rich versus leukocyte-poor), platelet activation, and use of anticoagu-
lant. Platelet concentrations range from 2.5- to 8-fold compared to whole blood.
Autologous conditioned plasma is a subclassification of PRP, which typically
contains a lower fold increase in platelet concentration. Leukocyte concentration
varies between leukocyte-rich (LR-PRP) and leukocyte-poor (LP-PRP) prepara-
tions. Tailoring PRP preparations to the treatment of specific clinical conditions
is beginning to be evaluated more rigorously, with early data suggesting that
LR-PRP is more effective for tendinopathy, while LP-PRP is superior for OA
[47, 48].

Platelet activation serves as the first step in the inflammatory cascade. In the
body, platelets are activated by agents such as thrombin, collagen, ADP, serotonin,
and thromboxane A2. If desired during PRP preparation, exogenous platelet activa-
tion is typically achieved by the use of thrombin or calcium chloride. However,
there remains no consensus on timing of activation, if exogenous activation is nec-
essary at all prior to injection, or if activation should occur after injection, through
interactions with collagen matrix in the native local environment. Due to the risk of
life-threatening coagulopathy associated with bovine thrombin, secondary to anti-
bodies to Factors V and XI and thrombin, recombinant human thrombin is available
as an activation agent [49].

Finally, anticoagulants such as anticoagulant citrate dextrose-A (ACDA) or
citrate phosphate dextrose are used to prevent blood clotting during PRP preparation.

More than 25 PRP preparation kits are currently available on the market [50]. A
list summarizing representative kits, their underlying technology, and characteris-
tics of the resulting PRP products is shown in Table 5.2. PRP systems can be catego-
rized as plasma- or buffy coat-based. Plasma-based systems exclude leukocytes at
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Table 5.2 Preparation of PRP by select devices and characteristics of their PRP products [51-55]

Centrifuge Initial |Final
protocol blood |PRP | Platelet
PRP Time volume | volume | concentration ' WBC |RBC
Technology | system® (min) |Spins | Activation® |(mL) |(mL) | from baseline |content®|content
Plasma- Arthrex 5 1 None 16 4-7 2-3%x LP Poor
based ACP
MTF 6 1 CaCl, 9 4.5 1.3-1.7x LP Poor
Cascade
Buffy Biomet 12- |1 AT and 30 3or6 |2-8x LR Rich
coat-based |GPS III 15 CaCl, or 60
Harvest 12- |2 BT or 20 3or 3-T7x LR Rich
Smart 15 CaCl, or60 |7-10
PReP 2
Arteriocyte | 14— |2 CaCl, 30 3-10 |3-7x LR Rich
Magellan |20 or 60

*Arteriocyte Magellan: Magellan Autologous Platelet Separator System (Arteriocyte Medical
Systems, Inc., Cleveland, OH, USA); Arthrex ACP: Arthrex ACP (Autologous Conditioned
Plasma) Double Syringe System (Arthrex Inc., Naples, FL, USA); Biomet GPS III: Biomet GPS
IIT (Gravitational Platelet Separation) System (Biomet Inc., Warsaw, IN, USA); Harvest Smart
PReP 2: Harvest Smart PReP 2 (Harvest Technologies Corporation, Plymouth, MA, USA); MTF
Cascade: Cascade PRP System (MTF Biologics, Edison, NJ, USA)

AT autologous thrombin, BT bovine thrombin, CaCl, calcium chloride, LP leukocyte-poor, LR
leukocyte-rich

the expense of some platelets, whereas buffy coat-based systems maximize platelet
yield but also retain leukocytes and red blood cells (RBCs) [51].

There remains no universal classification for PRP. In 2009, Dohan Ehrenfest
et al. published the first PRP classification system, based on the presence of leu-
kocytes and fibrin architecture: leukocyte-poor or pure PRP/low-density fibrin
network after activation (P-PRP), leukocyte-rich PRP/low-density fibrin network
after activation (L-PRP), leukocyte-poor PRP/high-density fibrin network after
activation (P-PRF), and leukocyte-rich PRP/high-density fibrin network after acti-
vation (L-PRF) [56].

In 2012, Mishra et al. added two additional classification components of plate-
let activation or non-activation and level of platelet enrichment [57], while Delong
et al. proposed the PAW classification (P = absolute number of platelets, A = man-
ner of platelet activation, W = presence or absence of leukocytes) [51]. The PLRA
classification proposed in 2015 encompasses platelet count (P), leukocyte content
(L), RBC content (R), and activation (A) [58]. The DEPA classification published
by Magalon et al. encompasses four components: dose of injected platelets (D),
efficiency of production (E), purity of PRP produced (P), and activation process
(A) [59]. Finally, the MARSPILL classification was published in 2017, which com-
prises method (M; handmade or machine), activation (A; activated or not activated),
red blood cells (R; rich or poor), spin (S; one or two spins), platelet number (P; folds
basal), image guided (I; guided or not guided), leukocyte concentration (L; rich or
poor), and light activation (L; activated or not activated) [60].
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The optimal degree of fold change in platelet concentration has been debated.
Early studies suggested that ideal platelet concentrations were only two- to three-
fold over baseline and that higher fold changes inhibited healing. These findings
are in line with in vitro studies of platelet-rich plasma, where a dose-response
relationship between growth factor concentrations and cell activity existed until
an asymptotic level was reached, with some growth factors exerting an inhibitory
effect at sufficiently high concentrations [61]. This has been clarified by follow-
up studies, which suggested that fold changes in the range of five- to sevenfold
were ideal and that inhibition did not occur until up to tenfold increase over base-
line [62].

Buffy coat-based PRP systems that produce higher platelet concentrations tend
to produce higher leukocyte and RBC concentrations as well [51]. The controversy
over leukocyte concentration has revolved around neutrophils and their associa-
tion with pro-inflammatory cytokines, interleukin 1 (IL-1) and tumor necrosis fac-
tor (TNF-a), which may exacerbate inflammation in osteoarthritis or acute muscle
injuries. LR-PRP has been shown to cause synoviocyte cell death in culture and
increase expression of inflammatory markers [47]. Likewise, the presence of RBCs
in PRP is controversial, as RBCs have been documented to cause chondrocyte
death [47, 63]. However, the leukocytes in PRP also contain monocytes, which
differentiate into macrophages. While the primary function of macrophages was
previously thought to be only for phagocytosis, it is now recognized that differ-
ent types of activated macrophages exist, which have pro-inflammatory (M1) and
anti-inflammatory (M2) roles. The M2 macrophage has specific functions in wound
healing, which may assist tissue repair. A PRP formulation enriched with M2 mac-
rophages may therefore be ideal for certain tissue pathologies. Newer PRP devices
are able to achieve higher platelet concentrations while minimizing both WBC and
RBC content through a two-spin suspension protocol.

Differences in PRP composition are related not only to variation in prepara-
tion methods but also to variation among patients, given the autologous nature of
PRP. Both age and sex are known to influence PRP composition. A study of 39
healthy patients with no history of orthopedic problems and no current NSAID,
antiplatelet, or aspirin use reported significant differences in composition of LP-PRP
from male versus female subjects, with sex influencing growth factor and cytokine
profile more than age [64]. In this study, substantial variability in PRP composition
was found within groups of male and female subjects stratified by age (‘“young”
group aged 18-30 years, “older” group aged 45-60 years). Nevertheless, PRP from
male patients consistently contained significantly higher levels of growth factors
and cytokines than PRP from female patients (TGF-f1, basic fibroblast growth fac-
tor, IL-1p, interleukin 1 receptor antagonist protein, TNF-a). Variation due to age
was detected only in significantly lower IGF-1 levels in PRP from “older” versus
“young” patients. Extrapolation of this data from healthy subjects to patients with
musculoskeletal or spine disorders is difficult, as the latter group may have vari-
ous medical co-morbidities or take medications that were excluded from this study.
However, donor factors such as age and gender, and processing factors such as the
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time of day of platelet collection [65] are variables that are recognized to influence
the growth factor and cytokine composition of PRP, in addition to other variables in
PRP preparation previously discussed in this section.

Clinical Applications of PRP

Over 400 clinical trials of PRP are listed on ClinicalTrials.gov for various diseases
and conditions [66]. In this section, we discuss clinical applications of PRP and the
current level of evidence supporting its use for musculoskeletal and spine disorders.

Tendinopathy

Tendon injuries are common in both active and more sedentary people and may
occur acutely or secondary to overuse [67]. Acute injuries are classified as tendini-
tis during the active, acute inflammation phase and tendinosis during the chronic,
non-healing phase, characterized by a lack of inflammatory cells on histology in
addition to evidence of aberrant tissue repair and thickening, collagen degenera-
tion, and neovascularization [68]. Tendinopathy is a general term for tendon disor-
ders, and chronic tendinopathy for conditions that remain refractory to conventional
treatment. Sustained or repetitive injury over time may lead to chronic pathology,
disability, and loss of function. Chronic tendinopathy is postulated to be a quiescent
state along the spectrum of tendon pathology, an abnormal healing response or stage
of stasis, in contrast to the inflammation and inflammatory cell infiltration present
in early tendinopathy [69].

In this setting, the goal of biologic agents in the treatment of chronic tendinopa-
thy is to restore or restart the healing process within the local tissue environment,
rather than decreasing inflammation in more acute or subacute injuries. In labora-
tory and preclinical studies, PRP enhanced ECM synthesis of tenocytes and tendon
explants in vitro [45, 70, 71] and promoted patellar tendon repair in a rat model [72].

Applications of PRP for chronic tendinopathy has been investigated in mul-
tiple clinical studies. The most current evidence from a systematic review and
meta-analysis of 18 randomized controlled trials (RCTs) of PRP for treatment of
tendinopathy supported the use of a single injection of LR-PRP using a pepper-
ing technique intratendinously under ultrasound guidance [48]. Here we discuss
specific findings of PRP for lateral epicondylar (common extensor), patellar, and
Achilles tendinopathy, although the clinical use of PRP applies to rotator cuff, glu-
teus medius, hamstring, and other sites of tendinopathy as well.

A RCT of 100 patients with chronic lateral epicondylar tendinopathy compared
PRP with corticosteroid injection, which demonstrated a significant improvement
in pain and function after follow-up out to 2 years [73, 74]. Krogh et al. recruited
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60 patients with chronic lateral epicondylar tendinopathy for a RCT comparing
treatment by PRP, saline, or glucocorticoid injections and found no difference in
pain reduction at their primary end point of 3 months [75]. A double-blind RCT of
230 patients with chronic lateral epicondylar tendinopathy, treated by dry needling
with or without leukocyte-rich PRP, yielded significant improvement in elbow ten-
derness and pain at 24 weeks post-intervention for the PRP treatment group [76].
Most recently, a systematic review of RCTs compared clinical outcomes of PRP,
autologous blood, and corticosteroid injections for lateral epicondylar tendinopathy
[77]. A network meta-analysis of 10 eligible studies out of 374 identified RCTs
concluded that both PRP and autologous blood injections improved pain compared
to corticosteroid, but autologous blood injections had a higher risk of complications
than PRP.

LR-PRP treatment for patellar tendinopathy was studied in a double-blind RCT
of 23 patients and was compared to dry needling alone [78]. Both groups underwent
a standardized eccentric exercise program in addition to the intervention. Subjects
that received PRP demonstrated greater clinical improvement at 12 weeks post-
intervention, but this early improvement did not persist, as no significant difference
was found between groups after 26 weeks. In contrast, in a RCT of 46 athletes
with patellar tendinopathy, where subjects were randomized to two PRP injections
over 2 weeks or 3 sessions of focused extracorporeal shockwave therapy, subjects
who received PRP injections demonstrated improved pain and function at later time
points of 6- and 12-month follow-up [79]. The most recent evidence from a system-
atic review and meta-analysis of studies of nonoperative management for patellar
tendinopathy (PRP, extracorporeal shockwave therapy, eccentric exercise) suggests
that multiple PRP injections (>2) offer more satisfactory results in terms of pain and
function at follow-up >6 months [80].

However, there was no difference in pain or activity level out to 24 weeks in a
double-blind RCT of 54 patients with chronic Achilles tendinopathy randomized to
PRP or a saline placebo treatment, followed by an eccentric exercise program [81].
More recently, a RCT of 24 patients with chronic Achilles tendinopathy treated
with PRP or saline injections did not report any improvement in pain or function at
3 months, and the study itself was limited by large dropout rate [82]. Overall, the
most recent data suggest that PRP is less effective for Achilles tendinopathy than
other sites. Two separate meta-analyses of PRP versus placebo (saline) injection
[83] and of autologous blood-derived products [84] including PRP compared to pla-
cebo (sham injection, no injection, or PT alone) reported that PRP injections were
not more effective than placebo for Achilles tendinopathy.

Table 5.3 summarizes the results of selected clinical trials of PRP for chronic
tendinopathy. Although the findings are promising and generally supportive of PRP
for treatment of chronic tendinopathy, inconsistencies and variation in outcomes
from these studies reflect variation in PRP preparation methods, choice of con-
trol intervention, post-intervention rehabilitation protocols, and anatomic sites of
pathology.
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Osteoarthritis

Osteoarthritis (OA) is a leading cause of pain and disability in adults and is multi-
factorial in etiology. However, to date, there remain no disease-modifying therapies
for OA that can reverse or prevent the structural changes found in later stages of
disease. Laboratory studies have observed that PRP enhances chondrogenic differ-
entiation of mesenchymal stem cells, proliferation, and ECM synthesis, leading to
multiple clinical trials to assess the utility of PRP for treatment of OA, most notably
of the knee and hip [87].

A systematic review of PRP injections for knee OA yielded three meta-analyses
that met criteria, which compared outcomes of intra-articular PRP versus control
hyaluronic acid or placebo injections [88]. Campbell et al. reported that PRP treat-
ment led to clinically relevant improvements in symptom relief and function as early
as 2 months, peaking at 6 months, and persisting up to 12 months post-intervention.
They note variation in protocol, including number (1-4) of and timing (1-3 weeks)
between PRP injections, PRP volume injected, one- versus two-step centrifugation,
and platelet activation, as well as variation in patient profile including age, dura-
tion of pain, and severity of OA. Their findings also suggested that PRP is more
effective for patients with only evidence of early radiographic evidence of OA or
lower Kellgren-Lawrence grade. They were unable to determine if multiple PRP
injections were helpful, although multiple injections may increase the risk of local
adverse reactions. The variability across the three meta-analyses precluded conclu-
sions regarding other protocol parameters. They did conclude that higher-quality
RCTs were necessary to persuade insurance providers to provide coverage for PRP
for knee OA. Most recently, a meta-analysis of RCTs reported that intra-articular
PRP injection provides more pain relief and functional improvement in patients
with symptomatic knee OA at 1-year follow-up compared to HA and saline [89].

While OA is traditionally described as a non-inflammatory arthritis, character-
ized by cartilage degeneration, it is now understood that OA affects all tissues within
the joint and that inflammation plays a central role in both the onset and progres-
sion of disease. There has been much speculation that the role of PRP for clinical
treatment of OA lies more in its anti-inflammatory and immunomodulatory effects
for pain rather than its regenerative properties [52, 90]. In vitro studies have demon-
strated that growth factors present in PRP can function in an anti-inflammatory role
via the lipoxin LXA, [9], which acts to resolve inflammatory processes, and that
PRP modulates IL-1 production by macrophages [91].

Therefore, LP-PRP has been the preferred formulation for treatment of OA,
given the concern for pro-inflammatory effects of neutrophils in LR-PRP prepara-
tions. Laboratory studies have demonstrated that LP-PRP decreased catabolism and
increased tissue synthesis by chondrocytes [92]. A correlation was found between
increasing leukocyte concentration and elevated inflammatory cytokines (IL-1p,
TNF-a, IL-6, IL-8) [93]. Synoviocytes exhibited significant cell death and pro-
inflammatory response with LR-PRP treatment, further supporting recommenda-
tions of LP-PRP preparations for intra-articular applications [47].
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To this end, a meta-analysis of 6 RCTs and 3 prospective studies, totaling 1055
patients, compared outcomes and adverse effects of LP- and LR-PRP against con-
trol hyaluronic acid (HA) or placebo injections for knee OA [94]. Riboh et al.
detected a small improvement in functional outcome scores in favor of LP-PRP ver-
sus LR-PRP compared with HA and placebo and did not detect any significant dif-
ference in safety profile between the two PRP formulations. Both LR- and LP-PRP
were associated with a higher incidence of transient reactions such as local swelling
and pain compared to HA. They again noted low-quality evidence due to variation
in PRP preparation methods, even among LP- and LR-PRP formulations, and varia-
tion in severity of OA between treatment groups. Moreover, the analyzed studies
skewed toward younger patients with milder OA.

Few studies have been published of PRP for hip OA, and two level I studies did
not demonstrate long-term benefits of PRP versus HA at 1 year [95, 96]. A meta-
analysis reported that patients with hip OA treated with PRP had improvements in
pain and function at 2 months, but these changes were not sustainable, as there was
no difference versus HA control at 6 and 12 months [97].

Table 5.4 lists the findings of selected clinical trials of PRP for OA. Overall, for
knee OA, evidence suggests that LP-PRP improves pain and provides symptom
relief for upward of 1 year following intervention. Selection of candidates with
earlier stages of knee OA may prove more efficacious. In contrast, studies have not
demonstrated a benefit of PRP over HA in treatment of symptomatic hip OA.

Ligament and Meniscus Injuries

PRP has been studied for treatment of ligament injuries, primarily in the context of
enhancing surgical outcomes of anterior cruciate ligament (ACL) reconstruction,
which is outside the scope of the nonoperative applications discussed in this chapter.
In vitro studies have shown that PRP enhanced ACL cell viability and collagen pro-
duction [104]. Overall, there is promising evidence that PRP can improve outcomes
for ACL reconstruction [105, 106]. In addition, the ongoing Bridge-Enhanced ACL
Repair (BEAR) Trial led by Murray et al. is investigating biologic augmentation of
surgical ACL repair by PRP [107, 108].

Scant literature exists on the nonoperative treatment of ligament injuries by
PRP. Laboratory studies have demonstrated that PRP stimulated DNA and colla-
gen synthesis in human periodontal ligament cells [109, 110], and increased gene
expression and synthesis of ECM proteins in equine suspensory ligament cells [45,
111]. Preclinical animal studies have utilized PRP to augment healing of medial
collateral ligament (MCL) ruptures in a rabbit model and demonstrated greater
mechanical strength of MCLs treated with PRP [112].

Case reports and series have been published for partial tears of the ulnar col-
lateral ligament of the elbow in throwing athletes, suggesting a shorter return to
play (RTP) following treatment with PRP [113, 114]. A small RCT of sixteen elite
athletes with high ankle sprains (anterior inferior tibiofibular ligament tears) and
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dynamic syndesmosis instability randomized patients to receive ultrasound-guided
PRP injections with rehabilitation versus rehabilitation only [115]. Subjects from
both groups followed an identical rehabilitation protocol. In this small study, the
PRP group demonstrated shorter RTP, syndesmosis re-stabilization, and decreased
residual pain over time. However, further studies with higher levels of evidence are
necessary to support the use of PRP for ligament injuries.

PRP has also been studied as a means to augment healing of meniscal tears
in the avascular zone, which intrinsically do not heal and are typically surgically
resected. Over time, loss of even a portion of the meniscus through arthroscopic
partial meniscectomy predisposes to development of post-traumatic OA. To this
end, preclinical and clinical studies have investigated the utility of PRP for meniscal
repair and regeneration and for augmentation of surgical repair outcomes. In vitro,
PRP increased rabbit meniscal cell proliferation and ECM synthesis compared to
platelet-poor plasma (PRP) [116]. In vivo, PRP combined with gelatin hydrogel
was implanted into meniscal defects in the avascular zone using a rabbit model.
Compared to hydrogel without PRP, defects treated with PRP demonstrated greater
cell numbers and ECM production, suggesting PRP can enhance the healing poten-
tial of the avascular zone of the meniscus.

In a case-control study of 34 patients undergoing open meniscal repair, the group
that received PRP to augment repair demonstrated slight improvement at 1 year
post-operatively [117]. In a separate study of surgeons performing 35 arthroscopic
meniscus repairs with or without PRP augmentation, the addition of PRP was not
found to influence reoperation rate [118]. To date, there have not been studies with
higher levels of evidence published on the efficacy of PRP to guide nonoperative
management of meniscal tears of traumatic or degenerative etiologies, although PRP
is utilized for these applications in clinical practice. Therapeutic effects observed
from PRP for degenerative meniscal tears in the setting of associated OA may result
indirectly from treatment of the OA rather than the meniscal pathology itself.

Muscle Injuries

There is scant literature published on the use of PRP for muscle injuries. Hammond
et al. completed a laboratory study using a rat model of an acute tibialis anterior
muscle strain injury, treated with PRP, PPP, or no injection [119]. They demon-
strated that PRP decreased recovery time in a small animal model and postulated
that this was secondary to induction of myogenesis by growth factors present in
PRP. A statistically significant decrease in recovery time was also reported in a RCT
of 28 patients with acute hamstring injuries who were allocated to PRP with reha-
bilitation (26.7 + 7.0 days) versus rehabilitation alone (42.5 + 20.6 days), although
there was substantial variance in the results [120]. In a double-blind, placebo-con-
trolled RCT of 80 athletes with acute hamstring injuries, subjects were allocated to
PRP or placebo saline injections, but did not demonstrate benefit of PRP in return to
play or reinjury rate [121]. The most current meta-analysis of PRP for acute muscle
injuries concluded with limited evidence that PRP may allow earlier return to play
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for patients with acute grade I or II muscle strains without a significant increase in
risk of reinjury out to 6 months of follow-up [122].

Follow-up laboratory studies have suggested that depletion of platelets is
more favorable for myocytes. Mazzocca et al. reported that a one-spin PRP pro-
tocol yielding lower platelet concentration increased myocyte proliferation [123].
Miroshnychenko et al. studied the effects of various PRP formulations on in vitro
myogenic differentiation [124], and found that LR-PRP led to myoblast prolifera-
tion, but PPP and LR-PRP subjected to a second spin to remove platelets induced
myoblast differentiation. It is clear that further clinical studies with higher levels
of evidence must be performed, and may require consideration of tailoring PRP
formulations specifically for treatment of muscle injuries.

Spine Disorders

Low back pain is among the most common outpatient complaints. Consequently,
there is particular interest in PRP for treatment of disorders associated with low
back pain, such as intervertebral disc (IVD) degeneration and facet joint osteoarthri-
tis. In vitro laboratory studies have demonstrated that PRP stimulates proliferation
and matrix synthesis by cells from both the nucleus pulposus (NP) and annulus
fibrosus (AF) [125, 126]. PRP has also been shown to exhibit anti-inflammatory
effects on NP cells exposed to pro-inflammatory cues [127]. A preclinical study
utilized a rabbit model of IVD degeneration [128], injecting PRP in gelatin hydro-
gel microspheres into the NP, and comparing outcomes to control saline and sham
groups. At 8 weeks, the authors noted suppression of degeneration with histologic
evidence of ECM synthesis in animals injected with PRP. A follow-up study dem-
onstrated greater IVD height on MRI and decreased apoptosis in the NP after PRP
injection [129]. These findings were further verified in another rabbit study of IVD
degeneration, comparing intradiscal PRP versus PPP injections [130].

In this setting, a few clinical studies of intradiscal PRP injections for low back
pain have been performed with early but promising results. A prospective study of
22 patients who underwent intradiscal PRP injections (single-level to as many as
five levels) demonstrated early improvement in pain and function out to 6 months
[131]. A prospective, double-blind RCT of 47 patients with chronic discogenic low
back pain received intradiscal PRP or contrast agent [132]. The 29 patients who
received intradiscal PRP injections reported significant improvement in pain and
function at 8 weeks through at least 2 years of follow-up [133].

Analogous to studies of PRP for OA at other anatomic sites, two studies on
intra-articular PRP injections for lumbar facet joint syndrome were published by
the same group of investigators. The first is a prospective study of 19 patients who
received PRP injections, which demonstrated significant improvement in pain and
function within a short-term study period of 3 months [134]. This group of inves-
tigators led by Wu et al. proceeded to a prospective RCT of 46 patients with lum-
bar facet joint syndrome, randomized to injections of PRP versus corticosteroid
with local anesthetic (LA), with up to 6 months of follow-up [135]. Subjects who
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received corticosteroid/LA injections experienced initial improvement in pain and
function, which decreased after 6 months. In contrast, subjects treated with PRP
continued to experience improvement in pain and function out to 6 months.

For radicular pain, Centeno et al. has published the results of a case series of
470 patients who received lumbar epidural injections of platelet lysate, which con-
sists of growth factors prepared by lysing platelets and removing cell debris [136].
Within the limitations of a case series, patients reported significant improvements in
pain and function through 2 years of follow-up.

Although promising so far, more rigorous studies with higher levels of evidence
must be performed to further investigate the utility of PRP for spine disorders.

Advantages of PRP

The primary advantage of PRP is the ability to offer more nonoperative treatment
options for patients who have failed conventional treatment, who do not want sur-
gery, or who are poor surgical candidates and for conditions with poor surgical
outcomes, such as degenerative tendinopathies or meniscal tears.

Moreover, the autologous nature of PRP is thought to eliminate or at least
minimize risk of immune rejection or disease transmission. Assuming sterility in
preparation, the risk of contamination is low. Potential risks of PRP administration
include adverse effects arising from the use of bovine thrombin used for platelet
activation, which can rarely cause coagulopathy from antibody formation. Bovine
thrombin is now avoided due to these risks, although earlier studies of PRP for non-
musculoskeletal applications reported its use for platelet activation during oral and
maxillofacial surgery [137-140] and wound care [29, 141-145].

Although there exists immense variation in PRP protocols, the procedure can be
performed during the point of care in an office setting with access to phlebotomy
services and a commercial PRP system. Although the cost of commercial PRP Kkits
is not negligible, a standard hematology protocol for PRP preparation requires a
little more than a centrifuge and basic laboratory supplies. This technology has been
implemented in the global arena through the creation of a PRP injection program
in Tanzania at the Bugando Medical Centre [146], via a collaboration with the local
blood bank, providing proof of principle that access to PRP interventions can be
achieved with minimal additional cost and resources.

Disadvantages of PRP

Disadvantages of PRP lie in the variability already well described in this chapter,
including the lack of standardization in PRP preparation methods and reporting of
PRP composition in literature, which limits comparisons between studies, coupled
with the lack of one universally accepted classification scheme. High variability
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exists among patients, including donor factors such as age, gender, and comorbidi-
ties, and even among underlying patient conditions. Although clinical trials study
PRP for specific pathologic conditions and utilize rigorous criteria for patient selec-
tion, there remains considerable heterogeneity among patients diagnosed with the
same condition in terms of chronicity of symptoms and prior treatments such as
oral medications, rehabilitation, and other injections. The durability of any inter-
vention for musculoskeletal and spine disorders depends upon the quality of post-
intervention rehabilitation and patient adherence to a home exercise program.
Post-PRP rehabilitation protocols are not standardized for various conditions, and
variability in therapy plays a significant role in the long-term outcomes of PRP
intervention.

The success of a PRP intervention hinges on clinically significant improvement
in standardized but subjective patient-reported outcomes of pain and function. The
burden of proof for clinical efficacy of an intervention is all the more difficult to
achieve when one considers that intra-articular saline placebo injections for knee
OA have been reported to have both a statistically and clinically significant effect
on pain and function out to 6-month follow-up [147]. Therefore, clinical investiga-
tors are now quantifying cytokine levels in the synovial fluid before and after PRP
intervention for knee OA, in order to correlate clinical outcomes with the biological
mechanisms of action of PRP [148].

Contraindications to PRP therapy include cancer (tumor or metastatic disease),
active infections, thrombocytopenia, and pregnancy [149]. Growth factors such as
isoforms of TGF-p and hepatocyte growth factor, found in PRP, have been associ-
ated with tumor growth [150], hence the relative contraindication in patients with
cancer history. However, PRP has been utilized for patients with avascular necrosis
of the mandible in cancer patients with a history of bisphosphonate use [151-153]
and non-musculoskeletal applications in patients undergoing surgical tumor or
complications related to active chemotherapy treatment [154, 155].

Finally, PRP therapy is not covered by insurances for the applications described
in this chapter, which can pose a significant financial burden for patients. Wide
variability in cost is present, to upward of $2000 or more per injection [2], based
on many factors including the cost of the specific kit used for preparation and other
local economic influences. The cost of PRP therapy is related to its off-label use for
musculoskeletal and spine disorders, which do not have FDA approval.

Regulation of PRP

The clinical applications of PRP for musculoskeletal and spine disorders discussed
in this chapter are considered off-label. PRP is a biologic and falls under the regu-
lation of the FDA Center for Biologics Evaluation and Research (CBER). Under
the Code of Federal Regulations (CFR) Title 21, PRP and other blood products
are exempt from the FDA Regulation of Human Cells, Tissues, and Cellular and
Tissue-based Products (HCT/Ps) [156]. Instead, the 510(k) application pathway has



76 X. (J.) Yuan and A. C. Gellhorn

been used for clearance of PRP preparation systems that are considered “substan-
tially equivalent” to other existing or predicate devices already available on the
market. The first PRP preparation systems were reviewed by the Office of In Vitro
Diagnostics and Radiological Health, received 510(k) clearance based upon predi-
cate centrifuge devices, and were therefore classified as centrifuges.

The 510(k) pathway for clearance of PRP devices does not strictly require clinical
data for FDA approval, as they are considered lower-risk devices and “substantially
equivalent” to a previously cleared device [157]. The term ‘“clearance” designates
the limitations of use of the device, only to the indications of the predicate device
that it has been determined to be “substantially equivalent.” This is in contrast to
other regenerative therapies, which may receive “approval” through traditional FDA
regulatory pathways as new drugs via new drug applications (NDA) or biologics
license applications (BLA), which further require clinical data collected via inves-
tigational new drug (IND) or investigational device exemption (IDE) applications.

As early as February 2011, CBER granted 510(k) clearance to devices for mix-
ing PRP with bone graft to improve its handling, for application to bony defects in
the operative setting (“Platelet And Plasma Separator For Bone Graft Handling”)
[158]. Injection or implantation of PRP without mixing with bone graft materials
falls outside the intended use of these PRP systems and is considered off-label use.
However, a clinician may still practice off-label use of PRP for musculoskeletal and
spine disorders but may not market the use of the device for these off-label applica-
tions. CBER does not require an IND or IDE application to the FDA or institutional
review board (IRB) approval for off-label use [159].

In 2007, the AutoloGel™ System (Cytomedix Inc., Gaithersburg, MD) received
510(k) clearance for topical application in the management of cutaneous wounds
including chronic nonhealing diabetic, pressure, or venous wounds. Mixing PRP
with bone graft for defects and topical application for chronic wounds remain the
sole indications of use for PRP that have received FDA approval, although these
treatments are considered experimental by insurance providers including the
Centers for Medicare and Medicaid Services (CMS), with limited to no coverage at
this time [160].

While PRP is not subject to FDA regulation of HCT/Ps under CFR Title 21,
Part 1271, further activation of PRP by exogenous agents following centrifugation
alone creates a potentially tricky situation in which PRP may be considered more
than “minimally manipulated” and therefore subject to further regulation. Although
no changes have yet occurred that impact off-label use of PRP, clinicians should
remain up-to-date with the latest FDA regulatory stance on PRP.

Future Directions

Since its inception in the early 2000s, PRP therapy has rapidly entered the main-
stream for applications as diverse as musculoskeletal and spine disorders to alopecia
and aesthetics. The lack of conclusive scientific evidence of clinical efficacy, FDA
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approval, and insurance coverage has not significantly hindered the popularity of
PRP therapy or patient interest.

Regulatory approval and insurance coverage decisions depend upon demonstrat-
ing higher-level supportive evidence of both safety and clinical efficacy of PRP ther-
apy. This in turn requires a decrease in the variability found in prior PRP studies,
which can be achieved in part by adoption of one universally accepted PRP clas-
sification scheme, and standardization in preparation methods, characterization, and
reporting of PRP composition across clinical trials. Delivery of PRP must also be
standardized, such as number and timing of injections and concurrently performed
interventions such as percutaneous tenotomy, as well as post-procedural care with
pathology-specific rehabilitation protocols. FDA approval for additional indications
of PRP therapy requires a BLA or premarket approval (PMA) application, which
involves larger-scale clinical studies that should be designed with close consideration
of these variables in mind.

Although clinicians and patients have found success with PRP for the mus-
culoskeletal and spine disorders described in this chapter, there remains a lim-
ited understanding of the precise pathophysiology that underlie these diseases.
Without this knowledge, it is difficult to determine the precise targets of PRP
therapy for each disease process and what relevant characteristics in PRP impact
clinical response in patients. While current evidence suggests that LR-PRP is
more suitable for tendinopathy and LP-PRP for OA, future work must continue
to probe and define the growth factors and cytokine cocktails that are ideal for
specific pathologies and develop novel methods of PRP preparation that yield
these customized formulations.

Efforts are already underway in recently published studies of PRP for OA [148],
in which investigators are measuring cytokine levels in synovial fluid to better
understand the local effects of PRP, further refine its mechanism of action, and
identify and validate biomarkers of disease. Since PRP is believed to improve pain
and function for patients with OA through anti-inflammatory effects, the goal will
be to demonstrate that decreasing inflammation will in turn slow progression of OA
and ultimately, that PRP is a disease-modifying therapy for early-stage OA.

Although PRP is considered a regenerative therapy, based largely upon the effects
of growth factors on cells and tissues in laboratory studies, convincing evidence of
tissue regeneration has yet to be demonstrated in clinical studies. Demonstration of
tissue regeneration is limited in part because clinical study results typically report
standardized patient-reported outcomes without biological correlates or biomark-
ers that can support the potential efficacy of the intervention. Incorporation of OA
biomarkers developed and validated for pain and disease progression [161] allows
for a more objective measurement of pain improvement due to PRP and potential
disease-modifying properties.

In summary, PRP is a promising therapy that offers a nonsurgical approach to
treatment of musculoskeletal and spine disorders, for patients who have failed con-
ventional therapy or with conditions that have poor surgical outcomes. However,
there remains much to elucidate in the basic science and underlying mechanism of
action of PRP, in order to accelerate regulatory approval and insurance coverage and
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expand access to PRP treatment for patients of all socioeconomic background. In
the future, PRP therapy will require a personalized approach, tailoring PRP formu-
lations for both patient-specific and condition-specific characteristics.
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