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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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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.

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.

G. Cooper et al.
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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

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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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.

Tissue
engineering

Biomaterials

Genetic
engineering/

cloning

Regenerative
pharmacology

Cellular
engineering/
cell therapy

Molecular
biology

Transplantation

Stem cells

Regenerative medicine

Fig. 2.1 Schematic representation of the various components of regenerative medicine. (Reprinted 
from Yalcinkaya et al. [1], with permission from Elsevier)
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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-β) superfamily, which include 
TGF-β 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 

2 Basic Science Concepts in Musculoskeletal Regenerative Medicine
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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 

hm

col

soc

ps

bc

h
c

a

e f g

b c d

Fig. 2.2 Endochondral bone formation. (a) Mesenchymal cells condense. (b) Cells of condensa-
tions become chondrocytes (c). (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)
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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-β 
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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 Gli1 
[40, 41]. Gli1 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-1β and IL-6, and tissue necrosis factor-
alpha (TNF-α) from chondrocytes and macrophages. This signals chondrocytes to 
undergo hypertrophy and terminal differentiation and promotes tissue degradation 
through nuclear factor-kappaB (NF-κB) 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 [82–84]. 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-β is essential for chondrocyte maturation and differentiation during devel-
opment and is present in low concentrations in young, healthy articular cartilage. 
TGF-β signaling through the Alk5-SMAD2/3 pathway has been shown to be essen-
tial for inhibiting chondrocyte hypertrophy and terminal differentiation [89, 90]. 
Following injury, TGF-β 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-β 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].

Wnt signaling pathways are important in skeletal development, health, and dis-
ease, modulating both chondrogenesis and osteogenesis through both canonical 
Wnt/β-catenin or non-canonical pathways. As described in a recent review, several 
studies have shown that Wnt/β-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 
Wnt 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-1α 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-2α through NF-κB. HIF-2α induces chondrocyte hypertrophic differentiation 
by increasing Runx2, IHH, and VEGF expression and cartilage degradation by 
increasing MMP and ADAMTS expression [107]. Suppressing HIF-2α while main-
taining HIF-1α 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-κB signaling pathway, increasing production of 
pro- inflammatory cytokines including IL-1β and TNF-α. Autophagy may be fur-
ther suppressed in OA through inhibition of the HIF-2α 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 
III 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-α, as well as PGE2 and 
NO among others, can enhance inflammation, induce collagen remodeling, increase 
tenocyte proliferation, and promote angiogenesis [133–135].
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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.

Cartilage

Osteoarthritis

Exposed bone

Cartilage to begin
breaking down

Eroding
meniscus

Bone spurs

Healthy joint Osteoarthritis

Fig. 3.1 Osteoarthritis
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 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 

Overview of Viscosupplements

Product
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Euflexxa [prescribing information], Suffern, NY; Ferring Pharmaceuticals Inc; 2005.
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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 

Minimum disruption.
There is already

10% cartilage loss.

Joint-space narrowing.
The cartilage to begin breaking down.

Occurrence of osteophytes.

STAGE OF KNEE OSTEOARTHRITIS

I
Doubtful

II
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III
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IV
Severe

Moderate joint-space reduction.
Gaps in the cartilage can

expand until they reach the bone.

Joint-space greatly reduced.
60% of the cartilage already lost.

Large osteophytes.

Fig. 3.6 Kellgren-Lawrence stages of knee OA

3 Viscosupplementation



34

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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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.

a b

Fig. 3.7 Common injection approaches [10]. (a) Anterior approaches. (b) Lateral mid-patellar 
approach
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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]

Mild Moderate (all are rare)
Severe (all are very 
rare)

Life-threatening 
(all very rate)

Local paina Acute pseudoseptic arthritis 
(aka “flare” reaction or 
chemical synovitis)

Septic arthritis Hypotension

Transient 
inflammatory 
responsea

Granulomatous inflammation Reactivation of 
complex regional pain 
syndrome

Air embolism

Local tissue 
atrophy

Hemarthrosis Seizures Anaphylactic 
reaction

Cramps and 
restless legs

Vertigo Crystal deposition 
arthritis

Laryngeal edema

Adjacent structure injury 
(nerves, vessels)

Adjacent structure 
injury (nerves, 
vessels)

Apnea

Urticaria, pruritus Vasomotor 
collapse

aCommon

3 Viscosupplementation
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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 IA 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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Fig. 3.9 HA provides greater pain relief than naproxen [20]
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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

Single injection Three injection Five injection

982.4 1,052.7

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

Fig. 3.10 US viscosupplementation market projections by product 2014–2025 [25]
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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 
MSCs: 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.
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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 

Mesenchymal stem cells

Neurons

Muscle cells

Adipocytes

Chondrocytes

Osteoblasts

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])
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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.

Bone marrow-derived 
stem cells

Osteonecrosis of femoral head
Osteoarthritis of knee
Osteochondral lesions of knee
Osteoarthritis of shoulder
Rotator cuff tendinopathy
Patellar tendinopathy
Achilles tendinopathy

Adipose-derived stem 
cells

Osteoarthritis of knee
Osteochondral lesions of talus
Lateral epicondylosis
Achilles tendinopathy

Amniotic tissue-derived 
products

Osteoarthritis of knee
Osteochondritis dissecans of talus
Plantar fasciitis

Table 4.2 Major 
musculoskeletal indications 
for stem cell therapy
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 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 × 106 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 

N. N. Zaman and D. McCarthy



51

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 α-granules per platelet [4]. Physiological 
levels of platelets range from 150,000 to 350,000/μL.  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, 
α-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-β1, 
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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-β2), insulin-like growth factor 1 (IGF-1), epidermal growth factor (EGF), vas-
cular endothelial growth factor (VEGF), and fibroblast growth factor β (FGF-β) [1, 
9]. PDGF in PRP has a role in early wound healing and stimulates fibroblast pro-
liferation [12]. TGF-β1 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 
factor or 
cytokinea

Role(s) in wound healing, 
musculoskeletal repair, and 
regenerationa

Reported concentrations in PRP
PRP 
systemb Concentration

Ang-2 Angiogenesis; chondrogenic and 
osteogenic differentiation [15–17]

PCCS 425 ± 405 pg/mL [18]

EGF Endothelial chemotaxis and 
angiogenesis; MSC and epithelial cell 
mitogenesis; collagen synthesis; 
osteogenic and chondrogenic 
differentiation of MSCs [19, 20]

Arthrex 659.8 ± 35.9 pg/mL [4]
Fibrinet 1.4 ± 1.2 ng/mL [21]
GPS 470 ± 317 pg/mL [22]
GPS III 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 
capillary endothelial cells mitogenesis; 
chondrocyte, myoblast, and osteoblast 
differentiation [24, 25]

Arthrex 15.6 ± 2.4 pg/mL [23]
Fibrinet 31 ± 27 pg/mL [21]
GPS III 75.2 ± 21.4 pg/mL [23]
Plateltex 3.5 ± 8 pg/mL [21]
Regen 13 ± 10 pg/mL [21]

HGF Angiogenesis, endothelial cell 
mitogenesis; anti-inflammatory effects 
[26]

Arthrex 645.2 ± 72.1 pg/mL [23]
GPS III 4277.3 ± 1508.2 pg/mL [23]

IGF-1 Myoblast proliferation and 
differentiation; fibroblast chemotaxis 
and protein synthesis; osteoblast 
proliferation and differentiation; MSC 
proliferation and survival [27, 28]

AGF 132 ± 32 ng/mL [29]
Arthrex 64.8 ± 55.4 pg/mL
CS 100 ± 29 ng/mL [29]
Fibrinet 27 ± 11 ng/mL [21]
GPS 72 ± 25 pg/mL [22]

99 ± 29 ng/mL [29]
GPS III 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  
effects [31]

Arthrex IL-1β: 0.31 pg/mL [32]
GPS III 
Mini

IL-1β: 3.67 pg/mL [32]

(continued)
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Table 5.1 (continued)

Growth 
factor or 
cytokinea

Role(s) in wound healing, 
musculoskeletal repair, and 
regenerationa

Reported concentrations in PRP
PRP 
systemb Concentration

PDGF-AB Chemotaxis of inflammatory cells; 
angiogenesis; fibroblast chemotaxis 
and proliferation; ECM synthesis; 
MSC and osteoblast mitogenesis 
[33–35]

Arthrex 16.6681 ± 5.5123 ng/mL 
[23]
6.4 ng/mL [32]

Cascade 9.7 ± 3.6 ng/mL [36]
GPS III 42.2739 ± 2.9024 ng/mL 

[23]
18.7 ± 12.8 ng/mL [36]

GPS III 
Mini

22 ng/mL [32]

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]
GPS III 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 
degradation [38]

Arthrex MMP-9: 40 ng/mL [32]
GPS III 
Mini

MMP-9: 222 ng/mL [32]

TGF-β1 Fibroblast activation and proliferation; 
ECM synthesis; endothelial 
chemotaxis and angiogenesis; MSC 
proliferation; chondrogenic and 
osteogenic differentiation [33, 39–41]

Arthrex 66,246.2 ± 7620.4 pg/mL 
[23]
20 ng/mL [32]

Cascade 0.1 ± 0.08 ng/mL [36]
Fibrinet 8.8 ± 5.0 ng/mL [21]
GPS 120 ± 42 ng/mL [22]
GPS III 141.2869 ± 12.5761 ng/mL 

[23]
0.1 ± 0.08 ng/mL [36]

GPS III 
Mini

89 ng/mL [32]

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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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-β1 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 

Table 5.1 (continued)

Growth 
factor or 
cytokinea

Role(s) in wound healing, 
musculoskeletal repair, and 
regenerationa

Reported concentrations in PRP
PRP 
systemb Concentration

TGF-β2 MSC proliferation; chondrogenic and 
osteogenic differentiation [39–41]

MCS 3p 0.4 ± 0.3 ng/mL [30]

VEGF Angiogenesis and vasculogenesis; 
macrophage and granulocyte 
chemotaxis [42]

Arthrex 138.7 ± 11.2 pg/mL [23]
Cascade 0.3 ± 0.3 ng/mL [36]
Fibrinet 0.3 ± 0.3 ng/mL [21]
GPS 955 ± 1030 pg/mL [22]
GPS III 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]
aAng-2 angiopoietin-2, ECM extracellular matrix, EGF epidermal growth factor, bFGF basic fibro-
blast growth factor, HGF hepatocyte growth factor, IGF insulin-like growth factor, IL interleukin, 
MMP matrix metalloproteinase, MSC mesenchymal stem cell, PDGF platelet-derived growth fac-
tor, TGF transforming growth factor, VEGF vascular endothelial growth factor
bAGF: 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.l, 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, München, 
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)
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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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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].

Table 5.2 Preparation of PRP by select devices and characteristics of their PRP products [51–55]

Technology
PRP  
systema

Centrifuge 
protocol

Activationb

Initial 
blood 
volume 
(mL)

Final 
PRP 
volume 
(mL)

Platelet 
concentration 
from baseline

WBC 
contentb

RBC 
content

Time 
(min) Spins

Plasma- 
based

Arthrex 
ACP

5 1 None 16 4–7 2–3× LP Poor

MTF 
Cascade

6 1 CaCl2 9 4.5 1.3–1.7× LP Poor

Buffy 
coat-based

Biomet 
GPS III

12–
15

1 AT and 
CaCl2

30 
or 60

3 or 6 2–8× LR Rich

Harvest 
Smart 
PReP 2

12–
15

2 BT or 
CaC12

20 
or 60

3 or 
7–10

3–7× LR Rich

Arteriocyte 
Magellan

14–
20

2 CaC12 30 
or 60

3–10 3–7× LR Rich

aArteriocyte 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 
III (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)
bAT autologous thrombin, BT bovine thrombin, CaCl2 calcium chloride, LP leukocyte-poor, LR 
leukocyte-rich
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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-α), 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-β1, basic fibroblast growth fac-
tor, IL-1β, interleukin 1 receptor antagonist protein, TNF-α). 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 LXA4 [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-1β, 
TNF-α, 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 kits 
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-β 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 
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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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Chapter 6
Prolotherapy

Caroline Schepker, Behnum Habibi, and Katherine V. Yao

 Introduction

When practitioners use the term prolotherapy, they refer to an injection of a solu-
tion meant to rehabilitate an incompetent structure, usually by means of promoting 
sclerosis at the injection site [1]. It is identified as a regenerative injection therapy 
but differs from modern regenerative therapies such as platelet-rich plasma (PRP) 
and stem cell therapies because it lacks a biologic agent [2]. Hypertonic dextrose is 
the most commonly used prolotherapy solution and is popular in the United States 
and internationally. It is an inexpensive regenerative therapy option that results in 
great accessibility [3]. One of the earliest reports of prolotherapy for the musculo-
skeletal system was published in 1956 by GS Hackett, who reported that the treat-
ment resulted in the proliferation of cells to strengthen injected tissues [4]. The most 
commonly used injectate is hyperosmolar dextrose (usually 10–30%) [5, 6]. This 
technique has been used for over 100 years [3] and many different solutions have 
been used to create similar effects, including phenol-glycerine-glucose (no longer 
used, but commonly studied previously) and sodium morrhuate (used currently, but 
less often than hyperosmolar glucose) [7]. Injection protocols are also varied but 
typically involve repeated injections on a weekly basis over several months. Anti- 
inflammatory medications are generally avoided after the injections to promote the 
expected controlled inflammatory response. Regular activity is typically resumed 
after resolution of possible post-injection inflammation [3].
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 Mechanism of Action

The mechanism of action of prolotherapy is unclear but there have been several dem-
onstrated effects of dextrose on cytokines in vitro. Currently discussed mechanisms 
include the induction of an inflammatory reaction that stimulates the wound- healing 
process by attracting growth factors and inducing vascular sclerosis [4, 8]. GLUT 
1–4 proteins are cell surface transporters of dextrose that transport glucose into 
human cells and interact with cytokines to signal cell growth or repair [9]. Glucose 
and other sugar exposures to cells have demonstrated increased genetic expression 
of mesangial cell activation regulators including connective tissue growth factor 
(CTGF) by way of increased expression of transforming growth factor β1 (TGF- β1) 
and stimulating protein kinase C-dependent pathways [10]. These cytokine path-
ways are linked to increased production of fibroblasts [10, 11], chondrocytes [12, 
13], and nerve cells in animal and human cells [14, 15].

An alternative proposed mechanism suggests that hyperosmolar dextrose opens 
potassium channels and thus hyperpolarizes nerve cells. This in turn decreases per-
ceived pain by way of inhibited nociceptive fibers [8]. Another alternate mechanism 
suggests hyperosmolar dextrose slows osteoarthritis progression and improves car-
tilage regeneration, as demonstrated by multiple animal studies with small sample 
sizes [7, 8].

 Effects of Prolotherapy on Ligaments and Tendons In Vitro 
and in Animal Studies

The response of tissues to prolotherapy has been studied in the rat medial collateral 
ligament (MCL). The results showed leukocyte and macrophage infiltration initially 
after prolotherapy treatment when compared to placebo, saline injections, or dry nee-
dling. This inflammatory response is hypothesized to reduce pain by limiting exces-
sive neovascularization and neural ingrowth in the case of tendinopathy. However, 
the inflammatory response reported in the above MCL study varied between differ-
ent prolotherapy injections [3, 16]. In the thigh muscles of guinea pigs, Harris and 
White demonstrated that prolotherapy induced white blood cell infiltration at 6 hours 
post-injection, marked edema at 24 hours post-injection, and finally the recruitment 
of large undifferentiated cells and fibroblasts after 24 hours [17]. Another study by 
Harris et al. demonstrated that within 10 months after the treatment, the thigh mus-
cles underwent necrosis and were walled off by fibrous tissue and the necrotic tissue 
was then replaced entirely by thick bands of fibrous tissue [16].

The studies of the murine MCL demonstrated another interesting finding, an 
increase in the MCL cross-sectional area after prolotherapy. This suggests another 
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mechanism of pain relief related to structural changes in treated tissues. However, 
in these studies, there were no changes in strength, stiffness, or laxity of the treated 
ligaments [16]. Separate work by Liu et al. on rabbit MCL did however demonstrate 
increased junctional strength, in addition to increased ligamentous mass, cross- 
sectional area, and thickness [18].

Other groups have similarly reported that the injection of sodium morrhuate into 
rabbit patellar and Achilles tendons increases their diameters [19]. Still others have 
reported increased strength in the patellar tendons of rats after prolotherapy, giving 
credence to the hypothesis that structural changes are responsible for the pain relief 
effect of prolotherapy. These results should be interpreted with caution, however, 
as a similar study by Harrison in murine Achilles tendons showed no difference in 
tendon tensile strength after injections with 18.5% dextrose compared to no inter-
vention [19].

In conclusion, the mechanism of pain control mediated by prolotherapy at the 
tissue level is not well understood. It is likely multifactorial and due to both tissue 
displacement effects of the needle and effects of the injectate.

 Osteoarthritis Clinical Studies

Osteoarthritis (OA) represents one of the most prevalent and financially burden-
some health conditions worldwide; it is the fastest growing form of disability [20]. 
Treatment options are limited and, short of arthroplasty, typically only provide tem-
porary relief. Prolotherapy has historically been used to address elements of laxity 
and instability within soft and connective tissue structures such as ligament and ten-
don, on the basis of increased tendon diameter, ligament hypertrophy, fibrosis, and 
tensile strength observed following direct injection of pro-inflammatory agents into 
these tissues. However, more recent research, most occurring within the twenty- first 
century, has sought to address whether these same prolotherapeutic injectates can 
address healing and/or ultimately confer anti-inflammatory effects within other tis-
sues and regions of the musculoskeletal system—more specifically, within joints to 
address symptomatic osteoarthritis.

Overwhelmingly, the existing research examining this topic is limited in scope 
and study size and is not without methodological flaws. However, the existing body 
of literature suggests that intra-articular injection of prolotherapeutic injectate into 
symptomatic osteoarthritic joints, ranging from the small joints of the hand to large 
joints such as the knee, may be supported by mild to moderate evidence. The stud-
ies generally support positive effects of prolotherapy on joint pain, joint stiffness 
symptoms, and improvement on disability and quality of life.
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 Prolotherapy Effects on Small Joints

Research on prolotherapy treatment for osteoarthritis dates back to the early 2000s 
with small studies examining the use of 10% dextrose solution in MCP, PIP, and 
DIP joints of the hand [21]. Reeves and Hassanein randomized 27 patients with 
symptomatic hand OA for at least 6 months to either an intervention group (n = 13) 
or control group (n = 14). Injections were performed at 0, 2, and 4 months, with 
evaluation at 6 months post-initial injection. The intervention group saw a statis-
tically significant improvement in pain with finger movement and flexion range 
of motion; this group also reported less pain at rest and demonstrated better grip 
strength; however, these latter two metrics were not statistically significant.

 Prolotherapy Effects on Knee Osteoarthritis

Intrigued, this same group led by Reeves and Hassanein went on to examine the 
effects of dextrose injections to the knee [22]. Thirty-eight patients were selected 
who demonstrated at least 6 months of knee pain along with Kellgren-Lawrence 
radiographic evidence of knee OA. These participants were randomized into two 
groups: an intervention group, which underwent three injections, spaced out every 
2 weeks, of a 10% dextrose/0.075% lidocaine solution, and a control group, which 
received an identical control solution absent the 10% dextrose. The dextrose-treated 
participants also underwent three further injections every 2 weeks of the 10% dex-
trose solution. Again, at 6 months of follow-up from the first injection, those who 
received the dextrose injections reported statistically significant less knee pain, 
swelling, buckling episodes, and greater knee flexion range of motion when com-
pared with controls. These effects persisted at a 12-month follow-up. Secondary 
analysis revealed that 8 out of 13 knees treated with dextrose initially showed clini-
cally significant ACL laxity which subsequently improved with decreased laxity at 
12 months of follow-up.

Research into the use of prolotherapy in subsequent years focused primarily again 
on soft tissues, with a return in interest in the experimental use of prolotherapy for 
OA in the early 2010s. In 2012, Rabago and Patterson [23] identified 36 adults with 
moderate to severe knee OA and symptoms for at least 3 months; all participants 
received both extra-articular injections of 15% dextrose and intra- articular injec-
tions of 25% dextrose at 1, 5, and 9 weeks, with additional “as-needed” injections 
at weeks 13 and 17. Over 1 year of follow-up, participants reported progressively 
improved scores on the Western Ontario and McMaster Universities Osteoarthritis 
Index (WOMAC) and the validated Knee Pain Scale (KPS). Score improvement 
was observed as early as 4 weeks post-initial injection and demonstrated continued 
improvement in both measures over the 1 year of follow-up. Greater improvement 
was statistically significantly related to female gender, younger age (45–65 years), 
and BMI <25  kg/m2. While promising, this study was severely limited method-
ologically by its single-arm, uncontrolled design, as well as the confounding nature 
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associated with injecting both intra-articularly and extra- articularly. In 2013, the 
same group returned to the subject to perform a three-arm, blinded, randomized 
controlled trial [24]. Ninety adults with at least 3 months of knee OA were ran-
domized to injection (dextrose versus saline) or a home exercise program. Again, 
both extra- and intra-articular injections were performed, at 1, 5, and 9 weeks. At 
1 year of follow-up, all groups reported statistically significant improvements in 
composite WOMAC scores compared with baseline. When adjusting for sex, age, 
and BMI, WOMAC scores for patients receiving the dextrose injections improved 
significantly more, exceeding the WOMAC-based minimal clinically important dif-
ference. Individual knee pain scores also improved statistically significantly more 
in the prolotherapy group.

Rabago went on to attempt to further characterize the possible mechanism under-
lying these observed effects. In 2013, Rabago et al. examined both knee OA-specific 
quality of life and intra-articular cartilage volume in patients treated with intra- 
articular prolotherapy [25]. Knee-specific quality of life improved significantly 
among knee OA participants who received monthly knee prolotherapy injections 
over 5  months as compared with controls. Interestingly, when examining radio-
graphic progression of knee articular cartilage degradation over time (via MRI), 
both groups saw interval decrease in knee articular cartilage over 1 year at about the 
same rate; however, the prolotherapy recipients who lost the least cartilage volume 
also had the greatest improvement in pain scores. Authors noted that among these 
participants, the change in cartilage volume and knee pain (but not stiffness or func-
tion) scores were correlated, with each 1% of cartilage volume loss being associated 
with 2.7% less improvement in pain score.

In 2014, Hauser et al. retrospectively evaluated the effects of both intra-artic-
ular and extra-articular knee prolotherapy injections on pain, stiffness, crepitus, 
and improvements in physical activity levels in 69 patients with chondromalacia 
patella [26]. Patients received, at one visit, 24 injections of 15% dextrose, 0.1% pro-
caine, and 10% sarapin (total 40 cc) in the anterior knee at various locations: MCL 
and LCL, patellar ligament, vastus medialis and iliotibial tract, and pes anserinus, 
with 8 cc injected intra-articularly. Six weeks following the last injection, patients 
reported a statistically significant decrease in pain at rest, during ADLs, and with 
exercise. These patients also reported a significant decrease in stiffness and crepitus 
and increase in knee range of motion.

A case series performed in 2016 by Topol et al. sought to better understand if dex-
trose does in fact exert a chondrogenic effect to explain some of the clinical effects 
observed with prolotherapy injected into the joint space. Six participants with symp-
tomatic knee OA for at least 6 months and arthroscopically confirmed medial com-
partment exposed subchondral bone were treated with four to six monthly 10 mL 
intra-articular knee injections with 12.5% dextrose. Knee articular cartilage was 
examined both pre-injection and at 8 months post-injection, via direct visualization 
(arthroscopic examination of nine standardized medial condyle zones) and biopsy of 
a cartilage growth area. Fifty-four total zones were examined (9 zones over 6 par-
ticipants); in 19 of these, blinded arthroscopy readers reported evidence of cartilage 
growth post-treatment as compared with pre-treatment. Biopsy specimens showed 
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metabolically active cartilage, with parallel fibers and cartilage typing patterns consis-
tent with both fibrocartilage and hyaline cartilage. Additionally, compared with base-
line, median WOMAC scores statistically significantly improved by 13 points [27].

 Intra-articular Prolotherapy Treatment Versus Corticosteroid 
and Platelet-Rich Plasma Treatments

Several other groups have attempted to compare intra-articular dextrose injections 
with other agents, such as platelet-rich plasma (PRP) or corticosteroid. In 2014, 
Jahangiri et al. compared the use of hypertonic dextrose with corticosteroid for the 
treatment of first carpometacarpal joint OA in a randomized controlled trial [28]. 
Sixty patients with both symptomatic and radiographic first CMC osteoarthritis 
were randomized to a corticosteroid injection group (n = 30, received 2 monthly 
saline placebo injections followed by a single dose of 40 mg methylprednisolone 
acetate) or a prolotherapy group (n  =  30, 20% dextrose and 2% lidocaine solu-
tion performed monthly for 3 months). At 1-month post-third injection, the corti-
costeroid group reported a statistically significant greater improvement in pain via 
Visual Analog Scale (VAS); however at 6-month follow-up, the prolotherapy group 
reported a statistically significant greater improvement in pain. At the 6-month fol-
low- up, both the prolotherapy and corticosteroid groups reported improved overall 
hand function; however again, the prolotherapy group had a significant larger effect 
at this time point, overall suggesting better long-term effects of prolotherapy as 
compared with the expected, short-lived effects of intra-articular steroid.

In 2018, Rahimzadeh et  al. compared intra-articular knee prolotherapy injec-
tions with platelet-rich plasma (PRP) injections [29]. Forty-two patients with stage 
1 or 2 Kellgren-Lawrence knee OA were randomized into a PRP group (7 cc PRP 
solution) versus prolotherapy group (7  cc 25% dextrose solution). Participants 
received these injections twice, 1 month apart. All participants saw a rapid decrease 
in overall WOMAC score at both 1 month and 2 months following the first injec-
tion. WOMAC score then rose at the 6-month mark, but was still statistically sig-
nificantly lower than baseline score. There was no statistically significant difference 
in these scores between the two groups, suggesting a possible comparable efficacy 
and underlying mechanism to both PRP and prolotherapy; however, of note was the 
substantially lower cost associated with performing the dextrose injections.

 Intra-articular Versus Extra-articular Injections for Joint Pain

Because of the wide variation of practice and different indications of use, it has been 
questioned whether it is the intra-articular injection itself that results in improve-
ments in OA symptoms or the peri-articular injection effects. Farpour performed 
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a randomized controlled trial of 52 adults with primary knee OA (grade 2–3 
Kellgren- Lawrence) for at least 3 months. Participants were randomized to either 
an intra- articular injection group or a peri-articular injection group. Injections were 
performed twice within a 2-week interval. In the peri-articular group, up to three 
points of tenderness surrounding the knee were identified and injected with a total 
of 6 cc of 25% dextrose. In the intra-articular group, 6 cc total of 25% dextrose 
was injected intra-articularly. Ultimately, following injections, both groups reported 
comparable improvements in pain and function via Visual Analog Scale, Oxford 
Knee Scale, and WOMAC over 4–8 weeks post-injection, without any superiority 
between the two methods [30].

Rezasoltani et al. did the same: in a randomized, double-blinded controlled trial, 
104 patients with chronic knee OA were randomized to an intra-articular versus 
peri-articular injection group. In the intra-articular group, 8 cc of 10% dextrose and 
2% lidocaine was injected into the knee joint. In the peri-articular group, 5 cc of 
20% dextrose and 5 cc of 1% lidocaine was injected subcutaneously at 4 points in 
the periarticular knee. Injections were repeated at 1 and 2 weeks after the first injec-
tion. In this study, VAS was significantly lower in the peri-articular group as com-
pared with the intra-articular group at 2-, 3-, 4-, and 5-month follow-up (but not at 
1 month). Walking and stair climbing difficulty, morning stiffness, and joint locking 
improved in both groups and were not statistically significant between groups [ 31].

There has not been much investigation into efficacy of intra-articular dextrose 
injections past a 1-year follow-up period, and long-term outcomes are largely lack-
ing. Only one study by Rabago et  al. examined long-term outcomes in patients 
who had received intra-articular knee dextrose injections at 2.5 years of follow-up. 
Sixty- five patients who received up to 5 intra-articular injections over 17  weeks 
were observed to experience clinically meaningful improvements in WOMAC 
scores at 1 year of follow-up; these same patients reported continued improve-
ment in WOMAC score at 2.5 years of follow-up, with an average of about 36% of 
improvement in WOMAC score at 2.5 years as compared with baseline. No adverse 
effects were observed [32].

 Sacroiliac Joint and Axial Spine Prolotherapy Treatments

Very little is known about the effect of prolotherapy injections on pain within axial 
joints; however, several small studies exist. Kim et  al. performed a prospective, 
randomized controlled trial comparing dextrose prolotherapy versus corticosteroid 
to the sacroiliac joint to address low back pain attributed primarily to SI joint dys-
function [33]. Forty-eight patients with SI joint pain (confirmed by 50% or greater 
improvement in response to local anesthetic block) lasting 3 months or longer were 
randomized to receive either intra-articular 25% dextrose or triamcinolone injections 
to the SI joint, performed under fluoroscopic guidance. Pain and disability scores 
were assessed at baseline, 2 weeks, and monthly following this injection. All scores 
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were significantly improved from baseline in both groups at 2 weeks post-injection; 
however, at 15 months, the prolotherapy group had a cumulative incidence of 50% 
or greater improvement in symptoms of 58.7% versus 10.2% in the steroid group; 
this difference was found to be statistically significant. Additionally, Cusi et al. per-
formed a prospective descriptive study of 25 patients who also received SI joint 
injections with dextrose and demonstrated subsequent improvements in back pain 
disability ratings; however, the targeted structure was not the joint space itself, but 
rather the dorsal interosseous ligament of the affected SI joint [34]. Finally, Hooper 
et  al. described a retrospective case series of patients with “chronic spinal pain” 
treated with dextrose prolotherapy [35]. One hundred and seventy-seven patients 
with multi-site chronic axial back pain were treated with 20% dextrose injections 
to the facet capsules of the cervical, thoracic, and/or lumbar spine. Additionally, 
iliolumbar and dorsal sacroiliac ligaments were injected in patients with a chief 
complaint of lower back pain. Ninety-one percent of patients reported reductions 
in pain; 85% reported improvements in ADLs, and 84% reported improvements 
in ability to work over 2.5 years of follow-up. These patients were not compared 
against patients who received medical management, physical therapy, or other axial 
spine injections.

Given the widespread prevalence of osteoarthritis and the cost burden it imparts, 
dextrose injections represent an inexpensive and accessible potential tool for symp-
tom management. However, current quality and level of evidence leaves much to be 
desired. There are many pitfalls associated with the research examining efficacy of 
prolotherapy as a viable clinical tool for osteoarthritis management. For one, there 
is a wide degree of heterogeneity among studies, especially with regard to sample 
size, blinding, controls, composition of injectate, and injection protocols. Percent 
of dextrose injected ranged from 10% to 25%. Injection volumes were highly vari-
able. The number of injections performed and anatomical locations of the injec-
tions were variable. Some studies performed injections blindly, while others used 
ultrasound guidance for needle localization to ensure accuracy. Some injections 
involved additional use of anesthetic agents such as lidocaine, which have known 
chondrotoxic effects, potentially muddying outcomes. The vast majority of studies 
were performed on the knee, with overall lack of representation of other commonly 
affected joints in OA, such as the hip and shoulder.

Despite these limitations, existing research provides some promising insights. 
For example, comparable effects between dextrose and PRP injections may high-
light prolotherapy as a cost-effective alternative to more expensive and time- 
consuming regenerative therapies. The efficacy of extra-articular injections 
suggests an important role of dynamic and soft tissue stabilizers as pain generators 
in OA. Improvements in pain observed in conjunction with increased chondral vol-
ume lend exciting evidence to the theoretical “proliferative” nature of prolotherapy, 
and the capacity of intra-articular injections to stimulate chondrogenesis in general. 
Further research is needed to corroborate these potential tissue changes, to identify 
ideal injectate volumes and compositions, and to identify utility and feasibility in 
other commonly affected joints.
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 Tendinopathy Clinical Studies

The most data, in terms of quantity and quality, evaluating the use of prolotherapy 
versus control injections exist for tendinopathies. In particular, the evidence is most 
robust for chronic, painful, overuse tendinopathies [36, 37]. Overuse tendinopathies 
secondary to repetitive motion share similar micro- and macroscopic features, sug-
gesting shared pathologic processes. For example, tendinopathies of the common 
extensor tendon (lateral epicondylitis), Achilles tendon, and patellar tendon share 
similar histological and sonographic features, suggesting a common, noninflamma-
tory pathophysiology [38]. Studies of prolotherapy in these cases is reviewed here.

 Lateral Epicondylitis

Lateral epicondylitis (LE) is a degenerative disease caused by repetitive micro-
trauma that leads to angiogenesis and fibroblast proliferation [39]. There has been a 
hypothesis that interrupting the increased blood vessel infiltration and fibroblast pro-
liferation may improve pain in epicondylitis. However, a study investigating purely 
blood vessel sclerosis did not demonstrate significant improvement. Thirty- six par-
ticipants with lateral epicondylitis did not demonstrate a significant improvement 
after an ultrasound-guided lauromacrogol injection (lauromacrogol, or polidocanol, 
is not a typical prolotherapy injectate; it is a blood vessel sclerosing agent) [40].

Effects of prolotherapy have been studied for lateral epicondylitis with varied 
results. A double-blinded, randomized controlled study with 24 participants com-
pared to placebo (normal saline) was conducted with three injections of hypertonic 
glucose, sodium morrhuate, and local anesthetic over 8 weeks. The average duration 
of epicondylalgia among the participants was 1.9 years. There was no significant 
difference in symptom improvement noted in the short term (immediately prior to 
the third injection), but there was a difference in the intermediate term. Of note, in 
this pilot study, all ten participants receiving prolotherapy reported pain at the injec-
tion site, as did all ten of the participants receiving placebo injections [41].

Another randomized controlled trial compared prolotherapy with local cortico-
steroid injection for LE. Seventeen participants were given two injections, 1 month 
apart, of either phenol-glycerine-glucose, dextrose, and sodium morrhuate or meth-
ylprednisolone. There were no clinically significant differences between groups. 
However, the prolotherapy group showed improvements from baseline in the Visual 
Analog Scale (VAS) and the Disabilities of the Arm, Shoulder, and Hand (DASH) at 
both 3-month and 6-month time points. The methylprednisolone group only showed 
improvements in the DASH at the 3-month but not 6-month time points [42].

Another randomized trial by Rabago et al. randomized patients into three groups: 
injections of 50% dextrose at 1, 4, and 8 weeks; 50% dextrose with 5% sodium 
morrhuate at 1, 4, and 8 weeks; and no intervention. The primary outcome was the 
Patient-Reported Tennis Elbow Evaluation score. Both experimental groups showed 
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statistically significant improvements in the primary outcome at multiple time points 
in the 32-week follow-up period [43]. However, the study is limited by the lack of a 
control injection. Furthermore, other outcome measures in this study, including grip 
strength and magnetic resonance imaging severity, were mostly unchanged.

 Achilles Tendinopathy

In 20 patients with Achilles tendinopathy, an ultrasound-guided lauromacrogol 
injection did not demonstrate a significant improvement in symptoms, though there 
was a suggestive trend, (p = 0.07) [8]. Another study of 43 participants compared 
prolotherapy alone, eccentric exercise alone, and a combination of the two [44]. 
There were no differences in the outcomes across the three groups in either the 
short, intermediate, or long term. However, the prolotherapy group was the quickest 
to achieve favorable outcomes.

In another study of 36 participants with conservative treatment refractory Achilles 
tendinopathy, ultrasound-guided injections of dextrose and anesthetic at 6-week 
intervals improved pain scores and neovascularity measured by ultrasound in 55% 
of the participants [45]. It is crucial to note that this study has no control group.

 Rotator Cuff Tendinopathy

There have been several studies in recent literature investigating the effects of pro-
lotherapy treatment for chronic rotator cuff tendinopathy. Rotator cuff tendinopathy 
is one of the most common causes of chronic shoulder pain in the absence of active 
inflammation. It is typically treated with exercise and physical therapy. Those that 
are refractory to conservative management can be difficult to treat with many tech-
niques attempted by clinicians including corticosteroid injections, PRP injections, 
and prolotherapy. Results of prolotherapy treatment for rotator cuff tendinopathy 
have shown favorable results for pain control, particularly when compared to phys-
iotherapy alone. But there are mixed results when compared to other injection ther-
apies. Studies have demonstrated improvement in supraspinatus tendon structure 
with prolotherapy injections, but not significantly different from improvements seen 
with other treatments.

Comparing prolotherapy to traditional physiotherapy treatment, a few authors 
have found favorable outcomes for prolotherapy treatment. Lee et  al. performed 
a retrospective case-control study of patients with nontraumatic refractory rotator 
cuff disease (n  =  151) who were unresponsive to 3  months of physical therapy. 
The treatment group received 16.5% dextrose 10 mL solution (n = 63) while the 
control group continued with physical therapy (n  = 63). The average number of 
prolotherapy injections in the treatment group were 4.8 +/− 1.3. There was signifi-
cant improvement in the prolotherapy treatment group in VAS, Shoulder Pain and 
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Disability Index (SPADI), isometric strength of shoulder abduction, and shoulder 
AROM at over 1-year follow-up [46].

Seven et al. conducted a randomized controlled study (n = 120) of patients with 
chronic rotator cuff lesions for greater than 6 months. Controls treated with physical 
therapy 3 times a week were compared to a prolotherapy treatment group. All con-
ducted home exercise programs. Of the 101 patients included in the study (44 in the 
control group, 57 in the prolotherapy group), both groups achieved significant improve-
ments in VAS, SPADI, Western Ontario Rotator Cuff (WORC) index, and shoulder 
ROM (p  <  0.001). Intergroup comparisons demonstrated significant differences in 
VAS, SPADI, WORC index, shoulder abduction, shoulder flexion, and shoulder inter-
nal rotation at over 1 year follow-up favoring prolotherapy treatment. Prolotherapy 
treatment resulted in 92.9% of patients reporting excellent or good outcomes compared 
to the control group with 56.8% reporting excellent or good outcomes [47].

A smaller randomized controlled prospective study by George et  al. included 
12 patients with focal supraspinatus tendinosis after 1 month of PT. Seven patients 
received 0.5–1  mL prolotherapy injection (12.5% dextrose, 0.5% lidocaine) and 
was compared to 5 patients who continued with standard physical therapy without 
interventions. He found superior and significant improvement in shoulder abduction 
(p = 0.03) and sleep score (p = 0.027) in the prolotherapy group. Echogenicity on ultra-
sound also significantly increased at the end of treatment for the prolotherapy group 
(p = 0.009). However, no significant reduction in pain score was seen in the injection 
group (43.5%) compared to the control group (25%) at 12 weeks (p > 0.005) [48].

A few authors studied prolotherapy compared to normal saline injections. Lin 
et al. demonstrated short-term pain relief in chronic rotator cuff tendinopathy. He 
conducted a double-blinded placebo-controlled trial (n  =  31) with the treatment 
group receiving ultrasound-guided injection of dextrose 20% compared to a control 
group that received ultrasound-guided injection of normal saline 5% to the tendi-
nopathic supraspinatus tendon. Outcome measures included VAS, SPADI, shoul-
der AROM, ultrasound thickness, and histogram and were measured at baseline, 
2 weeks, and 6 weeks after intervention. He found that the prolotherapy group dem-
onstrated significant improvement in VAS (P = 0.001), SPADI score (P = 0.017), 
shoulder AROM (P = 0.039), and shoulder abduction (P = 0.043) at 2 weeks after 
injection. However, the effects were not sustained at 6 weeks. No differences in 
ultrasound morphological changes were seen in the participants in either group [49].

Another randomized double-blinded control trial that studied the effects of pro-
lotherapy compared to saline injections was conducted by Bertrand et al. His team 
studied patients with chronic moderate to severe shoulder pain due to rotator cuff 
tendinopathy for 7.6+/−9.6  years with ultrasound confirmation of supraspinatus 
tendinosis/tear (n = 73). Patients were stratified in to three groups, each receiving 
three monthly injections of dextrose into the supraspinatus enthesis, saline into the 
supraspinatus enthesis, and saline above the enthesis. The primary outcome was 
the VAS and the secondary outcome was the ultrasound shoulder pathology rating 
scale (USPRS). At 9-month follow-up, 59% of dextrose enthesis injection patients 
maintained improvement in pain, with VAS score demonstrating >2.8 improvement, 
compared to saline enthesis injection patients, 37% (p  =  0.088), and superficial 
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saline injection patients, 27% (p  =  0.017). Dextrose enthesis satisfaction scores 
were 6.7 compared to saline, 4.7, and superficial saline, 3.9. USPRS demonstrated 
no difference between groups (P = 0.734). Overall, dextrose resulted in superior 
long-term pain improvement and satisfaction compared to blinded saline injections. 
All showed some improvement, but no significant differences between groups on 
improvement of tendinopathy were seen on ultrasound [50].

Comparing prolotherapy injections to subacromial bursa corticosteroid injec-
tions, Cole et  al. performed a prospective randomized double-blinded clinical 
trial. His group compared prolotherapy injection into tendinopathic supraspinatus 
tendons (n = 17) to corticosteroid bursa injections (n = 19). There was significant 
reduction of pain with overhead activities at 3  months in only the prolotherapy 
group. By 6 months, both groups demonstrated significant reduction of pain with-
out any difference between groups (p = 1.0). Both the prolotherapy and corticoste-
roid groups demonstrated significant improvement of the supraspinatus tendon on 
ultrasound compared to baseline at 3 months, but no significant difference between 
groups (p = 0.44) [51].

Finally, Lin et al. conducted a meta-analysis systematic review of randomized 
controlled trials comparing corticosteroid, nonsteroidal anti-inflammatory drugs 
(NSAIDs), hyaluronic acid, botulinum toxin, PRP, and prolotherapy in patients 
with RTC tendinopathy. Out of 18 studies that were included, his team found that 
corticosteroid was more effective only in the short term in both pain reduction and 
functional improvement. Prolotherapy significantly reduced pain compared with 
placebo in the long term (over 24 wks; SMD, 2.63; 94% CI, 1.88–3.38). PRP sig-
nificantly improved shoulder function compared to placebo in the long term (24 
wks; SMD, 0.44; 95% CI, 0.05–0.84) [52].

 Side Effects and Adverse Events

Most adverse events associated with prolotherapy injections are related to the 
treatment location. In a study by Yelland et al., prolotherapy used to treat generic 
low back pain caused immediate pain in the low back in 88% of participants. Few 
patients also suffered from headaches after treatment which resolved within 1 week. 
Few patients suffered from leg pain with neurological features [53]. Several other 
studies reported similar events, most commonly, pain and stiffness at the injec-
tion site anywhere from 12 to 96 hours after the injections [54–57]. Rare adverse 
events in these studies include sleep disturbance due to “psychological trauma,” 
irregular menses, lumbar puncture headache, and radicular pain. Rarer still, seri-
ous adverse events in patients receiving prolotherapy for low back pain include 
two cases of meningitis (both resolved with treatment) [58], adhesive arachnoiditis 
(requiring ventriculostomy and craniotomy ultimately resulting in post-operative 
death, a case report published in the Journal of the American Medical Association) 
[59], and encephalomyelitis (treated with ventriculojugular shunt resulting in steady 
improvement) [60].
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Chapter 7
Regenerative Medicine for the Spine

Anthony J. Mazzola and David A. Spinner

 Introduction

The spine consists of 33 vertebrae comprising the cervical, thoracic, lumbar, sacral, 
and coccygeal segments. Each vertebra unit has attachments to muscles and liga-
ments, as well as sites of articulation with adjacent vertebrae. The typical vertebra 
has six joints. Due to this complex network, there are several targets where regen-
erative medicine can prove to be an effective treatment. This chapter will highlight 
the current evidence for regenerative medicine to treat common spine pathology.

 Epidemiology

Back pain is among the most common patient complaints. In the adult general 
population, the point prevalence for low back pain is believed to be approximately 
12%, the one-month prevalence 23%, the one-year prevalence 38%, and the life-
time prevalence approximately 40% [1]. In regard to neck pain, it is estimated 
that 20% of the adult population experiences neck pain over a one-year period 
and around 66% experience neck pain at one point in their lives [2]. In the United 
States (US), low back pain is the number one cause of years lived with disabil-
ity and neck pain is ranked sixth [3]. Between 2008 and 2012, a study of the 
Medicare database illustrated 6,206,578 patients were diagnosed with lumbar and 
3,156,215 patients were diagnosed with cervical degenerative conditions [4]. It 
has been estimated that 10–15% of back pain becomes chronic and, in this subset, 
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can lead to long-lasting disability. Around 80–90% of health care and social costs 
stemming from back pain result from this small cohort who develops chronic low 
back pain and disability. Just over 1% of adults in the US are permanently dis-
abled by back pain, and another 1% are on temporary disability [5]. Those with 
chronic low back pain also have higher odds of unemployment [6]. With an aging 
population, preventative measures or treatments with the capability to reverse or 
halt progression are needed.

Most current treatments for back pain focus on targeting the overactive nerves 
responsible for the pain sensations. The most common are steroid injections and 
nerve ablations. In the short term many of these treatments provide significant 
relief; however, if the initial aggravating factors are not improved, the pain will often 
relapse. This leads to a population with chronic back pain. Furthermore, before the 
opioid crisis, many of these patients were routinely started on narcotic medications. 
Opioid use disorders have moved from the 11th leading cause of disability-adjusted 
life years in 1990 to the 7th leading cause in 2016, representing a 74.5% (95% 
UI, 42.8–93.9%) increase. Opioid use disorder from 1990 to 2016 went from 52nd 
place to 15th place on years of life lost due to premature mortality [3]. Back pain 
and opioid use are often linked; from one population-based survey more than 50% 
of opioid users reported back pain [7]. Today, the negative effects of chronic opioid 
use are better understood. Thus, newer treatment methods including regenerative 
medicine have the opportunity to provide significant relief while also proving to be 
safer than historical treatments. To understand the targets of regenerative medicine 
we will discuss the spine anatomy.

 Anatomy

The spine consists of 7 cervical vertebrae, 12 thoracic vertebrae, 5 lumbar verte-
brae, the sacrum (5 fused sacral vertebrae), and the coccyx (3–4 fused coccygeal 
vertebrae). Each vertebra unit has attachments to muscles and ligaments, as well as 
sites of articulation with adjacent vertebrae. The typical vertebra has two symphy-
sis joints and four synovial joints. Each symphysis includes an intervertebral disc: 
one above connecting the superior vertebra and one below connecting the inferior 
vertebra. The synovial joints are located posteriorly and are between the articular 
processes. Connecting the sacrum to the lower body and distributing weight to both 
lower extremities is the pair of sacroiliac synovial joints. The intervertebral disc 
(IVD) consists of an outer annulus fibrosus and an inner nucleus pulposus. The 
annulus fibrosus consists of an outer ring of collagen surrounding a wider zone 
made of fibrocartilage and configured in a lamellar fashion. This fiber arrangement 
limits rotation among vertebrae. The nucleus pulposus (NP) is the center of the disc 
and is a gelatinous substance. It is responsible for absorbing compression forces. 
Between adjacent vertebra lies the intervertebral foramen through where the spinal 
nerve emerges from the spinal column [8].
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The joints between vertebrae are supported by numerous ligaments. These liga-
ments reinforce the joints as they pass between vertebral bodies and interconnect 
structures of the vertebral arches. Along the anterior and posterior vertebral bodies 
lie the anterior and posterior longitudinal ligaments. The ligamenta flava connect 
the lamina of adjacent vertebrae. Passing along the posterior tips of the vertebra 
spinous processes from C7 to the sacrum is the supraspinous ligament. From C7 to 
the skull the ligament is known as the ligamentum nuchae as it has distinct features 
responsible for supporting the head. Interspinous ligaments pass between adjacent 
spinous processes [8].

The sacroiliac (SI) joints act to transmit forces from the lower limbs to the verte-
bral column. These joints are synovial joints; they lie between the L-shaped articu-
lar facets on the lateral surfaces of the sacrum and similar facets on the iliac. The 
joint is designed with irregular contour and interlocks to resist movement. With 
age the joint can become fibrous and may become completely ossified. The joint is 
stabilized by surrounding ligaments: the anterior sacroiliac ligament, interosseous 
sacroiliac ligament, and posterior sacroiliac ligament. Because this joint is weight-
bearing, it is prone to degenerative changes [8].

The back musculature can be divided into the superficial group that aid in move-
ments of the limbs, the intermediate group that may serve in respiration, and the 
deep group that are related to movements of the vertebral column. This deep group 
becomes essential for the health of the spine. Thoracolumbar fascia covers these 
deep muscles. The largest group of these intrinsic back muscles are the erector spi-
nae muscles: the iliocostalis, longissimus, and spinalis. Deep to these muscles are 
the transversospinalis muscles which include the semispinalis, multifidus, and small 
rotatores muscles. The deepest group of muscles include the segmental muscles 
which pass between adjacent spinous processes and transverse processes. All the 
muscles above provide some form of stabilization or movement to the spine itself. 
Any derangements in these muscles, or the abdominal muscles that counteract 
them, can lead to abnormal function of the spine that may progress to pathology 
that manifests as back pain [8].

In understanding spinal pain, it is important to identify the innervated structures. 
These include: the vertebrae bony body (by the sinuvertebral nerve anteriorly), the 
zygapophyseal joint (by the medial branch of the dorsal primary ramus), the exter-
nal annulus of a healthy disc (posteriorly by the sinuvertebral nerve), the anterior 
longitudinal ligament and anterior external annulus (by the recurrent branches of 
rami communicantes), posterior longitudinal ligament (by the sinuvertebral nerve), 
interspinous ligament (medial branch of the dorsal primary ramus), muscles (spe-
cifically the multifidus by the medial branch of the dorsal primary ramus and the 
paraspinal musculature by small branches of the dorsal primary ramus) and fascia 
(by small branches of the dorsal primary ramus), and the nerve roots themselves. 
The ligamentum flavum and a healthy disc’s internal annulus fibrosus and nucleus 
pulposus are not innervated and therefore do not transmit pain signals. The poste-
rior longitudinal ligament is often thought to be the cause of pain perception in disc 
herniation [9].
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 Overview of Back Pain Pathology and Treatment

As discussed above, the spine is composed of bones that are further supported 
by a network of ligaments and muscles. The spine’s main role  is to protect the 
sensitive spinal canal and support the upper body. Its secondary function is to pro-
vide mobility and movement, which is allowed by the various joint spaces along 
each vertebra. These include the two zygapophyseal joints (facet joints) and the 
intervertebral disc itself with each vertebral end plates. The spine has a natural 
opposing curvature pattern to soften loading forces and disperse force throughout 
each vertebra. Any abnormality at each of the above structures can lead to inef-
ficient working of this spine complex that often presents as pain. As instability or 
increased forces target one particular location of the spine, this area often begins 
to generate pain.

Pain from the spine is traditionally divided into axial or radicular. Axial pain is 
located primarily at the spine level, where radicular pain is mostly experienced in 
the extremities. Radicular pain results from irritation or pinching of a spinal nerve 
as it exits the spinal cord. Axial back pain can be further divided into discogenic, 
facet mediated, or stenotic. Pain located below L5 can also be caused by the sacro-
iliac joint. Furthermore, fractures can occur at any boney location, most commonly 
at the pars interarticularis [9].

Treating back pain proves to be a  challenge particularly because there is often no 
concrete single diagnosis and there is rarely one physical exam, laboratory, or imag-
ing test that gives a precise answer. One study looking at MRIs of asymptomatic, 
pain-free individuals found that 37% of those 20 years of age showed disc degen-
eration and >90% of those over 60 years of age had degenerative spine changes 
on MRI. Similarly, 4% of the asymptomatic patients 20 years of age showed facet 
degeneration, while 50% of those aged 60 years old did [10]. In another MRI study, 
disc herniations were strongly associated with low back pain; however, annular fis-
sures, high-intensity zone lesions, Modic changes, and spondylotic defects were all 
not associated with low back pain severity [11]. Thus, the pain generator often may 
not correlate with specific findings on imaging or other studies.

Prior to trialing a regenerative intervention, it is essential to first categorize the 
likely etiology of the pain. While nerve blocks and ablations target the nerves caus-
ing pain directly, regenerative medicine has the additional opportunity to target the 
precipitating cause of the pain. By targeting the reason why the patient has pain in 
the first place, it is hopeful some form of regenerative medicine will eventually be 
able to provide a cure, or at least halt the disease progression, rather than temporar-
ily masking the pain.

Back pain is often multifaceted and results from a combination of pathologies. 
To provide a theoretical framework to highlight the effectiveness of regenerative 
medicine, we will group similar mechanical pain and pathology into common cat-
egories. It is important to keep in mind that the patient may suffer from multiple 
individual pathologies which when combined together are now the cause of pre-
sentation. Similarly, once one element of the vertebral unit is affected this often 
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places abnormal stress on the rest further causing pathology at distinct locations. In 
chronic low back pain, around 42% are related to the discs, 31% related to SI joint, 
and 18% related to zygapophyseal joint [12].

 Pain Generators of the Spine

 Intervertebral Disc Pain

The intervertebral disc itself is crucial to the health of the spine. Several pathologies 
of the disc itself, including internal disc disruption, tears in the disc, degeneration 
of the disc, and loss of disc height, can predispose patients to discogenic back pain. 
The disc acts as a shock absorber. Degeneration often correlates with loss of disc 
height that can lead to excess motion and unstableness throughout the other joints of 
the spine. While we will focus on pain related to the disc itself, damage to the disc 
may lead to excess forces and damage throughout the spine. In order to illustrate the 
action of regenerative medicine on the disc it is important to understand the disc’s 
histological makeup.

The disc is a central part to the complex biomechanical system of the spine, 
which allows for mobility and the spreading of stress. The disc is divided into four 
separate regions. The outer annulus is highly organized with mostly type 1 col-
lagenous lamellae running in an alternating pattern to assist in strength. The inner 
annulus is larger and more fibrocartilaginous, with less collagen and lacking the 
lamellar structure; this collagen is mostly type II. The cells here are both fibroblasts 
and chondrocytes. The third layer is the transition zone made up of a thin acellular 
fibrous layer. The final layer, the central nucleus pulposus, is an amorphous matrix 
of highly hydrated proteoglycans that are embedded in now a loose network of col-
lagen [13].

The disc itself is a sensitive environment as it is avascular at baseline. Thus, it 
depends on diffusion for nutrients and waste movement. This diffusion capacity is 
relatively poor and worsens with both age and pathology. In normal discs, nerve 
endings are limited to the outer one-third of the disc and are not found in the inner 
annulus or nucleus pulposus region [14]. In degenerated IVDs, nociceptive nerve 
fibers along with vasculature migrate into the central disc regions [15]. It is theo-
rized that neurotransmitters together with changes within the extracellular matrix 
itself and the release of cytokines regulate this nerve ingrowth to the IVD. In addi-
tion, pain-related peptides and proinflammatory cytokines are increased.

Disc failure can be a result of overloading. Forces may lead to desiccation of the 
disc and annular tears. The disc itself has a limited capacity for compression and 
this capacity decreases with decreasing water content—as fluid is not compressible. 
To improve disc failure, the treatment goal is to regain disc height to reduce the axial 
nerve compression and to restore the tissue dynamics (fluid content) of the annulus. 
Secondly, the goal is to reconstitute the central nucleus with a matrix environment 
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that can hold water and improve nutritional flow. A prosthetic disc nucleus has been 
designed to restore the disc height. However, it fails to fully simulate the compress-
ibility and plasticity of the original disc. Furthermore, this implantation requires a 
fairly invasive procedure. Using regenerative medicine techniques, the hopes are 
to “regenerate” the nucleus and disc by injecting the nucleus with a complement 
of its original cells. In theory, these cells will reconstitute a matrix that will have 
the capacity to change the damaged internal environment of the disc and eventually 
reorganize to improve and return disc function [16].

As discussed, the IVD is composed of an interconnected unit of tissues that work 
together: the nucleus pulposus, annulus fibrosus supporting the nucleus pulposus, 
and the cartilaginous end plates that connect these tissues to the vertebral bodies 
providing nutrients. Thus, either of these can be targeted for potential regenerative 
medicine. Depending on degree of degeneration, different strategies are proposed. 
In early degeneration, biomolecular treatment strategies (including platelet-rich 
plasma (PRP), prolotherapy, and hyaluronic acid) are often considered to best sup-
port the viable cells remaining in hopes of reverting or halting progression of dis-
ease. In intermediate degeneration, cell-based therapies (articular chondrocytes, 
nucleus pulposus, disc chondrocytes, and stem cells) are required as the numbers 
of viable cells are decreased. At advanced degeneration, tissue engineering may be 
required as there is now structural damage and the number of viable cells is severely 
limited. The literature review by Moriguchi et al. suggests that protein injections are 
limited due to their relatively short life span. Gene therapy, which involves deliver-
ing certain genes through viral or nonviral vectors, has a promising future as it is 
able to induce modification of the intradiscal expression of genes for a long-term 
effect. Furthermore, tissue engineering advancements allow for the development 
of biocompatible and biomimetic scaffolding material to recover extensive loss of 
matrix cells and structural environment [17]. A meta-analysis by Wu et al. suggests 
that mesenchymal stem cell (MSC) and chondrocyte therapy for discogenic low 
back pain correlates with improved pain relief and function metrics. Currently, the 
authors conclude that there lacks an optimal cell therapy protocol. At this time, cell 
therapy is not considered a standard treatment; however, it has the potential to be a 
consideration especially in patients that have not adequately responded to nonop-
erative management [18].

Much of regenerative medicine studies regarding the spine focus on the interver-
tebral disc itself. An ex vivo experiment by Pirvu et al. on bovine annular fibrosus 
cells shows that platelet-rich preparations increased the matrix production and cell 
number after their injection into an annular fibrosus defect [19]. Another ex vivo 
study by Kim et al. looked at nucleus pulposus cells from human discs that were 
cultured in a collagen matrix. PRP administration markedly suppressed cytokine- 
induced pro-inflammatory degrading enzymes and mediators in the NP cell. As per 
the authors, it stabilized NP cell differentiation through rescued gene expression 
concerning matrix synthesis [20]. An additional study by Akeda et  al. looked at 
in  vitro porcine IVD cells post-PRP exposure. They concluded PRP had a mild 
stimulatory effect on cell proliferation. There was a significant upregulation of 
proteoglycans and collagen synthesis and proteoglycan accumulation compared to 
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platelet-poor plasma [21]. These studies provide data that suggests PRP supports a 
regenerative-like environment at the cellular level.

One animal study by Wang et al. looked at rabbits that underwent annular needle 
puncture to simulate early degenerative discs. The rabbits were then injected with 
BMSCs and PRP, just PRP, and a control group of phosphate-buffered saline. At 
8  weeks postinjection, PRP-containing bone marrow-derived mesenchymal stem 
cells (BMSCs) were more effective than PRP alone as evidenced by an increase in 
signal intensity over time, and under histological staining the extracellular matrix 
and cell density as well as type II collagen staining were preserved. Several other 
animal studies show promising results [22]. A study on platelets and BMSCs by 
Xu et al. demonstrated effective repair of annulus defects [23]. Another study by 
Hou et al. on PRP intradiscal injections post needle puncture demonstrated signifi-
cant recovery of MRI signal intensity. They suggest PRP can enhance the nucleus 
pulposus cell’s proliferation and anabolic pathway while slowing IVD degenera-
tion in rabbits [24]. A randomized controlled trial (RCT) by Gui et al. investigated 
intradiscal PRP in rabbits post annulus fibrosus puncture. In the control groups, 
there were significant IVD height changes compared to the slight decrease in the 
PRP-treated group [25]. Gullung et al. looked at six rats each in a control, sham, 
PRP immediately post disc injury with needle, and PRP 2 weeks after disc injury. 
The PRP groups had fibers that were damaged with empty spaces and inflammatory 
cells; however overall there was maintenance of the ring structure and the nucleus 
appeared to keep a healthy central portion. They conclude that immediate injec-
tion has a more pronounced effect as the disc height and fluid content on MRI was 
significantly better in the immediate injection group compared to the sham group 
at 4 weeks. This study suggests that there may be a time component to treatment 
effects with regenerative medicine. As most patients often receive injections years 
after initial injury, this beneficial effect may have limited value in the clinical popu-
lation [26].

While several of these above studies were RCTs and there seems to be some 
scientific agreement in favor of regenerative medicine, it is difficult to adopt these 
animal study results into clinical practice. It is important to highlight that these ani-
mals do not reflect the same stressors and pathology that is evident in patients with 
chronic degenerative disc disease (DDD). Often, the animals are relatively healthy 
and undergo a single acute stressor event to create disc pathology. Hence the envi-
ronment of the disc may be more salvageable compared to that of a classic patient 
presenting with chronic degenerative disc disease.

Focusing on selected human trials, Miller et al. analyzed 76 consecutive patients 
that received intradiscal prolotherapy who suffered from internal lumbar disc 
derangements. These patients had undergone two epidural steroid injections (ESIs) 
2 weeks apart and had initial good relief followed with later a return of symptoms. 
Post prolotherapy, 43.4% of patients had at least 20% reduction in pain scores and 
pain relief was maintained at an average of 18 months. This study provides some 
support in favor of intradiscal prolotherapy to treat internal disc disease [27].

Focusing on PRP, Akeda et al. led a prospective clinical study evaluating intra-
discal PRP releasate in 14 patients who had positive diagnostic discography. More 
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than 50% reduction in low back pain was seen in 71% of patients within 4 weeks 
of injection, and this relief was generally maintained throughout the 48-week study 
period. Furthermore, the authors conclude there was no change in T2 imaging and 
disc height which suggests no negative effects on the disc matrix [28]. In a simi-
lar prospective trial, Levi et al. injected 22 subjects intradiscally with PRP and at 
2 months 41% had a successful outcome of greater than 50% decrease in visual ana-
logue scale (VAS). At 6 months, 63% had a VAS improvement at least 20 mm [29]. 
An RCT by Tuakli-Wosornu et al. randomized 29 patients to intradiscal PRP and 
18 to the control group receiving intradiscal contrast only. Over 8-week follow- up 
there were statistically significant improvements in patients who received the intra-
discal PRP in pain scale, function, and patient satisfaction compared to controls. 
Furthermore, those who received PRP were able to maintain significant improve-
ments in the Functional Rating Index (FRI) for at least 1-year follow- up [30].

Other studies examined PRP in patients undergoing spine surgery. Sys et al. ran-
domized 18 patients to undergo spinal fusion with PRP-soaked autologous bone 
to fill the cages and 18 patients to serve as a control without the PRP soaking. 
The added PRP in posterior lumbar interbody fusion did not lead to a substantial 
improvement or deterioration when compared with autologous bone only. The PRP 
and autologous group trended toward improvements in VAS and Oswestry Disability 
Index (ODI). This study points out that there may be little improvement in using 
PRP during spinal fusions and it can be justified from a clinical and radiological 
point of view; however it may not be efficient from an economical perspective [31].

Overall PRP is generally safe and has few documented adverse effects besides 
from local pain temporarily post procedure. Furthermore, as patient’s own blood is 
used this limits risks of infection and rejection. One downside to PRP is that it only 
provides the IVD with certain factors that may aid repair. However, if the disc cells 
are already severely damaged, some suggest that no amount of PRP may make a 
difference [32]. Thus, PRP may be more efficient when applied at an earlier stage of 
degeneration, in a patient that has relatively a healthy amount of functioning cells. 
This is where stem cells theoretically may have the advantage as they may act to 
replace severely degenerated cells.

Investigating stem cells, Orozco et al. reported on a case series of ten patients with 
chronic discogenic back pain that were treated with autologous culture- expanded 
bone marrow MSCs injected into the nucleus pulposus area. This study showed 
strong safety and feasibility. Patients exhibited improvements in both pain and dis-
ability measures. Disc height was not recovered, but water content was significantly 
improved on MRI [33]. Similarly, Elahd et al. studied five patients with DDD post 
intradiscal injection of autologous, hypoxic cultured, BMSCs. Post 4–6 years, no 
adverse events were reported. All patients self-reported overall improvement [34]. 
Pettine et al. analyzed 26 patients that were candidates for spinal fusion or total disc 
replacement surgery. Instead, they underwent autologous bone marrow concentrate 
intradiscal injection into the nucleus pulposus. After 36 months, only six patients 
progressed to surgery. The remaining 20 other patients reported improvements in 
ODI and VAS. One year MRI showed that 40% of the subjects improved one modi-
fied Pfirrmann grade and no patients worsened. Those with greater concentration of 
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stem cells had better outcomes [35]. Furthermore, Centeno et al. studied autologous 
MSCs in 37 patients with DDD with secondary radicular pain. The treatments in 
this study included a preinjection 2 weeks before MSC injection that included a 
platelet lysate transforaminal epidural injection. Then, MSCs that had been cul-
tured in platelet lysate were injected intradiscal. Two weeks later a second trans-
foraminal epidural with platelet lysate injection was performed. At all-time points 
from 3 months to 24 months there was significant improvement in pain scores. FRI 
was statistically improved at all-time points except at 12 months. Twenty patients 
underwent posttreatment MRI and 85% showed reduction in disc bulge size. Due 
to a lack of control group, this study is limited in determining the efficacy of these 
interventions as it is well known that patients often improve with time regardless of 
treatment [36]. Although the above studies are promising, further RCTs are needed 
before recommendations can be made.

In an RCT by Noriega et  al. 24 patients were randomized so that 12 patients 
received intradiscal allogeneic (from someone else) MSCs and 12 patients received 
sham paravertebral musculature local anesthetic treatment. This study demonstrated 
stem cell-treated subjects had significant improvements in algofunctional indices. 
However, the improvement seemed to be restricted to a group of responders rep-
resenting 40% of the cohort. Degeneration graded by MRI and Pfirrmann grading 
improved in those treated with stem cells and worsened in the controls. This study 
supports the utilization of allogeneic stem cells which are more convenient than the 
autologous MSC treatment that must be harvested from the patient [37]. A second 
RCT by Bae et al. randomized a total of 100 patients to intradiscal injection treat-
ment: 20 patients received hyaluronic acid, 30 patients received allogeneic mesen-
chymal precursor cells (MPCs) at 6 million dose, 30 patients received allogeneic 
MPCs at 18 million dose, and 20 received saline to serve as a control. The authors 
concluded that allogeneic MPCs showed improvements in pain and function and 
reduced interventions compared to the control group. However, when comparing 
the stem cell group to the hyaluronic acid group, the results did not reach statistical 
significance [38].

Secondary to the myriad of components and mixtures that can be utilized in 
regenerative medicine, studies comparing different mixtures or recipes of injec-
tate present a challenge. Mochida et al. studied mixing autologous NP cells with 
BMSCs. Nine patients scheduled for fusion underwent harvesting of NP cells. 
Viable NP cells were co-cultured in direct contact with autologous BMSCs. At 
1-week post fusion they underwent transplantation at adjacent levels to the fusion 
of the now activated NP cells. Imaging revealed improvement in one case, and func-
tional improvement overall was minimal [39]. Studies are needed to determine the 
best dosage, combination, and type of injectate.

It has been shown that stem cells can also be derived from adipose cells. Kumar 
et  al. looked at adipose tissue-derived mesenchymal stem cells combined with 
hyaluronic acid in ten patients who had discogenic pain with positive discography. 
There were no serious adverse effects at 1 year and these patients had significant 
improvements in VAS, ODI, and Short Form-36 (SF-36). Three of the ten patients 
were determined to have increased water content in their discs as determined by 
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MRI [40]. Similarly, Comella et al. analyzed 15 patients that underwent adipose 
tissue- derived stromal vascular fraction (SVF) injection directly into the nucleus 
pulposus. At 6 months there were no serious adverse effects, and patients improved 
in flexion and VAS and SF-12. ODI and Dallas pain questionnaire only showed 
positive trends [41].

Others have utilized stem cells from the umbilical cord. Pang et al. looked at 
two patients with chronic discogenic pain that were treated with human umbilical 
cord tissue-derived MSCs. In the two patients, pain and function improved and was 
maintained for a 2-year follow-up. Furthermore, the water content in the degenera-
tive disc of one patient was found to have significant improvement. This method 
avoids the invasive procedures required in harvesting stem cells [42]. A separate 
class of stem cells include hematopoietic stem cells that have the capability to give 
rise to other blood cells. Huafe et al. looked at ten patients with positive discograms 
that received intradiscal injection of hematopoietic precursor stem cells obtained 
from their pelvic bone marrow. Zero patients reported improvement. This study 
suggests that while there may be benefit for MSCs, HSCs do not appear to have 
similar efficacy. The authors suggest that perhaps the HSCs are unable to survive 
the oxygen-poor environment of the inner disc [43]. More studies are necessary to 
determine which types of stem cells, if any, have the best efficacy for each diagnosis.

Fibrin is another injectate that has been trialed to help those with discogenic 
pain. Yin et al. reported on 15 adults with confirmed discogenic pain that under-
went intradiscal injection of a fibrin sealant. Eighty-seven percent of the subjects 
achieved at least a 30% reduction in low back VAS compared with baseline at the 
26-week primary end point. Although this was not an RCT and only evaluated 
15 patients, fibrin may provide benefits in certain patients. Fibrin is composed of 
purified prothrombin and fibrinogen and reconstituted with aprotinin and calcium. 
When injected into the annular tears, it has the ability to form a matrix sealant pro-
tecting the nucleus pulposus [44].

Intradiscal methylene blue (MB) has also been trialed for patients with disco-
genic pain. Peng et al. looked at 72 subjects equally randomized to either the MB 
injection or the control group that received isotonic saline instead. In the MB group, 
there was a mean reduction in the numeric rating scale (NRS) of 52.4 and ODI by 
35.58 and 91.6% patient satisfaction at 24 months. This was a significant improve-
ment over the control group [45]. Once again further studies are needed to replicate 
these strong findings.

Others have suggested that regeneration of the disc should not be the primary 
goal when treating these patients with back pain. Adams et al. suggest that we should 
separate our focus among healing a painful disc and reversing disc degeneration, as 
these may be two distinct pathways. Discs are often the cause of pain as nerves in 
the peripheral annulus or vertebral endplate become affected by inflammation and/
or radial tears. Adams et al. conclude we should primarily focus on this peripheral 
region which has the cell density and metabolite transport to improve, rather than 
the more difficult notion of regenerating the nucleus pulposus. Regardless of the 
degenerative changes in the nucleus, promoting healing at the periphery can provide 
significant pain relief. Physical therapy, which employs mechanical loading, can act 
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as a healing stimulus in the peripheral disc. For radial fissure, the authors recom-
mend initial controlled mobilization toward the direction that decreases pain; then 
after scar formation, stretching should be directed toward the painful direction in 
hopes of promoting remodeling. In the case of an endplate fracture, initial therapy 
would include unloading followed by progressive loading and if needed intermittent 
traction [46].

Although the above studies (Table 7.1) are promising treatments for IVD pain, 
there is a general lack of comparable RCTs leading to poor overall evidence level. 
In examining these studies, it is crucial to acknowledge the diagnosis being treated 
and the precise injectate utilized. Before recommendations for treatment can be 
more RCTs are needed to support evidenced-based medicine.

 Radiculopathy

Moving from pain resulting from the disc itself, a second generator of pain is caused 
by irritation or pressure on the nerve root creating a radiculopathy. This can be 
caused by a bulging disc, herniated disc, and/or stenosis. The classic pain felt is 
in the distribution of the sensory nerve root. For instance, in the lower back this 
shooting, electrical type of pain will be reported to be traveling down the lower 
extremities. Depending on which nerve root is involved, the pain often localizes to 
a certain extremity or dermatome. Affected cervical nerve roots often will transmit 
pain down the ipsilateral arm, while affected lumbar nerve roots will have symp-
toms from the waist down.

For acute radicular pain the routine care is commonly epidural or transforaminal 
steroid injection. However, although they show some short-term pain relief, they 
have increasingly been criticized for failure to provide lasting benefit while expos-
ing the patient to potential risks and side effects. To better improve outcomes sev-
eral clinicians have investigated the efficacy of PRP, dextrose or prolotherapy, and 
stem cells.

In a pilot study by Bhatia et al. ten patients with prolapsed IVD were injected 
with 5 ml of PRP with an interlaminar approach into the area of affected nerve root. 
A significant number of patients showed relief and sustained relief at 3 months. The 
authors conclude that PRP can be used in replace of steroids; however, a randomly 
controlled trial comparing the two is needed [47]. In 2017, Cameron et al. reported 
on PRP injections in 88 total subjects: 38 for cervical, 38 for lumbar, and 12 for both 
cervical and lumbar disc herniation. PRP was injected in a circumferential manner 
of the affected area into the lateral masses, facet joints, lateral gutters, and inter- and 
supraspinatus ligaments, Kambin’s triangle, and spinous process. This prospective 
nonrandomized clinical study suggested each group of patients showed a significant 
improvement in pain scores [48].

Similarly, Centeno et al. analyzed a case series of 470 patients who were treated 
with platelet lysate and nanogram dose hydrocortisone. As per the authors, the 
nanogram amount of steroid used in the formation of platelet lysate is one million 
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times less than those used in regular epidural steroid injections. At this low level, 
the steroid provides an anti-inflammatory effect similar to that of endogenous glu-
cocorticoids. The patients showed significant improvements in both their numerical 
and functional scores. At 24 months posttreatment, patients had a 49.7% rating for 
their own improvement. Although this was a large study, it lacks both randomization 
and a control group [49].

In terms of prolotherapy and dextrose injections, Maniquis-Smigel et  al. con-
ducted an RCT that looked at 19 patients who received epidural injections of 5% 
dextrose and 16 who received normal saline into the caudal epidural space. Subjects 
who received the dextrose reported greater significant pain relief at 15 minutes and 
up to 48 hours, but not at 2 weeks. Although demonstrating short-term efficacy, this 
study suggests that dextrose may have positive results and a long-term study should 
investigate the effects of serial dextrose epidural injections and prolotherapy [50].

Focusing on stem cells, one RCT trial, by Bertagnoli et al., investigated the use 
of autologous disc-derived chondrocyte transplant in patients undergoing seques-
trectomy. Only the interim analysis has been published which looked at 26 patients 
in each the treated and control group. The results are promising as the control group 
showed decreases in disc height, while the treated group did not have any cases of 
disc height loss. Furthermore, the discs treated with chondrocyte cells had adjacent 
intervertebral discs segments that appeared to retain hydration when compared to 
the control group. This study suggests that the autologous chondrocyte cells seem 
to improve disc structure and may even have beneficial effects on neighboring discs. 
Because the population of this study was only those undergoing discectomy, it is dif-
ficult to generalize these findings to the general patient with radicular back pain [51].

While regenerative therapy targeting herniated discs and radiculopathy seem to 
show promising results (Table 7.2), more long-term RCTs are needed before a gen-
eral recommendation can be formulated.

 Zygapophyseal Joint (Facet) Arthropathy

The current standard of care for facet-mediated pain includes directly targeting the 
medial branch nerve that is responsible for the innervation of this joint. This can 
be done with local anesthetic, steroids, and/or ablation. For each of these above 
procedures, often the pain returns as the medication wears off or the nerve heals. 
Furthermore, the root cause of the pain is not addressed. As these facet joints are 
synovial joints, therapies that have had success in other joints in the extremities 
have been further investigated. Treatments trialed include PRP, prolotherapy, and 
viscosupplementation.

In 2016, Wu et al. published on a new technique to treat lumbar facet pain using 
intra-articular injection with autologous PRP. Nineteen patients had good pain relief 
outcomes up to 3 months postinjection [52]. Wu later reported a prospective, random-
ized, controlled study of 46 subjects diagnosed with facet joint arthropathy through 
positive successful lidocaine blocks. Twenty three subjects underwent PRP injection 

7 Regenerative Medicine for the Spine
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and 23 underwent standard of care lidocaine with steroid. At 1 week and 1 month the 
steroid group outperformed the PRP group. However, as time progressed the PRP 
group began to outperform the steroid group with significantly improved VAS scores 
from 2 months on. The steroid group peaked around 1 month and relief diminished to 
6 months. The PRP group seemed to improve up to 3 months and then plateaued [53]. 
There seems to be promising evidence for the use of PRP to treat facet-mediated pain.

Prolotherapy has also been studied to treat facet pain. Hooper et al. reported a 
retrospective case review of 15 patients (three patients treated bilaterally to make 
18 total facet joint sides) who were treated with intra-articular prolotherapy after 
confirmation of cervical facet pain post whiplash injury. This procedure signifi-
cantly improved the mean neck disability index at months 2, 6, and 12. These results 
are promising; however this study lacks a control and furthermore may have been 
confounded as 13 of the patients’ pain was caused by motor vehicle accidents in 
which they were in litigation. Furthermore, patients had concurrent physiotherapy 
which may have supported better outcomes [54]. Hooper et al. later reported a ret-
rospective series on 177 patients with chronic spinal pain who each received prolo-
therapy to the facet capsules of the cervical, thoracic, and lumbar spine in regions 
that correlated with pain (in addition, the iliolumbar and dorsal sacroiliac ligaments 
were injected in patients with low back pain). Ninety-one percent of these patients 
reported reduction in pain. Lumbar and thoracic patients proved to have greater 
significant relief than compared to cervical [55]. These studies are in favor of prolo-
therapy for facet-mediated pain.

In terms of viscosupplementation, a pilot prospective study by Cleary et  al. 
recruited 13 patients with symptomatic lumbar-facet joint pain who were treated with 
injection of hyaluronic acid: 18 facets of the 13 patients were injected. At 6 weeks 
there was no significant improvement in pain scoring. This study was limited as there 
was no definitive diagnostic testing for facet arthropathy [56]. A more promising 
study by DePalma et al. followed 15 patients with identified facet joint pain through 
successful trial of comparison local blocks. In this prospective uncontrolled pilot 
study, patients had positive results with significant improvements in VAS and ODI up 
to 6 months; however results were not sustained at 12 months. However, this study 
is flawed by its lack of control and blinding [57]. Fuchs et al. followed two groups 
with axial back pain: one received intra-articular sodium hyaluronate and the control 
received intra-articular glucocorticoids targeting the facet joints. In this observer-
blinded RCT, both groups had positive results, with the hyaluronate group showing 
prolonged benefits in the long term at 3 and 6 months [58]. An RCT, by Annaswamy 
et al. investigated 30 subjects with facet pain and injected them either with hyaluro-
nate or with steroid. While the steroid group only providing short-term functional 
improvement, the hyaluronate group outperformed by providing both short-term and 
long-term functional improvement, as well as short-term pain relief [59].

In conclusion, for PRP we identified one RCT that suggests it outperforms ste-
roids with its longevity lasting up to 6 months. For prolotherapy, the studies seem to 
show improvements in pain; however an RCT is lacking. Lastly, the two viscosup-
plementation RCTs show hyaluronic acid to improve pain up to 6 months. The two 
other studies showed mixed results, with one trial confirming the positive results 
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and the other showing no significant improvement in pain scoring. Further studies 
are needed that include a control group and stricter inclusion criteria confirming 
facet-mediated pain. Each study had a strong safety profile, suggesting these inter-
ventions (Table 7.3) can be trialed when evidence-based medicine fails to provide 
appropriate relief.

 Sacroiliac Joint Dysfunction

Another common cause of chronic low back pain stems from the sacroiliac joints and 
ligaments. The SI joint acts to transmit forces from the lower limbs to the vertebral 
column. These synovial joints are prone to degeneration and instability. In addition, 
other joints of the pelvis including the sacrococcygeal joint can be a source of pain.

One case series investigated the efficacy of viscosupplementation. Srejic et al. 
reported on four patients treated with viscosupplementation to the SI joint. At 
12–16 weeks postinjection pain was reported as 40–67% improved. The authors 
conclude further studies are needed to look at long-term duration and overall out-
comes [60].

Others have examined the effects of prolotherapy theorized to provide stabili-
zation of the painful instable SI joint. In a retrospective cohort study by Hoffman 
et al. 103 patients received prolotherapy aiming at the SI joint for a total of three 
injections at approximately 1 month intervals. At an average of 117 day follow-
up, 23% of these patients showed a minimum clinically important improvement in 
ODI. Many of the responders had a median of 2 years of back pain. This suggests 
prolotherapy could be beneficial in a subset of patients [61]. Similarly, Mitchell 
et al. reported on prolotherapy in 131 patients injected around the SI joint into the 
deep interosseous ligament. Over 70% of patients were satisfied with the procedure. 
The majority of patients demonstrated at least 50% improvement in pelvic/lum-
bar strength. Two- thirds of patients demonstrated some pain relief with a mean of 
51.6% reduction at 12 months [62]. Kim et al. investigated the current routine treat-
ment of steroid injection and compared that to prolotherapy injection to the SI joint. 
Both groups (23 patients received prolotherapy and 25 patients received steroid) 
showed similar significant pain relief results at the 2-week follow-up. However, at 
15 months the cumulative incidence of greater than 50% pain relief was 58.7% in 
the prolotherapy group while just 10.2% in the steroid group. This study suggests 
prolotherapy may have more long-term efficacy compared to steroids [63].

Examining other joints of the pelvis, Khan et al. studied patients with chronic 
coccygodynia and performed two injections of prolotherapy 15 days apart to the 
sacrococcygeal joints. Due to the good relief obtained, this prospective observa-
tional study recommends that dextrose prolotherapy should be trialed in patients 
with chronic, recalcitrant coccygodynia prior to undergoing coccygectomy [64].

Focusing on PRP, a case series by Ko et al. reported on four patients who had 
two sessions of PRP injections to the SI Joint at the three Hackett’s points at the 
ligament- bone interface. Each of these patients showed significant reduction in pain 
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and improvements in quality of life [65]. A prospective randomized study by Singla 
et al. treated 20 patients with steroid and 20 patients with PRP to the SI joint. At 
6 weeks and 3 months the PRP group had significantly better intensity of pain. The 
efficacy of steroid injection was reduced to only 25% at 3 months, while efficacy 
remained at 90% in the PRP group [66]. This study, similar to the prolotherapy 
study, demonstrates a longer efficacy of the regenerative medicine (PRP group) 
compared to steroids.

To examine the efficacy of PRP versus prolotherapy, Saunders et al. compared 
his prospective trial of 45 patients with PRP injection into and around the dorsal 
interosseous ligament to a control of a prior separate study using prolotherapy to 
treat presumed SI joint pain. At 3 months the PRP group had good pain and func-
tional improvement without further improvement at 12 months. When this trial was 
statistically compared to a prior prolotherapy study, the PRP group had better out-
comes in pain scores and function and required on average 1.6 injections compared 
to the three injections of the prolotherapy control group [67].

Viscosupplementation, prolotherapy, and PRP have an excellent safety profile 
and have shown promising results in treating SI joint pain (Table 7.4). Patient selec-
tion, injection target, and injection schedule remain significant variables lacking a 
gold standard. As previously noted, more well-designed comparative studies are 
necessary.

 Back Musculature Atrophy

Pain in the back can also be related to musculature dysfunction. There are several 
muscles of the back that attach to the spine and act to add strength and support, often 
stabilizing the spine joints through various movements. When there is a misbalance, 
pain can result from poor mechanics and additional destructive forces. Furthermore, 
the general physiological response to back pain is for the muscles to disengage as 
they inactivate. This leads to atrophy of muscles over time, which further promotes 
a negative cycle.

A study by Hussein et al. analyzed 104 patients with chronic nonspecific back 
pain and confirmed muscle atrophy on MRI. These patients were treated with plate-
let leukocyte-rich plasma (PLRP) into the lumbar multifidus (LMF) muscle weekly 
for 6 weeks. Patients improved in pain and function as reported on questionnaires. 
Furthermore, 12-month MRI follow-up showed increased cross-sectional area and 
decreased fatty degeneration of LMF muscle. This study suggests that PLRP may 
better pain and function outcomes by improving LMF atrophy. One limitation 
includes the lack of a control group and the fact the patients were advised to remain 
active and walk 30 minutes per day. Thus, physical therapy targeting these muscle 
groups may play an important part in relieving back pain, whether in conjunction 
with regenerative therapy or on its own. Although this technique had promising 
outcomes (Table 7.5), again there is a need for RCTs [68].

7 Regenerative Medicine for the Spine
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 Back Ligament Dysfunction

Similar to the muscles of the back, the ligaments act to support the spine and its 
joints. Ligaments can be visualized as guy wires providing strength, reinforcement, 
and stability. Due to this important role, ligaments can be another target for regen-
erative therapy. Historically, prolotherapy has been used in theory to strengthen 
ligaments.

Dechow et  al. reported a randomized, double-blind, placebo-controlled trial 
of 74 mechanical back pain patients, with 36 undergoing three once weekly dex-
trose injections and 38 in the control group receiving normal saline. Sites injected 
included the tip of the spinous process of L4 and L5 and associated supraspinous 
and interspinous ligaments, apophyseal joint capsules at L4–5 and L5–S1, attach-
ment of the iliolumbar ligaments at the transverse processes of L5, attachment 
of the iliolumbar and dorsolumbar fascia to the iliac crest, and attachments of 
the long and short fibers of the posterior sacroiliac ligaments and the sacral and 
iliac attachments of the interosseous sacroiliac ligaments. The authors’ findings 
showed no statistically significant differences between the control and the pro-
lotherapy group. The authors acknowledge that their inclusion criteria did not 
evaluate for instability and hence the treatment sample group may not have been 
the ideal patient cohort that could potentially benefit from prolotherapy [69]. A 
retrospective case study published by Hauser et  al. analyzed 140 patients that 
received prolotherapy to sites that included the sacroiliac, iliolumbar, sacrotuber-
ous, lumbosacral, supraspinous and interspinous, sacrococcygeal, and sacrospi-
nous ligaments, as well as the gluteal and pyriformis muscle attachments on the 
iliac crest. On an average of 12-month follow- up, 89% of these patients demon-
strated more than 50% pain relief with prolotherapy. Again, this study lacks both 
a control and blinding [70].

Klein et al. randomized 39 chronic low back pain patients to a xylocaine/pro-
liferant group and 40 to a xylocaine/saline (control group) that received injections 
into the posterior sacroiliac and interosseous ligaments, iliolumbar ligaments, and 
dorsolumbar fascia. Although both groups improved, the proliferant (prolotherapy) 
group showed a statistically significant improvement in number of patients that 
achieved a 50% or greater diminution in pain or disability scores at 6-month follow-
 up [71]. Similarly, an RCT by Yelland et al. treated 110 patients with either prolo-
therapy or normal saline injections into tender lumbo-pelvic ligaments and was then 
randomized to either flexion/extension exercises or normal activity over 6 months. 
Although each ligament injection group showed improvement and sustained reduc-
tions in pain and disability, no significant attributable difference was seen among 
the prolotherapy group. This suggests that any needling of these ligaments may 
provide relief; a different control group that did not receive injectate could better 
identify these findings [72].

These studies (Table 7.6) show promise that prolotherapy can help in cases of 
ligament dysfunction. Furthermore, they highlight the importance of identifying 
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the disease pathology one is attempting to treat. For instance, a treatment might fail 
in an individual patient and have success in another based on the pathology of the 
patient and the target of the injectate. More RCTs would hopefully define both the 
optimal patient selection criteria and the ideal injectate target.

 Overall Levels of Evidence

When reviewing the available literature, it is important to objectively deter-
mine the evidence level that can be drawn from the authors’ conclusions. It is 
crucial to define this evidence level prior to adopting the study outcomes into 
clinical practice. In order to systematically grade the evidence, Manchikanti 
et  al. have developed an interventional specific pain management instrument 
used in assessing the methodological quality of trials. Randomized controlled 
trials are often considered the gold standard and superior evidence compared to 
studies without randomization and/or without controls. Case reports and obser-
vational clinical experiences or reports of expert committees are determined to 
be the lowest level of evidence. This qualified modified approach (Table 7.7) 
to grading allows us to define the level of evidence for a specific treatment 
[73]. However, it remains important to remember the specific patient popula-
tion treated, the exact injectate utilized, and the overall magnitude of results 
achieved by each study. By utilizing this qualified modified approach to grading, 
we are better able to categorize the evidence.

Table 7.7 The qualified modified instrument developed by Manchikanti et  al. in assessing the 
methodological quality of trials and grading the overall scientific evidence in interventional 
specific pain management [73]

Level 
I

Strong Two or more relevant high-quality RCTs for effectiveness or four or 
more relevant high-quality observational studies or large case series for 
assessment of preventive measures, adverse, consequences, and 
effectiveness of other measures

Level 
II

Moderate At least one relevant high-quality RCT or multiple relevant moderate- or 
low-quality RCTs or at least two high-quality relevant observational 
studies or large case series for assessment of preventive measures, 
adverse consequences, and effectiveness of other measures

Level 
III

Fair At least one relevant high-quality nonrandomized trial or observational 
study with multiple moderate- or low-quality observation studies or at 
least one high-quality relevant observation study or large case series for 
assessment of preventative measures, adverse consequences, and 
effectiveness of other measures

Level 
IV

Limited Multiple moderate- or low-quality relevant observational studies or 
moderate-quality observation studies or large case series for assessment 
of preventative measures, adverse consequences, and effectiveness of 
other measures

Level 
V

Consensus 
based

Opinion or consensus of a large group of clinicians for effectiveness as 
well as to assess preventive measures, adverse consequences, 
effectiveness of other measures, or single case reports
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 Limitations of Current Studies and Future Implications

There are several common pitfalls when analyzing regenerative medicine trials. In 
terms of injectate (whether stem cells, PRP, viscosupplementation, or prolotherapy), 
there is often not a defined common mixture or recipe. With each injectate the exact 
effective dose is vital, and each clinician should strive to achieve what is considered 
the gold standard formula. Further studies should strictly define and list the active 
dose of the injectate utilized. Although in certain cases the injectate cannot be stan-
dardized, for instance, where the injectate is partially derived from the patient (PRP, 
stem cells), a dose-response relationship should be developed. Furthermore, a com-
bination of regenerative medicine substances should be trialed for greatest benefit. 
With many pain trials, a control group is essential as often seen some pain may heal 
with time independent of treatment. In addition, the construct of a control or sham is 
significant as any injectate or needling may provide some hidden benefit on its own.

The selection criteria in spine pain studies are essential to ensure that the patient has 
the pathology the clinician is attempting to treat. Poor selection can lead to poor results, 
as some patients may not have the specific disease that the intervention was designed 
to treat. Furthermore, injection technique is crucial to ensure the injectate reaches the 
precise target. Attention must be placed on the scales used to measure a positive result. 
Regarding pain, function, and quality of life scales it is important that a statistically sig-
nificant difference makes for a clinical impact on the patient. Lastly, most studies focus 
on the lumbar spine likely secondary to a lower perceived risk. Although these results 
have the possibility to be generalized, more data and controlled studies are needed for 
the thoracic and cervical spine to demonstrate efficacy as well as define a risk profile.

Overall regenerative medicine for the spine appears relatively safe with few side 
effects or adverse reactions reported from the injectate alone. Prolotherapy, viscosupple-
mentation, and PRP can be used with few risks. Compared to current routine treatments 
of local anesthetics and steroids, these regenerative treatments may have a superior 
safety profile with most adverse events coming from the injection technique itself. For 
stem cells, the safety data is also strong, but longer time frame studies are needed. Most 
clinical studies have not followed patients for enough time to evaluate long-term safety 
prognosis. One case report describes a 66-year-old male that, in hopes of curing his defi-
cits from an ischemic stroke, traveled to three separate countries for infusions of mesen-
chymal, embryonic, and fetal neural stem cells into his spine. He was later found to have 
a spinal tumor that resulted from the intrathecally introduced exogenous stem cells [74]. 
Although the pluripotent stem cells this patient received are of a different cell type than 
those used primarily in regenerative medicine for joint and spine pain, this exceptionally 
rare and unfortunate case serves as a cautionary tale for possible unforeseen risks.

 Regulation Concerns

Currently much of the field of regenerative medicine is regulated in the United States 
under section 361 by the Federal Drug Administration (FDA). Section 361 of the 
Public Health Service Act gives the FDA authority to make and enforce regulations 
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if the substance meets certain specifications, is minimally manipulated, is intended 
for homologous use, is for autologous use, and does not involve combination of the 
cells or tissues with another article except for water, crystalloids, or a sterilizing, 
preserving, or storage. Products that do not meet these criteria fall under Section 351 
and these products are to be regulated as biologicals. This includes any virus, serum, 
antitoxin, vaccine, blood component or derivative, allergenic product, or analogous 
product that is used in the medical care of patients. 351 products are either more than 
minimally manipulated or used in a nonhomologous manner (different from original 
function). To summarize, 351 products are defined as a biologic drug and require 
complete FDA review, including premarket approval and clearance before the bio-
logic drug can be legally marketed. Thus, the average time to market for substances 
labeled under Section 351 is around 10 years costing millions of dollars similar to 
the requirements of more traditional chemical drug products. Substances labeled as 
351 products fall under the higher regulation and therefore may currently be unat-
tainable for routine clinical use. To the contrary, most of the regenerative medicine 
substances discussed fall under Section 361 making them easily accessible. One of 
the substances in a gray area is adipose stem cells. After harvesting the adipose stem 
cells, preparation requires enzymatic dissociation of the tissue. This would suggest 
more than minimal manipulation and classify these adipose stem cells as a biologic 
drug under Section 351 [75]. With advancements in regenerative medicine, it is cru-
cial to understand and follow the evolving regulations set forth.

 Future Directions

New technology and advances should allow for better efficacy of regenerative medi-
cine. Currently 3D printing utilizing bio-ink materials creates the ability to provide an 
optimal artificial extracellular environment to cells which allows for ideal adhesion, 
proliferation, and differentiation. Cells can now be encapsulated with this 3D printed 
structure with high viability. Important cell building blocks can be incorporated into 
this matrix [76]. Furthermore, studies have analyzed the use of exosomes which are 
extracellular vesicles that carry microRNA, proteins, and other molecules that work 
to mediate biologic function through gene regulation and intercellular communica-
tion. MSC exosomes have in theory the ability to mediate functional recovery by 
upregulating and promoting repair utilizing the patient’s own intact cells [77].

 Conclusion

Traditional pain management treatments target individual pain generators with the 
main goal of eliminating or masking pain through interrupting the transmission 
of painful signals. In this approach it is essential to isolate the activated nerves. 
Similarly, due to this complex network of possible pain generators, there are several 
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targets where regenerative medicine can prove to be an effective treatment. With 
regenerative medicine, the goal is to create a favorable environment in which the 
body can jumpstart the healing cascade, promote repair, and hence revitalize itself. 
Consequently, it may be important to view the entire spine in a holistic approach. 
Individually deactivating painful nerves may control pain signals, but will not 
improve the original cause of the pain. Idealistically, through regenerative medi-
cine, the etiology of the pain can be corrected, and pain relief will naturally follow 
and sustain.

Furthermore, we must use caution with the term regenerative medicine, 
as the term “regenerative” may not apply to all treatments and may not accu-
rately portray the actual science on a cellular level. While pain and function may 
improve, this does not necessarily prove that anything has indeed been physically 
“regenerated.” The pain signal may resolve, but the fundamental pathology itself 
may remain.

As many of these interventions remain at the investigational level, more qual-
ity long-term, randomized, controlled human trials are required if these promis-
ing treatments are to become evidence-based medicine and the standard of care in 
everyday clinical practice. While there is a substantial amount of data on lumbar 
spine utilization, there is a paucity of studies analyzing intervention at the thoracic 
and cervical level. As regenerative medicine is a relatively new field with constantly 
developing technology and biologics, clinicians must continue to judiciously evalu-
ate the evidence. With new evolving therapies, it is vital to remember the first pri-
ority remains to do no harm. Overall, due to an increase in promising evidence 
(Table 7.8) and a relatively good safety profile, regenerative medicine remains an 
important tool in the physician’s armamentarium to trial on a case-by-case basis: 
especially (even more so) when routine medical care fails to provide acceptable 
results. However, at this point regenerative medicine for spinal pain remains a hope-
fully optimistic treatment to be perfected in the future.

Table 7.8 A summary of the overall level of evidence for the listed regenerative medicine 
treatments and each specific pain syndrome targeted

Evidence level for regenerative medicine based on reviewed studies

Prolotherapy PRP
Hyaluronic 
acid Stem cells

IVD-mediated pain Level IV Level 
II

Level V Level III

Radicular pain Level IV
Level II (at 
2 weeks)

Level 
IV

x Level II (in discectomy 
patients)

Facet joint pain Level IV Level 
II

Level II x

SI joint pain Level II Level 
II

Level IV x

Musculature 
mediated

x Level 
IV

x x

Ligament mediated Level II x x x
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Chapter 8
Regenerative Medicine for the Shoulder

Eliana Cardozo and Jonathan Ramin

 Tendinopathy in the Shoulder: The Rotator Cuff 
and Proximal Biceps Tendon

The rotator cuff (RTC) is a group of scapulohumeral muscles primarily involved in 
shoulder motion and stabilization. It is comprised of the supraspinatus, infraspinatus, 
teres minor, and subscapularis. Injury to one or more of the RTC muscles can be both 
painful and a cause significant impairment in daily functions and overhead tasks.

 Rotator Cuff Tendinopathy

When evaluating RTC tendinopathies, it is important to be able to differentiate 
between the underlying subtypes in order to best manage the injury. Historically, 
RTC tendinopathies have often been referred to as “RTC tendonitis,” although this 
term remains controversial as most histopathological studies have shown little to 
no evidence for inflammatory cells in the tendon of people who have underdone 
arthroscopic tendon repair [1]. Rotator cuff tendinosis on the other hand is thought 
to stem from the repetitive overuse of a previously injured tendon that had not had 
adequate time to heal [2]. Calcific tendinopathy of the RTC refers to an unexplained 
buildup of calcium deposits on one or more of the RTC tendons, resulting in pain 
and limitations with range of motion [3].

Identifying which muscle of the RTC is injured begins with a proper physical 
examination of the shoulder. After evaluating active and passive range of motion 
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of the shoulder, provocative testing can help decipher which muscle of the RTC is 
affected. The goal of each test is to isolate the muscle and assess for pain and/or 
weakness. The provocative tests have varying sensitivities and specificities but col-
lectively allow for a more accurate assessment and diagnosis.

The supraspinatus muscle is primarily a shoulder abductor and can be tested 
for pathology using multiple provocative tests in order to increase overall sensitiv-
ity and specificity. The gold standard test, however, is the “empty can” test which 
evaluates for pain and weakness during shoulder abduction [4].

The infraspinatus muscle is the primary external rotator of the shoulder and is best 
tested with the patient’s elbow flexed to 90 degrees, adducted against the patient’s 
waist, and the humerus medially rotated 45 degrees. A positive test would be pain 
and/or weakness with resisted external rotation of the shoulder in this position [5].

The teres minor muscle is also an external rotator and is best isolated with the 
patient’s arm raised to 90 degrees in the scapular plane and the forearm flexed to 90 
degrees. A positive test would be pain and/or weakness with resisted external rota-
tion of the shoulder. This is known as a positive Hornblower’s sign [6].

The subscapularis muscle is primarily an internal rotator of the shoulder. Gerber’s 
“lift off” test will assess the subscapularis by placing the patient’s arm in internal 
rotation behind the patient’s back and having the patient to push off posteriorly 
against resistance. Pain or weakness is a sign of subscapularis pathology [5].

 Rotator Cuff Tears

The prevalence of RTC tears increases with age and are present in about 20.7% of the 
population, many of whom may be asymptomatic [7]. Tears can be classified based on 
their size, location, and attachment of the tendon relative to the humeral head. If there 
is a “through and through” tear of a RTC tendon but the tendon is still well attached 
to the humeral head, it is considered a “full-thickness” tear. When the tendon tear 
involves complete detachment from the humeral head, the tear is more serious and is 
considered a “complete” tear [4]. A RTC tear is considered “partial thickness” when 
the tear does not involve the entire tendon. Partial-thickness tears are graded based 
on the percentage of the tendon which is torn. Grade I <25%; Grade II 25% to <50%; 
Grade III >50% [7]. Partial-thickness tears are further classified as either bursal-sided 
(outer portion of tendon) or articular-sided (inner portion of tendon) based on tear 
location. If the tear is located in the middle layers of the tendon and does not involve 
the inner/outer layers, then the tear is considered an intrasubstance tear [7].

Treatment of RTC tendinopathies often depends on the severity and chronicity 
of the injury. While strong evidence is lacking for the treatment of RTC tendinopa-
thies, approach to treatment generally begins conservatively. In addition to rest after 
an acute injury, cryotherapy is one of the first recommended treatments followed 
by a period of rest and 7–10-day course of nonsteroidal anti-inflammatory drugs 
(NSAIDs). If cryotherapy is not available, ice may also be used in the early stages. 
Efficacy and evidence for the use of NSAIDs in acute injuries are controversial but 
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generally remain a part of the initial standard of care used by most physicians. Both 
acute and chronic RTC tendinopathies can benefit from a comprehensive rehabilita-
tion program that focuses on the shoulder girdle, emphasizing strength, range of 
motion, and coordination training [8].

Chronic RTC injuries or those that did not respond to acute therapies may ben-
efit from glucocorticoid-analgesic mixed injections. Evidence is limited in support 
of glucocorticoid injections, but few studies show some benefit of glucocorticoid 
injections over placebo and often equally but not more effective than NSAIDs. 
There have been studies, however, that show that a single subacromial glucocorti-
coid injection prior to initiation of physical therapy is superior to that of physical 
therapy alone, as it reduces acute pain and allows for more aggressive range of 
motion exercises [2, 9]. Another treatment option for patients with chronic RTC 
tendinopathies is topical nitrates. One double-blinded, placebo-controlled study 
showed a significant improvement in patients with chronic RTC tendinopathies 
treated with topical nitrates [10].

Surgical options are considered when conservative treatment has failed or if the 
RTC injury is an acute complete tear in an athlete or patient whose work requires a 
significant amount of overhead use. Lack of consistent improvement in the current 
treatment options has led to multiple new innovative measures in the treatment of 
RTC tendinopathies including topical NSAIDs, shockwave therapy, and regenera-
tive techniques [11].

 Biceps Tendinopathy

Biceps tendinopathies encompass a broad range of pathology most often involving 
the long head of the biceps tendon. They are generally known to be “overuse” inju-
ries and over time tend to progress to a degenerative, thickened tendon that becomes 
entrapped in the bicipital groove causing significant discomfort and pain. Biceps 
tendinopathies typically occur in conjunction with other injuries to the shoulder 
girdle, particularly the RTC [12].

The biceps brachii muscles are primarily elbow flexors and forearm supinators. 
Provocative testing is performed to isolate these motions and aid in the diagnosis 
of biceps tendinopathy. The two commonly performed provocative maneuvers are 
the Speed’s and Yergason’s test which assess for pain in resisted elbow flexion and 
forearm supination, respectively [12].

Treatment of biceps tendinopathy usually begins conservatively with ice, rest, and 
a short 5–7-day course of NSAIDs. Topical NSAIDs are also often used in the early 
treatment phase, although their efficacy is not yet well established. Management 
continues with a comprehensive rehabilitation program focused on strengthening 
the muscles of the shoulder girdle, range of motion exercises, and proper stretching 
techniques. If ineffective, glucocorticoid injections into the biceps tendon sheath are 
tried next and should be done with ultrasound guidance for accuracy and to prevent 
intratendinous injection [12–14].
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Surgical management of biceps tendon injuries includes biceps tenotomy and 
biceps tenodesis. These are generally performed after conservative management 
has failed in complete tendon rupture and when the patient is an athlete or does 
work requiring significant upper extremity strength. Although surgery is often 
performed, there is limited evidence in its efficacy and in overall patient satisfac-
tion [15].

 Tendinopathy in the Shoulder: Regenerative 
Medicine Applications

Lack of consistent improvement using current standard of care treatments in patients 
with shoulder dysfunction has led to the exploration of alternative means of therapy, 
particularly through regenerative medicine. Although relatively novel, regenerative 
therapies such as application of platelet-rich plasma (PRP) or mesenchymal stem 
cells are rapidly evolving and being experimented in the treatment of a variety of 
shoulder pathologies.

 Rotator Cuff Tendinopathies and Tears

The majority of therapies using PRP or autologous stem cells to treat RTC tendi-
nopathies involve injection into the subacromial space, with few studies published 
about injecting directly into the tendon.

The subacromial space can be accessed using ultrasound guidance. The patient 
is seated with the affected arm hanging down and ultrasound transducer placed in 
the coronal view over the lateral end of the acromion (Fig. 8.1a). Using sterile tech-
nique, use a 25-gauge, 1.5-inch needle to enter in plane with the transducer aiming 
for the anechoic space between the peribursal fat which represents the subacromial 
bursa (Fig. 8.1b). Once the needle tip is visualized within the subacromial bursa, 
aspirate and inject [16].

When injecting the tendon directly, identify the target tendon, specifically the 
site of pathology (tendon tear or area of tendinopathy). A 25-gauge needle is then 
inserted in-plane with the transducer aiming for the lesion. It is provider preference 
whether to use lidocaine first. Once the needle tip is visualized within the lesion, 
aspirate and inject directly into the lesion. If difficult to inject directly into the lesion 
itself, then the injectate is infiltrated around the lesion [17].

Kesikburun et al. performed a randomized study comparing the efficacy of PRP 
to saline when injected into the subacromial space in patients with chronic RTC 
tendinopathy. While both groups showed significant improvement in pain and func-
tional measures at each point throughout the 2-year time course, there were no sig-
nificant differences found between PRP and saline [18].
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Rha et al. performed a randomized controlled trial comparing the effects of PRP 
versus dry needling directly into an RTC tendon that either had tendinosis or a 
partial tear. Their study showed that while both groups had symptomatic relief and 
functional improvements at 6 months, the PRP group had significantly more relief 
and functional improvement than the dry-needling group [17].

Von Wehren et al. performed a randomized study comparing treatment of partial 
RTC tears using a subacromial PRP injection with that of a subacromial cortico-
steroid injection. While both groups showed significant improvements in shoulder 
score outcomes in the 6  months they were monitored, the PRP group showed a 
significantly greater improvement in all shoulder score outcomes at each measured 
time point. MRI findings improved in both groups as well, but no significant differ-
ences were found between the two groups. Shams et al. replicated this study with 
similar results [19, 20]. These results are significant as they provide a potentially 
safer alternative treatment to corticosteroid injections which have been shown to 
weaken tendons and increase the risk of tendon rupture [21].

Several studies have also been published comparing the use of regenerative 
techniques in conjunction with arthroscopic rotator cuff repairs. While evidence is 
scarce and sometimes conflicting, the current research suggests that use of PRP in 

a

b

Fig. 8.1 (a) Transducer 
and needle placement for 
ultrasound guided 
subacromial injection. (b) 
Ultrasound image of 
subacromial space with 
patient seated and affected 
arm hanging
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conjunction with arthroscopic rotator cuff repairs may decrease the retear rate of 
the tendon [22–25].

There is paucity of literature that evaluates the use of bone marrow-derived stem 
cells in the treatment of RTC repairs. Gomes et al. complemented conventional RTC 
repair with the use of mononuclear autologous stem cells in 14 patients and found a 
significant improvement in overall functional scores and tissue integrity when com-
pared to conventional RTC repair alone [26]. Additional studies by Gullota et al. 
have evaluated the effects of autologous stem cells transduced with helix-loop-helix 
transcription factor in rat model repairs of supraspinatus tears. Early studies have 
revealed enhanced healing in the first 2–4 weeks post-RTC tendon repair [27].

 Biceps Tendinopathy

At this time there is limited evidence evaluating the efficacy of platelet-rich plasma 
or other regenerative techniques for proximal biceps tendinopathies.

The biceps tendon sheath should be injected using a sterile technique with ultra-
sound guidance. With the axial-in-plane technique, the patient should be seated with 
the elbow flexed and hand supinated (Fig. 8.2a). The ultrasound transducer will then 
be placed in the axial plane on the proximal humerus, centering the biceps tendon in 
the bicipital groove (Fig. 8.2b). The circumflex humeral artery should be identified 
in this groove using Doppler imaging. Avoiding the artery, a 25-gauge needle is then 
inserted in-plane with the transducer from lateral to medial aiming for the tendon 
sheath between the biceps tendon and the transhumeral ligament (Fig. 8.2c). Once 
the needle tip is visualized in the tendon sheath, aspirate and inject, observing for 
injectate flowing around the tendon [16].

 Osteoarthritis in the Shoulder, Glenoid Labral Tears, 
and Adhesive Capsulitis

 Glenohumeral Osteoarthritis

Osteoarthritis is a multifactorial process characterized by degeneration of joint car-
tilage. There are morphologic changes in the joint including cartilage degeneration, 
synovial inflammation, subchondral sclerosis, and osteophyte formation which can 
be seen on radiological studies [28]. Osteoarthritis (OA) becomes clinically signifi-
cant when it causes symptoms; in the glenohumeral joint, these usually manifest as 
shoulder pain and eventually loss of range of motion (ROM). Shoulder pain is usu-
ally gradual and progressive; ROM is decreased, usually with a decrease in external 
rotation first. On physical exam the person may have tenderness to palpation in 
the anterior, lateral, and/or posterior compartments of the shoulder. The workup 
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for suspected GH OA includes shoulder X-rays, including anterior posterior (AP), 
axillary, and scapular in Y views. Common X-ray findings include joint space nar-
rowing, subchondral sclerosis, and osteophyte formation [28].

Current treatment for glenohumeral OA includes activity modification, anal-
gesic medication including acetaminophen and nonsteroidal anti-inflammatories 
(NSAIDs), physical therapy, and injections, usually of a steroid solution or visco-
supplementation [29]. There is limited evidence-based literature on the efficacy of 
intra-articular glenohumeral steroid and viscosupplementation for GH OA. Merolla 
et al. found improvements in the visual analog pain scale for both intra-articular ste-
roid injection of methylprednisolone (for 1 month posttreatment) and intra-articular 
Hylan G-F 20 (for 3 months posttreatment) although the results were not as favor-
able in severe OA or in patients with concomitant large rotator cuff tears [30].

a b

c

Fig. 8.2 (a) Patient positioning for ultrasound guided biceps tendon injection. (b) Transducer and 
needle placement for ultrasound guided injection. (c) Ultrasound image of biceps tendon with 
patient seated with elbow flexed and hand supinated
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There have also been case series of intra-articular GH botulinum toxin injections 
for the pain modulation effect; however, more research works need to be done in 
this area to assess efficacy [31].

Surgical treatments for GH OA include surgical debridement and shoulder arthro-
plasty (hemiarthroplasty versus total shoulder arthroplasty). Most of the evidence is 
level IV, and in some studies, patients undergoing total shoulder arthroplasty show 
better shoulder function compared to hemiarthroplasty [32, 33].

 Acromioclavicular Osteoarthritis

Acromioclavicular (AC) osteoarthritis (OA) often presents as pain in the del-
toid region. On physical exam there may be tenderness over the AC joint and 
pain with horizontal adduction movements of the shoulder. Diagnostic imag-
ing for AC OA includes shoulder X-rays, specifically the Zanca view. Arthritic 
changes include joint space narrowing, subchondral sclerosis, and other find-
ings discussed previously. Conservative treatment usually begins with activity 
modification and oral analgesics such as acetaminophen and NSAIDs. Steroid 
injections in the AC joint, either palpation guided or ultrasound guided are also 
common practice [34]. Efficacy of intra-articular AC joint steroid injections 
in the literature is controversial, but most studies show short-term (<2 mo) 
relief [34].

 Glenoid Labral Tears

Glenoid labral tears are an important cause of shoulder pain. Symptoms may be 
nonspecific, but usually patients will complain of shoulder pain which worsens 
with abduction and external rotation (ABER). Special physical exam tests include 
pain with ABER as well as with a positive O’Brien test. The O’Brien test is per-
formed with the patient flexing their arm at the shoulder with their thumb facing 
down, with the shoulder slightly adducted and elevating against resistance; pain 
in that position which improves when changing the arm to the supinated position 
is considered positive [35]. Traditionally, a MR arthrogram with contrast injected 
intra-articularly is obtained to confirm a suspected labral tear in the shoulder. Now, 
some physicians are also evaluating for posterior superior labral tears with arthro-
sonography [36]. Treatment for symptomatic glenoid labral tears includes activ-
ity modification, physical therapy, NSAIDs, and glenohumeral steroid injections. 
Studies show that for glenoid labral tears this conservative treatment may improve 
function and pain [37].
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 Adhesive Capsulitis

Adhesive capsulitis presents as shoulder pain accompanied with progressive loss of 
range of motion, initially of external rotation. It is due to shoulder capsular thick-
ening and contracture. It may be divided into four stages: (1) pre-freezing: lim-
ited ROM and start of symptoms; (2) freezing: severely limited ROM and pain; (3) 
frozen: severely limited ROM, pain subsides; and (4) thawing: improving ROM 
and minimal pain [38]. It can take 1 year or more for the four stages to advance. 
Conservative treatment includes activity modification, physical therapy, NSAIDs, 
and glenohumeral steroid injections, including glenohumeral capsular distention. 
This involves injecting the GH joint with a high volume of injectate, usually a com-
bination of a steroid, anesthetic, and saline.

 Osteoarthritis in the Shoulder, Glenoid Labral Tears, 
and Adhesive Capsulitis: Regenerative Medicine Applications

Many regenerative treatments, including platelet-rich plasma, bone marrow aspi-
rate, adipose-derived stem cells, and viscosupplementation, are being used to treat 
different shoulder pathologies. We will discuss injection techniques as well as avail-
able evidence for these treatments in different causes of shoulder pain.

 Glenohumeral Osteoarthritis (GH OA)

The glenohumeral joint may be injected using ultrasound or fluoroscopic guidance. 
When using ultrasound guidance, a posterior approach is utilized. The author finds 
that the best position is to have the patient side-lying with the affected shoulder up 
and the patient facing the physician (Fig. 8.3a). The posterior glenohumeral joint is 
identified by placing the transducer axially, below the spine of the scapula (Fig. 8.3b, 
c). Once the joint is identified it can be reached using a lateral to medial, in-plane 
approach (Fig. 8.3b). Using sterile technique, the area of entry is anesthetized with 
a 25-gauge, 1.5-inch needle with about 2 mL of 1% lidocaine. A 22-gauge, 3.5-inch 
needle is then used to enter the joint space, and after negative aspiration, the injec-
tate is administered [39].

Using fluoroscopic guidance for the glenohumeral joint can be performed both 
from an anterior and from a posterior approach. Here we will describe a posterior 
approach. The patient lies prone with their arm lying on their side. Using sterile 
technique the area overlying the superior lateral humeral head is marked with a 
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skin marker. When the desired area is confirmed, the skin is anesthetized using a 
25-gauge, 1.5-inch needle with about 2 mL of 1% lidocaine. A 22-gauge, 3.5-inch 
needle is then used to enter the joint space; when a bony endpoint is felt, 2 mL of 
contrast dye is injected to confirm joint placement and nonvascular flow. After this 
is confirmed and negative aspiration, the injectate is administered [40].

a b

c

Fig. 8.3 (a) Patient position for ultrasound guided glenohumeral injection. (b) Ultrasound trans-
ducer and needle alignment for glenohumeral injection. (c) Ultrasound image of glenohumeral 
joint with patient sidelying
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Research on platelet-rich plasma for GH OA is limited to case reports. In a case 
report by Freitag, a 62-year-old woman with GH OA underwent three ultrasound- 
guided glenohumeral PRP injections, each 1 week apart [41]. Her pain improved 
substantially on the numerical pain rating scale and stayed between 0 and 1 out of 
10 at 42 weeks post-procedure; she also improved functionally. More research is 
needed in regenerative medicine applications for GH OA.  This case report used 
photoactivated PRP, but the author did not note if it was leukocyte rich or leukocyte 
poor. Extrapolating from research on knee osteoarthritis, leukocyte-poor PRP seems 
to be better for joint osteoarthritis than leukocyte-rich PRP, but more research is 
needed. There is also limited evidence to recommend a series of three injections 
versus one.

Glenohumeral injections of platelet-rich plasma for adhesive capsulitis have 
shown benefits in some studies. Kothari et al. randomized 162 patients with adhe-
sive capsulitis to a single GH PRP injection, a corticosteroid injection, or ultrasonic 
therapy (7 sessions). They found statistically significant improvements in active and 
passive shoulder ROM and visual analog pain scores in the PRP group compared to 
the other two groups [42].

The benefits of viscosupplementation for glenohumeral osteoarthritis have been 
investigated. Kwon et al. compared a series of three sodium hyaluronate injections 
to saline injections in a randomized controlled trial on subjects with glenohumeral 
OA. In a subset analysis, they found improvements in pain in the hyaluronate group 
who did not have concomitant shoulder pathologies; however their initial analysis 
did not show any statistically significant differences in pain between both groups 
[43]. Other studies have not found statistically significant differences in viscosupple-
mentation versus placebo (saline injections) for GH OA. More studies are needed.

 Glenoid Labral Tears

Literature on outcomes of platelet-rich plasma and other regenerative treatments for 
glenoid labral tears is scarce. The labrum can be targeted by injecting the glenohu-
meral joint itself as described above.

 Acromioclavicular Osteoarthritis

At this time there is limited evidence evaluating the efficacy of viscosupplementa-
tion, platelet-rich plasma, or other regenerative techniques for acromioclavicular 
osteoarthritis (AC OA).

The AC joint may be accessed for injection using ultrasound guidance. Here 
we will describe an axial, out of plane approach. Start with the patient in a sitting 
position with their arm resting at their side. Place the transducer over the acromio-
clavicular joint in the coronal plane (Fig. 8.4a, b). Using the center marker on the 
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transducer and corresponding marker on the screen, place the target entry point of 
the AC joint at this point. Using sterile technique with a transducer cover and sterile 
gel, use a 25-gauge, 1.5-inch needle to enter; then using a step-down approach, enter 
the joint. Once your needle tip is visualized within the joint, aspirate and inject [44].
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Chapter 9
Regenerative Medicine for the Elbow

Allison N. Schroeder, Michael Guthrie, Stephen Schaaf, and Kentaro Onishi

 Bones/Joints

The elbow joint consists of articulations between the humerus proximally and 
radius and ulna distally. The distal humerus fans out to form the medial and lat-
eral epicondyles, which serve as an attachment point for ligaments and tendons. 
The trochlea of the humerus (medial condyle) articulates with the ulna forming the 
ulnohumeral joint, and the capitellum of the humerus (lateral condyle) articulates 
with the radial head forming the radiocapitellar joint. The proximal radioulnar joint 
is formed between the radius and the ulna. Conditions affecting the elbow joint 
include arthritis, which is more common in older adults, and osteochondritis dis-
secans, which is more common in adolescents.

 Arthritis

Arthritis of the elbow joint can result from rheumatoid arthritis, primary osteoar-
thritis, or post-traumatic arthritis but is less common than arthritis of other joints 
[1]. Osteoarthritis commonly presents with pain, swelling, stiffness, and sometimes 
loss of passive ROM in an older individual who often has a history indicative of 
traumatic elbow injury or rheumatological disease.
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 Osteochondritis Dissecans (OCD)

OCD is a disease process that results in separation of a focal lesion of cartilage from 
subchondral bone and is most commonly seen on the capitellum of male adoles-
cent throwing athletes [2, 3]. OCD typically presents with progressively worsening 
activity-related pain and stiffness in the dominant arm of an overhead throwing 
athlete [4]. Patients often lack 15–30 degrees of full extension, which should point 
to the need for further evaluation with X-rays and subsequent MRI if X-rays are 
normal [4].

 Ligaments

All ligaments about the elbow are extra-articular and provide the main source of 
stability. These include ulnar (medial) collateral ligamentous complex, radial (lat-
eral) collateral ligamentous complex, anterior ligament, posterior ligament, and the 
joint capsule.

 Ulnar Collateral Ligament (UCL)

The UCL originates from the medial condyle of the humerus and inserts on the 
sublime tubercle on the ulna. It consists of three distinct bands: the anterior bundle, 
posterior bundle, and transverse ligaments [5]. The anterior bundle runs from the 
medial humeral epicondyle to the sublime tubercle on the medial side of the coro-
noid process of the ulna and is thought to be the most clinically relevant as these 
fibers provide resistance to valgus instability, especially during the late cocking 
phase of throwing, and are most commonly injured with repetitive overhead throw-
ing [5, 6]. Injury to the UCL commonly presents with pain and improved throwing 
performance, and acute injury may be associated with a “pop.” Physical exam is 
notable for laxity with valgus stress.

 Lateral Collateral Ligamentous Complex

The lateral collateral (radial) ligamentous complex consists of the annular ligament 
which surrounds the radial head, the radial collateral ligament (RCL) that spans 
from the lateral epicondyle to the annular ligament in a fan shape, and the lateral 
ulnar collateral ligament (LUCL) that runs from the lateral humeral epicondyle to 
the supinator crest. This complex plays a key role in preventing posterolateral and 
varus instability and is most commonly injured in overhead athletes with repeated 
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varus stress or traumatic elbow dislocations [5, 7]. Injury to this complex commonly 
presents with pain and may result in mechanical symptoms with laxity to varus 
stress seen on physical examination.

 Tendons

Tendons about the elbow at highest risk of injury include the proximal common 
extensor tendons (extensor carpi radialis brevis and extensor digitorum) and com-
mon flexor/pronator tendons (flexor carpi radialis and pronator teres), as well as the 
distal biceps and triceps tendons. Injury to these tendons results in tendinopathy that 
encompasses a spectrum of acute inflammation (tendinitis) to chronic inflammation 
and degeneration (tendinosis) to partial- or full-thickness tear. Most patients pres-
ent with sustained pain and functional impairment with tendinosis due to repetitive 
microtrauma resulting in collagen disarray, necrotic tenocytes, and neovasculariza-
tion that ultimately results in impaired healing and fibrotic scarring that is difficult 
to treat with conventional modalities. Acute rupture results in tendon defect.

 Common Extensor Tendon

The extensor carpi radialis brevis, extensor digitorum, extensor carpi ulnaris, and 
extensor digiti minimi originate from the lateral epicondyle of the humerus and 
make up the common extensor tendon. Tendinopathy of the common extensor ten-
don at the lateral elbow is one of the most common tendon injuries in the upper 
extremity and occurs in 1–3% of the general population from repetitive contrac-
tion and micro-tearing of the tendon with pain most commonly located about 1–2 
centimeters distal to the lateral epicondyle in the dominant extremity of middle-
aged adults; it worsens with resisted wrist extension or passive stretch on the ten-
dons [8–10].

 Common Flexor/Pronator Tendon

The pronator teres, flexor carpi radialis, palmaris longus, flexor carpi ulnaris, and 
flexor digitorum superficialis originate from the medial epicondyle of the humerus 
and from the common flexor/pronator tendon. Tendinopathy of the common flexor/
pronator tendon also occurs in middle-aged adults from an overuse mechanism but 
is less common, occurring in only 0.4% of the general population, and presents as 
pain over the medial epicondyle that worsens with resisted wrist flexion or passive 
stretch on the tendons [8].
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 Distal Biceps Tendon

The distal biceps tendon inserts on the radial tuberosity. Tendinopathy of the distal 
biceps is thought to be rare but typically occurs from repetitive microtraumas in those 
between the ages of 40 and 50 years that perform a large eccentric load, resulting 
in anterior elbow pain that worsens with resisted elbow flexion and supination [11].

 Distal Triceps Tendon

The distal triceps tendon attaches on the olecranon process of the ulna. Distal tri-
ceps tendon injury is less commonly observed but can occur with overuse or trauma, 
resulting in partial avulsion of the medial portion of the tendon or complete rupture 
at the osteotendinous junction [12].

 Treatment: The Standard of Care and Evidence

A thorough diagnostic evaluation must precede treatment. Making an accurate diag-
nosis is the most important step in the treatment process. All patients should be 
screened for alarm symptoms that would prompt consideration for further workup 
or imaging evaluation. Traumatic injury, history of dislocation, joint swelling with-
out trauma, and mechanical symptoms should be considered, and, if present, further 
workup should be pursued.

In general, the standard of care for treatment of nontraumatic injuries at the 
elbow begins with rest, ice, nonsteroidal anti-inflammatory drugs (NSAIDs), activ-
ity modification, and physical therapy to address the underlying pathology. The use 
of corticosteroid injections is controversial, as they typically result in improved 
short-term outcomes but have similar or worse outcomes at 1year and may nega-
tively affect long-term tendon health or lead to rupture [13–15]. Typical surgical 
indications include displaced or intra-articular fractures, tendon or ligament rup-
tures, unstable or complete osteochondral lesions, or failure of injuries to respond 
to conservative treatment after 6–12 months.

 Bone/Joint

 Arthritis

Elbow osteoarthritis is typically treated conservatively with rest, nonsteroidal anti- 
inflammatory drugs, activity modification, and dynamic hinged or static splint-
ing along with physical therapy [1]. Intra-articular steroid injections can also be 
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considered [16]. Injections should be performed under ultrasound guidance (100% 
accuracy), which has been shown to be more accurate than use of landmark guid-
ance (77.5% accuracy) [17]. Injection of hyaluronic acid has not been shown to 
be effective in the elbow albeit the small sample size in one study [18]. Surgery is 
reserved for those that fail conservative management, with total elbow arthroplasty 
as a last resort since it is associated with complications in 11–38% of cases, includ-
ing persistent minor infection, persistent contracture, and transient nerve palsies 
[1, 19, 20].

 OCD

Stable OCD lesions can be treated conservatively, but unstable lesions require surgi-
cal repair [21]. Conservative treatment involves an initial period of rest with avoid-
ance of aggravating activities (throwing, weightlifting, gymnastics), with or without 
the use of a hinged elbow brace, followed by progression to strengthening exercises 
when patients are pain free [22]. Typically, athletes can start gentle overhead throw-
ing at 3–4 months if they remain pain free, and 84.2% of patients return to play at 
6 months if they are compliant with conservative management [22, 23]. Operative 
treatment is necessary in patients who fail conservative management, have unstable 
lesions, or have loose bodies associated with mechanical symptoms [22]. Surgical 
options vary and depend on several factors (lesion size, cartilage cap presence, 
etc.) and include loose body removal/chondroplasty [24], microfracture/retrograde 
drilling [22, 24], fixation (with wires, screws, bone pegs) [4, 25], or osteochondral 
allograft transplantation system [26]. Despite complications being rare, reported 
rates of return to sport in throwing athletes are less than 50% [27]. A detailed dis-
cussion of surgical management is beyond the scope of this chapter.

 Ligaments

 UCL

Nonoperative treatment is often first line and includes rest (for 6 weeks) followed 
by initial physical therapy for flexor/pronator strengthening and then a progressive 
throwing program, but only 42% of athletes returned to sport after nonoperative 
treatment [28]. Surgery is indicated in complete tears and partial tears that are not 
responsive to conservative management. Reconstruction using a palmaris longus 
autograph is typically preferred over repair. Eighty-three percent of athletes were 
able to return to sport at the same or a higher level at an average of 11.6 months 
after surgery [29]. Repair is typically reserved for partial tears near the UCL origin 
or insertion in young athletes and consists of direct suture repair of the injured liga-
ment with placement of an augmentation device with 87% of patients returning to 
sport [30].
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 Tendons

 Common Extensor Tendon

Common extensor tendinopathy, commonly known as “tennis elbow” or lateral 
epicondylosis, is typically self-limiting with 90% of patients recovering by 1 year 
with conservative multimodal treatment consisting of physical therapy with modali-
ties, use of counterforce brace or wrist splint, nonsteroidal anti-inflammatory drugs 
(NSAIDs), topical nitroglycerin, and extracorporeal shock wave therapy, though there 
is no consensus treatment algorithm [31–36]. Nitroglycerin patches have been shown 
to significantly reduce activity-related elbow pain and epicondylar tenderness and 
improve long-term functional outcomes but have side effects including headaches, 
facial flushing, and contact dermatitis [37, 38]. Corticosteroid injections are still com-
monly used to address pain associated with common extensor tendinopathy and show 
short-term benefits and functional improvements, but tenotoxic effects and increased 
incidence of recurrence have been reported [13, 39]. Percutaneous needle tenotomy 
(PNT) is an office-based procedure where a needle is used to repeatedly fenestrate the 
diseased portions of tendon under sonographic guidance with local anesthesia [40]. 
In a case series, subjects were treated using PNT, and 80% of these subjects reported 
good to excellent results at an average follow-up duration of 28 months, and a sub-
sequent corticosteroid injection was not necessary [41]. PNT is also referred to as a 
“peppering” technique and is sometimes performed in conjunction with regenerative 
medicine procedures, as discussed later in this chapter. Other studies point to efficacy 
of dry needling or acupuncture to treat common extensor tendinopathy [42, 43].

Surgery is typically reserved for those who do not improve with conservative 
therapy by 6 months or those who have complete tendon rupture. Several surgi-
cal techniques (open, arthroscopic, and percutaneous microtenotomy) have been 
described with no differences in postoperative pain, recurrence rate, or procedural 
failure among the different surgical techniques [44, 45]. The general surgical prin-
ciple consists of first identifying the affected portion of the tendon which is excised 
to further facilitate a biologic response and is then usually repaired. Those undergo-
ing arthroscopic treatment have greater functional outcomes or more rapid return 
to work with utilization of less postoperative physical therapy compared to those 
undergoing an open procedure [46, 47]. Those more likely to have residual symp-
toms after surgery are those with a high level of baseline symptoms, acute occur-
rence of symptoms, or long duration of symptoms [48]. Patients typically recover in 
4–12 weeks with 95% achieving good to excellent results and only about 1.5% of 
patients requiring surgical revision surgery, which is usually successful [49].

 Common Flexor/Pronator Tendon

Common flexor/pronator tendinopathy, commonly known as “golfer’s elbow” or 
medial epicondylosis, is often treated in a similar manner to common extensor ten-
dinopathy, as described above.
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 Distal Biceps Tendon

For distal biceps tendinopathy or partial tear, nonoperative management consists 
of rest, analgesia as needed, and a rehabilitation program. Studies have shown that 
patients with complete rupture that are treated using the above options can have 
continued pain and up to 40% loss of supination strength and 30% loss of range of 
motion strength compared to their normal side [50]. Corticosteroid injections are 
rarely used. A cadaveric investigation has shown that sonographically guided distal 
biceps tendon injections are feasible and can be done through multiple approaches, 
with the posterior approach being technically easiest, safest, and most accurate [51]. 
Accuracy and safety are unclear for landmark-guided injections to this tendon. Case 
series report success of surgical repair for symptomatic refractory distal biceps ten-
don complete tears [52, 53], but surgical fixation has been shown to be associated 
with complications, most commonly nerve dysfunction and radioulnar synostosis in 
up to 27% of patients [54].

 Distal Triceps Tendon

The treatment of triceps tendinopathy or partial distal triceps tears is somewhat 
controversial, and conservative treatment consisting of an initial period of immo-
bilization can be attempted based on the patient’s tear severity (<50%), functional 
demands (low demands), and improvement with conservative management [12, 55]. 
Complete distal triceps tendon tears require immediate surgical repair in healthy 
patients, but postoperative range of motion restrictions and rehabilitation is variable 
[56]. Injury to the ulnar nerve is a reported complication [56].

 Regenerative Treatments

Regenerative treatments are currently considered for refractory symptoms of tendi-
nopathy or partial tears of the tendon, partial symptomatic tears of the ligaments, or 
refractory osseous or chondral pathologies about the elbow, particularly in patients 
who are poor surgical candidates or wish to avoid surgery.

 Bone/Joint

 Arthritis

There are no studies that have investigated the use of regenerative therapies to treat 
elbow osteoarthritis, but regenerative therapies have shown promise in other joints 
(as discussed in other chapters in the book).
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 OCD

One small surgical study examined the use of regenerative therapies to treat OCD. In 
this case series, three adolescent boys (ages 12, 15, and 17) with MRI diagno-
sis of osteochondral lesions of the elbow (stage not described) were treated with 
arthroscopy or arthroscopy plus a mini-open procedure augmented with autologous 
platelet gel and bone marrow aspirate concentrate [57]. After progression through 
a rehabilitation protocol beginning with passive range of motion and ending with 
sports-specific drills, all three subjects returned to sport pain free by 9 months [57]. 
There are no studies examining the use of regenerative medicine therapies without 
arthroscopy, and it is difficult to draw a conclusion from this small surgical study.

 Ligament

 Elbow Ulnar Collateral Ligament (UCL)

With the advancement of ultrasound technology, the ability to visualize partial tears 
of the ulnar collateral ligament, especially dynamically, has drastically improved, 
and there is increasing interest in nonoperative management with the use of regen-
erative medicine. A survey of American elbow and shoulder surgeons showed that 
36.3% of responders currently use PRP to treat UCL injuries where 43.9% of those 
using PRP prefer leukocyte-poor PRP, 16.6% prefer leukocyte-rich PRP, and the 
remaining 39.9% had no preference [58]. In the same survey, 8% reported using 
stem cell therapies with bone marrow lipoaspirate concentrate being most com-
monly used (31.3%) [58].

Two case series of a combined 78 athletes with UCL partial tears who failed 
conservative management and who were treated with sonographically guided 
leukocyte- poor PRP injection(s) showed improvement in pain and function with a 
mean return to play of 12 weeks [10, 59]. An additional small case series showed 
more rapid return to play (mean 36  days) in non-throwing professional athletes 
(hockey players) who sustained a mid- to high-grade traumatic UCL injury that was 
treated with two sonographically guided injections of leukocyte-poor PRP a mean 
of 9 days apart and resulted in improved pain and decreased laxity on follow-up 
sonographic imaging [60]. Despite showing promise in case series, the use of PRP 
to treat UCL injuries in 133 major and minor league baseball players who had failed 
conservative management showed a significantly more rapid return to play in those 
treated conservatively than those that received PRP injection (51 vs. 64 days), but 
this study did not mention the use of sonographic guidance, which may improve the 
efficacy of an injection if it is accurately placed [61]. With proper patient selection, 
treatment of partial UCL injuries with sonographically guided PRP injection offers 
a viable treatment option with a more rapid return to play than surgical reconstruc-
tion, though RCTs are lacking.

The use of other regenerative treatments for UCL injury has not been studied.
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 Annular Ligament and Radial Collateral Ligament

Isolated annular ligament and radial collateral ligament tears are very rare, and 
there are no studies on regenerative medicine to treat injuries to these structures in 
isolation. Two RCTs studying prolotherapy for the common extensor tendon also 
involved injection into the annular ligament or the annular ligament and radial col-
lateral ligament and are described later in this chapter [62, 63].

 Tendon

 Common Extensor Tendon

The use of regenerative treatments for elbow injuries has been most extensively 
studied in patients with common extensor tendinopathy.

Platelet-Rich Plasma (PRP)

Initial uncontrolled studies have shown promising benefits and safety of PRP used 
to treat common extensor tendinopathy which inspired level 1 studies comparing 
PRP to corticosteroids, percutaneous needle tenotomy, saline, and surgery that will 
be discussed here. It is important to note that the formulation of PRP (leukocyte 
rich vs. leukocyte poor, platelet count and use of an activating agent), use of addi-
tional procedures (percutaneous needle tenotomy), use of sonographic guidance, 
and postinjection rehabilitation protocol varied across studies [64]. In general, 
leukocyte- rich PRP is preferred over leukocyte-poor PRP in the treatment of tendon 
injury [65], but when compared directly to treat common extensor tendinopathy, 
no difference was found between the two [66]. Though the optimum rehabilitation 
protocol has yet to be determined, animal studies show improved efficacy when 
PPR injections are combined with mechanical loading of the tendon, indicating that 
rehabilitation should be performed after injection [67]. Specific discussion of the 
details of the methods of each RCT is beyond the scope of this chapter.

In randomized control trials (RCTs) that compare one injection of leukocyte- 
poor PRP to corticosteroids, similar improvement in pain and function was noted in 
the short term (2 weeks–6 months) [68–70], but leukocyte-rich or leukocyte-poor 
PRP tends to provide continued improvement in pain and function leading to superi-
ority in the intermediate to long term (6 months–2 years) [71–73] with sonographic 
structural improvements in tendinosis seen in those treated with leukocyte-poor 
PRP at 6 months [74]. When used in isolation, PRP has been shown to have slightly 
superior outcomes to PNT (5–10 passages with a 22- to 27-gauge needle is most 
commonly used) at up to 1 year, but the two treatments are complementary, leading 
to greatest improvement in pain and function when used in combination in RCTs 
[75–78]. RCTs comparing PRP to autologous blood injection (ABI) with associated 
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PNT have shown clinically equal efficacy at up to 1 year [79–82]. Although retro-
spective studies show equality or superiority of PRP injections to surgery to treat 
common extensor tendinopathy at 1 month–1 year follow-up [83, 84], the only RCT 
comparing PRP to surgery notes significantly better overall pain, night pain, and 
functional scores at 2 years after surgery, despite more similar outcomes in efficacy 
in the short and midterm [64]. It should also be noted that in this study, only the sur-
gical group received physical therapy while the PRP injection group did not, negat-
ing the direct comparison between the two groups. Overall, PRP is safe and can be 
an effective treatment for common extensor tendinopathy and should be considered 
in the appropriate clinical context.

Autologous Blood Injection (ABI)

There are several case series and prospective clinical studies that have indicated that 
ABI is a safe and effective treatment for recalcitrant common extensor tendinopathy 
[80, 85–91], but the evidence in RCTs does not show superiority when compared 
to other treatments, including PRP [80–82], extracorporeal shockwave therapy 
(received once a week for 3 weeks) [92], and saline injection [93]. When compar-
ing corticosteroid and ABI, small RCTs have shown superiority of corticosteroid at 
1 month [92] with better results using ABI at 6 months [93] and up to 2 years [92]. 
Though high-level evidence is lacking, ABI seems to be a safe and effective treat-
ment for common extensor tendinopathy.

Prolotherapy

A few studies examining prolotherapy for the treatment of common extensor tendi-
nopathy have shown promising results, but small sample sizes, variability in contents 
of the “prolotherapy” mixture, number of injections given, and lack of sonographic 
guidance for the injections limit our ability to draw definitive conclusions on an opti-
mum protocol. Two RCTs compared multiple injections of different formulations of 
prolotherapy (consisting of sodium morrhuate, dextrose, lidocaine, Sensorcaine, and 
normal saline or phenol 1.2%, glycerine 12.5%, dextrose 12.5% in sterile water, and 
sodium morrhuate) to normal saline [94] or corticosteroid [62] into the tendon near 
the lateral epicondyle and surrounding structures, including the annular ligament, 
with prolotherapy showing superiority to normal saline from 8 weeks to 52 weeks 
but non-superiority to corticosteroids at up to 6 months, though the shorter follow-up 
in this study limits the ability to draw conclusions. In an attempt to directly com-
pare prolotherapy formulations, there was no difference in functional improvement 
between prolotherapy consisting of dextrose and prolotherapy consisting of dextrose 
morrhuate, but both were superior to “watchful waiting” from 4 to 16 weeks [63]. 
Treatment with prolotherapy can be considered given the low risks of use of an inert 
substance but may require multiple injections; the duration of follow-up to see clini-
cal efficacy and the optimum formulation are still not known.
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Autologous Tenocyte Injection

Autologous tenocyte injection (ATI) is a novel therapy that has been studied to treat 
chronic, refractory common extensor tendinopathy. One case series of 17 patients 
examined the use of culturally expanded patellar-tendon-derived autologous teno-
cytes that were injected under sonographic guidance and showed improvement in 
pain, self-reported function, grip strength, and level of tendinosis seen on MRI at 
12 months. Clinical measures also remained significantly improved at final follow-
 up at a mean of 4.5 years [95, 96]. Notably, no adverse events were observed, and 
only one patient progressed to surgery after a subsequent work-related injury [95, 
96]. In another small case series, laboratory-prepared collagen-producing cells 
derived from dermal fibroblasts were injected under sonographic guidance into 
the site of intrasubstance tears of the common extensor tendon which resulted in 
improvement in patient-reported function and tendinosis severity on ultrasound at 
6 weeks, 3 months, and 6 months with only one patient proceeding to surgery at 
3 months [97]. In these small case series, ATI shows promise, but larger studies are 
needed to better determine its safety and efficacy and to gain FDA approval.

Mesenchymal Stem Cells (MSCs)

Bone marrow aspirate concentrate (BMAC) and allogenic adipose-derived mesen-
chymal stem cells are promising procedures that involve injection of MSCs into the 
area of disease/disrepair and have been examined in pilot studies. A case series of 
30 patients with refractory common extensor tendinopathy who received landmark- 
guided injection of BMAC showed a highly significant improvement in self-
reported functional outcomes at 2, 6, and 12 weeks of follow-up [98]. In another 
case series, 12 subjects underwent sonographically guided injection of enzymati-
cally digested culturally expanded adipose-derived cells and reported improvement 
in pain and function with sonographic evidence of improvement in tendon defects 
at up to 52 weeks without significant adverse events [99]. Though treatment with 
MSCs shows promise, it is important to note that treatments that contain tissue that 
has been “more than minimally manipulated” are not currently approved by the 
FDA outside of the research setting.

Amniotic Membrane Injection

Amniotic membrane allograft injection has shown benefit in small case series, but 
FDA homologous use guidelines pose a barrier to future use of this injection clini-
cally. A retrospective case series of 10 patients with common extensor tendinopathy 
treated with micronized dehydrated human amniotic chorionic membrane allograft 
showed improvement in self-reported function, with a 77% improvement of pain at 
24–36 weeks [100]. In a case series of 40 patients with joint or tendon pathology 
treated with dehydrated human amnion/chorion membrane allograft injection under 
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ultrasound guidance, 7 patients with lateral epicondylitis were treated [101]. There 
was no subgroup analysis that examined only those with lateral epicondylitis, but 
treatment of all conditions resulted in improved pain and function in all patients 
without significant adverse events at up to 3 months [101]. Utility of amniotic mem-
brane allograft is still up for debate.

Percutaneous Ultrasonic Tenotomy

Percutaneous ultrasonic tenotomy is a device that uses a rapidly vibrating needle tip 
to emulsify diseased tendon and promote tendon fiber growth and reorganization 
that is performed under ultrasound guidance and is a promising treatment for tendi-
nopathy at the elbow. A case series of 12 patients with common extensor tendinopa-
thy and 7 patients with common flexor tendinopathy showed improvement in pain 
and function at 6 weeks that continued at 12 months without adverse events [102]. 
When retrospectively compared to PRP, patients who received percutaneous ultra-
sonic tenotomy for common flexor and extensor tendinopathy had equally signifi-
cant improvements in pain, function, and patient satisfaction [103]. Percutaneous 
ultrasonic tenotomy shows promise though higher-level studies are needed and, 
theoretically, patients may benefit from percutaneous ultrasonic tenotomy in com-
bination with other regenerative procedures such as PRP.

 Common Flexor/Pronator Tendon

Clinical use of regenerative therapies to treat common flexor/pronator tendi-
nopathy is primarily translated from studies on common extensor tendinopathy. 
Nevertheless, there are a few studies that specifically examine the use of regenera-
tive medicine therapies to treat common flexor/pronator tendinopathy. A small case 
series showed that 1–2 injections of leukocyte-poor PRP showed overall functional 
improvement in the group that received a single injection (8 patients), but there 
was no functional improvement noted in the group that received two injections 
(6 patients) [104]. An earlier study showed that two injections with autologous 
blood injection (ABI) under sonographic guidance and combined with percutane-
ous needle tenotomy showed a significant reduction in pain and function, as well 
as a reduction in the amount of hypoechoic tendon and neovascularity seen on 
ultrasound at 10  months post-procedure [87]. Percutaneous ultrasonic tenotomy 
has been shown to be effective for treatment of medial elbow tendinosis, as stated 
above [102, 103]. These studies suggest that the use of regenerative therapies com-
bined with a mechanical debridement of the tendon (percutaneous needle tenotomy 
or percutaneous ultrasonic tenotomy) may be beneficial, but subsequent injections 
without mechanical debridement may not be efficacious in treating common flexor/
pronator tendinopathy.

Use of other regenerative therapies has not been described for treatment of com-
mon flexor/pronator tendinopathy.
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 Distal Biceps Tendon

Ultrasound-guided PRP injection to treat biceps tendinopathy (confirmed on imag-
ing) has been described in a cohort and case series study of 18 total patients and 
may be an alternative to traditional conservative nonoperative treatment for refrac-
tory tendinopathy [105, 106]. In the cohort study, a single sonographically guided 
injection of leukocyte-rich PRP (10 patients) or leukocyte-reduced PRP (2 patients) 
resulted in significant improvement in pain at rest and with activity, function, and 
biceps strength at median final follow-up of 47 months [105]. In a small case series, 
6 patients with distal biceps tendinopathy confirmed by MRI or ultrasound that 
was refractory to conservative management were treated with needle tenotomy and 
leukocyte- rich nonactivated PRP with platelet concentration < 5 times serum con-
centration [106]. With the use of sonographic guidance to accurately evaluate the 
location of the tendon and target the area of injury [51], regenerative treatments 
have shown promise for the treatment of distal biceps tendon injury.

Use of other regenerative therapies has not been described for treatment of distal 
biceps tendon injury.

 Distal Triceps Tendon

Only one case reports on the use of regenerative medicine to treat triceps tendon 
injury in a 47-year-old male weight lifter who suffered an acute partial rupture of 
the distal triceps tendon with MRI confirmation of the injury [107]. After failure to 
improve with physical therapy 5 weeks after the injury, the patient was treated with 
a landmark-guided leukocyte-poor PRP injection followed by physical therapy at 
2 weeks postinjection; he was pain free at rest and able to return to weight lifting 
with minimal pain at 4 weeks postinjection [107].

 Conclusion

Regenerative treatments for injuries about the elbow are best supported by many 
RCTs that examine outcomes in the treatment of common extensor tendinopa-
thy. Studies suggest that PRP injections have long-term therapeutic benefit when 
compared to corticosteroid injection, local anesthetic injections, and conservative 
management alone, but the efficacy of PRP compared to mechanical debridement 
with percutaneous ultrasonic tenotomy or surgery has not been described in well- 
controlled studies. There is variability in the literature in the formulation of PRP, 
inconsistent use of additional procedures (percutaneous needle tenotomy) and 
sonographic guidance to perform the injection, as well as varied postinjection reha-
bilitation protocols across studies. There is limited evidence for the use of ABI, 
prolotherapy, ATI, BMAC, adipose tissue, amniotic membrane, and PUT with none 
of these treatments consistently showing superiority to other management options. 
Beyond treatment for common extensor tendinopathy, the data is limited by small 
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sample sizes and case series or case studies but suggest that regenerative treatments 
such as PRP, prolotherapy, and BMAC might have promise in treating other injuries 
involving the elbow including common flexor/pronator tendinopathy, UCL injury, 
distal biceps tendinopathy, and distal triceps tendinopathy. There is limited evidence 
for the use of regenerative therapies to treat elbow arthritis, but based on our knowl-
edge of the use of PRP to treat arthritis of other joints, it may also show efficacy in 
the elbow. Lastly, regenerative therapies have only been used to augment surgery for 
OCD and are less likely to be beneficial when injected in the setting of stable OCD.
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Chapter 10
Regenerative Medicine for Hand and 
Wrist Pain

Anokhi Mehta and Gerardo Miranda-Comas

 Osteoarthritis

Osteoarthritis (OA), or degenerative joint disease (DJD), just as it can affect any 
other joint in the body, can affect the hand and wrist. Currently, the treatments 
typically performed are palliative and analgesic and range from conservative to sur-
gical management. Nonpharmacologic interventions include joint protection tech-
niques, use of splints, assistive devices to perform ADLs, and physical modalities. 
Pharmacological interventions include topical or oral medications [1]. Although 
the American College of Rheumatology (ACR) does not recommend intra-articular 
injections [1], they are often used in patients refractory to other treatments.

The prevalence of carpometacarpal (CMC) joint arthritis in men is 21–27% and 
in women 24–29% [2]. CMC arthritis can result in pain, weakness, and deformity 
[3]. Nonpharmacologic and pharmacologic treatments should be attempted first, 
including a thumb spica splint and/or hand therapy [4]. Modalities such as heat, 
ice, transcutaneous electrical stimulation, and therapeutic ultrasound can be used. If 
nonpharmacologic treatment fails, then pharmacologic treatment can be attempted.

Pharmacologic treatment consists of oral or topical medications and injec-
tions. Oral medications include acetaminophen or paracetamol, various anti- 
inflammatories (NSAIDs, steroids), neuropathic agents (gabapentin, pregabalin), 
SSRIs (duloxetine), and glucosamine chondroitin. Topical medications available 
include capsaicin, lidocaine, and diclofenac. These agents are available in various 
preparations like patches, gels, or ointments. Injections that are available are ste-
roid and viscosupplementation injections, although evidence of their effectiveness 
is lacking [4].
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If these nonpharmacologic and pharmacologic treatments fail, surgery remains 
an option. Per Vermeulen et al., there are eight common surgical procedures per-
formed for CMC arthritis, but one has not been demonstrated to be superior to the 
others [3].

With the advent of regenerative medicine techniques, there is treatment available 
that can potentially regenerate or heal arthritic cartilage and bone. At this time, no 
studies have been carried out on the effects of platelet-rich plasma (PRP) or stem 
cell therapy on hand or wrist OA. However, there are studies looking at the effects 
of stem cell therapy and PRP on hip and knee OA.

Intra-articular PRP injections have been shown to be efficacious for knee arthri-
tis; therefore, intra-articular PRP injections for CMC joint arthritis could be effica-
cious as well. Dai et al. performed a meta-analysis that included ten studies looking 
at PRP for knee osteoarthritis versus saline or viscosupplementation [5]. Thus study 
showed that PRP and viscosupplementation had similar outcomes regarding pain 
relief and functional improvement at 6 months postinjection. However, at 12 months 
postinjection, PRP demonstrated greater pain relief and functional improvement. 
Furthermore, PRP demonstrated greater pain relief and functional improvement 
when compared to saline at 6 and 12 months postinjection [5].

Similarly, stem cell use has demonstrated positive outcomes in several studies for 
knee OA; therefore, its use for wrist/hand OA may be beneficious as well. Jayaram 
et al. reviewed studies that looked at the efficacy of bone marrow-derived stem cells 
(BMSC) and adipose-derived stem cells (ADSC) on knee OA in animal and human 
models [6]. Several studies demonstrated regeneration and improvement in knee 
joint cartilage quality after intra-articular injection with BMSCs; this was deter-
mined by magnetic resonance imaging, gross examination, and histologic examina-
tion. Along with improvement in cartilage quality, BMSC decreased the rate of joint 
damage and cartilage degeneration. Pain improvement after injection with BMSC 
was seen in individuals as well [6]. Intra-articular injection with ADSCs was also 
shown to slow knee OA progression by slowing the rate of cartilage degeneration. 
Pain and function improved after ADSC treatment as well [6].

Mesenchymal stem cells, such as BMSCs and ADSCs, and PRP injections have 
consistently demonstrated a high safety profile when used for musculoskeletal con-
ditions, such as OA. Additionally, studies on knee OA have demonstrated efficacy; 
therefore, these interventions, with the right protocol, could potentially be applied 
to CMC joint arthritis as well.

 Tendinopathies

In addition to being beneficial for OA in the hand and wrist, regenerative medi-
cine can be of benefit when treating different tendinopathies in the hand and wrist. 
Common tendinopathies in the hand and wrist are De Quervain’s, intersection 
syndrome, extensor carpi ulnaris tendon injury, and trigger finger or stenosing 
tenosynovitis.
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De Quervain’s tenosynovitis is due to overuse and is the result of thickening of 
the first extensor retinaculum at the wrist. It occurs due to repetitive movement of 
the abductor pollicis longus (APL) and extensor pollicis brevis (EPB) tendons as 
they pass through the first dorsal compartment of the wrist under the first extensor 
retinaculum [7]. On physical examination, one will find tenderness to palpation 
in the first dorsal compartment with possibly local swelling. Finkelstein’s test is 
performed by placing the thumb inside a clenched fist and ulnar deviation at the 
wrist. The test is considered positive if it reproduces pain over the radial styloid. 
Currently, conservative management consists of oral anti-inflammatories, topical 
cream, thumb spica splint, occupational therapy, and sono-guided steroid injection 
to the first dorsal compartment if pain and functional impairment is severe enough. 
If conservative management fails, surgical opening of the first dorsal compartment 
is an option [7].

Intersection syndrome is another overuse disorder of the wrist and another cause 
of pain. This disorder results in pain in the dorsal forearm approximately 4–8 centi-
meters proximal to Lister’s tubercle [8]. Friction between the APL and EPB tendons 
and the extensor carpi radialis brevis and longus (ECRB and ECRL) tendons results 
in inflammation and pain. Swelling and pain can be seen at the site of intersection 
between these tendons. Crepitus at the site has been described, along with pain that 
worsens with activity and use. It is a clinical diagnosis, but ultrasound and/or MRI 
can be performed for confirmation. Conservative management should be attempted 
first with rest, analgesia, and immobilization. In some cases, this may not be enough 
to reduce the inflammation, and a sono-guided tendon sheath steroid injection is 
warranted. Saline hydrodissection to reduce the adhesions has been described as an 
interventional treatment as well [9].

Another common overuse injury in the hand/wrist is extensor carpi ulnaris 
(ECU) tendinopathy. This pathology is commonly found in athletes who use sticks, 
bats, or clubs [10]. The ECU is in the sixth extensor compartment of the wrist. 
Unlike the other five compartments, the sixth compartment is found along the ulna, 
not the radius. Another unusual characteristic of the ECU is that it is not housed 
exclusively by the extensor retinaculum; there is also an ECU tendon sub-sheath. 
There are two types of ECU tendinopathy that can occur. One is a constrained ten-
dinopathy – the ECU is being compressed within the ECU tendon sub-sheath. The 
other type is an unconstrained tendinopathy; this involves subluxation or dislocation 
of the tendon [10].

Clinically, on exam, one will find weakness of the ECU and tenderness to palpa-
tion over the dorsal-ulnar aspect of the wrist. Many individuals describe the pain 
as a burning sensation. There is rarely a history of trauma or specific injury to the 
wrist for individuals with a constrained tendinopathy. Those who have an uncon-
strained tendinopathy will typically have a history of a hypersupination injury 
with ulnar deviation and flexion of the wrist. Swelling can be seen along the sixth 
dorsal compartment of the wrist. The diagnosis of an ECU injury is made clini-
cally, but often concomitant injuries such as triangular fibrocartilage (TFCC) tears 
occur as well. Therefore, ordering an MRI to further delineate any concomitant 
injuries and to assess the status of the tendon is advisable [10]. Management of an 
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ECU tendinopathy is dependent upon the type of tendinopathy – constrained ver-
sus unconstrained. In constrained tendinopathies, the goal of treatment is to avoid 
rupture of the tendon and further deterioration of the ECU tendon. In unconstrained 
tendinopathies, the goal of treatment is to stabilize the ECU tendon and to re-estab-
lish normal, anatomical alignment. Immobilization with a splint for 2–3 weeks, oral 
or topical anti- inflammatories, and occupational therapy are the initial treatment for 
constrained tendinopathies. The splint should hold the forearm in pronation with 
the wrist extended and in slight ulnar deviation. If indicated, a sono-guided steroid 
injection to the tendon sub-sheath can be performed. If all of the above treatments 
fail, one can consider surgical release of the tendon. In unconstrained ECU tendi-
nopathies, open reduction and reconstruction are typically advised [10].

Trigger finger, or stenosing tenosynovitis, is another common tendinopathy of the 
hand. It has a prevalence of 2–3% of the population. Individuals present with lock-
ing and pain of the involved digit. A palpable nodule can be felt as well. Individuals 
can have trigger finger of just one to several fingers, and it can appear unilaterally 
or bilaterally. Management begins with conservative treatment with occupational 
therapy and hand use (occupational and ADLs) modification if needed. If symptoms 
persist, a sono-guided steroid injection into the tendon sheath under the A1 pulley 
can be performed. If symptoms persist after a steroid injection, surgical release of 
the A1 pulley can be considered [11].

Although regenerative medicine in the treatment of overuse injuries in the wrist 
and hand has not been substantially documented at the time of writing this text, 
there is literature regarding the use of PRP specifically in other overuse injuries. The 
use of PRP to treat patellar tendinopathy has been documented in case series and 
small randomized controlled trials [12]. Mainly due to lack of protocol standard-
ization for aspirate preparation or injection technique (infiltration with or without 
needle tenotomy), there is still controversy in the use of PRP for soft tissue inju-
ries [13]. Nevertheless, Mautner et al. did a retrospective study on the efficacy of 
sono- guided tenotomy and PRP injection in patients with chronic tendinopathy: 
lateral and medial epicondylitis, patellar tendonitis, Achilles tendonitis, rotator cuff 
tendonitis, hamstring tendonitis, and gluteus medius tendonitis [14]. They demon-
strated a moderate (>50%) improvement in pain after ultrasound-guided PRP injec-
tions for chronic tendinopathy. The pathology of tendinosis is similar regardless of 
location. Therefore, it can be reasonably expected that PRP will be efficacious in 
chronic tendinopathies in the hand, but more research is warranted. Additionally, 
stem cell use for tendinopathies has not been studied, and its use in other more com-
mon tendinopathies like rotator cuff injury is currently not advised [15].

 Ligamentous Injuries

Two important ligamentous injuries that can occur in the hand and wrist are scaph-
olunate ligament and ulnar collateral ligament (UCL) injuries. The scapholunate 
ligament is one of the interosseous membranes of the wrist. Scapholunate ligament 
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injuries typically occur with a fall onto an outstretched hand. These injuries are 
commonly seen concomitantly with a distal radius fracture, perilunate dislocation, 
or a scaphoid fracture. Alternatively, they can be seen as an isolated injury [16]. 
Acute scapholunate injuries present with acute swelling over the anatomical snuff-
box and radiocarpal joint. Individuals with a scapholunate injury will experience 
weakness and pain, as well as instability. Treatment of acute static scapholunate 
ligament dissociation is surgical, with closed reduction and pinning or with open 
reduction and repair of the ligament. Acute partial ligaments injuries without any of 
the collapse deformities are best treated in a short-arm thumb spica cast for at least 
6 weeks [16, 17].

Similarly, UCL injury, Skier’s thumb, or Gamekeeper’s thumb is an injury 
that affects the stability of the medial aspect of the first MCP joint where first- 
and second- degree tears can be treated with immobilization with a short-arm 
thumb spica cast for 4 weeks. After 2 weeks, the cast can be changed, and if the 
patient is pain free, a removable splint can be used and ROM exercises started. 
A non- displaced avulsion fracture can be treated with a cast for 4–6  weeks. 
Operative treatment should be considered if the avulsion fracture is greater than 
10–15% of the articular surface, if displacement is more than 2–3 millimeters, 
or if angulation is present [18, 19]. There are no studies or case reports on the 
use of regenerative interventions for this type of injuries, but theoretically they 
might be beneficial, especially in partial tears where nonsurgical treatment is 
preferred.

 Other Soft Tissue Injuries

A common wrist pathology is carpal tunnel syndrome (CTS) or median neuropathy 
at the wrist. CTS can lead to paresthesia in the thumb, index finger, middle finger, 
and radial side of the fourth finger. In extreme cases, individuals can have the-
nar weakness [20]. Conservative management consists of nighttime splinting, oral 
medications, and occupational therapy. If these treatments fail, then a sono-guided 
steroid injection can be attempted. Cases refractory to conservative management or 
those with evidence of axonal injury can be referred for surgical decompression.

Now, with the advent of regenerative medicine, there is an additional option for 
individuals suffering from CTS. The scientific evidence has demonstrated mixed 
results on the efficacy of PRP as treatment for CTS. Malahias et al. and Özçakar 
et al. demonstrated additional benefit from a single PRP injection into the carpal 
tunnel when compared to night splints and activity modification-only group [21, 
22]. On the other hand, Raeissadat et al. found that although safe, in short term, PRP 
plus splint is not more effective than splint in reducing pain, symptom severity, and 
functional status in mild and moderate carpal tunnel syndrome [23]. As previously 
seen in other pathologies, PRP seems to be safe, but its efficacy in treating most 
MSK conditions is still questionable; however, it is still a viable treatment option 
before having to consider surgery in conditions such as CTS.
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Another common wrist pathology is triangular fibrocartilage complex (TFCC) 
injury. The TFCC stabilizes the distal radioulnar joint. It consists of the ulnotriqu-
etral ligament, meniscal homologue, articular disc, dorsal radioulnar ligament, volar 
radioulnar ligament, ulnolunate ligament, and ulnar collateral ligament. Injury to 
the complex results in ulnar-sided pain and instability to the distal radioulnar joint 
[24]. It is commonly seen in athletes who use bats, clubs, or rackets. Individuals 
report a deep aching pain, a clicking with pronation-supination of the forearm, and 
pain with gripping. MRI should be obtained if TFCC injury is suspected to delineate 
extent of injury and to look for any concomitant injuries. As previously mentioned, 
ECU injuries can be seen with TFCC injuries. Nevertheless, the gold standard for 
diagnosis is wrist arthroscopy. Active individuals with suspected TFCC tears should 
undergo wrist arthroscopy for possible debridement of central tears or repair of 
peripheral tears [25]. Like in other pathologies in the hand and wrist, there is no evi-
dence in the literature for the use of regenerative medicine interventions on TFCC 
injuries, but it is a possible alternative to surgery.

 Conclusion

There is very limited scientific evidence of efficacy of regenerative medicine inter-
ventions for the treatment of hand and wrist injuries. The main reason for this is 
lack of studies focused in this anatomic area. Nevertheless, there is some evidence 
for PRP and stem cells for similar pathology, OA, tendinopathy, and ligamentous 
injury, in other areas of the body that has consistently demonstrated a high safety 
profile but mixed results on positive outcomes. These procedures seem to be safe; 
therefore they can be recommended as an alternative to patients refractory to proven 
conservative modalities who do not want to undergo surgery.
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Chapter 11
Regenerative Medicine for the Hip

Walter Alomar-Jimenez and Gerardo Miranda-Comas

 Introduction

The hip is a common source of pain not only in the adult and elderly population but 
also in our competitive athletes. Hip pathology can be found in newborns (devel-
opmental hip dysplasia), childhood (Legg-Calve-Perthes disease), adolescence 
(slipped femoral epiphysis), and adulthood (osteoarthritis, labral tears, tendinop-
athies, etc.). With adavancement in imaging studies and surgical techniques, we 
have gained insight into the incidence of labral tear pathologies, for example, and 
anatomical variants that can contribute to hip and groin pain. However, much work 
is still needed to search for new techniques that will improve our patient’s clinical 
outcomes and quality of life. The goal of this chapter is to review the role of regen-
erative medicine techniques, including viscosupplementation, platelet-rich plasma, 
and stem cells in the management of hip pathologies. We will discuss the most 
common causes of hip pain, the current standard of care for management, and the 
evidence for the use of regenerative medicine in those pathologies.

 Osteoarthritis (OA)

Hip osteoarthritis (OA), also known as degenerative joint disease, is the most com-
mon pathologic finding of the hip. The age-adjusted prevalence of radiographic and 
symptomatic hip osteoarthritis is 19.6% and 4.2%, respectively [1]. The etiology of 
hip OA is cartilage breakdown. The most common form is primary, due to the wear 
and tear occurring over time. Unlike rheumatoid arthritis, osteoarthritis is relatively 
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noninflammatory during most stages of the disease process [2]. The treatment goals 
for hip OA are to decrease pain, improve function, and prevent subsequent joint 
damage. Current treatment options involve non-pharmacologic, pharmacologic, 
intra-articular injections, and surgery.

The American College of Rheumatology (ACR) 2012 guidelines for the man-
agement of hand, hip, and knee osteoarthritis strongly recommend that all patients 
with symptomatic hip osteoarthritis be enrolled in an exercise program that includes 
range of motion, muscle strengthening, and aerobic conditioning [3].

Pharmacologic therapy should be initiated when patients fail to respond to non- 
pharmacologic treatment. Pharmacologic recommendations for the initial treatment 
of symptomatic hip osteoarthritis include using one of the following: acetamino-
phen or paracetamol, oral nonsteroidal anti-inflammatory drugs (NSAIDs), and/or 
tramadol [3].

A detailed patient medical history and comorbidities should be addressed when 
prescribing pain medications. Acetaminophen or paracetamol is associated with 
hepatic side effects; NSAIDs are associated with gastrointestinal, renal, and cardio-
vascular side effects; and tramadol may cause sedation and dizziness.

The most common nonsurgical procedure for hip OA is an intra-articular injec-
tion. The most widely used among these are corticosteroids, and the ACR condition-
ally recommends their use for hip OA [3].

The evidence suggest that corticosteroid injections are effective improving range 
of motion, function, and pain at least short term. Studies have compared the effect 
of corticosteroid versus anesthetic injections [4] or simply normal saline [5] with 
sustained effects only seen for up to 3 months. Therefore, their utility for long-term 
relief has been questioned. There is also a wide variation in degree of response, and 
it has been difficult to identify specific characteristics such as age, BMI, gender, and 
even radiologic severity that will help select those who will respond to the interven-
tion [6]. Nevertheless, due to their accessibility and cost-effectiveness, they are still 
a reasonable option, particularly for nonsurgical candidates.

Ultimately, there are concerns regarding their local as well as systemic side 
effects [7]. There is no clear consensus on the safe total number of injections, total 
volume, or frequency of corticosteroids that can be injected in a given timeframe. 
Therefore, the demand for other effective and safer therapies increased.

Hyaluronic acid, also known as viscosupplementation, was approved by the Food 
and Drug Administration (FDA) in 1997 for the treatment of knee OA. The regenera-
tive effects are thought to be mediated by restoration of elastic and viscous properties 
of synovial fluid and hyaluronan synthesis by synoviocytes [8]. However, the medi-
cation is not currently approved for hip OA even when the evidence suggests that 
viscosupplementation for the hip is as effective as it has been shown for the knee [8]. 
In addition, it appears to be a safe and reasonable alternative to NSAIDs and intra-
articular corticosteroids. In Mulvaney et  al. literature review, they concluded that 
viscosupplementation of the hip may delay the need for hip replacement surgery and 
appears to work best in patients with fewer radiographic changes of osteoarthritis [8].

Among the emerging regenerative techniques, platelet-rich plasma (PRP) 
has been the one that has gained more popularity in part due to cost and ease of 
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preparation. In contrast to HA, it has been widely applied, not only for arthritis but 
also soft tissue pathologies (muscle, tendon, and ligaments). The proposed mecha-
nism of action involves the stimulation of release of growth factors that are respon-
sible for inducing tissue healing and interfering with catabolic processes [9].

Since the first randomized clinical trial of PRP in 2012, most of the studies have 
compared the effectiveness and safety of PRP to another intra-articular injection. 
Sanchez et al. in 2012 showed a significant benefit of PRP in patients with hip OA 
[10]. They studied 40 patients with unilateral severe osteoarthritis prospectively to 
assess the safety and effectiveness of intra-articular PRP [10]. They demonstrated a 
statistically significant reduction in hip pain at 7 weeks and 6 months and negligible 
side effects limited to a sensation of heaviness at the injection site. Notably, this 
study specifically used leukocyte-poor PRP preparation.

Recently, Ye et  al. conducted a meta-analysis of randomized controlled tri-
als comparing PRP versus HA in patients with hip osteoarthritis [11]. The 
authors concluded that PRP was associated with a significant reduction in pain 
at 2 months compared with HA. However, it did not show significantly better 
outcomes at 6 and 12 months. Again, no increased risk of adverse effects was 
observed.

The evidence suggests that intra-articular PRP injections for hip OA are safe and 
seem to be effective in pain reduction. In addition, studies have shown that PRP has 
a greater initial effect in pain reduction compared to HA. However, this effect is not 
sustained over time. An important aspect to consider when interpreting the avail-
able evidence is the inconsistency in preparation methods of PRP samples, particu-
larly, leukocyte-rich versus leukocyte-poor, as it has been identified as a critical 
aspect for the outcomes among different pathologies. A call for standardization 
of regenerative medicine techniques has been advocated to minimize conflicting 
results [12].

The evidence for stem cell use and effectiveness in hip OA is lacking. To 
our knowledge there are no randomized clinical trials evaluating the use of 
stem cells in hip OA. However, there are randomized controlled trials evaluat-
ing stem cells in knee OA. Shapiro et al. [13] studied 25 patients with bilateral 
knee osteoarthritis who received bone marrow aspirate concentration (BMAC) 
plus PRP in one knee and saline placebo into the other knee. Pain scores in 
both knees decreased significantly from baseline at 1  week, 3  months, and 
6 months; however there was no significant difference in pain reduction between 
the two groups. There were no serious adverse events from the BMAC proce-
dure. There are cohort studies and case series demonstrating pain improvement. 
In 2017, Mardones et al. [14] investigated the safety and efficacy of the intra-
articular infusion of bone marrow-derived mesenchymal stem cells (BM-MSC) 
in a cohort of ten patients with functional and radiological evidences of hip 
OA. Patients were evaluated, before and after completion of the cell infusion. 
Authors concluded that BM-MSC injections were safe and improved pain and 
function. Interestingly, the radiographic scores of the hip joint remained without 
variation in nine out of ten patients, therefore apparently halting the progression 
of hip OA.  In 2018, Darrow et al. [15] reported a case series of four patients 
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treated with bone marrow concentrate (BMC) for hip OA, who underwent four 
BMC injections and experienced decreased pain at rest and when active when 
compared with baseline.

Also in 2018, Rodriguez-Fontan et al. [16] conducted a cohort study evaluating 
BMAC for early hip and knee OA. A total of 25 joints (10 knees, 15 hips) were 
treated with intra-articular BMAC. They concluded that intra-articular injections of 
BMAC for the treatment of early knee or hip osteoarthritis were safe and demon-
strated satisfactory results in 63.2% of patients.

Currently, there is limited evidence to support the use of stem cells in the 
treatment of hip OA. Initial studies of stem cells have not reported significant 
side effects, suggesting that they might be safe. Further high-level quality stud-
ies are needed to evaluate its effectiveness and to continue evaluating their 
safety profile.

 Tendinopathies

Tendon pathologies include tears (partial and complete) and acute and chronic 
tendinopathies. Tendonitis is often used to describe acute tendinopathies, whereas 
chronic tendinopathy refers to a chronic overload injury with possible tendon 
degeneration. Tendinopathies were initially described as tendonitis, as there was 
a belief that inflammation contributed to the pathology, but histopathological stud-
ies in the 1990s showed little to no evidence of inflammation. Tendon pathologies 
are considered to be a continuum, as described by Cook and Purdam model [17], 
where tendons that receive an excessive load and do not adapt properly are pre-
disposed to have pathology, described in 3 stages: stage 1, reactive tendinopathy; 
stage 2, tendon disrepair; and stage 3, degenerative tendinopathy. This model served 
to establish targeted muscle therapies for tendon rehabilitation with the main goal 
to decrease pain, restore function, and improve tendon capacity with progressive 
loads. This model can be applied to the hip joint tendon rehabilitation as well.

Greater trochanteric pain syndrome (GTPS) is a common cause of lateral hip pain 
that affects 10–25% of people in developed countries [18]. Historically, it was thought 
that symptoms were caused by an isolated trochanteric bursitis. However, the underly-
ing etiology for GTPS is most commonly a tendon tear or tendinopathy of the gluteus 
medius, minimus, or both at their insertion on the greater trochanter with or without a 
bursitis. Additionally, the greater trochanter serves as the insertion site for the piriformis 
and obturator internus muscles. The gluteus medius and minimus muscles are involved 
in stabilizing and externally rotating the hip. Similar to its counterparts at the shoulder 
rotator cuff, the hip rotator cuff concept has gained more attention in the last years.

The standard of care for GTPS includes activity modification, avoiding pressure 
over the lateral hip, ice, and physical therapy. Exercises focus on the core muscles, 
hip abductors, extensors, and external rotators. In addition, eccentric loading exer-
cises of the gluteal muscles are recommended in cases of tendinopathy. Analgesic 
medications such as acetaminophen and NSAIDs can be used for pain management 
in the acute phase.
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Patients not improving with conservative treatment may undergo a sono-guided 
corticosteroid injection into the bursa. Labrosse et al. [19] evaluated the effective-
ness of these for the treatment GTPS associated with gluteus medius tendinopathy 
in 54 patients, with 72% of patients showing significant improvement in pain level 
at 1 month. However, the effect was only short term.

Regenerative interventions, mainly PRP, have been studied as treatment of 
GTPS. One of the first studies that included hip pathology was a collaborative mul-
ticentered retrospective study by Mautner and colleagues that evaluated the use of 
PRP to treat chronic tendinopathies [20]. From a total of 180 patients who received 
ultrasound-guided PRP injections, 16 were to the gluteus medius tendon. Of these, 
13 (82%) of the patients reported moderate to complete resolution of symptoms 
postinjection at an average follow-up of 15 months. In 2018, Fitzpatrick et al. com-
pared the effects of PRP versus corticosteroid injection for the treatment of chronic 
gluteal tendinopathy [21]. This was a double-blind randomized controlled trial that 
included 80 patients, with follow-up up to 12 weeks. No difference was observed 
within 2 or 6 weeks. However, significant clinical improvement in pain and function 
was observed at 12 weeks for 82% of the patients on the PRP arm when compared to 
56.7% on the corticosteroid arm. In 2018, Ali et al. [22] performed a systematic liter-
ature review that included three randomized controlled trials and two case series for 
a total of 209 patients. It showed that PRP is an effective alternative for GTPS with 
improvements observed during the first 3 months and sustained up to 12 months.

While this evidence shows promising results for GTPS, controversy exists 
around the direct contribution of PRP among the different injection techniques. It is 
a common practice to perform tendon fenestration along with PRP injections. Some 
authors hypothesized that the tendon fenestration alone might be as effective as the 
PRP injections. This is highlighted by Jacobson et al. [23] where they compared PRP 
versus simple percutaneous tendon fenestration for treatment of GTPS. The study 
included a total of 30 patients; half were treated with fenestration and the other half 
were treated with PRP. While both groups showed significant pain score reduction, 
there was no difference between the two groups at 3 months. This suggests that ten-
don fenestration alone could be an effective treatment for GTPS. Further studies are 
needed to standardize these procedures along with PRP preparations.

Psoas tendinopathy, which may present as internal snapping hip syndrome, is 
a common cause of hip pain. It is usually caused by friction of the iliopsoas ten-
don sheath over the iliopectineal ridge or the iliacus tendon [24]. Iliopsoas tendi-
nopathy typically responds within a few weeks of activity modification, physical 
therapy, acetaminophen, and/or NSAIDs. Patients unresponsive to initial treatment 
may undergo a sono-guided steroid injection into the bursa. However, there is lim-
ited evidence for its efficacy and long-term effect. Agten et  al. [25] reported that 
fluoroscopic- guided injections into the iliopsoas bursa with corticosteroids were an 
effective treatment for suspected iliopsoas tendinopathy, with 49% reported clini-
cally relevant improvement at 1 month. Additionally, Han et al. [26] showed that 
regardless of coexisting intra-articular hip pathology, corticosteroid injections are 
effective for iliopsoas tendinopathy, for at least 6 weeks. On the other hand, Garala 
et al. [24] carried out a 14-year retrospective case-control study showing that image- 
guided corticosteroid injection into both the iliopsoas tendon sheath and the bursa 
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was an effective treatment for reducing pain long term for only 8 out the 23 patients 
on the study. It is also suggested that in those patients who experienced temporary 
relief from the injection, psoas tenotomy might be a treatment with long-term effi-
cacy [24].

Moreover, patients who remained symptomatic after a steroid injection may 
resort to surgical psoas release. To our knowledge, no study has evaluated the effi-
cacy of regenerative medicine on iliopsoas tendinopathy.

The adductor muscles of the hip include sartorius, gracilis, pectineus, adduc-
tor longus, and adductor brevis. Groin pain over the adductor musculature is most 
commonly associated with the adductor longus muscle insertion site; therefore an 
entity that must be considered is athletic pubalgia, which will not be covered in this 
chapter. The standard of care is physical therapy, focused on Holmich’s exercise 
protocol [27], which has showed its long-term effectiveness for adductor-related 
groin pain in athletes [28]. In patients not responding to physical therapy, injections 
can be considered. Lidocaine injections could help to confirm the diagnosis [29]. 
Corticosteroids has been used, however, due to the potential risk for tendon damage, 
has fallen in disuse. There is very limited evidence available to support the use of 
regenerative medicine techniques. Dallaudiere et al. [30] retrospectively evaluated 
the effectiveness of a single ultrasound-guided PRP injection for upper- and lower- 
extremity tendinopathies in 408 subjects that included 40 patients with adductor/
hamstring tendinopathy. Those patients demonstrated significant functional and 
pain improvement at 6 weeks and at a mean of 20.2 months following injection. 
Like previously stated, standardized protocols need to be established in order to 
compare therapeutic interventions and reliably evaluate efficacy.

The hamstring muscles include the semimembranosus, semitendinosus, and 
biceps femoris. Hamstring tendinopathy can occur proximal at the ischial tuberosity 
or distally at the medial or lateral hamstring tendons. Imbalance between quadriceps 
and hamstring muscles predisposes injuries to the latter. Standard care consists of ice, 
NSAIDs, and physical therapy. Physical therapy should focus on hamstring stretch-
ing, strengthening with eccentric lengthening exercises, and correcting errors in the 
kinetic chain. In addition, there is evidence that shockwave therapy, another regenera-
tive medicine modality not often discussed, is effective in the treatment of chronic 
proximal hamstring tendinopathy. Evidence comes from a randomized controlled 
clinical trial, consisting of 40 patients, which showed that the shockwave therapy 
group had significant difference in pain reduction compared to traditional exercise 
program for hamstring muscles [31]. Peritendinous injections with lidocaine and/or 
steroids can be effective short term. PRP injections have also been used in the treat-
ment of hamstring tendinopathy. A study involving 17 patients, demonstrated that 
patients refractory to conservative treatment responded well to one PRP injection and 
returned to sport at average of 4.5 months [32]. Other studies with shorter follow-ups 
have not necessarily report benefits of PRP. Levy et al. [33] evaluated 29 patients up 
to 8 weeks postinjection and did not observe statistically significant difference of a 
single PRP injection for proximal hamstring tendinopathy. However, a level 1 sys-
tematic review by Miller et al. in 2017 suggested that PRP injections are superior to 
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other injections in patients with symptomatic tendinopathy [34]. They included a total 
of 16 randomized controlled trials of PRP versus control in different tendinopathies.

Stem cells theoretically have potential characteristics that may benefit injured 
multiple musculoskeletal structures, including tendon disorders. However, a sys-
tematic review in 2017 by Pas et al. concluded that there is no evidence to support 
the use of stem cells in tendinopathies [35].

 Ligament Injuries

The main hip joint ligaments (iliofemoral, pubofemoral, and ischiofemoral ligament) 
are very strong and stable, therefore requiring a great amount of force to cause a 
ligament sprain or rupture. Typically, the mechanism of injury involves twisting and/
or overstretching. The standard of care for any ligament injury involves protecting 
the injured area, rest, ice, compression, and elevation. Analgesics might be used as 
needed. In addition, clinical studies have also demonstrated that early mobilization 
improves ligament healing and strength. Temporary bracing might be needed; how-
ever, casting and prolonged brace should be avoided. Lastly, rehabilitation should 
focus in decreasing pain and swelling and improving range of motion and strength.

 PRP in Ligament Injuries

To our knowledge there is no report of platelet-rich plasma on hip ligaments. The 
evidence in the knee suggests that PRP injections to the MCL in chronic injuries and 
the ACL intraoperative during reconstruction may accelerate healing and decrease 
pain post-reconstruction, respectively [36, 37].

 Hip Labral Injury

The hip labrum is a fibrocartilaginous structure that attaches to the margin of the 
acetabulum and provides stability and support. Labral tears are the most common 
reasons to undergo a hip arthroscopy [38]. Hip labral tears are usually associated 
with traumatic injury such as a hip dislocation or bony abnormality like a hip dys-
plasia or femoroacetabular impingement (FAI). The standard of care for hip labral 
tears include activity modification, unloading the damaged labrum, gait retraining 
to minimize excessive hip extension, physical modalities, and analgesics as needed. 
Physical therapy is recommended focusing in core muscles, hip girdle, and proprio-
ceptive exercises. Sono-guided corticosteroid hip injections seem to have limited 
therapeutic effect in patients with labral tears and FAI [39]. However, an anesthetic 
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only injection might be a good diagnostic tool for possible hip arthroscopy candi-
dates [39].

PRP has been used intraoperatively in patients undergoing hip arthroscopy for 
labral treatment. However, Redmond et  al. did not observe significant difference 
between groups receiving anesthetic versus PRP at a minimum of a 2-year follow-
 up [40]. There is no evidence to support platelet-rich plasma as an effective treat-
ment of hip labral tears.

 Conclusion

Hip pain is one of the most common complaints in a musculoskeletal prac-
tice. However, due to its intrinsic anatomic and functional complexity, pain can 
arise secondary to multiple etiologies. In many occasions the current standard 
of care does not improve the patient’s symptoms. Therefore, there is increasing 
demand for new approaches that can effectively and safely target these patholo-
gies. Among these, regenerative medicine techniques have become an attractive 
approach, especially with the widespread use of sports ultrasound to guide such 
procedures. We found evidence that among these, PRP is a reasonable alternative 
for hip tendinopathy. For hip osteoarthritis, PRP also appears to be superior to 
hyaluronic acid, at least for the first 2 months, however with similar effective-
ness thereafter. Evidence for stem cells’ role in hip pathology is still deficient, 
with available data not supporting its use for other tendinopathies. When making 
clinical decisions, we should evaluate the included patient population and specific 
pathology targeted in these studies, to establish their applicability to our specific 
patient population.
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Chapter 12
Regenerative Medicine for the Knee

Mariam Zakhary and Gerardo Miranda-Comas

 Knee Osteoarthritis

The two joints within the knee that are susceptible to osteoarthritis (OA) are the 
tibiofemoral joint and the patellofemoral joint. The tibiofemoral joint consisting of 
the femur proximally and the tibia distally is the major weight-bearing joint of the 
two. The patellofemoral joint consists of the patella and the femur, more specifically 
the patellar groove of which the patella would glide through.

Knee osteoarthritis is the most common OA in the lower extremities. The 
severity of knee OA ranges from mild to severe and usually classified using 
X-rays. For this reason, many approaches to treating this major joint have been 
described. The American College of Rheumatology (ACR) recommends several 
non- pharmacological interventions like aerobic and resistance exercise, aquatic 
therapy, weight loss for those overweight, psychosocial intervention, lateral or 
medial wedged insoles for medial or lateral compartment OA, respectively, walking 
aids, thermal agents, Tai chi programs, acupuncture, and transcutaneous electrical 
stimulation [1]. Pharmacological treatment can also be recommended. The ACR 
strongly recommended in 2012 the use acetaminophen or paracetamol, oral or topi-
cal nonsteroidal anti-inflammatory drugs (NSAIDs), tramadol, and intra-articular 
glucocorticoids injections [1]. In one meta-analysis, Gregori et al. looked at several 
classes of medications that are now used to treat the condition which included a 
long list consisting of analgesics, antioxidants, bone-acting agents, NSAIDs, intra- 
articular injection medications such as hyaluronic acid (HA) and corticosteroids, 
symptomatic slow-acting drugs in osteoarthritis, and putative disease-modifying 
agents [2]. In the advent of systemic medication control and individuals wanting 
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to remain active and avoid surgery, regenerative medicine has been proven to be an 
option worth exploring.

The use of regenerative medicine in the knee has certainly been described in the 
literature, but strong evidence is still lacking. Though first described in 2008 to be 
used in the treatment of knee osteoarthritis, platelet-rich plasma (PRP) continues 
to have contradicting literature on its efficacy as a treatment modality. In 2017, 
Bennell et al. published a paper reviewing randomized control trials done between 
the years 2012 through 2017 [3]. Though, ultimately, the paper concludes that, due 
to methodological variability, much research have to be done before a true conclu-
sion is to be made, it does report that there is evidence, though not strong, that 
PRP is promising in the treatment of knee osteoarthritis [3]. The evidence of the 
PRP being efficacious seems to be more promising in younger participants with 
less structural changes and also when put head to head with HA injections. In a 
meta-analysis done by Laudy et al., 10 RCTs which included 1069 subjects con-
cluded that at 6-month follow-up, pain relief and improvement in function in sub-
jects injected with PRP and those injected with HA were comparable. However, at 
12-month follow-up, it appears that those who received PRP did significantly better 
than those who received HA [4]. Importantly, this paper concluded that there was 
no noted increase in adverse events with PRP when compared to HA and saline 
injections. In a systematic review, Xing et al. looked even closer at risks associated 
with PRP injections and also concluded that there was no increased risk with the 
proposed procedure [5].

Another regenerative medicine modality with “therapeutic potential” is stem cell 
therapy. Mesenchymal stem cells possess the theoretical potential to promote tis-
sue growth and regeneration. In one prospective, single-blinded, placebo-controlled 
trial, individuals with bilateral knee OA were injected with bone marrow aspirate 
concentrate (BMAC) in one knee and saline in the other knee. There was significant 
pain relief with BMAC; however, there was no statistical significance in the differ-
ence of symptoms between the BMAC knee and placebo control knee [6]. A prom-
ising study done by Gobbi and Whyte showed significant improvement in pain and 
function in subjects who had HA injection + BMAC versus microfracture procedure 
[7]. Significant improvements in outcome scores were achieved in both treatment 
groups at 2  years (P  <  0.001). In the microfracture group, 64% were classified 
as normal or nearly normal according to the International Knee Documentation 
Committee (IKDC) objective score at 2 years, compared with 100% of those treated 
with HA + BMAC (P < 0.001). Normal or nearly normal objective assessments 
in the microfracture group declined significantly after 5 years to 28% of patients 
(P  =  0.004). All patients treated with HA  +  BMAC maintained improvement at 
5 years according to IKDC subjective scores. Lysholm and IKDC subjective scores 
were similar between treatment groups at 5 years [7]. Several other similar studies 
were done with similar results; however, it is hard to give definitive recommen-
dations as there is no standardized approach to BMAC preparation and injection 
technique, therefore making the evidence harder to correlate and apply. Another 
study that looked at the effect of peripheral blood stem cells (PBSC) and their effect 
on cartilage growth investigated histological effect of using them postoperatively 
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after arthroscopic subchondral drilling. Results showed that after arthroscopic sub-
chondral drilling into grade 3 and 4 chondral lesions, postoperative intra-articular 
injections of autologous PBSC in combination with HA resulted in an improvement 
of the quality of articular cartilage repair over the same treatment without PBSC, as 
shown by histologic and MRI evaluation [8].

Prolotherapy is another modality with potential benefit in treating knee OA. A 
meta-analysis looked at the role of prolotherapy in knee pain, and it showed promis-
ing results in the treatment of knee osteoarthritis [9]. Studies used subjective scales 
such as the WOMAC that were used to assess posttreatment pain. Results showed 
that prolotherapy yielded higher score difference (decrease in pain and symptoms) 
when compared to the control group who performed exercise alone. Another study 
discussed in this meta-analysis showed that prolotherapy with exercise yielded a 
greater decrease in WOMAC score than placebo saline injection with exercise [9].

 Tendinopathies

Bony structures in the knee serve as attachment sites for several tendons. These 
tendons include the quadriceps, patellar, popliteus, as well as distal hamstrings. 
Tendons are susceptible to multiple modes of injuries from acute or chronic ten-
dinopathies to partial and complete ruptures. These injuries are quite often seen in 
not only the athletic setting, with an estimated 40–50% of athletes getting tendon 
injuries, but also in the aging population and in some occupational settings [10].

Similar to degenerative disease in the knee, different modalities for treating 
tendinopathies have been studied and include both interventional procedures and 
physical therapy and modalities. A focus on eccentric strengthening of the muscles 
to promote healing has been the standard of care when treating tendinopathies with 
physical therapy and exercise. Treating pain is accomplished by the use of oral 
analgesics, topicals to the area (more effective for superficial tendons), and more 
recently described interventional regenerative techniques.

The evidence for use of regenerative medicine in soft tissue injuries was found to 
be insufficient by a large Cochrane review performed by Moraes et al. [11]. The main 
reason is the lack of standardization of PRP and aspirate preparation. There has been 
literature on the composition of the injectate, most popularly stating that leukocyte-
rich PRP is recommended for tendons, while leukocyte poor for intra- articular appli-
cations. The key components of leukocytes are neutrophils and monocytes, which 
may also release many bioactive factors and proteins. Neutrophils mainly release 
myeloperoxidase, bactericidal phagocytins, collagenase, gelatinase, and proteases. 
Monocytes secrete platelet-activating factor, TGF-β, VEGF, FGF, and EGF. Many 
of these factors have been shown to influence tendon healing [12]. One double-
blinded randomized control trial looking at patellar tendinopathy compared con-
comitant ultrasound-guided dry needling with the injection of leukocyte- rich PRP 
(PRP group) versus dry needling alone (DN group), both groups receiving physi-
cal therapy adjunctively. Exercises consisted of eccentric strengthening routines 
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which are currently widely accepted for the treatment of tendinopathy. The Victorian 
Institute of Sports Assessment (VISA) score for patellar tendinopathy improved at 
12 weeks significantly more in the PRP group, but this difference was not significant 
at 26 weeks. Of note, no adverse events were reported on either group [13].

Though the literature remains promising, there is a lot in the way of standardiz-
ing preparation and administration of PRP into the tendons of the knee. The major-
ity of the literature looks at the patellar tendon, presented mostly in case series 
and smaller randomized control trials [14]. Further investigation is needed before 
definitive recommendations are given concerning PRP in musculoskeletal soft tis-
sue, especially the surrounding knee tendons not mentioned in many studies. On 
the opposite side of the coin, it appears that knowing the proposed mechanism of 
leukocyte- rich PRP and the evidence strongly against any adverse events, it is a safe 
and reasonable option to use in the treatment of tendinopathy. Of the regenerative 
medicine modalities, PRP seems to be the most described in treating tendon injuries 
in the knee. Prolotherapy has been described in treating tendons in the ankle, such 
as the Achilles, and also in the shoulder, such as the rotator cuff. The literature on 
prolotherapy for the knee is more for treating intra-articular pathologies, namely, 
knee OA, as previously discussed.

 Ligamentous Injuries

Common injuries that can cause significant pain and instability in the knees are 
ligamentous injuries. The more commonly discussed ligaments of the knee include 
the cruciate ligaments (ACL and PCL), medial collateral and lateral (fibular) col-
lateral ligaments (MCL and LCL), as well as the medial patellofemoral ligament 
(MPFL). Injury to these structures includes sprains and complete or partial tears 
and can cause significant mechanical symptoms and subsequently pain. Treatment 
of such pathology includes both surgical and nonsurgical management. Most cases 
with severe instability, intractable pain, and failed conservative measures become 
surgical. However, in a clinically stable knee and also in a patient without intri-
cate demand on the knee, nonoperative management is preferred. To date, the most 
common management would be physical rehabilitation to strengthen the secondary 
stabilizers of the knees which are dynamic muscles to compensate for the loss of 
the static ligament stabilization. Pain is managed similarly to the above pathologies 
with the use of oral analgesics and intra-articular injections of corticosteroids to 
reduce the local inflammatory effects of injury.

As previously mentioned, evidence is still lacking when it comes to the application 
of regenerative techniques with soft tissue injuries. Several studies observed the use of 
regenerative medicine (PRP, stem cells) as an adjunct to ACL reconstructive surgery. 
The earlier studies investigated the effect in animal models (rabbits) using adipose-
derived regenerative cells (ADRC). Rabbits were divided into two groups, both receiv-
ing allograft ACLs; one group had the tissue coated with ADRC while the other group 
did not. Though histological patterns were improved and appeared to be more favorable 
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toward healing, the failure load was higher in the treated group. However, this was not 
statistically significant. It seemed that local administration of ADRCs promoted the 
early healing process at the tendon-bone junction, both histologically and mechani-
cally, in a rabbit ACL reconstruction model [15]. With promising results in these animal 
model studies, further investigation was done on treating ACL injuries nonsurgical or 
surgical with allografts to determine whether it would enhance biological healing [16].

Though the literature is stronger for prolotherapy in knee OA and tendons 
involved in other joints, there is case study-level evidence for the use of prolotherapy 
in ACL injury. In one case study, an 18-year-old female skier suffered a complete 
rupture of her ACL and deferred surgical management. At 21 weeks post-injury, she 
was having pain with ambulation and was unable to negotiate stairs and had a 1 cm 
positive anterior drawer test. She agreed to and had seven prolotherapy sessions 
over 15 weeks and exercise program that started after her third injection. The patient 
showed improvement with walking on flat ground, which improved 4 weeks after 
initiation of prolotherapy. She was also able to ride a stationary bicycle for 30 min-
utes by week 12. By 15 weeks, the patient had no reported instability climbing and 
descending stairs, the anterior drawer test was negative, and MRI showed an intact 
ACL with fibrosis. Subsequently, she returned to full sport activity [17].
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Chapter 13
Regenerative Medicine for the Foot 
and Ankle

Emily N. Fatakhov, Tina Bijlani, and Richard G. Chang

The foot is comprised of 28 bones, including 14 phalanges, 7 tarsal bones (talus, 
calcaneus, cuboid, navicular, and three cuneiforms), 5 metatarsals, and 2 sesamoids. 
Functionally, the foot is divided into three distinct sections. The hindfoot consists 
of the talus and calcaneus with the proximal ankle mortise connecting the tibia and 
fibula to the talus. The subtalar joint refers to the connection between the talus and 
calcaneus. The distal portion of the talus and calcaneus connects to the midfoot, 
known as the midtarsal or Chopart joint. The navicular, cuneiforms, and cuboid 
form the midfoot, a pyramid-like collection of bones, connecting the proximal 
metatarsals at the Lisfranc joint. Lastly, the forefoot contains everything distal to the 
Lisfranc joint, which includes the metatarsals, sesamoids, and phalanges. The hal-
lux (big toe) contains two phalanx bones, distal and proximal. This articulates with 
the head of the first metatarsal forming the first metatarsophalangeal joint (MTPJ) 
[30]. Under the first metatarsal head lay two small round bones, the sesamoids.

The ankle (talocrural) joint is a synovial joint formed by the tibia, fibula, and 
talus. It is a hinge joint permitting dorsiflexion and plantar flexion, while eversion 
and inversion are produced by the subtalar joint. Multiple ligaments in the ankle 
provide support and resistance to specific movements including the tibiofibular, 
deltoid, and anterior and posterior talofibular and calcaneofibular ligaments. The 
Achilles tendon is the common tendon for the plantaris, gastrocnemius, and soleus 
with attachment to the calcaneus permitting plantar flexion of the foot. The pero-
neus (fibularis) longus and brevis tendons course posterior to the lateral malleolus 
and provide eversion and plantar flexion, while the peroneus tertius runs anterior 
to the lateral malleolus and provides eversion and dorsiflexion. Medially, the tarsal 
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tunnel contains the tibialis posterior, flexor digitorum longus and flexor hallucis 
longus tendons, posterior tibial artery, vein, and tibial nerve [30, 31].

Conventional treatment for musculoskeletal injury focuses on reducing inflam-
mation and pain to provide symptomatic relief. However, it is now known that 
inflammation is an integral part of the healing process. These medications may 
impair the healing of damaged tissues, leading to chronic degenerative disruption 
and several adverse effects [28].

 Plantar Fasciitis

The plantar fascia is a thick ligamentous connective tissue that originates from the 
heel at the calcaneus and runs out to attach to the ball of the foot at the bases of 
the five metatarsal heads. The aponeurosis consists of three bands: lateral, medial, 
and central. The central band originates from the medial tubercle of the calcaneus 
and travels to the five toes. At the metatarsal head, the central band divides into 
five slips, each of which inserts at the proximal phalanx of each toe. It has a static 
purpose, in which it supports the arch of the foot via tensioning and load bearing, 
as well as a dynamic purpose, in which it alternately elongates and contracts during 
the gait cycle, enabling the arch to flatten and elevate [25].

Plantar fasciitis (or plantar fasciosis/fasciopathy) is one of the most common 
causes of heel pain and is characterized by inflammation or degeneration of the 
plantar fascia [25]. In the United States, plantar fasciitis affects about two million 
people per year with an equal incidence between males and females. This results 
in approximately 1,000,000 patient visits per year and accounts for 10% of injuries 
in runners [25]. Plantar fasciitis results when increased load to the plantar fascia 
eventually leads to micro-tearing, inflammation, and pain. Scar tissue then damages 
the fascia, and with this increased force, heel spurs are prone to develop where the 
fascia attaches to the calcaneus. Rupture of the plantar fascia may sometimes occur. 
Pain usually begins when patients report a new repetitive activity, change in foot-
wear, or walking on harder than usual surfaces [22]. Initially they may present with 
heel or midfoot pain, typically worse upon waking in the morning and again at the 
end of the day after increased activity. There are three different phases of pathology. 
The initial acute onset lasts up to 4 weeks, the subacute phase lasts up to 3 months, 
and afterward it is considered a chronic condition, at which point inflammation is 
replaced by degenerative changes, and tension enthesophytes often develop at the 
calcaneal insertion.

Per current evidence-based guidelines, treatment varies based on the timing of 
symptoms and clinical phase. In the acute phase, stretching of the plantar fascia 
and Achilles tendon, either manually or by rolling the foot over a tennis ball or a 
water bottle, is recommended [24]. Symptomatic relief may also be accomplished 
with the application of ice or by administering oral nonsteroidal anti-inflammatory 
drugs or acetaminophen [24]. Other options include heel cushions to act as shock 
absorbers, orthotic arch supports to alleviate stress of the plantar fascia, taping to 
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decrease mobility of the joint, posterior night splints, and iontophoresis [25]. When 
symptoms progress to the subacute phase, ultrasound-guided corticosteroid injec-
tions, acupuncture, and manual therapy are recommended [23, 27]. Once it reaches 
the chronic phase, extracorporeal shock wave/sound therapy has yielded promis-
ing results [25, 27]. Botulinum toxin A is another, possible injectable treatment 
method that has shown some promise in some case series [20–22]. There are several 
instances in which conservative measures fail or patients do not opt for a surgi-
cal intervention. Alternatively, patient may not tolerate the side effects associated 
with medications. Nonsteroidal anti-inflammatory medications, via inhibition of 
the cyclooxygenase pathway, can potentiate damage to the gastrointestinal mucosa, 
resulting in peptic ulcer disease and gastrointestinal bleeding [28]. Glucocorticoids 
are associated with systemic increased risk for diabetes, glaucoma, and suppression 
of the hypothalamic-pituitary-adrenal axis, at the cellular level [26]. With these side 
effects and continued degenerative damage despite treatment, it is advantageous to 
find other treatment options for this common musculoskeletal disease. Regenerative 
medicine techniques can potentially help to promote remodeling of unhealthy tendi-
nopathic tissue to healthy tendon but more importantly aid in decreasing the inflam-
matory environment [79, 80]. Several studies have shown improvement in pain and 
function with platelet-rich plasma injections utilized to treat plantar fasciitis. The 
injection of this centrifuged, autologous blood may provide cellular and humoral 
mediators to induce healing of degenerated tissues.

In a single-center, unblinded, prospective, preliminary study, Martinelli et  al. 
demonstrated the safety of PRP injections when utilized for the treatment of chronic 
plantar fasciitis. Fourteen consecutive patients with chronic plantar fasciitis unre-
sponsive to at least 3 months of icing, NSAIDs, and stretching received three once 
weekly, palpation-guided injections of PRP into the plantar fascia and were assessed 
12 months after the procedure. The modified Roles and Maudsley (RM) score and 
a visual analogue scale (VAS) were used to evaluate the clinical results. At a year 
follow-up, results were rated as excellent in the majority of patients (9, 64.3%). The 
remaining 14.3% of patients rated results as good, acceptable in 14.3%, and poor in 
7.1%. VAS for pain was found to be significantly decreased from 7.1 ± 1.1 before 
treatment to 1.9 ± 1.5 at 12 months follow-up with p < 0.01 [29].

In a prospective study by Kumar et  al., 44 patients (50 heels) who had not 
responded to at least 1  year of standard conservative management were offered 
a one-time PRP injection. RM, VAS, and American Orthopedic Foot and Ankle 
Society (AOFAS) scores were collected prior to the procedure, at 3 months, and 
at 6 months. The PRP group was shown to have efficacy in these chronic cases. At 
6-month review, RM scores improved from mean 4 to 2 (p < 0.001), VAS improved 
from 7.7 to 4.2, and AOFAS improved from 60.6 to 81.9. The study was without 
complication, and 28 patients (64%) were very satisfied, indicating they would opt 
for the injection again [6].

This was further demonstrated in a randomized controlled trial by Gill et al. with 
179 patients who had greater than 6 months of pain due to plantar fasciitis (91 in 
treatment group and 88 in control group). For patients receiving the PRP, 10 ml of 
patient’s blood was collected, mixed with 2 ml acid citrate dextrose (anticoagulant), 
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and placed in Autologous Platelet Separator System, to yield PRP. Under sterile con-
ditions, patients received 3 ml of PRP into the plantar fascia at site of maximum ten-
derness. Patients were followed at week 2, 4, 8, 12, and 52, during which VAS was 
utilized to assess pain relief. The mean VAS score in case group (PRP) decreased 
from baseline 6.6 to 0.54 at 52-week follow-up. This indicates that PRP may signifi-
cantly improve pain in patients with chronic plantar fasciitis. Additionally, compli-
cation rates were minimal and symptom recurrence rate low [19].

A recent double-blinded, prospective randomized controlled trial (RCT) with 
75 patients showed that PRP was as effective or more effective than corticosteroid 
injection when compared with normal saline injection control to reduce pain over 
3 months of follow-up and improve functional scores for chronic plantar fasciitis 
[4]. Mahindra et al. found significant improvement in VAS and AOFAS in the PRP 
and corticosteroid group at 3-week and 3-month follow-up, while there was no 
improvement in the placebo group. PRP proves to have less side effects in compari-
son to traditional steroid injection, which may be unsafe for diabetics and those with 
multiple comorbidities. Glucocorticoids (GCs), the most important and frequently 
used class of anti-inflammatory drugs, are associated with diabetes, glaucoma, and 
suppression of the hypothalamic-pituitary-adrenal axis, at the cellular level [26]. 
Its potent anti-inflammatory and immunosuppressive actions allow it to remain the 
mainstay of treatment. However, with its multiple negative associations, it is vital to 
become equipped with alternate treatment strategies.

The effects of PRP not only showed improvements in pain but also showed a 
longer duration of benefit when compared to other current treatments. In a 2018, 
level I randomized controlled prospective study of 158 patients by Uğurlar et al., the 
therapeutic effects of four different treatment methods for chronic plantar fasciitis 
with a symptomatic heel spur not improved with 6 months of conservative treat-
ment (including NSAIDs, orthotics, and gastrocnemius-soleus muscle stretching 
and confirmed on ultrasound imaging) were compared. Patients were randomized to 
one of four treatment modalities, which were given once a week for 3 weeks: extra-
corporeal shock wave therapy, platelet-rich plasma injection, local corticosteroid 
injection, and prolotherapy. Clinical outcomes were assessed using visual analogue 
scale and Revised Foot Function Index. While no significant improvements were 
noted in the Revised Foot Function Index, there was a discrepancy in the duration 
of pain relief. Corticosteroid injections were initially more effective in the first 3 
months; extracorporeal shock wave therapy was found to be more effective in the 
first 6 months. Notably, the treatment groups with prolotherapy and platelet-rich 
plasma had the longest effect from 3 to 12 months [12].

Inflammation and degenerative changes were improved as evidenced by certain 
studies [11, 78]. In a prospective, unblinded, cohort study by Ragab et al., 25 patients 
with chronic plantar fasciitis were studied from Feb 2010 to June 2011. Ultrasound 
measurement of the medial, central, and lateral bands of the plantar fascia was done 
prior to injection of PRP in the affected foot and asymptomatic foot for comparison. 
Plantar fascial thickness greater than 4 mm was considered abnormal. Researchers 
injected 5 mL platelet concentrate into the most tender aspect of plantar fascia using 
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a peppering technique and found a decrease in plantar fascial thickness, indicating 
improvement of tendinopathic changes [78].

PRP was directly compared to corticosteroids and found to be either equally or 
more effective with fewer side effects [3, 4, 5, 8, 15]. For example, Monto’s 2014, 
single-blinded prospective randomized study of 40 patients found a single, 3 mL 
PRP injection under ultrasound guidance to be superior in terms of duration and 
effectiveness when compared to a single 40 mg methylprednisolone injection for 
treatment of chronic recalcitrant, plantar fasciitis. These patients did not respond 
to conservative management (NSAIDs, physical therapy, bracing). AOFAS hind-
foot scores in the PRP group remained increased (indicating improved pain and 
function) at 3- and 6-month time periods, as well as at 1 and 2 years compared to 
the corticosteroid group [3]. In a comparative, single-blinded, randomized prospec-
tive study by Jain et al., they evaluated the result of single, palpation-guided injec-
tions of 3 mL PRP versus 40 mg triamcinolone and levobupivacaine hydrochloride 
injectate solution in 60 heels of patients with chronic plantar fasciitis of at least 
1 year (not responsive to insoles, a full course of eccentric stretching exercises, and 
physical therapy). They found that both PRP and corticosteroid injection groups had 
significant improvement in VAS and modified Roles and Maudsley scores but were 
not statistically significant. PRP was as effective as a steroid injection at achiev-
ing symptom relief at 3 and 6 months; however, the PRP group’s beneficial effects 
remained sustained and were statistically significant at the 12-month follow-up 
interval [5].

 Stress Fracture: Metatarsal, Tarsal Navicular

Stress fractures in the foot are a type of chronic overuse injury, most often seen 
following periods of intense exercise without adequate rest and recovery. They are 
classified as low (calcaneus and cuboid) or high (navicular, fifth metatarsal, and 
sesamoids) risk, which has the potential to progress to nonunion or complete frac-
ture. The second and third most common location out of all stress fractures are the 
tarsal navicular (17.6%) and metatarsal (16.2%), respectively, therefore accounting 
for a significant cause of foot injury.

Stress fractures account for 0.7–20% of all injuries at sports medicine clinics 
[18]. The pathophysiology results from damage secondary to repetitive and exces-
sive microtrauma, leading to acceleration of normal bone remodeling with increased 
osteoblast activity, the production of microfractures (caused by insufficient time for 
repair of bone), the creation of a bone stress injury, and eventually a stress fracture. 
Simply put, chronic and persistent loading leads to a cortical break [17]. Certain 
risk factors for stress fracture include the consumption of greater than 10 alcoholic 
drinks per week, excessive physical activity with limited rest periods, female athlete 
triad, female sex, vitamin D deficiency, recreational running more than 25 miles per 
week, smoking, sudden increase in physical activity, and track (running sports) [13].
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Patients will present with progressively worsening pain that is exacerbated by 
increased activity. They may have localized bony tenderness, swelling, or erythema 
on examination. The current standard of care for mild stress fractures is rest with 
progression to activity modification within 4–8 weeks. If the fracture is more criti-
cal, the rest period may extend up to 3 months, and the patient may require internal 
fixation surgery [1, 16]. Rest time may vary based on classification (grade 1–4) per 
the Arendt and Griffith’s classification scale [7, 16].

During the bone healing process, cells of the periosteum in the proximal edge of 
the fracture and the fibroblasts in the granulation tissue convert into chondroblasts 
and form hyaline cartilage. Simultaneously, the periosteal cells in the distal edge of 
the fracture convert to osteoblasts. These two cell types mix over the fracture and 
form lamellar bone, known as early callus formation, which functions to provide 
stability of the fracture site. Lamellar bone then converts to trabecular bone and 
finally to compact bone, which restores full bone strength [9].

Biologics, such as growth factors, have shown benefit when applied to muscles, 
tendons, and ligaments. Bone marrow aspirate concentrate contains hematopoietic 
and mesenchymal stem cells and osteogenic growth factors, such as platelet-derived 
growth factor (PDGF), transforming growth factor-B (TGF-B), and vascular endo-
thelial growth factor (VEGF), all of which have demonstrated efficacy in fracture 
nonunion treatment [13]. It has been shown that when these factors are utilized 
during surgical treatment of certain fractures, they may improve recovery. In a case 
report by Adams et al., a cannulated screw was utilized for delivery of bone marrow 
aspirate concentrate to a stress fracture nonunion, as previously studied intraosse-
ous delivery via large bore needles and percutaneous delivery were not as effective. 
The patient was able to immediately bear weight despite postoperative instructions 
but without hardware failure. Postoperative radiographs and CT 10 weeks after the 
surgery confirmed union at the fracture site [2]. The use of orthopedic biologics to 
accelerate healing from fractures is still unknown.

 Osteochondral Lesion of the Talus

Osteochondral lesion of the talus is a defect of the chondral surface and/or sub-
chondral bone. Injuries are associated with pain, swelling, and negative impact on 
quality of life. The current standard of treatment for osteochondral lesions of the 
talus is isolated microfracture (BMS), which is a bone marrow stimulation pro-
cedure, in which subchondral bone plate is punctured into the bone marrow. This 
allows generation of a blood clot with precursor cells from the subchondral bone 
marrow, forming fibrocartilaginous repair tissue to fill the defect [14]. In short, the 
microfracture creates an inflammatory response. A prospective cohort study with 
101 patients by Murphy et al. compared treatment of BMS alone (n = 52) to BMS 
augmented with bone marrow aspirate concentrate (n = 49) in the treatment of talus 
OCLs. BMAC consists of hematopoietic and mesenchymal stem cells with the 
potential to differentiate into platelets, chondrocytes, and osteoblasts, allowing for 
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the proper environment for cartilage repair. It is generally harvested from the iliac 
crest and injected in layers into the surgical defect. In this study it was shown that 
patients with symptomatic osteochondral lesions who received combined treatment 
of microfracture plus bone marrow aspirate concentrate showed statistically signifi-
cant improvement in terms of symptoms, pain, activities of daily living, sports, and 
quality of life [14].

In an RCT by Milano et al., the effects of autologous platelet-rich plasma com-
bined with microfractures were evaluated in the treatment of chondral defects of 15 
sheep. Macroscopic appearance was evaluated utilizing the International Cartilage 
Repair Society (ICRS) score. Cartilage stiffness was analyzed with electrome-
chanical indenter, and histological appearance was scored according to modified 
O’Driscoll score. It was found that PRP enhanced cartilage repair after micro-
fractures. It was found to be more effective when PRP was used as an intraopera-
tive fibrin gel in comparison with liquid intra-articular injection. While this study 
included patients with chondral lesions of the medial femoral condyle, it would be 
interesting to study patients with osteochondral lesions of the talus.

Mei et  al. took this a step further and compared the difference in short-term 
efficacy and safety in PRP versus hyaluronic acid for reducing pain and disability 
caused by osteochondral lesions. In this randomized controlled trial, 32 patients were 
allocated to treatment by intra-articular injections of either hyaluronic acid (HA) or 
PRP with efficacy being assessed via AOFAS Ankle-Hindfoot Scale (AHFS) and 
VAS scales. While the platelet-rich plasma treatment group led to a better outcome 
than the HA group indicated by better AHFS and VAS scores, both were found to 
have efficacy in decreasing pain and increasing function for at least 6 months [10].

 Ankle Osteoarthritis

The pathophysiology of osteoarthritis includes progressive and irreversible carti-
lage degeneration due to the avascularity and thus inability of cartilage to heal and 
repair. Risk factors include mechanical, genetic, age, obesity, history of trauma, 
obesity, muscle weakness, component of the cartilage extracellular matrix, presence 
of pro-inflammatory mediators including free radicals and cytokines, and depleted 
local population of mesenchymal stem cells [32, 33]. The etiology of arthritis of 
the ankle joint most commonly occurs as post-traumatic osteoarthritis (PTOA) 
accounting for 20–78% of all cases of ankle OA. Within the subset of PTOA, 37% 
of cases are secondary to fractures, followed by recurrent ankle injuries and a his-
tory of ankle sprain [34]. Less commonly, ankle arthritis may also be secondary to 
degenerative OA, inflammatory arthropathies such as rheumatoid arthritis, as well 
as crystalloid deposition disease, mixed connective tissue disease, synovitis, and 
hemophilic arthropathy.

Ankle arthritis is a major cause of disability and chronic pain with resultant gait 
disturbance. In the foot and ankle, there is a weak correlation between abnormal 
imaging and patient symptoms. Physical exam reveals limited range of motion 
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about the ankle joint, swelling, crepitus, and joint deformity [36]. Although no con-
sensus or guideline statement exists for the treatment algorithm of ankle arthritis, 
the standard of care commonly involves physical therapy and symptomatic treat-
ment including aspiration of effusion particularly if suspected with infection, crys-
talloid deposition disease, or Lyme arthritis [36]. Symptomatic management often 
includes corticosteroid injection. After failed conservative management, surgical 
interventions are considered including total ankle arthroplasty or arthrodesis [35]. 
Regardless of intensity and duration of the response following intra-articular anes-
thetic or corticosteroid injection, post-procedure pain relief is predictive of positive 
surgical outcomes [36].

Corticosteroid injections are often performed in the foot and ankle, preferably 
with imaging guidance to ensure accurate needle placement, as well as recognizing 
the possibility of inter-joint communications [36]. A retrospective review by Grice 
et al. showed that intra-articular steroid injections for midfoot and hindfoot osteo-
arthritis provided significant short-term pain relief for 82% of patients. However, 
only 32% showed sustained relief for 6 months and 12% at 2 years [37]. In a pro-
spective cohort study including 289 subjects in whom 98 of 635 joints were ankles, 
Furtado et al. evaluated the impact of intra-articular steroid injection on VAS scores 
in rheumatoid arthritis patients. Overall, this study showed improvement in rest and 
movement VAS score in all joints from baseline to 4 weeks. The lowest statistically 
significant improvement was seen in the ankle and elbow arthritis. Additionally, 
there was no significant improvement for ankle pain at the longer-term (12 and 
24 week) follow-up [38].

Hyaluronic acid (HA) injection for the management of ankle arthritis is prom-
ising particularly in the short term; however, the evidence is limited. Cohen et al. 
performed a double-blinded randomized control trial including 28 patients com-
paring injectate of Hyalgan to saline control in the tibiotalar joint. At 3-month 
follow- up, this study demonstrated a statistically significant improvement from 
baseline in the HA participants compared with control as measured by the Ankle 
Osteoarthritis Scale (AOS) and Western Ontario and McMaster Universities OA 
Index (WOMAC); at 6-month follow-up, the trend toward improvement at 6 months 
was not statistically significant [39]. In a randomized control trial by DeGroot et al. 
using the American Orthopedic Foot and Ankle Society (AOFAS) clinical rating 
score in 56 patients, there was a statistically significant improvement in the HA 
group at 6 weeks. At the 12-week follow-up, there was a substantial increase from 
baseline in both groups without a statistically significant difference [40]. Murphy 
et al. performed a prospective evaluation of 50 patients treated with a 3-injection 
protocol of HA injections comparing pre- and postinjection foot and ankle out-
comes (FAOS) score which showed a statistically significant improvement (48 ± 6.3 
to 78 ± 5.8) [41]. In order to evaluate the efficacy, safety, and dose dependency of 
Orthovisc injections, Witteveen et al. found that the weekly dosing (3x1mL) injec-
tion regimen showed the best results decreasing pain at rest and during walking 
[42]. In a prospective RCT, comparing HA injections with 6-week exercise therapy 
program, Karatosun et al. showed improvement without a statistically significant 
difference between the groups at 12-month follow-up [77].

E. N. Fatakhov et al.



233

Platelet-rich plasma may be a promising alternative in the management of ankle 
OA; however, there is limited evidence with low-powered studies currently avail-
able. Angthong et al. performed a retrospective case series of 12 chronic diseases 
of the hindfoot and ankle injected with PRP injection (3 mL) under fluoroscopic 
guidance. Eight out of the 12 patients showed satisfactory results [43]. In a retro-
spective case series of 20 patients with ankle OA, Repetto et  al. performed four 
weekly PRP injections which demonstrated a positive effect on pain and function, 
with 80% of patients reporting feeling very satisfied or satisfied. In this study, 10% 
of patients required surgery due to early treatment failure [44]. Fukawa et al. per-
formed a prospective case series of 20 patients with ankle OA administered with 
three ultrasound- guided PRP injections within a 2-week period. The results showed 
pain reduction on the VAS scale from 59.7 to 42.4 at 24 weeks. Statistically sig-
nificant improvement in the Self-Administered Foot Evaluation Questionnaire 
(SAFE-Q) was seen at 12 weeks only [45].

Mesenchymal stem cells (MSCs) have the most limited data in ankle arthritis. 
Various preclinical and clinical trials of MSCs suggest it is a safe and therapeuti-
cally beneficial treatment (Freitag). Emadedin et al. performed autologous bone mar-
row (BM)-derived mesenchymal stem cell injections in 18 patients followed over a 
30-month period, 6 of whom carried a diagnosis of ankle arthritis. In these patients, 
the mean walking distance measured at baseline was 1010 meters and increased to 
1625 m and 2333 m at 6 and 30 months, respectively. Additionally, there was an 
improvement in WOMAC and FAOS scores and a decreased signal intensity related 
to subchondral edema in 4 of the 6 ankle OA patients at 6 months post-procedure [46].

As a sequela of osteoarthritis, patients often require arthrodesis. There is promis-
ing evidence for the use of bone morphogenetic protein (BMP) and platelet-derived 
growth factor (PDGF) in surgical management of arthritis and traumatic ankle non-
unions requiring arthrodesis. Rearick et al., in a retrospective analysis studying 48 
patients deemed high risk for nonunion, administered rhBMP-2 as augmentation 
for bone healing during ankle fusion. The results showed 92% per case union rate 
and 95.1% per site union rate with mean time to union of 111 days [47]. Similarly, 
Fourman et al. studied 82 patients undergoing complex ankle arthrodesis; half of 
the patients received intraoperative rhBMP-2. Those patients who received the BMP 
were more likely to obtain fusion after the initial surgery (93% vs 53%), required 
less time wearing the frame, and showed more bone bridging on CT scan [48]. 
Daniels et al., in a prospective randomized study, evaluated 217 patients undergo-
ing standard internal fixation augmented with recombinant human platelet-derived 
growth factor BB homodimer (rhPDGF-BB) in 75 patients and 154 control subjects 
who underwent autograft supplementation. This study showed 84% fusion rate in 
PDGF compared with 65% in autograft-treated patient [49].

Overall, the data for regenerative medicine techniques for ankle osteoarthritis is 
promising but is limited. Most data is available for HA with good short-term results. 
PRP is an alternative approach also with limited evidence and low-powered studies; 
MSCs have the most limited data in ankle arthritis but show encouraging results. In 
the surgical model, the use of supplemental growth factors in the rat model is favor-
able, but limited data is available in humans.
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 Ankle Sprain

Ankle sprains are very common musculoskeletal conditions presenting to emer-
gency departments and primary care providers and up to 10–30% of all sports- 
related injuries [51]. Intrinsic risk factors include limited balance, proprioception, 
and dorsiflexion. The main extrinsic risk factor is the type of sport played with 
indoor courts constituting the highest risk [50]. The most common mechanism of 
injury is an inversion injury causing a lateral ankle sprain with pathology involving 
first the anterior talofibular ligament, then the calcaneofibular ligament, and lastly 
the posterior talofibular ligament. Forced eversion injuries result in a medial ankle 
sprain, often resulting in an avulsion fracture of the medial malleolus. A syndes-
motic injury (high ankle sprain) will result in significant ankle instability and a risk 
factor for recurrent ankle sprain.

Standard of care for ankle sprains commonly involves PRICE (protection, 
rest, ice, compression, and elevation) and limited weight-bearing, NSAIDs with 
consideration of immobilization and bracing depending on the severity of sprain. 
However, the mainstay of treatment involves functional rehabilitation and consid-
eration of surgical intervention for patients with severe sprains and who participate 
in high- level sports.

PRP injections for ankle sprains show limited evidence for management of acute 
ankle sprain. In a prospective randomized double-blinded placebo-controlled trial by 
Rowden et al., 37 patients with acute ankle sprain evaluated in the emergency depart-
ment underwent ultrasound-guided injection of leukocyte-rich PRP with local anes-
thetic compared with placebo at the point of maximal tenderness. The subjects were 
monitored on days 0, 3, 8, and 30. No statistical difference was found in pain score or 
lower-extremity functional scale [52]. Laver et al. studied 16 college elite athletes with 
grade 3 ankle sprain and syndesmotic instability who were randomized to treatment 
group (two leukocyte-poor PRP injections to the anterior- inferior tibiofibular ligament 
(AITFL) 7 days apart) followed by rehabilitation program and control group (only 
rehabilitation and return to play protocol). The treatment group demonstrated shorter 
return to play (40.8 vs 59.6 days) and less residual pain upon return to activity (12.5% 
vs 62.5%). Thus far, PRP does not appear to be efficacious in the setting of acute ankle 
sprain [53]. There is limited evidence suggesting PRP may be beneficial in a select 
group of high-level athletes with acute ankle sprain with syndesmotic instability.

 Achilles Tendon Pathology

 Chronic/Degenerative Achilles Tendinopathy

Overuse injury of the Achilles tendon is frequent in competitive and recreational 
athletes, as well as inactive middle-aged individuals. Achilles tendon injuries 
often lead to prolonged periods of sports cessation and interfere with ADLs. Acute 
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Achilles pain commonly develops with an abrupt increase in activity, whereas 
chronic pain (over 3 months) is due to cumulative microtrauma leading to degen-
eration and tendinopathy often exacerbated by improper footwear, poor running 
mechanics (lateral heel strike with pronation, gastrocnemius-soleus dysfunction), or 
sustained high-impact stress [56]. Pathology and concordant pain generally develop 
2–6 cm proximal to the posterior calcaneus due to the relative hypovascularity of 
the tendon at this point.

Acute tendinitis care involves avoiding aggravating activities, ice, a short course 
of NSAIDs despite the lack of inflammation on histological evaluation, and support 
with taping or ACE. Chronic tendinopathy is managed with rehabilitation focusing 
on resistance training and either eccentric exercises or heavy slow resistance train-
ing program [54, 55]. Further management options include orthotics or bracing. 
Conservative treatment, often lasting more than 6 months, is disappointing with 
25–45% of patients eventually requiring surgery with poor postoperative results and 
high failure rate [56].

Owing to the limited efficacy of conservative management, regenerative medi-
cine treatments have primarily focused on PRP, with mixed results. A handful 
of recent trials on patients with chronic midportion Achilles tendinopathy are 
reviewed below. Boesen et al. followed 60 men with chronic midportion Achilles 
tendinopathy for 6  months. This RCT compared three arms: (1) high-volume 
injection (HVI) of steroid, saline, and local anesthetic versus (2) PRP (4 injec-
tions 14 days apart) versus (3) placebo (a few drops of saline under the skin). 
Each treatment was combined with an eccentric-based exercise program. The par-
ticipants were followed at 6, 12, and 24 weeks. Although VISA-A initially only 
improved in the HVI group at 6 weeks, by the final time point, HVI (22 ± 4.5) 
and PRP (19.6 ± 4.5) showed significant improvement compared with placebo 
(8.8 ± 3.3). Objective parameters included ultrasound evaluation showing a sig-
nificant decrease in the tendon thickness PRP group at 12  weeks and a larger 
decrease in PRP and HVI compared with placebo at 24 weeks [57]. A similar 
randomized, double-blinded placebo-controlled single-center trial performed by 
DeVos et al. randomized patients to an eccentric exercise program in combination 
with PRP or saline injection. VISA-A data was collected at 6, 12, and 24 weeks 
and in a second study at 1-year follow-up; the results showed an improvement but 
no statistically significant difference between the groups at any time points [58, 
59]. There was no difference in secondary outcomes including patient satisfaction 
and return to sport. Using the same study group, DeVos et al. used ultrasound to 
identify echo-types suggestive of pathology or healing. In both the PRP and pla-
cebo groups, there was a decrease in echo-types suggesting tendinotic tissue and 
an increase in echo-types suggestive of organized tendon bundles. Additionally, 
there was no significant change in the neovascularization from baseline [60]. 
Similar results were demonstrated in a pilot study by Kearney et al. comparing 
PRP with eccentric loading program which found no difference in VISA-A and 
EuroQol-5D. Krogh et al. performed an RCT with 24 patients injected with PRP 
versus placebo (saline). At the 3-month follow-up, there was a statistically sig-
nificant increase in the tendon thickness in the PRP group. However, there were 
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no statistically significant differences in VISA-A score, pain at rest, pain when 
walking, pain when tendon was squeezed, and color Doppler activity [61].

More promising studies on PRP include Guelfi et al. who performed a retrospec-
tive study involving 83 tendons (73 patients) managed with a single PRP injection. 
Over follow-up duration at 3 weeks and 3 and 6 months (mean 50.1 months long 
term) showing significant improvement in VISA-A score, 92% of patients rated the 
result as satisfactory and would repeat the treatment; the remaining 8% were deemed 
unsatisfactory and underwent a repeat PRP injection at 6 months [62]. Monto per-
formed a single PRP injection on 30 subjects monitoring AOFAS and evaluating 
tendon structure on MRI/ultrasound at 2-, 3-, 6-, 12-, and 24-month follow-up. In 
this study, 4 patients demonstrated intrasubstance tear, 8 showed insertional tendi-
nopathy, and 22 showed non-insertional disease. The results showed improvement 
in AOFAS at 3 months and persisted through the 24-month follow-up. Pre-treatment 
imaging abnormalities resolved in 27/29 cases at the 6-month time point [63].

The data for mesenchymal stem cells in Achilles tendinopathy is extremely 
limited. A recent publication by Goldberg et  al. designed a protocol for a phase 
IIa proof-of-concept study in which patients with chronic midportion Achilles ten-
dinopathy will undergo MSC harvest and ultrasound-guided injection to measure 
safety, adverse events, as well as patient-reported and radiologic outcome mea-
sures [64].

Based on the current available literature, regenerative medicine is a promis-
ing tool for sure in chronic, degenerative Achilles tendinopathy, but routine use 
is not supported by the literature. The most beneficial results are seen in use of 
PRP and improvement in MRI/US parameters suggesting improved tendon healing. 
However, patient-reported subjective parameters including pain and function are 
not greatly improved with PRP.

 Achilles Tendon Rupture

Achilles tendon rupture is the most common tendon rupture in the lower extremity. 
The incidence is approximately 18 per 100,000, most commonly occurring in adults 
in the third to fifth decade and affecting men 4–5× more frequently than women. 
Risk factors include underlying Achilles tendon pathology which has been reported 
in nearly 10% of ruptures, inflammatory arthritides, steroid injections, and fluoro-
quinolone use. Over 80% of ruptures occur during sporting activities often during 
sudden foot pivoting with forced plantar flexion or rapid acceleration during the 
push-off phase [67]. A pop or snap is often heard with a sensation of being kicked in 
the leg. However, it has been reported that up to 1

3  of patients with tendon rupture 
do not report pain [65]. Physical exam findings are notable for inability to stand on 
toes and plantar flex the ankle with a positive Thompson test.

Initial management includes rest, pain control, and functional bracing with con-
sideration of operative and nonoperative modalities providing similar healing rates 
but slightly longer return to work in patients managed nonoperatively. Additionally, 
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the re-rupture rate in nonsurgical patients is nearly 40% compared with 0.5% in 
surgically managed patients [67]. Extensive rehabilitation is necessary to maintain 
ankle function.

PRP used in the nonoperative management of Achilles tendon rupture repair is 
limited. Kaniki et al. performed a retrospective comparative study of 145 patients 
including prospective (73 patients) and historical cohorts (72 patients) assessing 
PRP as adjunct to accelerated functional rehabilitation. This study showed no sta-
tistically significant difference between the PRP and control groups in regard to iso-
kinetic plantar flexion strength, range of motion, calf circumference, or Leppilahti 
score at 1- and 2-year follow-up [66]. In a case report, Filardo et al. completed a 
series of PRP injections for a 34-year-old competitive basketball player with a par-
tial Achilles tendon rupture. The first injection was performed at 6 days post-trauma, 
then 7 and 14 days later with slow progression to stretching and formal rehabilita-
tion program. The patient was able to return to sport for 20 minutes 64 days after 
the injury and full game participation 75 days after injury. Eighteen months later, 
the player required no further treatment [68].

PRP has been suggested as surgical augmentation for acute tendon repair. 
Animal studies have shown optimistic results for augmentation with PRP in healing 
Achilles tendon ruptures; however the transition to the human model has not proved 
as efficacious. In a prospective trial by De Carli et al., 30 patients who underwent 
surgical tendon repair were evaluated: 15 control who underwent only surgery and 
15 who underwent surgery with intraoperative administration of liquid and gelati-
nized PRP with repeat PRP injection 14 days post-op. Follow-up was measured at 
1, 3, 6, and 24 months; there was no difference in VAS, FAOS and VISA-A scales, 
in isokinetic strength evaluation or ultrasound evaluation of tendon integrity. On 
MRI, there was a decrease in signal enhancement in the treatment group suggestive 
of better tendon remodeling [69]. Similarly, Zou et al. studied 36 patients with ten-
don rupture in a prospective RCT. In this study, the study group underwent surgical 
repair with PRP injected into the paratenon sheath and around ruptured tissue prior 
to skin suture and followed at 3, 6, 12, and 24 months. The treatment group showed 
better isokinetic calf strength at 3 months but not beyond. Patient-reported outcome 
measures showed higher SF-36 and Leppilahti scores at 6 and 12 months but no 
difference at 2 years [70]. In another RCT by Schepull et al., 30 patients were ran-
domized with the treatment group receiving PRP intraoperatively; PRP had no sig-
nificant effect on acute repair with regard to elasticity, heel raise index, or functional 
outcomes [71]. A prospective multicenter randomized placebo-controlled superior-
ity trial is currently underway by Alsousou et al. to evaluate clinical efficacy of PRP 
in Achilles tendon rupture patients treated nonoperatively. The study will include 
230 patients PRP vs placebo injection to the tendon rupture gap within 12 days of 
injury. Outcomes will include measurement of muscle-tendon function, quality of 
life, pain, and overall functional goals at 4, 7, 13, and 24 weeks and 24 months [72].

Although rat models using mesenchymal stem cells (MSC) for management 
of Achilles tendon rupture are promising, more research and data are required for 
humans. In the rat, Urdzikova et  al. performed MSC injections during the post-
op recovery period and showed increased collagen organization and improved 
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vascularity with the injection [73]. Two additional rat studies involving MSC-
coated sutures showed increased repair strength and lower failure load [74, 75]. In 
the human model, Stein et al. performed a retrospective review of a prospectively 
collected database of Achilles tendon rupture during recreational sports-related 
activity and during repair with BMAC augmentation. Twenty-seven subjects (28 
tendons) were identified; in these patients, there was a 0.5 ± 1.3 cm difference in 
mean calf- circumference, 92% returned to sport at 6 ± 2 months, and there were no 
re- ruptures. However, there was no control group for comparison [75].

PRP does not appear to be beneficial to the operative or nonoperative manage-
ment of acute Achilles tendinopathy or tendon rupture; more studies are needed. 
The rat models for MSC augmentation in operative repair are promising, but more 
human data is required.

 Peroneal Tendinopathy

Peroneal tendinopathy involving the peroneus longus or brevis commonly occurs 
in runners and sports which involve frequent change of direction and lateral move-
ments. Pain is located at lateral ankle and worse with standing or walking occasion-
ally causing a limp. There is tenderness along the tendons just posterior to the lateral 
malleolus. Pain is reproduced with active-resisted ankle dorsiflexion and eversion. 
Standard of care includes activity modification, eccentric strength or heavy load 
exercises, and consideration of lateral heel wedge.

To date, in one retrospective descriptive study on chronic tendinopathies, Unlu 
et al. recruited 214 patients who received PRP injections for tendinopathy refrac-
tory to conventional treatment with follow-up at 6 weeks and 6 months. Of these 
participants, 12 underwent peroneal tendon PRP injections. In these patients, there 
was no statistically significant improvement in the VAS scores [76].

The literature for regenerative medicine in peroneal tendinopathy is extremely 
limited; more studies including high-quality RCTs will be needed to clarify its role 
in this overuse condition.

 Summary

In conclusion, regenerative medicine is a promising field of nonoperative techniques 
that has shown benefit in certain musculoskeletal disorders. Evidence continues to 
grow to demonstrate its benefits in foot and ankle conditions; however, at present, 
there is limited evidence for its routine use (or as a recommended first-line therapeu-
tic option) in the comprehensive treatment and management of foot and ankle inju-
ries. Future studies will need to clarify what type of formulations are preferred (e.g., 
leukocyte rich/poor if PRP or mesenchymal stem cells are superior to corticosteroid 
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injections, or alternatively if mesenchymal stem cell injections are superior to PRP), 
if their beneficial effects may be seen beyond 1 year, if such treatments may prevent 
and delay the need for surgical approaches, if image guidance when performing these 
injections are necessary and advantageous compared to palpation- guided approaches, 
and ultimately, if these procedures are cost-effective in the healthcare system.
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Chapter 14
The Future of Regenerative Medicine

Andrew Creighton and Jonathan S. Kirschner

 Background on the Burden of MSK Conditions

Musculoskeletal diseases place a significant burden on the United States (US) 
healthcare system and contribute significantly to rising costs. In 2014, 66 million 
people sought medical care for a musculoskeletal injury [1, 2]. Current medical 
costs of musculoskeletal diseases are estimated at 873.8 billion US dollars (USD) 
annually. Osteoarthritis (OA), an example of a degenerative musculoskeletal dis-
ease with a significant impact on the US healthcare system, was responsible for 
raising aggregate annual medical care expenditures by 185.5 billion USD [3–5]. OA 
currently affects more than 27 million people in the United States and is forecasted 
to affect 25% of the adult US population or nearly 67 million people by the year 
2030 [3, 5, 6]. At this time, there is no known cure for OA. With the potential to 
prevent or reverse disease progression, regenerative medicine provides an oppor-
tunity to reduce the financial burden of degenerative diseases like OA. This would 
significantly impact the overall financial burden of musculoskeletal diseases.

One model to describe regenerative medicine and the engineering of tissues 
divides the underlying component categories into three parts, analogous to a garden 
that requires seeds, dirt, and fertilizer: (1) cells or cellular components, (2) bioma-
terial scaffolds, and (3) chemical and physical growth factors including cytokines 
like those in PRP [7]. This triad involves cells which are cultured on either a natu-
ral or synthetic scaffold where attachment and differentiation or proliferation can 
take place.
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The future of regenerative medicine will focus on research and science on the effi-
cacy and specific mechanisms of action of regenerative therapies (as broadly broken 
down into the above categories). A respect for Food and Drug Administration (FDA) 
regulations will be required. There will be an improved understanding of  genet-
ics pertaining to musculoskeletal diseases, and genetic targets involved with differ-
ent degenerative diseases will be identified. Questions pertaining to the appropriate 
level of tissue loading and the appropriate post-procedure rehab protocols will need 
to be answered. Ultimately, controlled trials demonstrating efficacy, standardization 
in reporting, improved data collection processes, and improved outcome metrics will 
give merit to the field and allow physicians to feel confident recommending regenera-
tive medicine treatments to patients.

 Definitions/Nomenclature

Regenerative medicine and “stem cells” can be confusing and misleading terms, 
especially with regard to culture-expanded cells, cell products, and live or atten-
uated growth factors such as amniotic membrane-derived products. Names are 
used haphazardly, and nomenclature can be misleading and disconnected from 
the science and identity of cells in native tissues [3]. According to the National 
Institutes of Health (NIH), stem cells are defined by their ability to divide and 
renew themselves for long time periods, by their lack of specialization, and by 
their ability to give rise to specialized subtypes [8, 9]. Essentially, the current cell 
therapies offered in the United States involve transplanting adult cells obtained 
through harvest and minimal manipulation of native tissues (blood, bone marrow, 
and fat), which contain stem and progenitor cells [8]. While the concentration 
of these cells can be increased at the point of care [8, 10], stem and progenitor 
cells are the least plentiful cell type in these preparations. Specifically, only one 
in one thousand to one in one million cells harvested from healthy tissues is stem 
or progenitor cell capable of differentiating into one or more types of connec-
tive tissue [8, 11–13]. Another issue that contributes to confusion surrounding the 
nomenclature of stem cells is that both “mesenchymal stem cell” and “mesenchy-
mal stromal cell” are abbreviated “MSC” and used to describe culture-expanded 
cells. Chu et al. suggested that the term “stem cell” has been overused to include 
uncharacterized minimally manipulated cell preparations as well as tissue-derived 
culture-expanded cell populations. It has been suggested, therefore, that these cell 
preparations and expanded cell populations be referred to as “cell therapy” [8]. 
While the term “stem cell” has become common, future work will need to clearly 
define what is meant when this term is used. The future of regenerative medicine 
will need to have a standardized and accurate nomenclature for descriptive, clas-
sification, and billing purposes but most importantly for the science and clinical 
applicability to move forward.
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 Regulations and Standardization

There have been two general approaches to cellular therapies within regenerative 
medicine [3]. The first approach involves specifically characterized cellular medical 
therapies provided by physicians who are diligent and committed to the scientific 
innovative process of first studying a product in animals and then through three 
phases of trials where appropriate informed consent is executed. Alternatively, the 
second approach utilizes unregulated cell- and tissue-based products and associated 
procedures that are unproven, offered without appropriate informed consent includ-
ing an explanation of scientific limitations, and offered on a cash-only basis. It is 
estimated that these unproven therapies have a yearly financial impact of 2.4 billion 
USD [3, 14–19]. The demand of effective treatment for common diseases, hope 
from the public (and providers), poor and inaccurate marketing communications 
regarding the expectations, strengths and limitations of these therapies, availability 
of various technologies and systems for culturing, and patient ability and willing-
ness to pay for care not covered by insurance companies have contributed to the 
hype around “stem cells” [3]. The surge of social media, gaps in regulation, and eth-
ics and liability concerns of larger, more established companies have allowed small 
targeted clinics and manufacturers to bring forth lucrative business models without 
backing of controlled clinical studies [3]. This is concerning given reports of serious 
adverse events with treatments that at this point are not fully understood [20–22]. 
This second, unscrupulous approach highlights the need for regulations in the field 
of regenerative medicine to not only ensure patient safety but also allow potential 
strengths of these therapies to be demonstrated.

In response to these unregulated clinics, the FDA issued a guidance document on 
November 16, 2017, that had two directives: (1) identify and subsequently prosecute 
unscrupulous regenerative medicine clinics and (2) streamline the approval path-
way for legitimate therapies [23]. The majority of regenerative medicine products 
is regulated under title 21 of the Code of Federal Regulations (21 CFR 1271), and 
there are two separate descriptions under part 1271: Section 361, which is reserved 
for tissues that are “minimally manipulated” and intended only for homologous use, 
and Section 351 used for a new drug or biologic product requiring FDA premarket 
review process that is more time intensive. If they originate from autologous bone 
marrow or adipose, stem cell preparations have traditionally been regulated under 
Section 361; however, recent guidance documents from the FDA caution that prod-
ucts from adipose, such as those created by mechanically processed lipoaspirate for 
orthopedic indications, are not considered minimally manipulated or homologously 
used and would therefore fall under Section 351 and have to undergo the rigors of an 
“investigational new drug.” This would require appropriate regulatory submissions 
for the conduct of clinical trials and marketing [20].

While the FDA is targeting the unregulated practices of smaller clinics by neces-
sitating approval standards, it demonstrated a sense of urgency by incorporating a 
mechanism for expediting the development of new therapies with an emphasis on 
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those aimed at serious or life-threatening conditions [20]. For example, the 21st 
Century Cures Act enacted in December 2016 introduced an additional expedited 
program in which a product is designated as regenerative medicine advanced therapy 
(RMAT). This designation gives sponsors of a qualified regenerative medicine prod-
uct intended for treating serious or life-threatening conditions an advantage in that 
it requires preliminary clinical evidence that the therapy addresses unmet medical 
needs as opposed to the requirement of preliminary clinical evidence of a substantial 
improvement over existing therapies [20]. In addition, RMAT-designated products 
that receive accelerated approval have potential eligibility for use of an expanded 
range of options, including the use of traditional studies along with submitting 
patient registries to fulfill post-approval commitments. Ultimately, the November 
2017 policy from the FDA has given developers of lower-risk regenerative medi-
cine products 36 months to determine if their products have undergone more than 
homologous use or minimal manipulation and if they need to submit an application 
for investigational new drug or marketing [20, 23]. Within the FDA’s framework in 
thinking about musculoskeletal applications, if investigators are able to collaborate 
among different sites and agree on common manufacturing protocols and a common 
clinical trial protocol and the data along with the manufacturing information show a 
positive benefit-risk profile, there would be potential for receipt of biologics licenses 
at each of these sites by pooling the data [20]. This approach would be appropri-
ate for developing products that, despite being more than minimally manipulated, 
would not be highly complex and would be able to be applied in simple trial designs.

The collaborative strategy outlined above highlights a need for standardization. 
There is an inconsistency in the literature with regard to reporting standards [3]. 
Direct-to-consumer marketing has allowed for erroneous claims. For example, aggre-
gated claims of “stem cell” clinics suggested an average of 80% of patients experi-
ence “good results” or “symptomatic improvement,” but published literature would 
suggest that there is a gap between what is reported and reality [3, 24]. Similarly, 
messages on social media about cell-based therapies are dominated by positive tone 
without discussing risks [3, 25]. Standardization is also needed from a research 
standpoint in terms of disease-specific clinical indications, reporting on how cells 
are sourced and characterized, the use of adjuvant therapies, the use of appropriate 
controls, trial methodology, and assessment of outcomes [3, 11, 12, 26, 27].

From a scientific standpoint, it is critical to develop a standardized and consistent 
approach to reporting in publications how cells are processed and characterized. 
Specifically, it is important to report the source of tissue, the selection or isolation 
method, expansion conditions, cell surface markers and their attributes, concentra-
tion, prevalence, gene expression profile and morphological features, and proteome 
profile. Publications vary widely with regard to relevant metrics of how the cells or 
components were processed and characterized [3]. When articles lack this infor-
mation, it becomes difficult to communicate and repeat or compare one study to 
another. For example, Piuzzi et al. attempted to review the use of bone marrow aspi-
rate concentrate in musculoskeletal disorders but, after reviewing 46 studies, found 
that no study gave enough details so that the methods could be repeated [3, 28]. 
Similarly, the composition of PRP can change depending on the time of day it is 
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obtained or can vary when prepared using systems from different manufacturers 
[8, 29–31]. Demographic information is important to report as well because it has 
been noted that growth factor and cytokine concentrations vary by donor age, health 
status, and sex [8, 31, 32]. In a similar way, progenitor and MSC populations iso-
lated from a given donor also differ widely from one preparation to another, along 
with being different in terms of age, sex, tissue source, harvest, and processing [8, 
11–13, 28–30, 33–38]. Ultimately, the Delphi consensus approach describes a mul-
tidisciplinary group of investigators who defined minimum information for studies 
evaluating biologics in orthopedics (MIBO), specifically related to the use of PRP 
and MSCs, that serve as a checklist of the minimal requirements to guide study 
design and reporting [3, 39].

 Registries

Registries can be a significant vehicle to direct the future of regenerative medicine 
toward standardization and facilitate outcomes-based research. There is a need for 
registries which include demographics (age, sex, medications, underlying medical 
conditions, and smoking status). Each patient who undergoes a procedure is very 
different. Would an older patient with multiple medical comorbidities respond to 
an injection of PRP, for example, the same way as a healthy patient with no comor-
bidities? A registry can be linked to a biorepository to capture and preserve clinical 
samples for future analysis and create cohorts that can help to power clinical trials 
[3, 8]. With cartilage, for example, one of the biggest barriers to establishing the 
safety and efficacy of these new therapies is the cost of clinical trials [3]. This is 
where the organization of multicenter registries for cartilage repair can be critical 
to reducing barriers to progress and allowing for multicenter trials to take place [3]. 
Overall, registries provide opportunities for collecting standardized data on both 
how the patient was doing clinically and what their outcome was for a variety of 
different interventions performed to treat the same disease [8]. 

The American Joint Replacement Registry [8, 40], the Kaiser Registries [8, 36], 
and the PRP registry at Veterans Hospital in Palo Alto, California, are model regis-
tries that have contributed important data on practice patterns, shown the potential 
issues from a particular treatment, or illustrated the potential for clinical evidence 
pertaining to PRP. The biorepository-linked PRP registry at the Veterans Hospital 
in Palo Alto, California, addressed the gap between the differing composition of 
PRP from patients and clinical outcomes [8]. Patients that received PRP injections 
for knee OA completed patient-reported outcomes (PROs) before treatment and 
at specific time points after treatment. At the same time, a sample of the PRP was 
stored for patients who consented to federally funded research and who additionally 
underwent functional and structural assessments of gait and quantitative MRI. In 
doing so, the registry supports correlating PRP proteomics with PRO and quantita-
tive clinical outcome metrics in the interest of learning about potential mechanisms 
of action and clinical efficacy [8].
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Effective registries require commitment and a team approach from physicians, 
clinics, and hospitals to recruit all qualifying patients, appropriate incentives for 
participation, and a process for financial support of the human resources required 
to accrue and report clinical and baseline outcomes data [8]. In addition, there will 
need to be a defined assessment of quality, technique of preparation, device used, 
and clinical laboratory data on the administered biologic [8]. Tissue specimens may 
also be collected to aid in stratifying the patient’s disease state along with analy-
ses of biomarkers, molecules, and genomes. These data could be required to help 
identify which patients would most likely respond to therapy and define the critical 
quality characteristics of a cell or biologic therapy.

 Patient Access

Given the potential of these investigational therapies, there is a need to increase 
access to these treatments while still maintaining an environment committed to 
patient safety and respect. The acronym SMAC, which stands for science evidence, 
rigorous manufacturing process, accurate information for patients, and consistent 
product in terms of substance and how it is delivered, can be a guide [3]. The FDA, 
in its recent position paper, has demonstrated its commitment to both proper inves-
tigation and patient access to regenerative therapies by giving direction on ways to 
get an investigational drug into settings where there would be a potential for posi-
tively impacting a great number of patients [3, 41–43]. As previously mentioned, in 
the United States, the 21st Century Cures Act has provisions intended to expedite 
approvals of cell therapies and the recent “right-to-try” law to allow terminally ill 
patients access to products. An example from outside the United States can be seen 
by looking at Japan where a law passed emphasizing the utilization of conditional 
approvals for the purposes of stimulating the regenerative medicine industry.

 Science

With an emphasis on patient registries and increasing patient access, scientists and 
clinicians need to maintain a sense of urgency in developing a better understanding 
of the mechanisms behind these regenerative therapies. Improved understanding of 
the science will allow the appropriate regenerative medicine therapy to be chosen 
for the appropriate patient. Rodeo (2016) noted that animal studies have been valu-
able in verifying “proof of principal” for cell-based therapies, PRP, cytokines, and 
tissue-engineered implants [44–48]. Despite the value of animal studies, there are 
limitations. In animals, it is challenging to stimulate chronic conditions like tendi-
nopathy or slowly developing OA that is seen in humans [8]. In addition, there is an 
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inability to control the mechanical loading environment or replicate the loading that 
takes place with humans. When thinking about humans, there is intrinsic variabil-
ity in the soft tissues and joint spaces being treated that is poorly understood. The 
biologic targets need to be better identified [8]. For example, when looking at repair 
of the rotator cuff, primary targets are thought to be signaling molecules that drive 
cellular differentiation to reform the organized structure of the enthesis [8, 49]. 
Identifying biologic targets will necessitate a better understanding of the cellular 
mechanisms of tissue degeneration and repair for that disease state. Lastly, in terms 
of the three-part model, there is still much to be understood about the cells, biomate-
rial scaffolds, cytokines, and growth factors that are unique to the individual patient.

When analyzing stem cells, either marrow derived or adipose derived, there are 
numerous ways that these cells may work. They may function by way of their own 
inherent immunomodulatory and anti-inflammatory properties and by directly inte-
grating into the healing tissue thereby directly participating in the healing response 
or have a local paracrine effect by stimulating and attracting intrinsic host cells [44]. 
The specific mechanisms by which they work are unknown at this time, however, 
and will need to be identified for regenerative medicine to progress.

One of the main goals of cell therapy is cartilage repair; however, there are a 
number of unknown factors involved with this process. Future research will need to 
work toward addressing current limitations including a lack of consensus regarding 
the optimal cell source, harvesting and processing techniques, and critical quality 
attributes (CQAs) that predict future performance [3, 50]. Specifically, when talking 
about the cell source, cells need to be selected that maintain an articular cartilage 
phenotype and do not undergo endochondral ossification, which can be a significant 
adverse effect [3, 50–53].

Scaffolds, as an important part of the tissue-engineering triad, interact with both 
cells and growth factors [54, 55]. Scaffolds can provide substrate for growth of 
cells and mechanical integrity for postsurgical implantation. They can also act as 
drug delivery systems for improved repair in vivo by being coated with bioactive 
molecules. One promising direction in scaffold production involves nanotechnol-
ogy, specifically self-assembling peptides [54]. Natural and synthetic biomaterials 
have been investigated as scaffolds, but self-assembling peptide hydrogel (SAPH) 
scaffolds combine advantages of both natural and synthetic biomaterials because 
they are biocompatible and have easily modifiable properties [56]. For example, 
in a study looking at SAPH for intervertebral disc tissue engineering, after three- 
dimensional culture of nucleus pulposus cells (NPCs) in the SAPH, upregulation 
of nucleus pulposus-specific genes confirmed that the system could restore the 
nucleus pulposus (NP) phenotype in in vitro cultures [56]. The SAPH stimulated 
time-dependent increases in aggrecan and type II collagen deposition, which are 
two important NP extracellular matrix components. Overall, the suggestion from 
this study was that the SAPH could be used as a cell delivery system and scaf-
fold in treating degenerative disc disease. Another promising application in the 
future of scaffolds will look to utilize 3D printing to achieve a clinically successful 
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tissue- engineered product. 3D printing offers a way to control scaffold size, shape, 
pore size, geometry, and mechanical properties [54, 57]. Through the integration of 
computer-assisted design and modern medical imaging, scaffolds can be individu-
alized to a specific patient and a specific defect [54, 58]. A new development has 
been biologically relevant bioinks, which are biomaterials that carry cells printed 
into 3D scaffolds and are an important component of the bioprinting effort [59, 
60]. Faramarzi et al. incorporated PRP into an alginate hydrogel scaffold used in 
bioprinters and demonstrated that this bioink could positively affect the function 
of two important cell populations (mesenchymal stem cells and endothelial cells) 
involved in the tissue healing process in vitro [59].

PRP and the cytokines contained within it have played a large role in regen-
erative medicine and are relevant because they contain autologous growth 
factors that  are easy to obtain and manipulate [3]. In a retrospective study by 
Mautner et al., in which PRP for chronic tendinopathy was evaluated, the major-
ity of patients reported a moderate (>50%) improvement in pain symptoms [61]. 
However, despite showing an ability to contribute to symptom improvement, 
there are still many PRP-related questions that require clarification, many related 
to inconsistencies in published clinical  trial results [3]. Due to  variabilities in 
published studys’ methods and results, the mechanism of action of PRP based 
on the various cell types it contains, optimal PRP formulation and system, dose 
number (single vs. serial), dose timing (intraoperative or delayed), and the impact 
of adding activating agents or anesthetics needs clarification in the future.

The optimal way of addressing the shortcomings in regenerative medicine is 
through controlled clinical trials [44]. In addition, it has also been suggested that 
clinicians carry out translational studies in conjunction with basic scientists to facil-
itate a thorough assessment of the biologic activity of these agents and then to com-
pare and analyze this activity to clinical outcomes. A major limitation is that with 
general characteristics of the substance, such as platelet count or white blood cell 
count with PRP or cell number with stem cells, we do not know the biologic activity 
of the substance or how these general characteristics relate to that biologic activ-
ity. Extensive statistical analyses will be needed to study the interactions between 
intervention, time point after injury, and injury grade or severity [8]. There will also 
need to be stratification based on age, sex, and metabolic and systemic factors that 
may affect treatment response, like diabetes, rheumatologic conditions, and chronic 
use of anti-inflammatory or antifibrotic medications. At this point, given the amount 
of “unknowns” in regenerative medicine, has the usage of regenerative therapies 
outpaced the science supporting them?

 Outcomes and Post-Procedure Rehabilitation

As with any treatment in medicine, the desired outcome for each regenerative medi-
cine treatment needs to be clearly defined in controlled clinical trials. “Healed” 
versus “not healed” may not be the ideal outcome, and instead, the focus should be 
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on the tissue quality at the site, the time it took to achieve tissue healing, pre- and 
post-procedure pain levels, and restoration of motion or strength [44]. The ultimate 
outcome may be to reduce pain or inflammation and not affect healing at all. For 
acute muscle injury, for example, the primary goal may be prevention of reinjury 
rather than faster return to sport [8]. Another example pertains to rotator cuff repair, 
where the goal may be to decrease the rate of retear of the repaired tendon. In addi-
tion, and maybe even more importantly, adverse outcomes need to be diligently 
reported. Given that many regenerative therapies are new, long-term adverse effects 
are unknown. The first priority is to do no harm to the patient. With a limited under-
standing of how these regenerative therapies work and limited long-term data avail-
able, the clinician is in a precarious position in offering these therapies to patients. 
Commitment to appropriate informed consent is imperative.

Posttreatment rehabilitation instructions have the potential to contribute to a pos-
itive outcome [8]. Mechanical loads are critical for healing tissue. There is a paucity 
of data on the appropriate timing and progression of rehabilitation after a regenera-
tive medicine treatment. In addition, rehabilitation for shoulder osteoarthritis is very 
different than rehabilitation for Achilles tendinopathy. Therefore, rehabilitation pro-
tocols need to be identified for each location and regenerative treatment. Variables 
include when and how a tissue should be loaded, active vs. passive range of motion, 
medications and nutritional factors that may enhance or hinder healing, the role 
of hyperbaric oxygen, low-level laser therapies, and the types and frequencies of 
strength training exercises.

 Genomics

Gene therapy administered through viral vectors can serve as a  natural “drug 
store” for the body to  help to regenerate tissues, slow aging, or modify disease 
processes. Improvement in the understanding of genetic and epigenetic factors 
related to the injury of tissues is needed to facilitate targets for therapy and more 
predictable results [44]. This improved understanding is also linked to the idea of 
a “personalized” patient-specific approach in which biological or gene expression 
markers are used to identify joints at risk and justify preemptive intervention with 
disease-modifying drugs that can preserve cartilage even before the osteoarthritic 
process ensues [3, 62]. For example, clustered regularly interspaced short palin-
dromic repeats (CRISPR) genome-engineering technology enables strategies like 
Stem Cells Modified for Autonomous Regenerative Therapy (SMART), allowing 
for production of anti-inflammatory molecules that selectively reduce inflammation 
caused by chronic conditions [3]. With durable engraftment, these cells can then 
serve the role of vaccine – limiting the progression of OA.

Gene therapy has the potential to deliver proteins to specific tissues and cells 
for tissue-engineering purposes [1, 63]. Gene therapy involves transferring target 
genes into cells allowing for protein delivery, growth factors, or other therapeutic 
gene products to a specific anatomic site. The delivery process of transgenes can 
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be through in vivo or ex vivo protocols with either viral (transduction) or nonviral 
(transfection) vectors [1]. Viral vectors can be integrating (retroviral and lentiviral) 
vectors which stably insert their genome into the DNA of infected cells and provide 
the best prospects for long-term gene expression as they are passed to both daughter 
cells during cell division. They also can be non-integrating (adenovirus and recom-
binant adeno-associated virus (AAV)) and stay in the nucleus as extrachromosomal 
episomes, which are not replicated during mitosis [1, 64]. The main issue with viral 
vectors is safety as they have demonstrated the potential to cause cell transforma-
tion and carcinogenesis [1, 65–67]. Given these concerns, nonviral vectors have 
been developed. They are associated with lower gene delivery efficiency compared 
to viral vector delivery systems [1, 68] but provide advantages with immunogenic 
response probability and cost-effective manufacturing [1, 69]. To improve the non-
viral delivery efficiency problems, nonviral delivery systems have been engineered 
consisting of chemical or physical transfection systems [1].

There are two different ways of strategizing gene delivery: either in  vivo or 
ex vivo strategies [1]. The vector is directly delivered to the host either systemically 
or locally with in vivo therapy. In ex vivo gene transfer, target cells are harvested, 
processed, and genetically manipulated outside the body prior to anatomic implan-
tation. Ex vivo gene therapy is more technically challenging, more invasive, and 
less cost-effective. However, it is associated with higher transduction efficiency in 
allowing the delivery of potent cells and the gene product of interest to specific 
anatomic sites, a selective process of targeting the cell population of interest [1, 
70–73]. Ex vivo gene therapy is also safer in only delivering transduced cells and 
not the actual vectors themselves, allowing for better control of the introduced fac-
tor. To overcome the limitations of ex vivo therapy, ex vivo strategies using either 
allogeneic cells or expedited single-step “same-day” approaches that eliminate the 
culture expansion step, decreasing the risk of contamination and gene mutations 
along with the increased cost, are being investigated [1, 74, 75]. Virk et al. evaluated 
this “same-day” approach using harvested bone marrow cells from a rat along with 
an osteoconductive scaffold assessing its effect on a critical-sized femoral defect 
on the rat [1, 75]. Radiographic, micro-CT, histologic, and biomechanical testing 
at 12 weeks post-implantation demonstrated that “same-day” ex vivo regional gene 
therapy was able to heal a rat’s critical-sized femoral defect. In addition, for com-
parison to cultured bone marrow cells, “same-day” cells were associated with ear-
lier radiographic healing and increased bone formation on micro-CT. Safety of this 
technique was assessed by Alaee et al., and the results indicated that viral vector 
copies were detected in the defect area following implantation of transduced cells 
but significantly decreased over time. There were no consistent findings of viral 
copies in the internal organs and no organ toxicity or histological abnormalities 
noted [1, 76]. The results suggested that ex vivo therapy, using a lentiviral vector, 
is safe but required further testing. Given the strengths of this expedited ex vivo 
approach along with safety, it is likely that this approach will be utilized in future 
studies.
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When looking at possible indications for gene therapy in musculoskeletal dis-
eases, such as articular cartilage repair or osteoarthritis, it is evident that gene 
therapy has the potential to make an impact on different disease processes. Unlike 
other therapeutic strategies that focus on alleviating the symptoms of OA, gene 
therapy focuses on cartilage growth factors and cytokines involved in inflam-
mation and  the pathogenesis of osteoarthritis like interleukin-1 (IL-1), IL-10, 
TNF-α, and TGF-β [1]. Usually, the process involves direct intra-articular admin-
istration of genetically manipulated cells or vectors alone. IL-1 is considered the 
most potent mediator of pain, inflammation, and cartilage loss in OA [1, 77]. 
IL-1 receptor antagonist (IL-1Ra), by blocking IL-1 and limiting inflammation 
and cartilage degradation, is a promising option for treatment of OA, and mul-
tiple studies in animal models of arthritis have shown efficacy of viral-mediated 
IL-1Ra gene transfer in inducing subsequent gene expression and biological 
response [1, 78–81]. Nonviral gene delivery into joints is also an approach that 
has shown promise. In a rabbit model, Fernandes et al. showed the ability to con-
trol progression of OA with intra-articular injection of a plasmid-lipid complex 
[1, 82]. In addition, using the cDNA of IL-1Ra in combination with TGF-β1 was 
more effective in cartilage repair than when each is used alone. Safety of in vivo 
intra-articular gene therapy was addressed by the Wang et al. group in a study that 
specifically evaluated the biodistribution and toxic effects of recombinant adeno-
associated virus (AAV) carrying either rat or human IL-1Ra [1, 83]. In observa-
tional, body weight, and pathology studies, administration of this vector caused 
no local or systemic adverse effects. There was minimal vector leakage into the 
systemic circulation for the first 4–24 hours after injection, and the vector genome 
persisted for up to a year with only low levels of vector genomes detected outside 
the knee. This strategy needs further refinement but shows significant promise and 
requires future study.

OA is the only orthopedic-related disease being studied in clinical gene 
therapy trials [1, 84] in the United States and Korea. Phase I and II trials of 
“TissueGene-C” (TG-C), an ex vivo gene strategy utilizing retrovirally modified 
allograft chondrocytes in patients with knee OA, have been completed with phase 
III trials now underway. These patients had Cartilage Repair Society (ICRS) grade 
IV cartilage damage based on MRI and improved with pain, range of motion, 
and functional outcomes. Importantly, safety with TG-C has been demonstrated 
by analyzing peripheral blood in 12 patients treated with TG-C which showed 
normal levels of TGF-beta 1 and no circulating vector DNA for all patients at all 
dose levels at every time point [1, 85]. Recently in Korea, TG-C, named Invossa, 
became the first gene therapy to be approved for musculoskeletal applications 
and is indicated for moderate knee OA. In addition to Invossa, a single injection 
of sc-rAAV2.5IL-Ra is being assessed in a phase I clinical trial in patients with 
moderate knee OA [1, 86].

While there has been successful use of gene therapy in animal models treating 
difficult bone defects, cartilage defects, and osteoarthritis, there are still obstacles to 
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clinical application [1]. We need to develop cost-effective, clinically relevant gene 
therapy strategies. Ideally, gene therapy should not require the clinician to develop a 
special skill set to prepare the product, and it will be off-the-shelf or easily extract-
able at the point of care. Safety is a special concern for the future application of gene 
therapy, and it is important that extensive biodistribution analysis of the transferred 
genes be consistently completed. The biology of gene therapy including the clinical 
indications, dose, cell source and scaffold, target gene, vector, and delivery system 
needs to be better defined.

 Conclusion

The outlook on the future of regenerative medicine at this point is one of cautious 
optimism. Using the triad model framework, including cells, scaffolds, and PRP, 
along with an improving understanding of the human genome, it is evident that 
there is promising work being done that could lead to the future ability to modify 
degenerative diseases instead of simply managing symptoms. The challenge will 
be balancing patient demands and expectations with the limited evidence base for 
these therapies and  an urgency from an increasing population of older patients. 
Given the regulations that are being enforced by the FDA, we are at a critical period 
of time where the onus to show data to support regenerative therapies has never 
been larger. This can be accomplished through collaboration and the development 
of registries along with standardization in methodology and outcome measures 
used in randomized controlled trials. For regenerative medicine to be successful we 
need an improved understanding of the science behind how stem cell therapy, scaf-
folds, and cytokines making up PRP work along with a better understanding of the 
human genome in the context of degenerative diseases like osteoarthritis. Given the 
immense potential of this field, will regenerative medicine be regarded as its own 
specialized area of medicine in the future?
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