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Regenerative Medicine

Jonathan Snitzer, Sunny Patel, Xiao Zheng, 
Houman Danesh, and Yury Khelemsky

�Introduction

Regenerative medicine encompasses approaches to treat pain 
by using mostly biologic compounds with the goal of repair-
ing damaged tissues. This chapter will address two main 
implements of this branch of pain medicine: platelet-rich 
plasma (PRP) and stem cells.

�Platelet-Rich Plasma (PRP)

�History

The concept of regenerative medicine existed long before 
stem cells or platelet-rich plasma (PRP). In Aristotle’s 
time, observations of salamander tail regeneration started 
to inform the concepts of the body’s regenerative capac-
ity. PRP was used as early as the 1950s for dermatologic 
conditions [1]. In 1987, PRP was used during open-heart 
surgery to augment healing and to avoid homologous 
blood product transfusion [2]. In the 1990s, PRP use grad-
ually increased, especially in oral maxillofacial surgery, 
where it was associated with improved graft success [3]. 
In the 2000s, PRP grew in popularity in the fields of ortho-
pedics and sports medicine, given its promise of augment-
ing the body’s natural bone-healing mechanisms [4]. 
Mishra and Pavelko in 2006 integrated PRP into the spe-
cialty of pain management by showing a significant reduc-

tion in pain after PRP injection for chronic lateral 
epicondylitis [5]. The use of PRP by athletes such as 
Hines Ward and Tiger Woods has accelerated the interest 
in PRP for musculoskeletal conditions in both the medical 
and public world.

�Definition

Platelet-rich plasma (PRP) is defined as plasma with supra-
physiologic concentrations of platelets and other cellular 
components. The normal range for platelets in whole blood 
is 150,000–450,000 platelets per microliter. While there is 
no standardized concentration of platelets and other cell 
types that is required for PRP, in general the range is between 
3 and 9× baseline concentration. Greater than four times 
baseline platelet concentration or 1–1.5 million/microL of 
platelets is thought to be therapeutic [6–8]. Additionally, 
there are no standardized mechanisms for collecting and pre-
paring PRP. As a result, there are qualitative and quantitative 
differences between injectates, making research and evalua-
tion of efficacy extremely difficult.

Platelets contain a plethora of growth factors, enzymes, 
and other bioactive compounds within alpha-granules that 
are involved in wound and tissue healing [1]. The main 
growth factors associated with tissue healing are platelet-
derived growth factor (PDGF), transforming growth fac-
tor beta (TGF-B), vascular endothelial growth factor 
(VEGF), insulin-like growth factor (IGF-1), hepatocyte 
growth factor (HGH), fibroblast growth factor (FGF), and 
epidermal growth factor (EGF) [9]. Appropriate concen-
trations and presence of white blood cells (WBC) are cur-
rently under debate. The concern regarding WBC and 
neutrophils is that their activating role in the inflamma-
tory process could further exacerbate and delay healing 
[10, 11].

Currently, there are a variety of PRP classification sys-
tems. The revised system formed by Dohan Ehrenfest 
consists of four groups: pure platelet-rich plasma (P-PRP), 
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leukocyte- and platelet-rich plasma (L-PRP), pure platelet-
rich fibrin (P-PRF), and leukocyte- and platelet-rich fibrin 
(L-PRF) [12]. Another sports medicine-centered 
classification system focuses on the concentration of plate-
lets and leukocytes and whether the sample is activated. 
There are four groups: L-PRP solution, L-PRP gel, P-PRP 
solution, and P-PRP gel [13]. The PLRA classification sys-
tem (Table 36.1) proposed by Mautner attempts to include 
the critical components from the other classification systems: 
platelet concentration, leukocyte concentration, red blood 
cells, activation agent, and volume of injectate. The PLRA 
system’s goal is to standardize the important aspects of the 
injectate in order to make evaluation of treatment outcomes 
more meaningful [14].

�Derivation

PRP is derived from a sample of autologous whole blood 
drawn from the patient. Sterile precautions are extremely 
important when collecting the patient’s blood in order to 
prevent infection [4]. Additionally, care should be used to 
avoid unnecessary trauma to prevent premature activation 
of platelets and the clotting cascade. Currently, there are a 
variety of different systems and processes used for PRP 
preparation. These vary in initial volume of the whole 
blood, final volume, final concentration of leukocytes, 
platelets, and other growth factors, rate and number of 
cycles, spin time of centrifuge, and the addition of an acti-
vating agent. In general, once the blood is drawn, an antico-
agulant (citrate-dextrose) is added to prevent activation of 
the clotting cascade. The sample is then prepared using one 
of two general methods: PRP or buffy-coat. In the PRP 
method, two cycles of centrifugation are performed: the 
first cycle, termed the soft spin (1200–1500 RPM), sepa-
rates the RBCs from the remaining whole blood and the 
second cycle, termed the hard spin (4000–7000), separates 
PRP from the platelet-poor plasma (PPP). In the buffy-coat 
method, high-speed centrifugation is performed, separating 
the sample into three layers: red blood cells, buffy-coat 
(platelets/white blood cells), and PPP [15]. The buffy-coat 
layer is then centrifuged again resulting in a higher concen-
tration of platelets.

�Indications/Uses

�Tendon Pathology

Overuse injuries are common and can affect tendons through-
out the body, and ultimately lead to tendinosis. In general, 
tendon healing is slower than other tissues due to poor vascu-
lar supply. PRP has been used to treat a variety of different 
tendon pathologies. Some of the best data for PRP use is in 
the treatment of lateral epicondylitis, also known as tennis 
elbow. The incidence of lateral epicondylitis can be as high 
as 2% [16]. Mishra and Pavelko first illustrated the promise 
of PRP in their sentinel unblinded study of 20 patients with 
lateral epicondylitis. They showed significant improvement 
in VAS scores following PRP injection at up to 3 years post-
injection [5]. In a randomized double-blinded controlled trial 
of 100 patients comparing steroid and PRP injections for lat-
eral epicondylitis, there was significant improvement in both 
VAS and DASH scores at 26 and 52 weeks in the PRP group 
[17]. Additionally, at 2-year follow-up, 81% of the PRP 
group had >25% reduction in their VAS scores compared to 
only 40% of those in the steroid group [17]. Conversely, in a 
randomized double-blinded study comparing steroid, saline, 
and PRP injection for lateral epicondylitis, there was no sta-
tistical difference between the groups [18].

PRP has also been shown to be an effective treatment for 
other tendinopathies such as plantar fasciitis and Achilles 
tendinosis [19]. Jain and colleagues in a randomized trial of 
60 patients comparing PRP and steroid injections for plantar 
fasciitis demonstrated a significant improvement in VAS, 
range of motion, and American Orthopaedic Foot and Ankle 
Surgery (AOFAS) scores at 1 year [20]. Of note, there was no 
statistical difference at either 3 or 6 months. In a randomized 
study of 40 patients comparing steroids to PRP injections for 
chronic plantar fasciitis, PRP was shown to be more effec-
tive, with improved AOFAS scores at 3, 6, 12, and 24 months 
[21].

�Intra-articular Pathology

As with tendinous pathologies, intra-articular cartilage inju-
ries and degeneration exhibit slow and poor healing. Knee 
osteoarthritis (OA) is extremely common and has a tremen-
dous economic burden on our society. As of 2012, approxi-
mately 46 million Americans suffer from knee OA, with 
nearly 50% of people over the age of 85 having symptomatic 
knee OA [22]. OA is thought to be secondary to an imbal-
ance of pro-inflammatory and anti-inflammatory cytokines 
ultimately leading to cartilage destruction [23]. PRP has 
been shown to not only mediate the inflammatory response 
and improve vascular supply but also to stimulate 
chondrogenesis [24]. In a large meta-analysis and systemic 

Table 36.1  PLRA Classification

PLRA classification Criteria Final score
P Platelet count Volume injected Cells/μL
L Leukocyte content >1% +

<1% −
R Red blood cell content >1% +

<1% −
A Activation Yes +

No −
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review of PRP for knee OA, PRP injections demonstrated 
efficacy at 6–12 months [25, 26]. Additionally, there was a 
trend toward superiority over viscosupplementation in both 
duration of action and reduction in pain [25]. Interestingly, 
the reduction in pain scores was significantly greater in 
patients with mild to moderate OA compared to more severe 
cases [26]. Conversely, in a large randomized controlled trial 
of 443 patients, PRP was shown to be no more effective than 
viscosupplementation [27]. Of note, both interventions 
showed improvement in pain scores and functionality. PRP 
injections have been used to treat arthritis in other joints. A 
randomized controlled trial comparing PRP alone to PRP 
and hyaluronic acid (HA) and HA alone for hip OA revealed 
that the PRP group had lower VAS scores at 2, 6, and 
12 months post-injection, but the results were only clinically 
significant at 6 months [28].

�Ligament Pathology

Current randomized trials are limited for PRP use for liga-
ment injuries, although interest of using PRP for partial tears 
as an alternative to surgery is increasing. Avoiding surgery 
while expediting and optimizing healing is of extreme inter-
est especially in the world of athletics. In a retrospective 
study of 44 pitchers receiving one to three PRP injection fol-
lowing partial ulnar collateral ligament tears, the patients 
had significantly better outcomes compared to prior conser-
vative therapy standards [29, 30]. Using the modified 
Conway scale, 15 patients had excellent results, 17 had good 
results, 2 had fair results, and 10 had poor outcomes. Of 
note, 4 out of 6 of the professional pitchers in the study were 
able to return to pitch in Major League Baseball. PRP has 
also been used to improve healing following anterior cruci-
ate ligament (ACL) injuries. A large systematic review did 
not show any clinically significant benefit of using PRP dur-
ing ACL repair surgery [31].

�Disc and Spine Pathology

Presently, there is growing interest in the application of PRP 
to the treatment of low back pain, although current research 
is still limited. Facet joints are synovial joints, and like 
peripheral synovial joints may develop degenerative changes 
secondary to injury or overuse. As a result, the use of PRP 
may be an effective treatment to both decrease inflammation 
and stimulate healing. In a small prospective study, 19 
patients with facet joint syndrome received intra-articular 
facet joint injections with PRP [32]. Patients were followed 
up for 3 months, and 15 of the 19 patients had either good or 

excellent relief [32]. These results are encouraging, but this 
study is significantly limited secondary to the absence of a 
control group.

PRP is also being explored as a treatment option for 
symptomatic degenerative disc disease. A recent double-
blind randomized controlled study demonstrated significant 
improvement at 8 weeks in the Numeric Rating Scale (NRS), 
Functional Rating Index (FRI), and North American Spine 
Society (NASS) Outcome Questionnaire compared to the 
control group after patients received an intradiscal PRP 
injection [33]. Additionally, patients in the treatment group 
maintained significant improvement in their FRI score at 
1 year [33].

PRP has also been used to treat sacroiliac (SI) joint pain. 
In a small case series of four patients with SI joint instability 
and chronic severe back pain, PRP was injected into the SI 
joint and patients were followed up at 12 and 48 months [34]. 
At 12 months, all patients reported significant improvement 
in their joint stability, back pain, and quality of life. These 
results were maintained at 48 months.

�Complications and Contraindications

In general, if the sample is prepared appropriately using 
sterile technique and the procedure is performed with 
image guidance, the risk of complications is limited. As 
with any injection, there is a risk of bleeding or infection. 
Additionally, surrounding structures such nerves and vas-
culature can be injured. Although it is common to have an 
initial increase in pain following the injection, persistent 
worsening of pain is also possible [17]. Of note, for the 
initial increase in a pain following the procedure, it is pre-
ferred to avoid NSAIDs secondary to their inhibitory effects 
on platelets. There are a variety of absolute and relative 
contraindications to PRP injection, including but not lim-
ited to thrombocytopenia, platelet dysfunction, infection 
(systemic or local), anticoagulant therapy, metastatic can-
cer, and pregnancy.

�Future Directions

The future of PRP for musculoskeletal pathology is promis-
ing. PRP injections are minimally invasive and have an 
excellent safety profile, making PRP a desirable treatment 
option. Currently, PRP research lacks standardization and in 
order to truly elucidate and demonstrate its effects, we will 
need to develop more consistent research models. Presently, 
the exact composition of different cell types and growth fac-
tors needed to optimize tissue healing is unknown.

36  Regenerative Medicine
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�Stem Cells

�Terminology

Stem cells refer to lines of cells capable of proliferating and 
subsequently differentiating into the many tissues of an 
organism. This has sparked much ethical debate especially 
since the capability of harvesting them from human embryos 
became a reality in 1998. Given that disease processes that 
result in chronic pain are often result from an inability to 
regenerate damaged tissue, stem cell research has the poten-
tial to revolutionize the management of many chronic pain 
syndromes such as osteoarthritis, neuropathies, and tendi-
nopathies [35]. Prior to reviewing this complex topic, key 
definitions are listed in Table 36.2.

�Derivation and Techniques

Embryonic stem cells (ES) are collected from pre-
implantation blastocysts. In the past, stem cells were 
removed from embryos fertilized in vitro or created from 
somatic cell nuclear transfer. Somatic cell nuclear transfer 
(SCNT) is the process of cloning in which a nuclear mate-
rial from a somatic cell is transplanted into an enucleated 
egg cell. This ultimately produces an embryo genetically 
identical to the somatic donor. Embryos were allowed to 
form an inner cell mass which was abundant in stem cells. 
Harvesting the cells at this level of development led to the 
destruction of the embryo. Consequently, this process was 
the center of much of the ethical debate surrounding embry-
onic stem cell research. A newer process called altered 
nuclear transfer (ANT) proceeds much in the same manner 
as SCNT; however, the nuclear contents are modified to 
prevent the formation of a human embryo and still produce 
stem cells. Another new technique called blastomere 
extraction removed one of the eight blastomeres formed 
from a 2-day-old embryo, in which the remaining seven 
blastomeres were capable of being re-implanted into the 
mother and subsequently allowed to develop into healthy 

human embryos, assuming no defects were detected in 
genetic testing.

Adult stem cells (AS) are present in most tissues to main-
tain tissue and repair injuries. Hematopoietic stem cells dif-
ferentiate into the various blood cell lines and are collected 
from bone marrow and peripheral blood. Bone marrow and 
blood is typically extracted from the hip using a large spe-
cialized needle. The aspirate undergoes a process called 
apheresis using a special machine in which stem cells were 
separated out from bone fragments, fat, and other compo-
nents. Peripheral blood can also be used to obtain hemato-
poietic stem cells, although they are much fewer in number 
than in the bone marrow. Much of the interest in stem cells 
relating to pain management involves mesenchymal cells 
(MSCs) which give rise to fat, bone, cartilage, and connec-
tive tissue. Though they have classically been isolated from 
bone marrow, new techniques allow them to be obtained 
from fat using a less invasive liposuction procedure. The 
removed tissue then undergoes further filtration processes to 
isolate MSCs. The cells can then be grown in standard cul-
ture with different media, matrixes, cytokines, and growth 
factors to achieve desired differentiation.

Induced pluripotent stem cells (IPS) are obtained by a 
process of introducing genes present in pluripotent stem 
cells into mature cells when those genes are not typically 
expressed. This results in a few of those cells reverting back 
to a more immature, less differentiated state [36].

�Therapeutic Targets

Discogenic Pain
The treatment of chronic lower back pain has been one of 

the most common uses of human mesenchymal stem cells in 
pain management. The process entails integration of cultured 
MSCs derived from bone marrow with nucleus pulposus 
cells to stimulate chondrogenic differentiation. These cells 
are then injected into degenerative discs in which they would 
serve to regenerate and buttress collagen matrices. Multiple 
small nonrandomized, uncontrolled studies have reported 
improvement in pain scores during a 1–2-year follow-up. 
One study following 10 patients with injection of BMSCs 
into the annulus fibrosis showed improvement in pain scores 
for low back and radicular pain [37].

The largest randomized controlled trial was initiated in 
2007 in which 28 canine subjects were randomized to have 
percutaneous injection of damaged disc-derived chondrocytes 
injected into the annulus fibrosis 12 weeks after microdiscec-
tomy or have microdiscectomy alone. MRI was used to con-
firm decreased reduction in disc height in the experimental 
group, with decreased pain scores, and decreased disability. It 
was also found that the experimental group had evidence of 
new proteoglycan and collagen formation in degenerative 

Table 36.2  Key Definitions

Type of 
cells Definition
Stem Cells capable of self-renewal and differentiation
Totipotent Capacity to differentiate into embryonic and extra-

embryonic tissues (placental)
Pluripotent Capacity to differentiate into tissue of the body derived 

from the embryonic germ layers that form the inner 
mass in the blastocyst (endoderm, mesoderm, 
ectoderm)

Multipotent Capacity to differentiate into any cells of a particular 
germ layer

Unipotent Capacity to differentiate into only one cell type

J. Snitzer et al.
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areas the level of injection [38]. Other studies have shown that 
injection of stem cells within intervertebral discs result in no 
improvement in lower back pain [39]. There is no consensus 
on this novel use of MSCs, though many studies are encour-
aging. Larger blinded RTCs are needed to further investigate 
intradiscal stem cell therapy to help elucidate its utility.

�Osteoarthritis

There are no current FDA treatments approved for the use of 
stem cell injections to repair or regenerate damaged cartilage 
in osteoarthritis; however, research is ongoing. Mechanisms 
behind improvement in cartilage have been hypothesized to 
be due to secretion and promotion of growth factors/cyto-
kines to repair damaged tissue and inhibition of MMP-13, a 
protein produced by chondrocytes that damages cartilage in 
OA. Several research projects are attempting to discern the 
efficacy of cartilage repair using injected autologous chon-
drocytes in comparison to mesenchymal stem cells. Most 
researchers speculate that MSCs should provide significant 
advantages over autologous chondrocytes due to abundance 
in all tissues, improved responsiveness to biologic and artifi-
cial manipulation, broad range of expression, and capacity to 
differentiate into regenerative tissue [40]. Studies have dem-
onstrated that although the capacity to differentiate does not 
change with age, shear cell number and proliferative poten-
tial do decline. A small cohort study showed marked 
improvement in pain scores on the Western Ontario and 
McMaster Universities Osteoarthritis Index (WOMAC) after 
intra-articular injection of MSCs in a total of 12 patients who 
previously failed conservative management. T2 MRI showed 
improvement in knee cartilage quality and no adverse out-
comes were reported [41]. Another randomized trial com-
pared intra-articular knee injections of hyaluronic acid and 
MSCs and found that both groups reported improved pain, 
but cartilage quality appeared superior in the stem cell group 
[42]. Numerous other studies have been undertaken conclud-
ing that stem cell injections into joints have contributed to 
the healing of native cartilage [43]. Joint injection proce-
dures have had a low incidence of adverse events, but do 
include pulmonary embolism, tumor formation, and joint 
infection [44]. Mechanisms behind improved cartilage pro-
files have been hypothesized to be due to secretion and pro-
motion of growth factors/cytokines to repair damaged tissue 
and inhibition of MMP-13, a protein produced by chondro-
cytes that damages cartilage in OA [45]. Many more clinical 
trials need to be undertaken with greater number of patients 
to make a more definitive statement regarding likely benefits 
of intra-articular stem cell injections in the treatment of OA.

�Neuropathic Pain

Target diseases of most neuropathic pain studies involv-
ing stem cells include trigeminal neuralgia and diabetic 
neuropathy. Various mechanisms have been theorized 
including immunomodulation resulting in decreased 
inflammatory response to injured tissue, angiogenic stim-
ulation resulting in improved vascularity and oxygen 
delivery to affected sites. A study using spinal cord injury 
in a rat model showed that neuropathic pain may be 
reduced with transplantation of BM-MSCs or UC-MSCs, 
but motor function recovery, hyperalgesia, and allodynia 
appear to be unchanged [46]. A recent study with eight 
patients with trigeminal neuralgia that failed pharmaco-
therapy showed that majority of patients reported 
improved pain and decreased gabapentin requirements 
after intraneural injections of adipose MSCs. In another 
small study, 10 out of 15 patients reported improvement in 
pudendal neuropathy after injection [47]. Studies on stem 
cells targeting diabetic neuropathy have not yet been con-
ducted in human model, although animal studies have 
shown promise [48].

�Tendinopathies

Tendon injury remains a common cause of discomfort, pain, 
and limitation in population typically stemming from 
inflammation and overuse injury. Stem cells are currently 
being researched to aid in tendon repair due to their capac-
ity to differentiate into tenocytes, perform proliferative and 
synthetic function, and secrete growth factors to aid in 
regeneration of tendon tissue. MSCs are preferred over ECs 
and iPSCs for their decreased likelihood of teratoma forma-
tion given their restricted self-renewal and lineage differen-
tiation potential. BMSCs do still have the potential to form 
ectopic bone in transplant injection sites. Pretreatment of 
MSCs with specific growth factors to drive tenogenic dif-
ferentiation prior to treatment has largely shown success in 
improved healing. Delivery of stem cells via intralesional 
injection or direct transplantation has shown the greatest 
likelihood of stem cells taking residence in target tissue. 
Two studies assessing the injection of allogeneic ADSCs 
cells for treatment of chronic lateral epicondylitis have 
yielded positive results [49]. As stated previously, the 
majority of these studies are in animal models and have 
short follow-up periods of 4–12  weeks. Most studies in 
human are small and uncontrolled, and as such, there is no 
FDA-approved stem cell treatment of tendinopathies in 
humans at this time.

36  Regenerative Medicine
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