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Regenerate (re· gen· er· ate; ri-ˈje-nə-rət): to generate or produce anew; to replace (a body part) 
by a new growth of tissue; to restore to original strength or properties.

The field of medicine has come a long way since the days of opium and willow tree bark. 
While eras of time are earmarked by diseases and illnesses that plagued the living of that 
period, they are equally remembered for the scientific breakthroughs they gave way to that 
allowed for our species to survive and persevere. Each discovery rendered treatments that 
allowed mankind to treat the untreatable. Fortunately, the minds of luminaries never grew 
content, ever searching for the next “cure” or an advancement that would allow us to continue 
to push the boundaries of what was possible. But for each problem that was solved, another 
obstacle was revealed; the obstacle of our time has been finding the means to make the body 
“fix itself.”

The human body is a resilient machine that can repair itself after withstanding impressive 
amounts of damage, yet there are certain instances where it cannot, relegating it to an impasse 
that it will never cross. For as far as we have progressed, we still have no way to make the brain 
regenerate lost tissue, repair a damaged spinal cord in quadriplegic, regrow lost cartilage in an 
arthritic joint, or even repair a degenerative disc in the spine. For these and many other condi-
tions where damage appears to be irreversible, we have turned to the idea of regenerative medi-
cine in an attempt to “trick” the body into regenerating itself and repairing the injury.

Regenerative medicine has gone by many names over the years: biologics, stem cell ther-
apy, embryonic stem cells, platelet rich plasma, prolotherapy, amniotic…whatever the name or 
label, many view the field like to be the “holy grail” or even the final frontier of medicine due 
to the seemingly endless possibilities for its utility. Whether it be repairing the nigrostriatal 
pathway of the brain in a person with Parkinson’s, regrowing lost islet cells in the pancreas of 
a person with diabetes, repairing retinal damage in an eye, or simply treating pain in a damaged 
tendon, regenerative medicine may very well hold the key to helping mankind move beyond 
the obstacles of our era.

As the field has grown, so has its use in everyday practice – particularly in the specialties of 
pain and orthopedics. Despite the groundswell in its popularity, a lack of adherence to evidence- 
based medicine and essential standards has developed, for which it is utilized in basic practice. 
Contrary to virtually every other therapy and/or medical treatment currently being utilized, 
regenerative medicine is not part of an educational curriculum within any field or specialty 
within medicine; rather it is relegated to “word of mouth” or weekend courses whereby one 
medical professional will merely share their personal experiences for a price to others that 
wish to bring these methods into their own practices. Often, there is little regard for evidence 
or best practices within these “educational” offerings, simply ways to maximize profits. 
Consequently, the belief that regenerative therapies are pixie dust or some form of magical 
treatment that can cure all ailments has developed which has created a schism between reality 
and marketing fiction.

Regenerative medicine is impressive and revolutionary by its right, without any need for 
embellishment or exaggeration – if it is ever to reach its full potential, it will need to stand on 
its own merit with real data and factual evidence as the foundation. The purpose of this book 
was to bring together the world’s experts in regenerative medicine and consolidate that evi-
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dence into a first-of-its kind resource that will give future practitioners an evidence-based 
resource on how to best implement this therapy in the real world.

It is our hope that this book will be a beacon of light for the field that highlights not only the 
importance of data but the continual need for even more, as well as becoming call-to-action 
that will drive others to build upon what we present here by publishing similar works predi-
cated on real data. As time moves on, and the future becomes the past, we endeavor to make 
this offering a “living document” that will be continually updated as more data enters the fold 
and future therapies come into play.

We are extremely grateful to the many authors who made this offering possible, especially 
the tireless efforts of our section editors (Douglas P.  Beall, Aaron Calodney, and George 
C. Chang Chien) for putting this publication on their backs and helping to carry it to the finish 
line.

To our readers: please use this book with one and one goal only in mind – do no harm. As a 
wise man once said, “Be a good doctor, and everything else will follow.” (Timothy Ray Deer, 
MD)

New York, NY, USA Corey W Hunter
Santa Monica, CA, USA Timothy T. Davis
Richmond, VA, USA Michael J. DePalma 
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Introduction to Regenerative Medicine

Timothy Ganey and H. Thomas Temple

Regenerative medicine has been one of the frontiers for 
understanding human biology for centuries. Long before it 
fell under the category of medical research, or was assigned 
the regenerative moniker, or even considered medical prac-
tice, humans have sought to understand the basic context of 
how the body emerges with such complexity and near error-
less synchrony to produce the dividends of interdependent 
function. When that elegant system fails and disease or 
degeneration breaks into perfection, however, the challenge 
then becomes to isolate the weakness and either replace or 
regenerate the affected tissue. As physicians and biologists 
seek to “unbrick” the wall, to isolate the piece or pieces from 
the whole, the evolution of knowledge has shifted the bal-
ance of understanding to seek the indivisible rather than to 
reintegrate the fragments as a functional system.

Medical practice also comes under the aegis of governing 
approvals and oversight that ensures that both safety and effi-
cacy are attained. With both health and commercial practices 
collaborating and competing to accommodate patient care 
without compromising the economics of reimbursement, 
technologies have been developed that are broadly reduc-
tionist and guided by the trajectory of regulatory approval. 
Seeking “mechanism of action,” strategies aligned to iden-
tify niche assets of a biological process that are economically 
viable and scientifically accurate, companies have strived for 
therapeutic advantages for patient care and have evolved 
along with the principles of action–reaction understanding.

It has been clarified that with respect to cell-based matri-
ces, the market and regulatory bodies have accepted that liv-
ing cells can be included in allograft for use in repairing 
bone. With a source that is allogeneic, i.e., from a donor that 

will be used for homologous use, several products have come 
to market that have living cells and are marketed under FDA 
guidelines that regulate them as Human Cells, Tissues, and 
Cellular and Tissue-Based Products (HCT/Ps). To meet the 
threshold that defines that categorization, there are several 
criteria that must be met [1]. Without broad discussion, four 
tenets have defined the cornerstone of dialogue with the FDA 
and the discussions for product development for commercial 
purposes:

• The HCT/P is minimally manipulated;
• The HCT/P is intended for homologous use only, as 

reflected by the labeling, advertising, or other indications 
of the manufacturer’s objective intent;

• The manufacture of the HCT/P does not involve the com-
bination of the cells or tissues with another article, except 
for water, crystalloids, or a sterilizing, preserving, or stor-
age agent, provided that the addition of water, crystal-
loids, or the sterilizing, preserving, or storage agent does 
not raise new clinical safety concerns with respect to 
HCT/P; and

• Either:
 – The HCT/P does not have a systemic effect and is not 

dependent upon the metabolic activity of living cells 
for its primary function; or

 – The HCT/P has a systemic effect or is dependent upon 
the metabolic activity of living cells for its primary 
function, and:
• Is for autologous use;
• Is for allogeneic use in a first-degree or second- 

degree blood relative; or
• Is for reproductive use.

If the definition of the cells, in particular, does not remain 
within the margins imposed by this standard, then the pro-
posed product is regulated as a “Biologic” and requires dif-
ferent stringency for FDA approval prior to marketing in the 
United States. For companies trying to commercialize regen-
erative medicaments for therapeutic use, such additional 
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regulatory approval often creates an economic barrier that is 
insurmountable.

With regard to viable cell allografts, cell-based matrices, 
and other living tissues, the FDA to date has permitted the 
use of cells having metabolic function in the transplant. In 
the field of regenerative medicine, stem cells have been 
shown to be able to self-renew but also give rise to daughter 
cells committed to lineage-specific differentiation. To 
achieve this remarkable task, they undergo an intrinsically 
asymmetric cell division whereby they segregate cell fate 
determinants into only one of the two daughter cells. Stem 
cells have been typed with a specific “cluster of differentia-
tion,” “cluster of designation,” or “classification determi-
nant” that is usually abbreviated as CD for identification. 
Once identified, extensive in vitro investigations have been 
carried out to determine specific cell functions under precise 
conditions in the scientific method of changing single vari-
ables and measuring outcomes. Elaborate cellular mecha-
nisms that orchestrate the processes required for asymmetric 
cell divisions are shared between stem cells and other asym-
metrically dividing cells. These cells demonstrate that asym-
metry/polarity is guided by varying degrees of intrinsic and 
extrinsic cues and intracellular machineries that divide the 
desired orientation into a balance of asymmetry/polarity.

Regenerative medicine has utilized cells with the CD des-
ignations from a variety of sources, including bone marrow, 
adipose tissue, peripheral blood, placental tissues, etc. to 
produce cell lines that have purposeful uses and specific cell 
phenotypes. When isolated and expanded cells (called A in 
this example) are steeped in science (called B), cells with the 
same phenotype present in cellular matrices (labeled as C) 
are then presumed supported by the same science. In this 
case of transitive equivalence, A = B, and A = C, so therefore 
B = C. The argument, empiric in nature, may be essentially 
accurate but likely understates the science and underesti-
mates the integration of cell, cell factors, cell polarity, asym-
metry, immune integration, and a myriad of yet undiscovered 
complications needing further explication.

A colleague offered me insight into this context a few 
years ago stemming from his appreciation of music. Although 
our discussion focused on spectrums of incident light and 
electromagnetic frequency on adaptation, its analogous value 
to music was the space between the notes. His awareness was 
fresh and reverent to an understanding widely ascribed to the 
French composer Claude Debussy, a prominent musician in 
the style commonly referred to as “Impressionist Music.” 
Neither likely intended to link a harmonic guiding a psycho-
physical phenomenon, remarkable in part because the per-
ception of periodicities, namely pulse and meter, arise from 
stimuli that are not periodic [2]. One possible function of 
such a transformation is to enable synchronization between 
individuals through perception of a common abstract tempo-
ral structure (e.g., during music performance). Understanding 

that the underlying brain processes are a fundamental aspect 
of human perception enables communication between neural 
areas such as auditory and motor cortices. Should we think 
that the organization and integration of tissue interfaces are 
any less driven by a similar message? I think that is one of 
the keys that accelerates the interest and defines the concept 
of regeneration—essentially aligning that the periodicity of 
the asymmetry of the tissues and cells is a more orchestrated 
construct than one relying on the simplicity of “CD” desig-
nation and tissue composition.

Curiosity drives the human mind to find out more and to 
look for additional factors, but each evolving inner analog 
offers less information that contributes to a better under-
standing of the whole. Using bone as an example of a tissue 
that for the most part retains restorative potential throughout 
life, it remains opportune that regenerative medicine engages 
the subsets of understandings that have been found in reduc-
ing its parts as we make attempts to further the regenerative 
techniques we have gleaned from this reduction (Fig. 1.1).

The concept is straightforward; for every point on a line, 
there is a space between, and within that space exists some-
thing unmeasured, something assumed to be average or rep-
resented by the adjacent known entities, but still vastly 
unknown. From a classic perspective of molecular metrics 
first demonstrated by Kees Boeke in 1957 [3], the lay public 
was offered that insight in the seminal work of Powers of Ten 
by Philip and Phyllis Morrison [4]. Both depictions collapse 
a logarithmic trek from the cosmic outer limits to the ocean 
of the universe within a carbon atom, with humans serving as 
a mere intercept along the journey, a placeholder, or mile-
stone to a personalized awareness. Coupling the musician’s 
awareness of the silence between the notes that brand the 
music, the challenge to biologists is to understand the space 
between the defined but arbitrary scales of life and investi-
gate the depths of the dark space to differentiate determi-
nants of illness from measures of health. A better sense of 
that space should help facilitate understanding and translate 
an unknown into a meaningful therapeutic intervention.

A Holy Grail of modern stem-cell research is the recre-
ation of a functioning organ. The vital importance of achiev-
ing this goal is all too clear. In the United States alone, nearly 
9% of patients with liver failure die waiting for a new organ. 
An example of a much broader need is the organ transplant 
services, where from December 1988 through February 7, 
2019, more than 758,000 transplants have successively been 
performed [5]. With the demand for transplantable organs far 
exceeding supply, the need for regeneration therapies has 
never been greater. This translates into a significant opportu-
nity to repair, restore, and regenerate organs before the need 
for replacement imposes a life or death mandate.

Among the earliest attestation to regenerative medicine 
emerges from the Greek literature in the myth of Prometheus. 
Each day, an eagle would feast on his liver, and each night 
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b

c

d

e

Fig. 1.1 Functional entity—healthy tissue. While it is possible to 
know ever more distinct areas of a system, it is more challenging to 
fully integrate individual aspects of their actions into a predictable 
scheme. The science of regenerative medicine has been paved in indi-
vidual bricks that appear to offer both dimension and direction. This 
cartoon depicts the ever-increasing complexity that defines a sector, but 
at the same time independent of the connection might not fully charac-
terize the science attending the conclusion. (a) Bone is a living tissue 
that provides skeletal support. “Bone” is the whole. (b) Skeletal support 
is dynamic and interdependent on mechanical stimulation for model-
ing. Interdependent and analog spaces are “bone” and “load.” (c) 

Mechanical modeling of bone depends on adequate blood supply, endo-
crine interaction, and nutrition. “Bone” has now four derivatives: load, 
blood supply, endocrine, and nutrition. (d) Each Linnean reduction 
comes with a subset of its own reductions, and if a fraction of blood 
supply is further divided, the logic of asymptotic understanding is 
assured. In the instance of blood supply, the additions of endothelial 
lining, sympathetic tone, growth factor activity, endogenous regulation, 
and repair are just the start. (e) Furthering those strands of knowledge, 
say fibroblast growth factor as an example, is it possible to extrapolate 
FGF in vascular homeostasis as a meaningful prediction of the whole 
organism?

his liver would regrow in time for the eagle’s return. When 
hearing this tale, it is tempting to consider that the ancient 
Greeks had witnessed the amazing capacity of the liver to 
restore itself and noted the cruel and incremental penance as 
a substantiation of the immortality of the gods as, in fact, it 
was Zeus who had deemed this his punishment. This possi-
bility fascinates those engaged in regeneration research, and 
for some, it is the seminal reference to a cultural understand-
ing of regenerative powers by the Greeks [6–8]. Authors 
assume that the Greeks knew about the liver’s regenerative 
powers [9] or adopted an agnostic attitude through uncited 
logic in exceptional journals [10, 11]. An extensive discus-
sion of the regenerative awareness of ancient civilizations 
suggests that early human anatomists trailed the myths by 
more than 1500 years and that the more likely scenario of 
culinary prowess, a belief in organ vitality, and the subse-
quent blurred lines of myth and time perhaps have led to 
more confusion than convincing evidence [12].

The literature is replete with notations of what constitutes 
attempts by the body to make the system whole. Since the 
time that it was observed and long before it was documented 
that limb regeneration occurs in amphibians, inquisitive indi-
viduals sought a remedy for loss and a solution to the need 
for restoration. There is little argument that regenerative 
medicine harbors the potential to restore tissues and organs 

and reconstitute their function, yet the tenets of agreement 
rapidly diverge with broad tentacles that tack an immense 
number of strategies. Limitations of technology did not blur 
early insight but reduced many of the scientific merits to 
musing. In what is a limitless framework of observation, 
experimentation and communication, key elements can be 
drawn together to formulate a basic understanding of the 
potention for regeneration and how it can be utilized in legit-
imate medicine. It is also possible to append the analog 
between the cardinal points to better perceive, if not correct, 
the trajectory of pathology.

Modern therapeutic remedies are guided in the frame-
work of regulation and under the auspices of what is safe and 
efficacious and what the main risks are. Perhaps a more rig-
orous evaluation would engage an overview of how regen-
eration differs from generation. Ernst Haeckel coined the 
phrase that each acolyte in the sciences is exposed to—
Ontogeny recapitulates Phylogeny, which is akin to “The 
Biogenetic Law” that assigns a context where evolution 
added new stages to produce new life forms. Thus, embry-
onic development became a record of evolutionary history. 
The single cell corresponded to amoeba-like ancestors, 
developing eventually into a sea squirt, a fish, and so on.

By the turn of the century, discoveries were made that 
defied Haeckel’s so-called law. Initially cast as exceptions, the 
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rise of genetics and the modern synthesis has since explained 
the rate and direction of embryonic development. Individual 
genes can mutate and cause different changes to the way 
embryos grow, either adding or taking away new stages at any 
point along their path or altering the speed of development. 
This science of epigenetics is the foundation of regenerative 
medicine, and although somewhat guided through the tiers by 
a Lamarckian notion that evolution has direction, the chal-
lenges of regenerative integration compared with generative 
development are vastly different (Fig. 1.2).

In the framework intersecting science and experience as 
this book touts, there are foundations that assure certainty and 
others that remain to be conquered. It is not richly imaginative 
to appreciate the fact that all life on Earth shares a common 

ancestor, a cell that arose from bacterial progenitors nearly 4 
billion years ago. Whether it was from a freak accident, divine 
intervention, or the perseverance of a change that remained 
while other experiments failed remains to be determined. It is 
an interesting exercise to wonder how many attempts were 
made to unify the efficiency of a colony as a resonating single 
cell that could divide, diversify, and then reassemble the col-
ony with singular and plural cell versatility expressing physi-
cal characteristics and traits that were diversified within the 
organism. Those cells emanating from a common ancestor 
have become a fundamental aspect of the science of biology 
and the core foundation of regenerative medicine. 
Distinguishing the cells as a core feature, it is important to 
determine the cues that shift the diversity and sort the reaction 
to stimulus and symptomatic change. Are the subtle signals 
standardized to the single cell, or does a synchrony dictate the 
cross-talk and exchange that can be part of the translation? 
Better tools, more extensive thought, shrinking dimensions of 
the space between the dots of knowledge bring us into a nexus 
that allows cells to be nearly infinitely sorted as a taxonomy in 
a style that Linnaeus would envy [13].

An argument could be made that the genesis of DNA dis-
covery contributed to an evolving increase in gaps that are 
parallel in scope and number to the points learned. Erwin 
Schrodinger made two key points in his 1944 book What is 
life? [14]. Relevant to the topic of regeneration, he noted that 
life somehow resists the universal tendency to decay, a pro-
cess that is otherwise known as entropy and stipulated in the 
second law of thermodynamics and second, that the secret to 
life’s evasion of entropy lied in the genes. Years before Crick 
and Watson inferred the sequence of bases carried the genetic 
information, Schrodinger proposed that the lack of nonre-
peating bases could act as a “code-script”—the first use of 
the term in the biologic literature [12, 15], which has become 
the basis of modern biology. The realms of code, 3 billion 
letters in our case, reads like a novel of enchanted, coherent 
stories and vast swaths of repetition that result in a 2% cod-
ing for proteins, a larger portion for regulatory functions, and 
the remainder still assigned to the cliché of needing a better 
understanding. Understanding the structure of the code has 
created the ultimate conundrum for regenerative therapeutics 
as genomes do not predict the future but recall the past. They 
reflect the exigencies of history and the containment of the 
environment.

What does regeneration look like in the context of tissue 
where information previously in equilibrium finds itself not 
only disrupted but unconstrained? Are those tissues able to 
recapitulate the origin, pass through, and return via a stable 
state that is differentiated to function, facilitated to anatomy, 
and fostered with sufficient receptors that will balance and 
check re-integration? As a starting point, and short of the 
replacement of entire extremities and organs, what features 
have guided the science, established a hierarchy of ethical 

a

b

Fig. 1.2 The concept of ontogeny recapitulating phylogeny is rooted to 
the attribution of Ernst Haeckel, who suggested that an individual 
organism’s biological development parallels and summarizes its spe-
cies’ evolutionary development. (a) Represented are the stages of 
development an organism proceeds through, with the orange sphere 
denoting the path of development. In this illustration, the course is sin-
gular and successive and directional as growth. (b) During a regenera-
tive event, development, integration, and achieving appropriate size 
decorate an existing grid rather than establish a new one. In this exam-
ple, the epigenetic influences of the existing scaffold, cell activity, and 
organism age serve as architects of the new potential, and the distortion 
or the variation between the generative and regenerative dimensions is 
illustrated as orange spheres that are at once both inconstant and 
responsive to the morphologenic field by which they are imposed. (a) 
Linear development isometric; (b) epigenetic and shaping influences
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domains, and regulated the industry? In this chapter, the goal 
is to establish basic tenets of regenerative approaches, in par-
ticular, a potential that cells maintain for self-replacement, 
lineage multiplicity, and informed exchange to guide the 
function of complex tissues. In that regard, all tissues require 
a metabolic supply, and nearly all function from a vascular 
supply. Recognizing the regulation of the vascular system in 
and of itself is incomplete science, but given the appearance 
of angioblasts and a cardiac beat at 21 days from conception, 
its role must be carefully calibrated in the morphogenesis of 
tissues. From the simplest of consideration of pressure and 
shear forces in vessels, or as advocated by the mathematician 
and computer scientist Alan Turing, in 1952, it was the 
molecular diffusion of nutrients [16]. While none of these 
hypotheses were absolutely wrong, continuing work has 
demonstrated that factors released affect activation, perfu-
sion, dimension, and flow dynamics that are paracrine, cyto-
kine, and hormonal. It is safe to note that vasculogenesis is 
the formation of early vessels laid down by programming 
that is genetically deep and that satisfies a quorum of condi-
tions to ensure competent and controlled inherent expres-
sion. At the periphery is another consideration that 
demonstrated mindfulness can change the response and that 
placebo invigoration is in itself a medicine. This consider-
ation that functional metabolic responses follow that course 
is interesting but perhaps a bit peripheral. A concept that 
likely warrants a brief mention is the current understanding 
that the placebo response and gene variants in catechol-O- 
methyltransferase (COMT) gene may act as risk factors for 
psychopathology [17].

This is interesting for several reasons, two of which are 
noted here. For some time, it has been known that the brain 
and matter are inextricably linked by brain peptides, emo-
tions, and physical expression of symptoms. The mind–body 
connection has been known in academia long before it has 
developed into a mainstream awareness. This is critical to 
understanding regenerative medicine as the psychophysio-
logical manifestations might offer avenues of insight into 
repair, variation of response, and restrictions to healing that 
are inherent to various disease processes [18, 19]. In some 
instances, individuals with multiple personality disorders 
display symptoms that vary with each personality such as 
allergy to cats, diabetes, and so on. This suggests that what 
we know of matter and mind are surely integrated in a regen-
erative frontier. What are the primal signals for degeneration 
that guide the scope of recognizing a need for regeneration, 
and if it is simply insufficiency, why does the body not 
respond and compensate?

Regenerative medicine is a field that involves replacing, 
engineering, or regenerating human cells, tissues, or organs 
to establish, restore, or enhance normal function. It is an area 
with great promise that includes cell therapies, therapeutic 
tissue-engineering products, human cells, and scaffolds upon 

which cells can grow [20]. Recently, there has been much 
interest specifically in the potential of adult stem cells to 
address a wide variety of conditions. A process of renewal, 
restoration, and growth regeneration allows genomes, cells, 
organisms, and ecosystems to attain resiliency to natural 
fluctuations or events that cause disturbance or damage. 
Every species is capable of regeneration, from bacteria to 
humans. Regeneration can either be complete, where the 
new tissue is the same as the lost tissue, or incomplete, where 
in the process of repair, the lost tissue is replaced by fibrotic 
tissue or scar formation.

At its most elementary level, regeneration is mediated by 
the molecular processes of gene regulation, adequate prolif-
eration, and balanced structuring of tissues with an accompa-
nying metabolic support. Regeneration in biology, however, 
mainly refers to the morphogenic processes that characterize 
the phenotypic plasticity of traits allowing multicellular 
organisms to repair and maintain the integrity of their physi-
ological and morphological states. Everyone is familiar with 
the concept of debridement, the process of removing 
unhealthy tissue from the body. The affected tissue may be 
necrotic (dead), infected, damaged, and contaminated, or 
there may be a foreign body in the tissue that requires 
removal. In the context of regenerative medicine and tissue 
regeneration, how does the body recognize the boundaries of 
healthy tissue and preserve and annotate the morphogenetic 
field for integrated replacement. How does the body under-
stand sufficiency and not overreach and replace an entire 
area during what might be intended to be a focal repair?

Regeneration somehow balances the extant or existing tis-
sue, recognizes the errant or injured tissue, and in some pri-
mal manner determines what is repairable and what is 
expendable and then aligns a paradigm of repair mechanisms 
to make the tissue whole. Deposition, modeling, cues of 
repair, charge, density, permeability, porosity, and morphol-
ogy are all factors that are considered.

The goal is one of normalizing self, recognizing limits of 
volume, cellularity, cell density, cell inhibition, adequate 
metabolic demands, and sympathetic restoration. How are 
the setpoints for the repair integrated and satisfied on the 
whole? What is the equilibrium that measures and weights 
the variants that differentiate absence and abundance? At 
what point does the relevance of metabolism merge into the 
controlled moderation genetic hierarchies, immune and 
injury response, tissue repair, and remodeling until function 
has been restored to a pattern that is more physiological than 
pathological.

It is common to think of tissue replaced in vast definable 
anatomies. Apart from large tissue regeneration or repair, the 
ongoing focal replacements should also be understood as 
regeneration. Humans and animals lose tissues and organs 
due to congenital defects, trauma, and disease at all times. 
The human body has a low regenerative potential as opposed 
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to the urodele amphibians commonly referred to as salaman-
ders. Traditionally, transplantation of intact tissues and 
organs has been the treatment method to replace damaged 
and diseased parts of the body. Today variations of that tech-
nique expand the capabilities of traditional tissue banking 
and transplantation options. One asset of the human tissue 
allograft has been the inclusion of cells as a viable allograft. 
Through refinements in technology, techniques for sorting 
and collecting cells that afford renewed vigor to a host need-
ing tissue have been developed. Variations in methods, cell 
sources, and carrier scaffold imbue not only viability and 
vitality but bioavailability as well. That availability has the 
paracrine factors that enable cell–cell communication at a 
cellular and subcellular level. This understanding is not a 
new one as paracrine and cytokine communication has been 
known for quite some time. Chapter 9 discusses exosomes as 
the depth of exosome understanding deserves a greater depth 
of discussion. With the clear evidence that it offers the basis 
of epigenesis, exosomes perform the transfer of genetic 
cargo from cell to cell. Stem cell populations can secrete 
various bioactive compounds, including exosomes, extracel-
lular vesicles, and an entire secretome that effects change 
and, in some cases, restores equilibrium. Successful isolation 
of these complexes (which contain a variety of active signal-
ing agents) and their subsequent administration might be an 
alternative strategy to stimulate the functions of host cell 
populations in damaged tissue sites. Properly delivered 
active signaling molecules could subsequently facilitate 
ECM deposition, the tissue remodeling process, and tissue 
regeneration.

Strategies for repair including resorting the tissue to its 
previous ability to take stress and strain along with the neural 
integration and regaining function are challenging but con-
nected components of any therapeutic strategy. Many studies 
on the mechanisms of regeneration have led to the identifica-
tion of cytokines, growth factors, and signal transducers that 
are produced by cell types within the organ being replaced or 
transported to the tissue repair site by vascular, lymph, and 
interstitial transport. These cytokines and growth factors are 
thought to cause cell expansion and proliferation, resulting 
in functional recovery. The details of such mechanisms, 
however, have not been sufficiently elucidated, and the prac-
tical applicability of regeneration based on the action of 
cytokines and growth factors is still unclear. Various cells 
and organs are involved in the regeneration process, which 
proceeds as a result of the coordination of many factors. 
Exposure to cytokines alone might be a trigger, but it would 
be naïve to assume that exchange is dormant and waiting for 
physiologic inspiration to activate.

Adult stem cells are important for the normal mainte-
nance and repair of wounded tissues through their ability to 
differentiate, remodel the extracellular matrix (ECM), 
modulate the immune response, and secrete growth factors 

and cytokines that stimulate cell migration and neovascu-
larization [21, 22]. Mesenchymal stem cells (MSCs) origi-
nate in many tissues, but bone marrow and adipose 
tissue-derived stem cells (ADSCs) are the most available 
for harvest. Mesenchymal stem cells are known to differen-
tiate down several cell lineage pathways to form cartilage, 
fat, muscle, and connective tissue, but they are also actively 
involved in the regulation of wound healing [23]. 
Mesenchymal stem cells have also been shown to regulate 
the immune response and inflammation in wounds through 
the secretion of immunomodulatory cytokines. These cells 
also cause enhanced proliferation, migration, and secretion 
of biologically active molecules by a process known as 
paracrine signaling [24]. Studies suggest that the paracrine 
activity of MSCs significantly enhances responsiveness and 
migration of macrophages, epithelial cells, and endothelial 
cells [25]. As a result, autologous and allogeneic stem cell 
therapies have been considered a form of treatment to stim-
ulate healing of wounds, both chronic and acute. In consid-
eration of what a wound is, every surgery is technically a 
wound requiring a healing event. It is not surprising that 
cellular, peripheral vascular, and other adjunctive assets 
have been employed in the mechanisms of aiding healing 
and hastening the process of regeneration. Coming back to 
the conjunction of the viable allografts/cellular bone matri-
ces, the activity of the cells is one of the measurable meta-
bolic parameters and one of the catalysts that produces 
byproducts of cell disintegration that sends the sum of its 
parts as a signal. In regenerative medicine, there is little 
evidence to associate autologous cell activity with grafting 
placement, and a similar abbreviated understanding needs 
further elucidation.

In addition to humoral factors, the autonomic nervous 
system is also involved in the regeneration process as noted 
in human liver repair [26]. Studies examining the direct feed-
back relationship between the liver and brain are transmitted 
via the afferent sympathetic nervous system to the ventrome-
dial region of the hypothalamus and then to the lateral region 
of the hypothalamus. They then pass through the dorsal 
nucleus of the vagus nerve in the medulla oblongata, after 
which they return to the liver [27, 28]. It appears that the 
autonomic nervous system first activates the afferent sympa-
thetic nerves in the damaged liver, which transduces the sig-
nal to the center of the autonomic nervous system in the 
brain and then to the efferent vagus nerve. This results in the 
activation of cell proliferation in various organs inside the 
abdominal cavity, such as the liver, gastrointestinal tract 
organs, and pancreas. Despite this known process, no study 
has focused on the effect of this system on liver regeneration. 
Therefore, the system as an effector of liver regeneration 
plays as much of a role as the local tissue. Given the large 
focus on cell therapy intended for applications in 
mesenchymal- derived tissue, is it likely that vascular, 
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 endocrine, immune, or innervation also plays an important 
role and is no less involved in constitutive repair.

As the body and tissue bend to breathe the autonomic ner-
vous system as an integrated response is attuned to both cel-
lular and biochemical functions, how does knowing the 
margins of whole reintegrate the control, posture, and 
strength in accord with the demands of a challenging tissue 
like musculoskeletal? What are the signals that interpret flex-
ibility and stiffness as sufficient, or what connotations of 
electrophysiology affect a membrane resonance that confers 
a loss of polarity and presses for proliferation and migration 
over matrix attachment, cell grounding, and matrix elabora-
tion? How do the cells that might have been transplanted 
attenuate their placement, attach to the matrix, and reinte-
grate appropriate function and location? What guides the 
polarity of cells during asymmetric division and resonates a 
functional status that comprises rather than compromises 
that biologic expression? These questions challenge scien-
tists, biologists, and tissue engineers to better appreciate the 
complexity and authorize process identity that nurtures the 
repair not as an alternative but as an expectation.

 Fate of Transplanted Cells

The human body consists of billions of cells that exist 
together as an intricately organized and mutually supportive 
community. This cell community is a dynamic system that is 
maintained by a well-regulated balance between cell prolif-
eration and death. Medical science surrounding regenerative 

intervention speaks to stem cell delivery and identifying the 
cell lineages, but little discussion goes beyond the perception 
of viability and appropriate markers that suggest pluripoten-
tial before placement. Is it conceivable that by placing a 
bolus of cells into a defined tissue it will provide immediate 
integration and sustain the ligands and cell markers that have 
been validated in the process or is it more likely that the cas-
cade of response directly results from the cytokine exchange 
and evolving phenotype in both the cells delivered as well as 
in the cells in the host tissue? It seems unlikely as well that 
cells remaining viable after placement would assemble as 
might be analogous to a 4-segment “Tetris” puzzle (Fig. 1.3).

Do cells migrate after they are placed and what evidence 
that has been defined in vitro can be applicable to in vivo 
validation? It is clear that cell migration plays a central role 
in a wide variety of biological phenomena such as in embryo-
genesis where cellular migrations are a recurring theme in 
important morphogenic processes ranging from gastrulation 
to development of the nervous system. Migration remains 
prominent in the adult organism as well as is seen in both 
normal physiology and with pathologic processes. In the 
inflammatory response, leukocytes immigrate into areas of 
insult, where they mediate phagocytic and immune functions 
[29]. Migration of fibroblasts and vascular endothelial cells 
is essential for wound healing and, to the extent that even the 
finest surgical interventions result in wounds, many consid-
erations of the wound field are applicable. Finally, cell 
migration is crucial to technological applications such as tis-
sue engineering, playing an essential role in colonization of 
biomaterials scaffolding. While under the aegis of regenera-

a

b

Fig. 1.3 Organizing. (a) Normal simple epithelium is comprised of a 
monolayer of individual cells that display distinct apical-basal polarity. 
Cells are tightly packed and connected to each other by the apical junc-
tional complexes (yellow), which separate apical (light pink) and baso-
lateral attachment to the basement membrane domain. (b) With 

deposition, delivery, or wound healing, individual cells devoid of polar-
ity must achieve a dimension defining basement membrane repair to 
guide their attachment and integrate as an aligned tissue within the 
extant tissue

1 Introduction to Regenerative Medicine
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tion, the restorative requirement of volume replacement in 
some injuries will require a scaffold that protects the space of 
the injury. However, when this balance is skewed by injury, 
repair, dysregulation of activity, or even cell accumulation, 
predictable outcomes are less assured. Individuals citing 
theoretical risks turn to the possibility of tumor development 
or the potential death of the entire cell community due to 
inflammation or uncontrolled biologic processes.

As with many other cellular processes, the molecular 
components involved in cell migration are being identified at 
a rapid rate, including the determination of how they partici-
pate in migration. The manner in which these components 
work together, like most other cell functions, as a dynamic 
integrated system to give rise to migration is only beginning 
to be studied. Understanding cell migration as an integrated 
process requires an appreciation of chemical and physical 
properties of multicomponent structures and assemblies, 
including their thermodynamic, kinetic, and mechanical 
characteristics, because migration is a process that is physi-
cally coordinated both spatially and temporally. Only when 
it is understood as an integrated system will its alteration via 
genetic, pharmacologic, or materials-based interventions 
acquire a truly rational basis where placement, scaffold, den-
sity, identity, and intention are balanced by the initial deliv-
ery—much the same as noted by the analogy of music and 
perception. A sense of assembly hears an orchestra where 
science is still recognizing the instruments.

From experiments performed more than two decades ago, 
a compilation of existing data emerged that maximal cell 
migration speed tends to correlate inversely with contractile 
force [30]. Further refinement of those observations con-
trasted contractual-migration interfaces that would imply 
that the optimal cell–substratum adhesive strengths yielding 
maximal migration speeds for fibroblasts, neutrophils, and 
keratocytes, respectively, would be in descending order with 
approximately tenfold interval decreases [29]. This depen-
dence of cell locomotion speed on overall cell–substratum 
adhesive strength and the degree of spatial asymmetry sug-
gests one means by which the various molecules regulating 
adhesion complexes can effectively control migration. The 
mechanical strength of protein–protein bonds is logarithmi-
cally related to their biochemical affinities, so alteration of 
the affinities of linkages within adhesion complexes by cova-
lent modifications can “tune” overall adhesiveness as well as 
a spatial adhesiveness differential [31]. Regarding regenera-
tive cells, the variations in migration, the association with 
ligand, and the course of spatial appropriation all appear to 
be time dependent as well as signal reliant.

More current discovery has identified a cell migration- 
dependent mechanism for releasing cellular contents, 
wherein a cell will leave retraction fibers behind it and vesi-
cles at the intersections of retraction fibers. Coined “migra-
somes” by the investigators, these migration nodes contain 

numerous smaller vesicles, with diameters of about 
50–100  nm [32]. During migrasome biogenesis, an initial 
phase of rapid growth and extension is followed by a rela-
tively stable period. Most compelling to the observation is 
the subsequent integration and involvement following the 
retraction. Migrasomes are released into the medium or 
directly taken up by surrounding cells. The migrasome for-
mation is an integrated conglomeration of specific integrin- 
coupled microvesicle exosomes that depend on integrin 
pairing with tetraspanin identities. The idea of trailing edge 
vesicle release as a primer or as a footprint for other cells to 
connect is not a new one [33]. It is unique that vesicle release 
of cellular contents renders location-specific footprinting 
that other cells can home to. This authenticates the possibil-
ity for spatial and biochemical information from outgoing 
cells, or from host cells to direct regenerative effort, or for 
cells delivered with extensive potency to map in time and 
space a scaffold that is at once both connected and polarized 
by attachment that spatial and biochemical information from 
outgoing cells can be acquired by incoming cells. Given that 
many important physiological functions, such as the forma-
tion of neuronal networks and innate and adaptive immune 
responses require localized communication between cells to 
achieve not only polarity but morphogenic integrity, this 
importance of this process becomes obvious.

Summarizing a few points in this discussion, cell polarity 
is a driver of activity and dissociation of charge can activate 
a differentiation of cell phenotype. In the context of multicel-
lular organisms, and in particular to the essential goal of 
regenerative medicine, it is critical to keep in mind that cells 
communicate with each other utilizing chemical messengers 
and that the pharmacology of release is dependent on mem-
brane polarity, which in turn affects transcription, which in 
turn generates exosome release that constitutes a connection 
if not a scaffold. For many of these messenger molecules, the 
membrane is an insurmountable barrier. New techniques 
have been developed to examine binding to surface proteins 
that can measure ligand binding with high temporal resolu-
tion and on a single cellular level [34]. With insights into the 
change of membrane, the ability to reciprocate voltage 
changes or imbue a capacitive coupled inference to the mem-
branes might be possible. This insight has been similarly 
guiding strategies to not only define but to detect system 
change in many tissues by many attempts [35–37]. Possibly, 
it is accommodated by inherent growth factors accompany-
ing cell and concentrated plasma products, but this connec-
tion and intention to regenerate is nourished by factors not 
yet completely understood. Strategies for repair are to recog-
nize, respond, resolve differences, regenerate material, and/
or supplement a scaffold that enhances generation and to 
provide recognition that allows integration.

Although it is likely that the assurance of composition 
trumps the eventual continuity of geometry, observations of 
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simple wound healing on skin are obvious to any who have 
seen restitution of tissue following a cut or scratch where 
pigmentation and surface erase any obvious trace of the 
wound. It is clear that it takes more time to guide the remod-
eling than it does the replacement. Biodynamics and basic 
physiology including the pharmacology of receptors, half- 
life of molecular forms, and the interaction and migrations of 
cells have guided the course of regeneration from the foun-
dations of embryology. Other chapters within this book 
broadly discuss current regenerative therapies such as 
platelet- rich plasma that are not unexpectedly replete with 
platelet-derived growth factor (PDGF). For some time, it has 
been known that PDGF has a positive effect on the stimula-
tion of mesenchymal stem cells [38]. Within a short time fol-
lowing that report, further studies of PDGF elucidated its 
receptor and biochemistry and defined the temporal context 
of its binding half-life [39]. Not surprisingly, the receptor 
half-life is less than that of the growth factor, as one might 
imagine the imposition of locked stimulation that was in any 
way errant in the magnitude of response. Using just this sin-
gle growth factor as an example and considering the discrete 
families of growth factors and the large number of variants, 
the ability to responsibly expect cause and effect never strays 
from predictive variability. Strategies emerging from the 
example of PDGF have sought to block action, selectively 
repress signal, or in other ways to sequence activity in the 
time–space coordination of tissue development [40, 41]. 
Determining the fate or defining the relative contributions of 
therapy presents different challenges.

A revolutionary insight at the time was the tracking of 
cells using quail–chick chimeras [42]. Nicole Le Douarin, in 
many ways, pioneered the science defining cell fate, origin in 
the context of migration, and demonstrated with unusual 
clarity cell fate, cell migration, and anatomical emergence of 
distinct tissues. Her prescient observation was that the nucle-
olus was particularly large and conspicuous in quail mesen-
chymal cells. Although her work was initially given to 
evaluating hepatocyte cells and liver development, one char-
acteristic she observed in the differentiation of hepatocytes 
was the enlargement of the nucleolus. What became intrigu-
ing to her and informative to the many who have looked at 
cell fate during development was that the large nucleolus 
was evident not only in the hepatocytes but also in the mes-
enchymal cells of the chimeric liver lobes that developed in 
culture. These observations were aided by histochemical 
techniques such as the Feulgen–Rossenbeck’s procedure that 
stains DNA and a method for staining the RNA components 
of the nucleolus. Thus, as far as the structure of its nucleolus 
was concerned, the quail species appeared as an exception. 
This particularity made quail cells easily recognizable from 
chick cells at the single-cell level and at any developmental 
stage. Using this method of identification, determinants from 
early differentiation to mature tissues could be tracked—an 

example of the chimeric tissue where the quail nucleoli of 
the neural crest region are stained and the subsequent migra-
tion led to the reconstitution of contributions of cell source to 
mature tissue (Fig.  1.4). The quail–chick marker system 
enhanced significantly the value of the avian embryo as a 
model for embryological research in developmental biology, 
combining the advantages of the availability of the embryo 
with observation and manipulations during the entire period 
of development with molecular methods [43–45].

Findings from the experiments provided some of the first 
evidence of pluripotency and of multiple potential contribu-
tions to various tissues including skeletal, nerve, and endo-
crine tissue. A demonstration of the considerable contribution 
of the neural crest to the vertebrate head—to the facial and 
visceral arch skeletal and connective structures, the skull, 
and the cardiovascular system were furthered beyond the 
likely considerations that the peripheral nerve system was 
sourced as well. These notions were new, and the notion of 
plasticity of the neural crest cells fated to build up the gan-
glia and nerves of the peripheral nervous system (PNS) 
largely depended upon environmental cues arising from the 
tissues in which they differentiate at the end of their migra-
tion [46]. A striking feature of the neural crest observation 
work was the fact that it gave rise to a large number of differ-
ent cell types and that the feedback during development was 
regionally and spatially cued. Although the neural crest is 
regionalized into several distinct areas yielding different 
PNS structures in normal development, spatial disturbances 
of this preexisting order did not result in major abnormalities 
in PNS ontogeny, meaning that one neural crest area can be 
substituted for another to provide the embryo with sensory, 
sympathetic, parasympathetic, and enteric ganglia. In the 
context of regenerative medicine, coordinated repair, cell 
plasticity, and a sense of morphogenetic patterning seem to 
process an inexact but equilibrated dimension where tissue 
emerges not only where the anatomy would dictate but in a 
form that is appropriate for functional resonance with the 
surrounding tissue. This underscores the uncertainty of pre-
dictability in the morphogenesis of form but may not fully 
resonate with regenerative capabilities.

What is the remedy for random? Does order dictate and 
define the direction and dimension of the repairs? Accepting 
the context of biological “clay,” does the science of regenera-
tive medicine have sufficient scope of understanding to pre-
dict not only the physical but the deeper and less predictable 
odds of the analog between the digits—what is the primal 
biologic utterance? Does the overarching structure impose a 
simplicity that is amplified in alignment rather than forcing 
an alignment based on an offset of constraints that are likely 
triggered by a symphony of cells, growth factors, cytokines, 
charges, cell surface kinetics, and even the polarity of the 
individual cells within the emerging tissues? Based on com-
mon pharmacology understanding, the location of ligands, or 
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Fig. 1.4 The quail–chick marker system (a, b): two means for recog-
nizing quail from chick cells. (a) Feulgen staining of DNA shows a 
large mass of heterochromatin in the center of the nucleus, which is 
associated with the nucleolus in quail cells (left). In chick cells, the 
heterochromatin is evenly distributed (right). (b) Staining of quail cells 
(half a somite on the right) grafted into a chick embryo with a monoclo-
nal antibody raised against a quail nuclear antigen (produced by Carlson 
and Carlson, University of Michigan). (c) Different types of grafts from 

chick to quail (or vice versa) embryos at the same developmental 
stages. The graft may involve the placodal ectoderm, the neural fold at 
the head level, or the neural tube including the neural folds prior to the 
onset of NCC emigration. (d, e) NCC migrating from a neural tube 
quail graft at the trunk level (d) or from a neural fold (right) graft at the 
cephalic level. Note that a unilateral NC fold graft expands on both 
sides during migration. (Le Douarin [48]. Used with Permission from 
Elsevier)
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the ability for ligands to promote attachment are not surface 
agnostic and are highly ordered and directed to polarity. In 
terms of polarity, regenerative medicine still has to define the 
context of where the lead in active regeneration is precipi-
tated and reactive, what is prescribed and responsive to inner 
cues, or what is defined in terms of static spaces that offer 
analog life as part of the procession.

 Precipitation Viewed as a Nonsolute Quality

The alteration of proteins and changing the biologic charges 
and dynamics are some of the most important changes that 
can alter the course of the living organism. The interactions 
between linear polysaccharides and proteins can be regu-
lated by additional modifications such as sulfation or branch 
formation of polysaccharide chains. Although the atomic 
details have been reported for certain heparin-binding pro-
teins including antithrombin, FGF2, and annexin, 3D struc-
tural information on the recognition mode of sulfated 
polysaccharides remains limited. The effect that stabilizing 
the environment of a living cell has on the activity of the tis-
sue in terms of differentiation and growth that results from 
regenerative integration has to do with what drives the fit and 
guides the morphology. Whether a cell forms a tumor or 
repairs itself appears to be generative at every step, but some-
how the restitution to sameness is lost, and insufficiency 
becomes the faux of excess.

 Mechanical vs. Medical

One of the inherent challenges of regenerative medicine is 
considering a closed system where all the factors are identi-
fied and defined in the hopes of achieving biologic closure. 
One might argue that accepting that science as defining the 
dots of understanding does not define the analog space 
between the concepts and that the mystery forces guiding 
living organisms to maintain cell membrane voltage, define 
material space, and evolve against all entropic predictions is 
a sufficient impetus to guide regenerative efforts even if they 
are yet insufficiently understood or explained.

The guiding light of medical treatment has always enlisted 
the applied principles of tissue engineering for years, trans-
planting and shifting matrices within patients to promote 
regenerative potential. The advent of new technology offers 
even greater promise and brings unbridled enthusiasm that 
full regenerative potential of tissue and whole organ systems 
can be achieved in the near future.

The implicit goals of regenerative medicine are to achieve 
restitution of space, mechanical solidarity, and functional 
continuity. Often, the biological signals do not provide suf-
ficient stimulus to attain a full repair. The therapeutic goal is 

to omit compliance features such as strain tolerance, reduced 
stiffness, and attenuated strength and instead promote pri-
mary tissue formation within the physical approximation of 
a wound or diseased tissue. Future bio-engineering strategies 
will combine several favorable properties of identified bio-
logic processes in an effort to support tissue differentiation 
without shielding capacity for integrated modeling. Ideally, 
tissue compatibility that minimizes patient morbidity is opti-
mal for healing. In scope, regenerative implantation will 
offer structurally enhancing solutions that are inductively 
optimum for predictable tissue formation. What is clear from 
the literature and multiple congresses that are held on an 
annual basis is that the prescriptions for the ultimate answer 
to regenerative medicine are as numerous as the opinions 
presenting them. Unlike the six blind men of Indostan who 
were unable to recognize an elephant except for the terms 
under which they had been exposed, the words of the Russian 
playwright and physician, Anton Checkhov, should be con-
sidered. Noting in the Cherry Orchard, “If many remedies 
are prescribed for an illness, you may be sure that the illness 
has no cure” [47]. Based on the broad use of regenerative 
adjuncts of cells, matrices of both autologous and allogeneic, 
platelet concentrates, and placental tissue products, the rem-
edies themselves have become the numerator over a lesser 
number of denominating potentials. Being able to not only 
accept the promise but the performance of these therapeutic 
adjuncts is critical. Forced to seek commercial opportunities 
that provide meaningful clinical applications, much of the 
patient risk is deferred to testimonials or personal recom-
mendations. When meaningful data have been synthetically 
collected rather than abstracted without regard to the number 
of participants, regimen of therapy, functional improvement, 
then regenerative medicine will be able to shed the cloak of 
the alternative and tailor itself to an impressive fit in various 
clinical applications. In the acceptable practice of physician 
oversight and practice with a data-driven understanding of 
performance, expectations should meet the intentions of 
regeneration as a science and tool for clinical care.
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Prolotherapy

Jason Kajbaf

 Introduction

Regenerative medicine, the idea of creating new healthy tis-
sue to replace old damaged tissue, such as replenishing the 
articular cartilage of an osteoarthritic joint, or repairing dam-
aged tendons, has become an increasingly researched field 
[1]. Currently, a significant amount of resources and time are 
being put into platelet-rich plasma (PRP) and stem cell injec-
tions for various musculoskeletal disorders (which will be 
discussed in a later chapter); however, prior to PRP and stem 
cells, regenerative medicine began to make its claim as a 
legitimate treatment option via prolotherapy.

Prolotherapy is essentially the first form of modern regen-
erative medicine, having been used for the past 100 years, 
and later further described by Dr. George Hackett [2]. The 
overarching theory is to introduce a noxious stimulus, most 
commonly hypertonic dextrose, to induce cell death, which 
would in turn result in the release of local inflammatory 
chemicals as well as growth hormones [3]. Subsequently, 
this local inflammatory response has been thought to stimu-
late the production of new cells and help heal chronically 
damaged nearby tissues [3]. Even though prolotherapy has 
been around for many years, and thought to have been effec-
tive based on anecdotal evidence, there has been an increase 
in the numbers of recent randomized clinical trials that have 
further supported the use of this prolotherapy, which will be 
discussed throughout this chapter.

Prolotherapy is most commonly used for chronic muscu-
loskeletal conditions, typically with tendinoses, ligament 
sprains, or articular cartilage damage, as in knee osteoarthri-
tis [4]. This is all of particular importance because chronic 
musculoskeletal disorders are currently the leading cause of 
chronic pain in the United States [5]. It is estimated that 
roughly one in two people over the age of 18 is affected by a 
musculoskeletal condition, and this number is even greater in 

the elderly, affecting about three of every four people over 
the age of 65 [6]. And with the United States’ aging popula-
tion, the number of people affected is expected to grow. 
Thus, it should not come as a surprise that the economic 
impact of chronic musculoskeletal disorders is massive, with 
recent estimates being roughly $874 billion dollars annually 
[6]. However, according to NIH estimates of funding for 
research for various medical conditions, chronic pain (with 
musculoskeletal disorders being the major cause of chronic 
pain) did not crack the top 50  in 2017 [7]. Ultimately, the 
significant economic impact, effect on individuals’ quality of 
life, and overall prevalence of musculoskeletal disorders 
have led to greater interest in viable treatment options, a la 
prolotherapy.

 Prolotherapy vs. Platelet-Rich Plasma (PRP)

Platelet-rich plasma (PRP), which will be further discussed 
in a later chapter, is in brief, precisely what the name sug-
gests, the injection of platelet-rich plasma that is obtained 
via the centrifugation of a person’s own blood, and the plate-
let rich layer is removed and injected [61]. This procedure is 
thought to work via the release of platelet-derived growth 
factor (PDGF) among other growth factors and cytokines, 
which are stored and released by platelets, and stimulate the 
production of local stem cells [61]. Thus, it has been studied 
that PRP may help with the treatment of the various chronic 
conditions (i.e., knee OA) that prolotherapy has long been 
used to treat. Recently, a study by Rahimzadeh et al. directly 
compared PRP to hypertonic dextrose prolotherapy injec-
tions for the treatment of chronic knee pain due to osteoar-
thritis. They found that though both injections provided pain 
relief and functional improvement, the PRP group had statis-
tically significantly more pain relief and functional improve-
ment than the prolotherapy group [61]. Table 2.1 reviews this 
and another study that compared prolotherapy to PRP injec-

2

J. Kajbaf (*) 
David Geffen School of Medicine—UCLA, Department of 
Physical Medicine and Rehabilitation, Los Angeles, CA, USA

© Springer Nature Switzerland AG 2023
C. W Hunter et al. (eds.), Regenerative Medicine, https://doi.org/10.1007/978-3-030-75517-1_2

https://doi.org/10.1007/978-3-030-75517-1_2


16

Table 2.1 Summary of prolotherapy vs. platelet-rich plasma (PRP)

Study Study design Population Intervention
Primary outcome 
measure Results Conclusions

Rahimzadeh 
et al. [61]

Prospective 
randomized 
double-blinded 
clinical trial

N = 42; 
patients with 
knee pain due 
to OA

Group 1: Injection 
of 7 cc PRP
Group 2: Injection 
of 7 cc hypertonic 
dextrose 
prolotherapy

WOMAC scores at 
baseline, 1-, 2- and 
6-month follow-ups

Improved WOMAC 
scores from baseline at 
1, 2, and 6 months 
(P < 0.001)
Greater improvement in 
PRP group vs 
prolotherapy group at 2 
and 6 months (P < 0.05)

Both provide significant 
pain relief, but PRP may 
provide longer, more 
significant pain relief 
and functional 
improvement

Kim et al. 
[62]

Prospective 
randomized 
single-blinded 
clinical trial

N = 21;
Patients with 
chronic 
plantar 
fasciitis

Group 1: 2 
injections of 2 cc 
PRP at 2-wk 
intervals
Group 2: Injection 
of 2 cc hypertonic 
dextrose 
prolotherapy at 
2-wk intervals

Foot functional 
index (measures 
pain, function, and 
disability) at 
baseline, 2 weeks, 
2- and 6-month 
follow-ups

Both groups had 
significant reduction in 
all subscales in the FFI
Greater improvement in 
function and disability 
in PRP group vs 
prolotherapy group at 
2 weeks and 2 months 
(P < 0.05).
No difference in pain at 
all intervals

Dextrose prolotherapy 
and PRP both result in 
clinically significant 
improved pain, function, 
and stiffness

tions. Overall, it appears that although both procedures are 
effective treatment options, PRP may provide significantly 
more relief.

 Indications

Chronic pain continues to compose a large percentage of 
annual doctor’s visits, a majority of the chronic pain being 
due to musculoskeletal disorders [11]. A majority of chronic 
musculoskeletal pain conditions, such as various tendinoses 
or chronic sprains, have been attributed to repetitive micro-
trauma or various single traumatic events that damage the 
soft tissue to such an extent that in turn leads to poorly healed 
ligaments and tendons. Thus, in an attempt to improve or 
perhaps even reverse these chronic degenerative changes that 
ensue, prolotherapy has been increasingly researched on 
various joints or soft tissues in order to provide a viable, safe, 
and cost-effective treatment option.

 Lower Extremities

 Knee Osteoarthritis
The human knee is put through constant, daily repetitive 
stress, and in a healthy joint, with healthy tendons, ligaments, 
and articular cartilage, this repetitive pounding is withstood. 
However, as knees age, these same soft tissues begin to dete-
riorate due to the same daily stresses and trauma and may 
eventually lead to, by way of osteoarthritis or tendon/ligament 
damage, chronic knee pain and/or instability. Symptomatic 
knee osteoarthritis is among the most common cause of knee 
pain and is seen in about 13% of women and 10% of men [20]. 

Current therapy for knee osteoarthritis is traditionally a com-
bination of topical or oral analgesics, steroid and hyaluronic 
acid injections, and physical therapy, prior to proceeding with 
surgery [21]. However, within the field of regenerative medi-
cine come treatments including prolotherapy, platelet-rich 
plasma, and stem cell injections, which have begun to change 
the treatment algorithm of knee osteoarthritis.

There has been a recent surge in research looking at pro-
lotherapy and knee OA, and although there has been general 
heterogeneity in protocols of these studies, they continue to 
demonstrate significant improvement in symptoms. A recent 
single-arm study by Rabago et  al. in 2012 demonstrated 
improvement of pain scores and Western Ontario and 
McMaster Universities Osteoarthritis Index (WOMAC) 
scores 4 weeks after the initial injection, as well as signifi-
cant improvement at 52-week follow-up [22]. These results 
were then later reproduced by a randomized controlled trial, 
again by Rabago et al. in 2013, comparing prolotherapy with 
hypertonic dextrose to conservative management with a 
home exercise program. This study used the same injection 
protocol as the earlier single-arm trial and had very similar 
results, with significantly improved WOMAC scores that 
persisted through 52  weeks [23]. A similar study using 
hypertonic dextrose yielded similar improvements in pain, as 
well as improvements in knee buckling and anterior cruciate 
ligament (ACL) laxity, thus further suggesting that there may 
be a possible role for prolotherapy in cases where ACL dis-
ruption may be present [24]. These results are further sum-
marized in Table 2.2. Subsequently, a meta-analysis in 2016 
by Sit et al. reviewed four RCTs and concluded that prolo-
therapy provides significant pain relief and improved 
WOMAC scores when compared to controls of home exer-
cise programs and saline injections [25].
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 Patellar Tendinopathy
Patellar tendonitis, inflammation of the patellar tendon typi-
cally due to repetitive jumping or knee bending activities 
(i.e., basketball, volleyball, and high jump), has been known 
to affect up to 20% of jumping athletes [26]. However, there 
is very little research studying the use of prolotherapy for 
patellar tendinopathy. There is a non-randomized single-arm 
pilot study that used hypertonic dextrose injections for patel-
lar tendonitis refractory to conservative management, which 
found that there was both a clinical improvement in patient 
pain scores and improvement of the structural integrity of the 
patellar tendon that was evident by increased neovascularity 
under ultrasound.

 Anterior Cruciate Ligament (ACL) Laxity
ACL injuries are commonly quite debilitating injuries seen 
most predominantly in athletes, resulting in significant time 
away from sports, due to treatment typically with surgery 
and subsequent rehab [17]. Currently, acute ACL injuries are 
managed surgically; however, in cases of chronic knee pain 
associated with ACL laxity, prolotherapy has been suggested 
to serve as a potential treatment option [24]. This study is 
further detailed in Table 2.2. Ultimately, there is a paucity of 
clinically significant research studying the use of prolother-
apy for ACL injuries.

 Osgood-Schlatter Disease
Osgood-Schlatter disease has long been considered a disease 
of young male athletes, most commonly between the ages of 
9 and 14, and is usually benign and self-resolves once the 
growth plate ossifies [27, 28]. Although the pain is self- 
limiting and resolves with conservative management in most 
cases, in rarer situations, chronic pain may persist, and pro-
lotherapy may have a role in its treatment. One study com-
pared prolotherapy to conservative management and 
lignocaine injections and found that prolotherapy provided 
statistically significant improvements in both short- and 
long-term pain relief when compared to non-prolotherapy 
groups. Furthermore, they found that the prolotherapy group 
also had a higher asymptomatic return to sports rate than the 
other treatment groups, thereby demonstrating its positive 
effects on overall quality of life and level of function [29].

 Achilles Tendinopathy
Achilles tendonitis is found commonly among the general 
population, though it is more prevalent among athletes. Up to 
24% of athletes have a lifetime incidence of Achilles tendi-
nopathy [30]. Risk factors include stop-and-go sports (i.e., 
basketball, soccer), history of Achilles tendinopathy, a sud-
den increase in exercise, male gender, obesity, and poor run-
ning mechanics, among others [30]. There have been many 

Table 2.2 Summary of prolotherapy for treatment of knee osteoarthritis

Study Study design Population Primary outcome measure Results Conclusions
Adverse 
events

Rabago 
et al. 
[22]

Prospective 
single-arm trial with 
hypertonic dextrose

N = 36; 
moderate-severe 
OA patients

WOMAC scores Improved WOMAC 
scores (P < 0.001)

Dextrose prolotherapy 
may result in improved 
pain, function, and 
stiffness

None

Rabago 
et al. 
[23]

Prospective 
randomized 
double-blinded 
placebo-controlled 
trial
   Normal saline 

injection vs. 
hypertonic 
dextrose injections 
vs. exercise alone

N = 90; patients 
with at least 
3 months of 
moderate to 
severe knee pain 
due to OA

WOMAC scores Greater WOMAC 
score improvement of 
dextrose prolotherapy 
compared to controls 
(P < 0.05)

Dextrose prolotherapy 
results in clinically 
significant improved pain, 
function, and stiffness

None

Reeves 
et al. 
[24]

Prospective 
randomized 
double-blinded 
placebo-controlled 
trial
   10% dextrose 

+0.075% lidocaine 
in bacteriostatic 
water vs. 0.075% 
lidocaine in 
bacteriostatic 
water

N = 68; patients 
with at least 
6 months of knee 
pain due to knee 
OA

Visual Analog Scale (VAS) 
for pain and frequency of 
knee buckling, and 
KT1000-measured anterior 
displacement difference 
(ADD) for objective 
analysis of ACL laxity

Improved pain and 
buckling frequency in 
dextrose injection 
group (P < 0.015); 
improved ACL laxity 
(P = 0.021)

Prolotherapy injection 
with 10% dextrose 
resulted in clinically and 
statistically significant 
improvements in knee 
osteoarthritis, and ACL 
laxity

None
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Table 2.3 Summary of prolotherapy for treatment of Achilles tendinopathy

Study Study design Population

Primary 
outcome 
measure Results Conclusions

Adverse 
events

Maxwell, 
et al. [32]

Prospective case series
   Ultrasound-guided Achilles 

tendon prolotherapy 
injections (25% dextrose 
+1% lignocaine) every 
6 weeks

N = 36; 
mean age 
54.0

VAS pain 
scores:
   VAS 1 at rest
   VAS 2 

during 
normal 
activity

   VAS 3 
during sport 
activity

Tendon 
thickness 
measured by 
ultrasound

Improvements in 
VAS 1, 2, & 3 
(P < 0.001)
Decreased Achilles 
tendon diameter 
(P < 0.007)

Dextrose prolotherapy results in 
statistically improved pain and 
reduces tendon inflammation as 
seen by reduced tendon diameter

None

Ryan et al. 
[33]

Prospective case series
   Ultrasound-guided Achilles 

tendon prolotherapy 
injections (25% dextrose 
+1% lignocaine) every 
6 weeks

N = 99; 
mean age 
54.0

VAS pain 
scores:
   VAS 1 at rest
   VAS 2 

during 
normal 
activity

   VAS 3 
during sport 
activity

Tendon 
thickness 
measured by 
ultrasound

Improvements in 
VAS 1, 2, & 3 
(P < 0.001)
No change in 
Achilles tendon 
diameter

Dextrose prolotherapy results in 
statistically significant reduction 
of pain from Achilles 
tendinopathy

None

studies as of late looking at the use of prolotherapy for 
Achilles tendinopathy; however, a recent systematic review 
identified several studies that were of moderate to good qual-
ity, which have been further detailed in Table 2.3 [31]. One 
of these studies by Maxwell et al. found statistically signifi-
cant reduction in pain scores at rest, with normal daily activ-
ity, and even after strenuous activity or sports after 
ultrasound-guided prolotherapy injections [32]. Additionally, 
they demonstrated statistically significant reductions in 
Achilles tendon diameter following prolotherapy injections, 
further signifying an improvement of the tendinitis. This was 
then later corroborated by a study by Ryan et al. who fol-
lowed the same injection protocol and had similar statisti-
cally significant reductions in pain scores during rest, normal 
activity, and sports [33].

 Plantar Fasciitis
There are approximately one million people affected annu-
ally by foot pain caused by plantar fasciitis, and more than 
half of them will seek medical treatment. Current practice is 
to initially treat this conservatively with shoe inserts or heel 
pads, and various stretches and exercises; however, in cases 
of refractory plantar fasciitis, injections have been shown to 

be helpful [34]. The initial injection commonly practiced is 
steroid injections, though like other chronic ligamentous or 
tendinous disorders mentioned above, prolotherapy may 
have a role in plantar fasciitis treatment. Two separate 
 studies, deemed to have moderate to good quality of evi-
dence by a recent systematic review, have both demonstrated 
significant reduction of symptoms and are reviewed in more 
detail in Table 2.4.

 Upper Extremities

 Rotator Cuff Tendinopathy
Shoulder pain is extremely common among the general pop-
ulation, even more so in the physically active population, and 
among the most common reasons for shoulder pain is rotator 
cuff tendinopathy [37]. Rotator cuff tendinopathy is com-
monly treated conservatively with physical therapy and oral 
analgesics, and when refractory or if rotator cuff impinge-
ment syndrome is suspected, then a subacromial steroid 
injection may be beneficial. However, a recent systematic 
review compared steroid injections with NSAIDs vs NSAIDs 
alone, and there was no difference in various outcomes 
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Table 2.4 Summary of prolotherapy for treatment of plantar fasciitis

Study Study design Population
Primary outcome 
measure Results Conclusions

Adverse 
events

Ryan 
et al. 
[35]

Prospective case series
   Ultrasound-guided plantar 

fascia prolotherapy 
injections (25% dextrose 
+1% lignocaine) every 
6 weeks

N = 20; 
mean age 
51.2

VAS pain scores:
   VAS 1 at rest
   VAS 2 during 

normal activity
   VAS 3 during sport 

activity

Improvements in VAS 1, 2, 
& 3 (P < 0.001) at 28-week 
follow-up

Dextrose prolotherapy 
results in statistically 
improved long-term 
pain relief

None

Kim 
et al. 
[36]

Prospective single-blinded 
randomized clinical trial
   Ultrasound-guided plantar 

fascia platelet-rich-plasma 
(PRP) injections vs. 
prolotherapy (15% 
dextrose +1.25% 
lignocaine) injections

N = 21; 
mean age 
37.0

Foot functional index 
(measures pain, 
function, and 
disability) at baseline, 
2 weeks, 2- and 
6-month follow-ups

Both groups had significant 
reduction in all subscales in 
the FFI
Greater improvement in 
function and disability in 
PRP group vs. prolotherapy 
group at 2 weeks and 
2 months (P < 0.05)
Significant reduction of 
pain, with no difference 
between groups

Dextrose prolotherapy 
and PRP both result in 
clinically significant 
improved pain, 
function, and stiffness

None

Table 2.5 Summary of prolotherapy for treatment of rotator cuff tendinopathy

Study Study design Population

Primary 
outcome 
measure Results Conclusions

Adverse 
events

Seven 
et al. 
[39]

Randomized clinical trial
   Ultrasound-guided 25% 

dextrose +1% lidocaine 
(prolotherapy) injection 
vs. physical therapy 
alone

N = 101; 35 
females, 42 
males

Visual analog 
scale (VAS) for 
pain
Shoulder pain 
and disability 
index (SPADI)
Western Ontario 
Rotatory Cuff 
(WORC) Index
Patient 
satisfaction
Shoulder range 
of motion

Improvements in VAS, 
SPADI, WORC and shoulder 
range of motion in both 
groups
Statistically significant 
greater improvements in 
VAS, SPADI, WORC, and 
shoulder abduction, flexion, 
and internal rotation
Greater patient satisfaction in 
prolotherapy group (92.9% 
vs. 56.8%)

Dextrose prolotherapy 
provides significant 
improvements in pain and 
level of function for chronic 
rotator cuff tendinopathy

None

including, pain level, abduction range of motion, and overall 
level of function [38]. Therefore, other options, such as pro-
lotherapy, should be considered for the treatment of chronic 
rotator cuff tendinopathy when common first-line measures 
have failed. As detailed in Table 2.5, prolotherapy has been 
proven to be as efficacious, and even better in some aspects, 
than physical therapy. Ultimately, although the data is cur-
rently limited, prolotherapy does appear to provide benefi-
cial results for chronic rotator cuff tendinopathy.

 Glenohumeral and Acromioclavicular Joint 
Osteoarthritis
Unlike osteoarthritis of the knee, there is currently no sig-
nificant literature looking at the efficacy of prolotherapy 
for either glenohumeral or acromioclavicular joint 
osteoarthritis.

 Lateral Epicondylosis
Chronic lateral epicondylosis, commonly referred to as “ten-
nis elbow,” is estimated to be the cause of about 2.4 per 1000 
annual doctor’s visits [40]. The treatment of chronic lateral 
epicondylosis is currently on the conservative side, with evi-
dence present for long-term benefits with physical therapy. 
Steroid injections, on the other hand, although have been 
shown to provide immediate short-term relief, do not provide 
significant long-term relief, but rather have been shown to 
have poorer outcomes than either physical therapy or with no 
treatment [41]. Thus, there have been multiple studies look-
ing at the use of prolotherapy for cases of refractory chronic 
lateral epicondylosis, and two in particular have been 
reviewed in Table  2.6. Essentially both studies, including 
various other studies not included here, have demonstrated 
statistically significant functional and pain improvement 
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Table 2.6 Summary of prolotherapy for treatment of lateral epicondylosis

Study Study design Population
Primary outcome 
measure Results Conclusions

Adverse 
events

Rabago, 
et al. [42]

Three-arm randomized 
clinical trial
   Ultrasound-guided 

dextrose prolotherapy vs. 
dextrose-morrhuate 
prolotherapy vs. watchful 
waiting (wait-and-see)

N = 36 elbows 
(26 adults); 
mean age 48.2

Patient-Related 
Tennis Elbow 
Evaluation 
(PRTEE) 
composite score

Improved PRTEE score in 
both prolotherapy groups 
compared to control group 
(P < 0.05)

Prolotherapy results in 
safe, significant 
improvement in elbow 
pain and level of 
function

None

Scarpone 
et al. [43]

Double-blinded randomized 
clinical trial
   50% dextrose +5% sodium 

morrhuate +4% lidocaine 
+0.5% sensorcaine + 
normal saline 
(prolotherapy) injection vs. 
normal saline injection

N = 24 Resting elbow 
pain

Improved resting elbow 
pain at 8-, 16-, and 
52-week follow-up in 
prolotherapy group when 
compared to baseline and 
control (P < 0.001)

Dextrose prolotherapy 
results in statistically 
significant reduction of 
pain from lateral 
epicondylosis

None

with prolotherapy injections. Overall, there appears to be a 
beneficial role for prolotherapy injections in chronic lateral 
epicondylosis.

 First Carpometacarpal Joint Osteoarthritis/Hand 
Osteoarthritis
Hand osteoarthritis (OA) is an extremely common disease, 
and its prevalence is known to increase with age, as with OA 
of other joints in the human body. It has been estimated that 
about 13% of men and 26% of women over the age of 70 
have symptomatic hand OA, which becomes a primary con-
cern given the aging population [44]. Furthermore, hand OA 
can be quite debilitating since symptoms of pain with finger 
flexion and reduced range of motion would limit the ability 
to carry out activities of daily living, thus significantly affect-
ing one’s quality of life. Current treatment of hand OA is 
typically with a combination of physical or occupational 
therapy, adaptive equipment, braces and splints, and NSAIDs 
[45]. Once a patient has failed conservative management, a 
corticosteroid injection may be trialed, particularly with first 
carpometacarpal (CMC) joint OA.  However, a recent sys-
tematic review in 2016 compared intra-articular steroid 
injections with placebo for first CMC joint OA and found no 
differences in pain or other secondary outcomes (i.e., grip 
strength, pinch strength, or joint stiffness) at 26-week fol-
low- up [45]. Thus, given the apparent lack of success with 
corticosteroid injections, it becomes even more key to find 
alternative interventions.

There are currently two double-blinded randomized clini-
cal trials that have studied the efficacy of prolotherapy for 
hand OA.  One compared prolotherapy with control injec-
tions among various joints in the fingers, and another study 
compared prolotherapy with steroid injections for the treat-
ment of first carpometacarpal (CMC) joint osteoarthritis. 
Table  2.7 further reviews these studies in additional detail 

and demonstrates that prolotherapy may provide significant 
long-term pain relief for osteoarthritis among interphalan-
geal and CMC joints.

 Axial

 Lumbar Ligament Sprains and Facet Joint 
Capsule Laxity
As discussed several times already in this chapter, muscu-
loskeletal disorders are extremely common complaints 
among the general population; however, the most common 
musculoskeletal complaint among the general population is 
low back pain [48]. However, given the multitude of poten-
tial causes of low back pain, it takes an astute clinician to 
make the appropriate diagnosis of the underlying pathol-
ogy, whether it is ligamentous, musculotendinous, or bony. 
This becomes of particular interest when considering injec-
tions such as prolotherapy, as this would guide the location 
of injections (i.e., interspinous ligament versus iliolumbar 
ligament versus facet joint capsule). However, there are 
currently no significant studies looking at prolotherapy for 
various lumbar ligament sprains. A study by Klein et  al. 
compared prolotherapy with local anesthetic injections; 
however, the results were not statistically significant. 
Moreover, both treatment and control groups received a 
gluteal steroid injection, which would in theory nullify the 
inflammatory cascade expected in a prolotherapy injection 
[49]. Similarly, though a study by Ongley, et al. did provide 
statistically significant results, they gave concomitant pro-
lotherapy injections and gluteal steroid injections to the 
treatment group only, again likely nullifying the effects of 
the prolotherapy injections [50]. There is, however, a more 
recent study that is further detailed in Table  2.8, which 
injected facet joint capsules with prolotherapy that pro-
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Table 2.7 Summary of prolotherapy for treatment of hand osteoarthritis

Study Study design Population
Primary outcome 
measure Results Conclusions

Adverse 
events

Reeves 
et al. [46]

Double-blinded placebo- 
controlled randomized 
clinical trial
   10% dextrose +0.075% 

xylocaine + bacteriostatic 
water (prolotherapy) 
injection vs. 0.075% 
xylocaine + bacteriostatic 
water (control) injection

   Injected symptomatic 
PIP, DIP, and first 
carpometacarpal (CMC) 
joints

N = 27 patients 
(total of 150 
osteoarthritic 
hand joints)

VAS for pain at rest, 
with joint movement 
and grip, and flexion 
range of motion

Statistically significant 
improvement in pain 
during joint movement 
(P = 0.027)
Improved range of 
motion in prolotherapy 
group (P < 0.003)

Prolotherapy results 
in safe, significant 
improvement in joint 
pain with movement 
and range of motion 
in osteoarthritic 
finger joints

Minimal—
not 
elaborated 
in study

Jahangiri 
et al. [47]

Double-blinded randomized 
clinical trial
   20% dextrose +2% 

lidocaine (prolotherapy) 
injections vs. 40 mg 
methylprednisolone 
acetate (0.5 ml) + 2% 
lidocaine (0.5 ml) 
injection

   Injected first 
carpometacarpal (CMC) 
joints

N = 55; mean 
age 63.6

VAS for pain, 
intensity of 
tenderness 
(standardized by 
Fischer’s pressure 
algometer; applied 
40 N/cm2 for all 
participants)

Greater pain reduction 
at 1 month with steroid 
group, comparable at 
2 months between 
groups, and greater 
pain reduction after 
6 months in 
prolotherapy group 
(P = 0.02)

Dextrose 
prolotherapy results 
in statistically 
significant reduction 
of pain in the long 
term for patients with 
pain due to first 
CMC joint OA

None

Table 2.8 Summary of prolotherapy for treatment of low back pain due to facet capsule laxity

Study Study design Population Primary outcome measure Results Conclusions
Hooper 
et al. 
[51]

Case series
   20% dextrose injections into 

the facet capsules of the 
cervical, thoracic, lumbar 
spine (weekly injections up 
to 3 weeks and 1 month later 
if needed)

N = 147, with 
more than 
6 months of low 
back pain

Neck disability index (NDI), 
Patient-Specific Functional 
Scale (PSFS), Roland Morris 
Disability Questionnaire 
(RMDQ)

Improvements in all 
disability scales at 
1-year follow-up 
(P < 0.0001)

Prolotherapy results 
in statistically 
improved pain and 
level of function

vided long-term pain relief [50]. Unfortunately, there is 
currently very limited quality data for prolotherapy as a 
treatment option for back pain due to the various causes 
listed above.

 Sacroiliac (SI) Joint Dysfunction
Low back pain, as discussed above, is an extremely common 
complaint among the general population; however, the par-
ticular cause of low back pain requires an astute clinician to 
use the proper physical examination techniques to pinpoint. 
Pain due to SI joint dysfunction, for instance, is a very com-
mon cause of low back pain, and its prevalence has been esti-
mated to be about 22.5% in patients with low back pain [52]. 
Conservative measures to treat acute to subacute pain due to 
SI joint dysfunction should include the use of topical and/or 
oral analgesics in combination with physical therapy in order 
to restore normal SI joint mechanics [53]. However, if con-

servative treatment fails, then current practice is to consider 
intra-articular steroid injections or radiofrequency ablation 
[53]. On the other hand, though, a recent study suggests the 
possible role of prolotherapy for chronic SI joint dysfunc-
tion. Kim, et al. performed a randomized clinical trial com-
paring the efficacy of intra-articular prolotherapy injections 
to corticosteroid injections. They found that both groups pro-
vided significant pain relief in the short term; however, the 
prolotherapy group provided better long-term pain relief 
[54]. This may be due to the fact that sacroiliac pain is typi-
cally not solely due to the joint itself but also commonly due 
to sprains of the surrounding ligamentous structures (i.e., 
posterior sacroiliac ligament), for which prolotherapy has 
been commonly used, as described throughout this chapter. 
Thus, future research should be done to study the effects of 
prolotherapy for sacroiliac pain due to chronic sacroiliac 
ligaments sprains.
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 Cervical Ligament Sprains and Facet Joint 
Capsule Laxity
The annual incidence of neck pain in the general population 
is roughly between 30 and 50%, and current treatment 
modalities of chronic neck pain are similar to the treatment 
of chronic low back pain. This includes oral and topical anal-
gesics, physical therapy, and at times more interventional 
treatments with medial branch blocks, radiofrequency abla-
tions, or facet steroid injections, among other procedures 
[55]. A large and common cause of chronic neck pain has 
been attributed to laxity of the cervical spine capsular liga-
ments, the supporting ligaments of the facet joints. This lax-
ity may be caused by single traumatic events or by repetitive 
microtrauma [55]. Eventually, capsular ligament laxity may 
lead to cervical spine instability, which in turn commonly 
leads to overlying myofascial pain and muscle spasms [55]. 
Thus, an agent that corrects ligamentous laxity, such as pro-
lotherapy, may pose to be a successful form of treatment for 
chronic neck pain due to cervical instability.

There are currently no randomized clinical trials that 
studied the efficacy of prolotherapy for neck pain; however, 
the study by Hooper et  al. discussed in section 2.8a had a 
subset of patients with neck pain attributed to cervical insta-
bility related to facet capsule laxity. As discussed earlier, and 
further reviewed in Table 2.8, dextrose injections provided 
significant long-term pain relief for these patients [51].

Head & Face

 Temporomandibular Joint (TMJ) Disorder
Jaw pain related to TMJ dysfunction can be quite a debilitat-
ing disorder, one that can decrease one’s quality of life and 
level of function significantly. The prevalence of TMJ disor-
der in the United States is estimated be roughly 5%, affecting 
women more so than men [56]. Current algorithms for the 
treatment of TMJ disorder involve starting with patient edu-
cation to avoid exacerbating behaviors (i.e., nail biting), 
physical therapy, and the use of mouth splints [57]. If these 
conservative measures fail, then the next step in management 
may involve various injections, such as botulinum toxin 
injections, intra-articular corticosteroid injections, or acu-

puncture, though large-scale randomized trials are lacking to 
definitely claim efficacy of these treatments [58].

An alternative to the treatments mentioned above includes 
the use of prolotherapy injections. A recent single-arm study 
found statistically significant improvements in pain, maxi-
mum mouth opening (MMO), clicking, and frequency of lock-
ing in patients with diagnosed TMJ disorder (Table 2.9) [59]. 
Though the data is limited, prolotherapy may be considered as 
a treatment option in cases of refractory TMJ disorder.

 Microanatomy and Biochemistry

The proposed mechanism of action of prolotherapy is to 
introduce a local irritant in order to cause cell death, thereby 
promoting the release of various growth factors. The most 
commonly used prolotherapy injectate, hypertonic dextrose 
(ranging from 12.5 to 25% dextrose), has been shown to 
cause the death of nearby cells by changing the osmotic gra-
dient, which then attracts macrophages and other granulo-
cytes to promote healing. Furthermore, this localized 
hypertonic environment also affects platelets, which are of 
particular interest given the number growth factors they con-
tain, and thereby released upon their destruction [4].

However, when discussing prolotherapy, there are a multi-
tude of different injectates used, including phenol-glucose- 
glycerin (P2G) and sodium morrhuate [8]. P2G has been 
shown to work via alkylation of proteins on the surface of 
cells, thereby damaging the cells directly or via an antigenic 
affect, attracting local granulocytes [9]. Sodium morrhuate, on 
the other hand, is composed of the precursor to various natural 
chemotactants, such as prostaglandins and leukotrienes, and 
as such is thought to work as a chemotactic agent, and pro-
mote the attraction of local inflammatory cells [9]. Additionally, 
sodium morrhuate has also been known to act as a sclerosing 
agent. Sclerotherapy, the process of causing endothelial dam-
age, is commonly performed for varicose veins or telangecta-
sias. In the world of chronic musculoskeletal disorders, on the 
other hand, scleropathy has been considered to be effective 
due to its damaging effects on the neovessels that accompany 
the nerve fibers, essentially destroying the nerve fibers trans-
mitting pain from a chronic tendinopathy [10].

Table 2.9 Summary of prolotherapy for treatment of temporomandibular Joint disorder

Study Study design Population
Primary outcome 
measure Results Conclusions

Adverse 
events

Refai 
H. [59]

Single-arm 
prospective study
   10% dextrose, 

2% mepivacaine
   4 injections in 

each TMJ, 
spaced 6 weeks 
apart

N = 61 Pain score
MMO in cm between 
the incisal edges of 
the upper and lower 
incisors
Frequency of clicking 
sound
Frequency of locking

Improvements in all 
outcome measures just 
prior third injection 
(P < 0.01 for all)
Improvements in pain and 
clicking 3 months after last 
injection (P < 0.001)

Dextrose prolotherapy provides 
significant and sustained reduction 
of pain and associated symptoms 
with TMJ disorder

None
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Various in  vitro studies have further demonstrated that 
there is a significant release of growth factors when chondro-
cytes and fibroblasts (cells seen in cartilage, ligaments, and 
tendons) are exposed to prolotherapy solutions; more specifi-
cally, it has been demonstrated to stimulate the production or 
release of platelet-derived growth factor (PDGF), TGF-beta, 
epidermal growth factor, basic fibroblast growth factor, con-
nective tissue growth factor, and insulin-like growth factor. 
These growth factors in turn are thought to strengthen carti-
lage, ligaments, and tendons via the production of type 1 and 
3 collagen [11].

Moreover, in addition to the biochemical process initiated 
after a specific injectate is introduced, the introduction of a 
needle into a tendon or ligament, has also been shown to 
improve to pain [12]. This procedure is known as needle 
tenotomy, dry needling, or tendon fenestration. The proposed 
mechanism is to cause an acute injury to a chronic one via 
the introduction of a needle into tendons and/or ligaments, 
which subsequently causes the formation of a local inflam-
matory process that increases the body’s inherent ability to 
heal itself [12]. Tenotomy has been demonstrated to be ben-
eficial in various locations, including the common extensor 
tendon of the elbow, Achilles tendon, as well as tendons 
around the hip, such as the gluteus medius insertion tendon. 
Jacobson et  al. performed tenotomy under ultrasound on 
patients with gluteus medius, gluteus minimus, proximal 
hamstring, and/or tensor fascia lata tendinosis, and found 
significant improvement in their symptoms [13]. This 
improvement was attributed to the tendon trauma caused by 
the needle, which changes the chronic injury to an acute one, 
thereby promoting an increase in local growth factors to pro-
mote healing [13]. Also, prolotherapy injections also com-
monly incorporate the needle tenotomy technique during the 
injection process in order to further add to the local inflam-
matory process. Ultimately, it has been proposed that liga-
ment and tendon laxity, as well as degenerative changes seen 
in osteoarthritis, may improve with prolotherapy injections, 
via the various mechanisms described above.

 Hypertonic Dextrose and Neurolysis

In addition to the mechanisms above, however, there is 
another method by which hypertonic dextrose, in particular, 
has been proposed to function for pain relief. It has been 
demonstrated that the introduction of a hyperosmolar solu-
tion (>1000 mOsm/l) may induce the separation of myelin 
lamellae in myelinated nerve fibers, as well as cause the 
destruction of unmyelinated nerve fibers, thus functioning as 
a neurolytic agent [14]. For instance, a common prolother-
apy mixture of 50% dextrose with 1% lidocaine has an 
osmolarity of 1388 mOsm/l, which would thus function as a 
hyperosmolar neurolytic block [14]. This would theoreti-

cally provide immediate and sustained pain relief, which is 
what Miller et al. discovered when they performed intradis-
cal prolotherapy using hypertonic dextrose for the treatment 
of discogenic low back pain. They concluded that the imme-
diate and sustained pain relief after the injections was due to 
the neurolytic effect of the hypertonic dextrose, rather than 
its regenerative effects, because the patients had significant 
pain relief in a timeframe that was too rapid for tissue regen-
eration to have occurred [15].

 Animal Studies

Various animal studies have looked at the regenerative effects 
of prolotherapy injections among different structures, includ-
ing Achilles tendons, knee medial collateral ligaments, and 
femoral articular cartilage.

 Rat Achilles Tendon and Prolotherapy
Prolotherapy has been studied on healthy rat Achilles ten-
dons in order to help demonstrate its safety and regenerative 
effects discussed earlier in this chapter. One study compared 
hypertonic dextrose injections with saline and found no dif-
ference in tensile strength of the Achilles tendon at 0, 5, or 
10  days, as well as no significant changes in histological 
appearance that would suggest tendon degeneration, as is 
the concern with steroid injections [16]. A separate study 
further demonstrated an increase in fibroblast counts 
4  weeks after prolotherapy injections compared with no 
injections [17]. Lastly, a study by Kim et al. subsequently 
demonstrated an increase in gross tendon diameter, as well 
as fibroblast counts [18].

 Rat Medial Collateral Ligament (MCL) 
and Prolotherapy
MCL injuries and sprains are the second most common knee 
ligamentous injuries, with ACL injuries being the most com-
mon, or at least most commonly reported [19]. However, 
there is little data looking at the efficacy of prolotherapy for 
MCL injuries in human patients. An animal study by Jenson 
et al. in 2008 compared the response of rat MCLs to hyper-
tonic dextrose injections to saline injections, and they found 
that the test group had increased overall MCL cross-sectional 
area; however, there was no change in ligament laxity [8]. 
Otherwise, there is no significant current literature or 
research that looks at the efficacy of prolotherapy on human 
models.

 Rabbit Femoral Cartilage and Prolotherapy
An animal study by Kim et al. performed 2 mm punch lesions 
in adult rabbit femoral cartilage and subsequently injected 
them with hypertonic dextrose prolotherapy, platelet-poor 
plasma, or no injection as the control. They found that both 
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the prolotherapy and platelet-poor plasma groups had sig-
nificant chondrocyte filling after 6-week evaluation when 
compared to the control group, thus further demonstrating 
the possible regenerative role of prolotherapy injections [18].

Overall, the studies discussed above all appear to demon-
strate significant regenerative effects with prolotherapy on 
various soft tissue structures; however, additional studies 
should be performed to further corroborate these limited 
findings.

 Basic Concerns and Contraindications

Prolotherapy injections are commonly thought of as safe 
procedures, with relatively few contraindications. The 
few absolute contraindications include local abscess, cel-
lulitis, or a septic joint. Furthermore, if a patient is on 
anticoagulation, the physician should yield caution with 
injections [60].

Common adverse effects include pain with the injection 
itself and various levels of soreness in the couple days fol-
lowing the injection; however, given that the injected solu-
tion is meant to stimulate an inflammatory response, this is to 
be expected [60]. If pain is severe and intolerable, then pain 
control should be sought with acetaminophen rather than 
anti-inflammatory medications (i.e., NSAIDs) or even ice, 
which is also known to have anti-inflammatory effects, as 
either of these could potentially diminish the efficacy of the 
procedure. Other less common adverse events include pos-
sible pneumothorax (depending on injection location), nerve 
damage, or significant bleeding (predominantly seen in 
patients on anticoagulation or with a history of bleeding dis-
orders), this according to a survey conducted by Dagenais 
et al. [60]

 Preoperative Considerations

• Informed consent and proper explanation of all potential 
complications.

• Anti-coagulation—if prolotherapy is being used for a 
neuraxial procedure, standard anti-coagulation precau-
tions should be followed. Hemarthrosis is a consideration 
for intra-articular procedures and should be discussed 
with the patient beforehand.

• Physical examination of the area for infection, skin ulcer-
ation or necrosis, and extent of disease.

• Free of systemic infections for a minimum of 1 week (i.e., 
common cold, sore throat, cough, etc.). Any antibiotics 
should be completed prior to the procedure.

• If using radiographic guidance, evaluate the patient for 
any contrast allergies prior to the procedure.

 Radiographic Guidance

If the intended targets for prolotherapy are in the spine or 
sacroiliac joint, the authors recommend using live fluoros-
copy. Soft tissue and intra-articular targets can easily be per-
formed “blind”; however, image guidance is recommended 
due to the increased precision and ability to directly visual-
ize the target region. Prolotherapy is highly inflammatory 
and should therefore be avoided in healthy tissue if at all 
possible. Moreover, injecting hypertonic dextrose into a 
blood vessel or peripheral nerve can have dangerous 
consequences.

• Fluoroscopy—when injecting into/along/adjacent to the 
spine, it is the standard of care to utilize fluoroscopic 
imaging to ensure proper needle placement. In the case of 
an intra-articular injection into a medium to large joint 
(i.e. elbow, knee, shoulder, or hip, one can perform an 
arthrogram under fluoroscopy to confirm needle place-
ment within the joint capsule prior to injecting, thus opti-
mizing the likelihood of delivering the maximum amount 
to the desired location.

• Ultrasound—this allows the operator the ability to evalu-
ate underlying soft tissue of a painful area in an attempt to 
locate any pathology that could ultimately be the pain 
generator, thus ascertaining what the target for prolother-
apy will be. Simultaneously, when injecting into tendons, 
ligaments, and other soft tissue with ultrasound, one can 
directly visualize, in real time, the target area, position of 
the needle tip, and spread of the injectate, thus making 
ultrasound a must for these types of prolotherapy 
injections.

 Equipment

• 50% Dextrose
• 1% Lidocaine
• 10 cc syringe (for targeting multiple areas in one sitting)
• 5 cc syringe (for large joints)
• 1  cc syringe (for TMJ, first CMC or interphalangeal 

joints, and facet joints)
• 18-gauge blunt tip needle
• 25-gauge 1.5-inch needle (all targets except spinal and SIJ)
• 22-gauge 3.5-inch spinal needle (axial procedures, includ-

ing SIJ)

 Technique

Relatively, prolotherapy injections are not unlike a tradi-
tional corticosteroid injection. The primary difference is the 
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injectate, which may vary among providers, but traditionally, 
a solution containing half 1% lidocaine and half 50% dextrose 
[50:50 mixture of 50% dextrose and 1% lidocaine (unbuffered) 
has been used and has been shown], as detailed earlier in this 
chapter, to provide significant pain relief for various patholo-
gies noted above. For larger joints, such as shoulders, knees, 
and hips, a solution containing 3–4 cc of dextrose and lido-
caine may be used; however, for smaller joints, such as the 
TMJ, first CMC or interphalangeal joints, and facet joints, 
0.5  cc suffices. The following will briefly review suggested 
technique for various prolotherapy injections.

Knee prolotherapy injections may be performed without 
imaging by using anatomical guidance as historically per-
formed, with the patient seated, knee flexed 90 degrees, and 
via a medial or lateral infrapatellar approach, a 25-gauge 1.5 
inch needle is inserted at approximately a 30-45degree angle, 
towards the opposite femoral condyle. However, it has been 
suggested that the use of image guidance may make intra- 
articular knee injections more accurate. Berkoff et al. found 
that the use of ultrasound guidance for knee injections 
resulted in significantly improved accuracy than 
anatomical guidance (95.8% versus 77.8%, P < 0.001) [70]. 
An ultrasound- guided intra-articular knee injection may be 
performed in multiple methods; however, a lateral suprapa-
tellar approach has been commonly used to access the supra-
patellar bursa, which joins to the knee joint synovial space.

Shoulder prolotherapy injections, again like knee and 
most other musculoskeletal injections, may be done with 
anatomic or image guidance. However, when performing a 
prolotherapy injection for regenerative purposes on a partial 
supraspinatus tear, for example, then ultrasound guidance 
would make for a much more accurate injection. By placing 
the patient in a modified Crass position, the supraspinatus 
can be visualized by ultrasound. Extending and externally 
rotating the glenohumeral joint and placing the hand on the 
ipsilateral iliac crest with the elbow pointing posteriorly can 
achieve modified Crass position. Once in this position, the 
ultrasound probe can be placed on the anterosuperior aspect 
of the shoulder, parallel to an imagined line from the oppo-
site shoulder to the ipsilateral ASIS. Then, using an in-plane 
approach, a needle can be directed toward the supraspinatus 
muscle.

 Post-procedure Considerations

After a prolotherapy injection, patients must be informed of 
what to expect. Due to the proinflammatory mechanism of 
prolotherapy, increased soreness of the injection site may be 
expected for several days [71]. During that time, it is impor-
tant to avoid anti-inflammatory medications (for at least 
2 weeks) as the creation of targeted inflammation was the 
specific goal here, as taking such medications would be 
counterproductive and potentially negate the treatment itself.

Furthermore, light activity for the first 3–4 days is rec-
ommended, and normal activity and exercise may be 
resumed after 4–5 days. Additionally, unlike corticosteroid 
injections, prolotherapy injections may be done monthly for 
up to 3–5 months in order to achieve maximal pain relief. 
Thus, patients ought to be informed about the length of 
treatment this injection series may require in order to help 
set expectations.

 Potential Complications and Pitfalls

There is an inherent risk with any medical procedure, regard-
less of how minimally invasive it claims to be—even with 
the use of lidocaine mixed with sugar as the injectate.

• Irritation at the injection site is common due to the 
intended creation of inflammation.

• Localized soreness or discomfort from the injection itself.
• Increased pain or inflammation in the area where the pro-

lotherapy was deposited due may last up to 10 days post- 
procedure. In many cases, this can be due to the body 
intentionally creating some inflammation in and around 
the area where the injectate was delivered. This inflamma-
tion is the body’s response to the presence of the dextrose 
into an injured area and attempting to offer additional 
assistance by luring growth factors and inflammatory 
markers to deal with this newly found inflammation.

• Infection—this can occur due to the nature of a simple 
injection if aseptic technique is not strictly adhered to or 
from contamination of the blood during the transfer 
process.

 Clinical Pearls

Annually, there is an exponential rise in the number of stud-
ies looking at prolotherapy for the treatment of common 
musculoskeletal conditions, and a significant majority of 
these studies have demonstrated positive results with regard 
to both pain and functional improvements. The mechanism 
by which prolotherapy functions is primarily due to its cre-
ation of local inflammation via osmotic, chemotactic, or 
alkylating effects (depending on the specific injectate used); 
however, there also appears to be a neurolytic effect of 
hypertonic dextrose that may provide immediate pain relief. 
As reviewed throughout this chapter, prolotherapy may serve 
as a safe and viable nonsurgical treatment option for patients 
with the chronic musculoskeletal conditions discussed 
above.

• 50:50 mix of 50% dextrose and 1% lidocaine (buffered).
• 0.5 cc for small joints, 3–4 cc for intermediate to large 

joints.
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• Dextrose induces inflammation, unlike corticosteroids 
which relieve it.

• Image guidance is recommended to limit the spread of 
injectate into healthy areas.
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Blood Products

Steve M. Aydin

 Platelet-Rich Plasma

 History

The idea of platelet-rich plasma (PRP) was initially intro-
duced in the 1970s, but it was not until the 1990s that PRP 
began gaining popularity and its applications were being 
used for sports injuries and other painful conditions [1]. Over 
the last decade, its applications have been used in multiple 
fields and there has been a prominent increase in the number 
of publications focusing on PRP [2].

With the availability of mobile tabletop centrifuges and 
office-based ultrasound equipment, the application of 
platelet- rich plasma in the treatment of musculoskeletal 
issues became more widespread and has allowed for the 
introduction and expansion of regenerative medicine [3, 4]. 
In the past, imaging guidance of therapies related to the soft 
and connective tissues was difficult, but ultrasound imaging 
has allowed for this to happen. This has resulted in less inva-
sive and additional interventional treatment options for 
patients [5–8]. With many patients looking for nonsurgical 
options and the desire to avoid the chronic administration of 
steroids either within a joint or in a peritendinous location, 
the application of platelet-rich plasma products has offered 
another option [5].

This evolution has facilitated the utilization of orthobio-
logic products that have come to the forefront of multiple 
medical specialties. Its applications have generated a signifi-
cant amount of clinical and academic interest and PRP and 
other orthobiologic products are now employed on the global 
medical level [9, 10]. Those who are practicing and utilizing 
regenerative medicine and incorporating it into their prac-
tices are often quite optimistic about its use. As the medical 
treatment paradigm advances, regenerative medicine will 
continue to propagate and physicians will need to have an 

awareness of this so that these treatments may be considered 
in their algorithm of treatment [11].

 Preparation and Obtaining PRP

Producing platelet-rich plasma is the process of obtaining 
blood from a patient and concentrating the platelets to greater 
than four times the normal level. Often, this can be done with 
the use of multiple collecting tubes and a centrifuge, but sev-
eral commercial companies have created systems and kits 
that can automate the collection, concentration, and separa-
tion process [12–14] (Fig. 3.1).

In most cases, the process will involve a sterile venous 
puncture with a collection of about 40 mL of whole blood 
in anticoagulated tubes. If the tube does not have an antico-
agulant present, the addition of an anticoagulant such as 
EDTA or acid citrate dextrose (ACD) needs to be done [5, 
14]. This will act as an anticoagulant to prevent the plate-
lets from clotting and clumping and preventing it from 
becoming an unusable sample. Once the sample has been 
obtained, it is then processed with a centrifuge. This can 
have some variations in regard to the centrifuge speed and 
the length of spin time. In general, a first spin or centrifuge 
process is performed with the initially drawn whole blood. 
This will often be done at 600g for 7 minutes and is consid-
ered the first specimen. After the completion of the first 
spin, the volume below the platelet border is aspirated. This 
is the upper layer of plasma along with the buffy coat [15–
19] (Fig. 3.1).

This first separation will include platelet-poor plasma, the 
desired portion of PRP, and the buffy coat along with some 
red blood cells. Then a second centrifuge spin is conducted. 
This will often be at 2000g for 5 minutes. This process will 
allow for the separation of the desired PRP product from the 
platelet-poor plasma (PPP) [5, 20].

Often the initial spin is considered a “soft spin” allowing 
for the blood products to be separated out. The second speci-
men is then considered a “hard spin” allowing for the 
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Fig. 3.1 This is the process 
of blood draw, preparing with 
an anticoagulant agent, and 
the centrifuge process. The 
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a 600G spine, followed by a 
2000G spin to getting the 
layers out and a final 
platelet-rich plasma product

 separation of the remaining red blood cells and PPP from the 
desired platelet-rich plasma [19, 21–23].

After the completion of the second spin, the PPP is often 
discarded and the remaining product is considered to be the 
desired platelet-rich plasma. This will require the removal of 
the upper fluid layer containing the PPP. The volume that is 
most often leftover is between 2 and 5 mL from the initial 
draw of 40 mL. The volume that is recovered from the second 
spin can certainly be variable from individual to individual, 
technique to technique, and/or system to system [24–27].

When considering blood and its products, a basic under-
standing of blood components is important. Blood is primar-
ily made up of red blood cells, white blood cells, platelets, 
and plasma. The volume of plasma is usually about 55% and 
primarily consists of water. The cellular components will 
make up about 45% of the blood volume [2, 28–30]. The cel-
lular components are often distributed throughout the buffy 
coat and among the red blood cells. The buffy coat is the 
portion of the blood after centrifuging process that remains 
between the plasma and the red blood cells. This will contain 
the white blood cells and platelets. The plasma will contain 
blood proteins, such as fibrinogen, albumin, globulin, elec-
trolytes, hormones, and water [30–33].

Another method to obtain the buffy coat involves storing 
the whole blood at 20–24°C prior to the centrifuge process. 
After the room temperature storage, the whole blood is 
placed in a high-speed centrifuge and the plasma and buffy 
coat are separated out and subsequently removed. This is 
then centrifuged at a lower speed to separate the white blood 
cells from the red blood cells [32, 33].

 PRP Types and Classifications

With the different preparation processes for PRP, there can 
be variability in the type of PRP that is obtained. This may be 
intentional in many cases and based on the type of injection 
therapy or treatment the practitioner would like to render. 
However, in certain cases, this may be purely based on the 

individual’s blood components and concentration along with 
the type of processing or machine automation [20, 34–36]. 
The overarching purpose of preparing PRP is to isolate out 
the platelets and remove the red blood cells. Given this, 
many practitioners focus on having a very yellow-colored 
final product indicating very little red blood cell content, 
although in certain cases a red-tinged or red product may be 
obtained or desired. There are five main types of platelet-rich 
plasma (PRP). This is based on the cell content and the pres-
ence of other blood products [36, 37].

The first type is red PRP. Platelet-rich plasma that appears 
red has a low concentration of platelets. It will purposely 
have a certain content of red blood cells that are thought to 
have an inflammatory reaction following an injection. It is 
not clear as to the clinical role of red PRP, but ongoing stud-
ies are being conducted to determine its utility in specific 
conditions [2, 20, 37–39].

When the prepared PRP has more of a yellowish color, 
the concentration of platelets in the solution can be either 
high or low and can be called either high-concentration or 
low-concentration PRP.  Low-concentration or low-density 
PRP is yellowish or amber in color with lower levels of 
platelets. This solution is typically poor and devoid of white 
or red blood cells. It is thought that this preparation is less 
reactive in regard to producing an inflammatory process and 
results in less of a chemotactic response following injection 
compared with that of red PRP. This is a newer approach 
and sometimes is considered to be “pure” PRP or P-PRP. It 
will also have a low density of fibrin in this preparation [2, 
20, 30, 31].

PRP that is prepared with leukocytes present is the most 
common type of PRP and is often prepared in the automated 
systems and kits that are available. This will also have a low 
density of fibrin and is known as leukocyte-rich PRP or 
L-PRP [36, 40].

A fourth type is a pure platelet-rich fibrin or leukocyte- 
poor/platelet-rich fibrin preparation that is thought to have 
no leukocytes but has a high density of fibrin products in it. 
This is called pure platelet-rich fibrin or P-PRF [20, 40].
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Finally, there is a leukocyte-rich and platelet-rich fibrin 
PRP. This is thought to represent the second generation of 
PRP products with a high density of fibrin and leukocytes 
mixed in with the platelets and its other factors. This is 
known as L-PRF [2, 19, 30].

 Proposed Mechanisms of Action

The purpose of injecting or providing platelet-rich plasma is 
to increase the concentration of growth factors and platelets 
at that site compared to what is available in whole blood [32, 
35]. The injected PRP is thought to have a healing and/or 
regenerative effect on the environment it is injected into. 
There remain many unknowns regarding the appropriate 
concentrations of blood products in the PRP preparations 
that would produce the maximum desired effect on the dif-
ferent tissues [19].

The PRP preparation also contains many growth factors 
as well as platelets. Platelets have a combination of dense 
and alpha granules that, when activated, will release these 
factors into their medium or surrounding environment [11]. 
The growth factors that are considered to be important are 
transforming growth factor-beta (TGF-β), platelet-derived 
growth factor (PDGF), vascular endothelial growth factor 
(VEGF), epidermal growth factor (EGF), fibroblast growth 
factor II (FGF2), and insulin growth factor (IGF). These fac-
tors are considered to have stimulating properties for enhanc-
ing both tissue and bone healing. Others are thought to 
stimulate osteoblast proliferation and differentiation, as well 
as to stimulate epidermal cell proliferation. It is also believed 
that these factors are involved in stimulating collagen syn-
thesis, as well as angiogenesis and revascularization of tissue 
[22, 31, 32, 41] (Table 3.1).

Further understanding of the properties of platelet-rich 
plasma is facilitated by adequate comprehension of the nor-
mal healing process. The repair response in musculoskeletal 
injuries will often start with a blood clot and degranulation of 
the platelets [8]. This process will then release the platelet 
growth factors present in the alpha and dense granules after 
they burst and will, in turn, result in the chemotactic effect, 
which promotes the migration of inflammatory cells and pro-
liferation of pro-generator cells [2, 11, 31] (Fig. 3.2).

When we consider this and look at structures in the mus-
culoskeletal system, one can see that vascular supply plays 
a very important role in this process. The muscle tissues are 
very well vascularized and often demonstrate a remodeling 
and rapid healing process similar to that of other organ sys-
tems with an optimal vascular supply such as the integu-
mentary system [14, 16]. When we consider other 
connective tissues, however, vascular supply is often not as 
prevalent as in muscle or skin tissue. Tissues with a vascu-
lar supply that is less replete will often heal slower and are 

more prone to chronic inflammatory processes and slower 
healing [9, 25]. With the application of platelet-rich plasma, 
the growth factors present can increase the cell activity and 
products that are locally available in those tissue environ-
ments that are otherwise limited or devoid of an ample vas-
cular supply [29].

 Applications in Musculoskeletal Medicine

Platelet-rich plasma is most commonly used for musculo-
skeletal applications. Although the number of overall treat-
ments for all organ systems is vast, its utilization in the 
musculoskeletal accounts for the greatest number of thera-
pies by far. The applications of PRP in the musculoskeletal 
tissues can be segmented into regions or tissue types, includ-
ing injections into muscles, tendons, ligaments, and joints 
[12, 19, 40].

When considering skeletal muscle injuries such as sprains, 
strains, and muscle tears, there are certain barriers to recov-
ery that exist. Some limitations can be from scar formation 
or fibrosis development within the muscle as well as repeated 
stress and use that prolongs the period of recovery [40, 41]. 
Platelet-rich plasma has been demonstrated to have a role in 
modulating the inflammation and healing process in muscle. 
There have been studies that have demonstrated the 
 application of PRP compared with saline for muscle tears in 
animal models showing an increase in satellite cell activation 

Table 3.1 Common factors present in platelet-rich plasma and the pro-
posed mechanism of action

Name Function
Platelet-derived 
growth factor

PDGF Enhances collagen synthesis, 
proliferation of bone cells, fibroblast 
chemotaxis, and proliferative activity; 
macrophage activation

Transforming 
growth factor β

TGF- 
β

Enhances synthesis of type I collagen; 
promotes angiogenesis; stimulates 
chemotaxis of immune cells; inhibits 
osteoclast formation and bone resorption

Vascular 
endothelial 
growth factor

VEGF Stimulates angiogenesis, migration, and 
mitosis of endothelial cells; increases 
permeability of the vessels; stimulates 
chemotaxis of macrophages and 
neutrophils

Epidermal 
growth factor

EGF Stimulates cellular proliferation and 
differentiation of epithelial cells; 
promotes cytokine secretion by 
mesenchymal and epithelial cells

Insulin-like 
growth factor

IGF Promotes cell growth, differentiation, and 
recruitment in bone, blood vessel, skin, 
and other tissues; stimulates collagen 
synthesis together with PDGF

Fibroblast 
growth factor

FGF Promotes proliferation of mesenchymal 
cells, chondrocytes, and osteoblasts; 
stimulates the growth and differentiation 
of chondrocytes and osteoblasts
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Fig. 3.2 Demonstration of 
the healing cascade and 
timeline for tissue remodeling

postinjury for those animals injected with PRP [36, 39]. 
Several studies have demonstrated the different factors that 
may be responsible for this. This certainly can have an 
impact on certain types of injuries particularly to the muscle 
that demonstrate delayed healing or are refractory to other 
certain types of therapies [30, 32, 36, 39].

Tendons and ligaments are often subject to high stress and 
shear forces and can be injured with areas of rupture, partial 
tear, or complete tear. These injuries are often seen in a back-
ground of chronic inflammation. Several laboratory studies 
have shown beneficial effects of PRP on the tendon healing 
process [21–23, 28, 31–33]. The healing mechanism involves 
stimulation of cell proliferation and total collagen produc-
tion in those injected with PRP or PPP compared with those 
that were not injected. Much of the literature regarding the 
tendons and ligaments has been primarily focused on lateral 
epicondylitis. These data have been applied to other tendon 
injuries with the hope that analogous outcomes would occur 
given the findings and the research that supports lateral epi-
condylitis. Several studies have demonstrated histologic 
changes and extracellular matrix responses following PRP 
injections [32]. These have been demonstrated at the 7–10- 
day postinjection interval as well as at histological evalua-
tions at the 6–12  week postinjection timeframe. These 
histologic evaluations showed robust cellular responses to 
the injections and overall increased cellular activity [27, 28, 
30, 31, 34].

There are several studies ongoing for different applica-
tions of platelet-rich plasma. Many of these studies are 
focused on cartilage and joint injury and/or degeneration 
[31, 33, 34, 36]. There has been good literature support for 
PRP injections to treat intra-articular injuries as well as for 
tendon, ligament, and muscle use. In the intra-articular appli-
cations, the exact mechanism of action and the appropriate 
concentration of blood products are not well understood nor 
are they well known [36]. Further research including ran-

domized controlled trials are needed to determine the effects 
and impact of regenerative techniques on musculoskeletal 
injuries. What is known is that the use of platelet-rich plasma 
in different environments has demonstrated some clinical 
promise and positively affects the injured tissue in a way that 
is conducive to healing [2, 20, 33].

 Platelet-Poor Plasma 
with Alpha-2-Macroglobulin

 Introduction

As previously described in the preparation of platelet-rich 
plasma, there are many factors that are present within whole 
blood. Each component can have a specific regenerative 
medicine role, but it is not always clear as to what the right 
concentration needs to be to accomplish a specific purpose or 
which component is most helpful to accomplish a certain 
treatment goal [42, 43].

Platelet-poor plasma (PPP) is the preparation that is 
devoid of platelets and is defined as plasma with a concentra-
tion of platelets of less than 10 × 103 per mL. Platelet-poor 
plasma was often used as a control in comparison to platelet- 
rich plasma, but during its utilization, the studies have dem-
onstrated the PPP solution to have elevated levels of 
fibrinogen. This high fibrinogen content has shown to have 
the ability to form and activate fibrin-rich clots and to assist 
with wound healing [43, 44].

As more techniques developed different filters to be used 
in isolation processes, specific proteins and factors were suc-
cessfully isolated and extracted from various PPP and PRP 
products. Alpha-2-macroglobulin is a plasma protein found 
in the blood, concentrated in the plasma, and is mainly 
 produced by the liver as well as synthesized by macrophages, 
fibroblasts, and adrenocortical cells [42, 44].
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 Properties

Platelet-poor plasma is often discarded when the preparation 
of PRP is obtained, but it has shown to have a role in certain 
cases of wound healing. It also has a role in the promotion of 
hemostasis and blood clotting [43].

Alpha-2-macroglobulin (A2M) is a large plasma protein 
present in the blood. It requires a special filtration process to 
obtain and concentrate A2M. Alpha-2-macroglobulin is pri-
marily present in the plasma portion of PRP and PPP.  To 
obtain the A2M product, a special filtration process must be 
employed to obtain a higher concentration of this product 
and isolate it from its PRP counterpart [44].

It acts as an anti-protease and is able to inactivate many 
different kinds of proteinases. It primarily functions to inhibit 
plasmin and kallikrein that are responsible for degrading 
many blood plasma proteins including fibrin clots. It also 
functions to inhibit thrombin that has a crucial role in both 
the coagulation cascade and in the activation of platelets 
[42]. Its application to regenerative medicine thus far has 
been specifically focused on the matrix of cells responsible 
for the breakdown of cartilage within joints. The use of A2M 
has been shown to inhibit the action of matrix metallopro-
teinases (MMPs), which have been shown to break down tis-
sues within the joint capsule [43]. These MMPs have been 
demonstrated to have a role in the process of developing 
osteoarthritis in joints by breaking down the articular carti-
lage. The application of A2M can interfere with this and may 
have some beneficial properties in preventing the progres-
sion of osteoarthritis [44].

Indications

The applications of PPP have been primarily in wound man-
agement and cosmetic surgery patients. Additional uses are 
being studied with applications in patients with degenerative 
arthritis, degenerative disc disease, and numerous other 
conditions.

The application of A2M is currently primarily intra- 
articular, and its role is thought to be specifically to prevent 
the progression of osteoarthritis. In many cases, a fibronectin 
aggregation (FAC) G3 complex test is conducted prior to 
A2M injection to determine if a patient is eligible for the 
therapy. This is done by first doing a joint aspiration and then 
sending the fluid off for FAC testing [44]. If this determina-
tion is positive, then early intervention with A2M can be con-
ducted for the purpose of trying to mitigate the arthritic 
process and preserving the integrity of the articular cartilage. 
Its application as of broad-spectrum protease inhibitor has 
demonstrated good results and efficacy as a treatment for 
osteoarthritis. At present, there are limited data and a few 

manuscripts that have examined the use of A2M in humans. 
Given its promising early results, additional studies are 
important to demonstrate its full spectrum of use and appli-
cations [42–44].

 Orthokine, Regenokine, Interleukin 
Receptor Antagonist Protein

 Introduction

With many of the autologous products including preparation 
of platelet-rich plasma, other filtering and isolation processes 
can be done to obtain concentrations of other factors that 
may be more helpful in specific injuries and environments 
[45]. Interleukin receptor antagonist protein (IRAP) is one 
product that can be obtained from whole blood and the PRP 
preparation process. It is also commercially known as 
Orthokine and/or Regenokine [46].

The process of using this product was initially introduced 
in the early 2000s and first made its presence in a high level 
playing athletes who sought out this treatment for chronic 
injuries that were hindering their play. Initially developed 
and offered in Germany, IRAP therapy is now utilized world-
wide, but many athletes and patients still travel to Europe to 
be treated [47].

 History

The IRAP production is an isolation process that focuses on 
isolating anti-inflammatory factors. Dr. Peter Wehling pio-
neered the process of isolating this factor in the 1980s. In 
2003, the process was approved for use in Germany [45].

It is less invasive than surgical treatments and has anti- 
inflammatory properties making it a less painful treatment 
option for those receiving it. The popularity of IRAP was 
facilitated by its use in high-level athletes who would ini-
tially fly from the United States of America to Germany for 
treatment and then return home to play [44, 46].

 Properties and Relation to PRP

Orthokine is a product that is obtained from PRP. As men-
tioned previously, PRP is a blood product obtained from 
whole blood drawn from the patient to be treated. In the pro-
cess of obtaining Orthokine, 60 cc of the patient’s blood is 
obtained and then incubated at a body temperature for 
24  hours. Following this, it is centrifuged at 2100g for 
10 minutes. Then, through a filtration process via syringes, 
the product is obtained and utilized [44].

3 Blood Products



34

Table 3.2 Comparison of several commercial systems

Company Blood volume (mL) PRP volume (mL) WBC concentration factor PRP concentration factor Centrifuge time (min)
Peak 27 3 5× 6.8× 1
Arthremex 11 4 0.5× 2.0× 5
Biomet 27 3 5× 4.7× 15
Harvest 27 3 3.5× 4.9× 15
Arteriocyte 27 3 2× 6.0× 17

The systems noted here have been compared with one another and have published data on their results and concentrations of PRP. Several other 
companies are present in the market; however, not all have been compared with a standard or with other systems available on the market
PRP platelet-rich plasma, WBC white blood cells

The Orthokine product and procedure are closely 
related to the preparation of PRP but with a few more steps 
and modifications. The final product obtained is the 
Interleukin 1 receptor antagonist protein (IRAP). The 
function of IRAP is to bind to the IL-1 receptor and to 
block signaling, which promotes an immune and inflam-
matory response. The IRAP binds the IL-1 receptor and 
prevents inflammatory cascades and potentially harmful 
inflammatory responses in the environment being used 
(i.e., within a joint) [44, 45].

 Role and Applications

In its purest form, IRAP is thought to be only anti- 
inflammatory. Its uses have shown good clinical outcomes in 
patients who have undergone the treatment. There are strong 
2-year data demonstrating beneficial outcomes for the treat-
ment of osteoarthritis of the knees, and most of the applica-
tions have been focused on intra-articular use and the 
treatment of degenerative arthritis [47].

That being said, it is not clear if its use is disease modify-
ing, chondroprotective, or chrondroregenerative. Further 
data are needed to demonstrate the specific circumstances 
this product would best be used in [46, 47].

 Commercially Available Products

 Introduction

Several systems exist in the commercial market space for 
platelet-rich plasma. Certain factors should be present when 
considering a system, and these may include cost, whether 
the system is open versus closed, and the ability to manipu-
late the product for a higher or lower number of platelets that 
can be obtained. One should evaluate each system and make 
their own determination based on the specific clinical prac-
tice needs [2, 20, 31, 48].

 Available Products and Vendors

Several vendors and companies have systems that can pro-
duce platelet-rich plasma. When considering a system, the 
platelet concentration is certainly the most important thing. 
However, other factors such as whether the system is closed 
or open are important to consider [2, 3, 31, 49]. An open 
system is one in which the blood is drawn and transferred to 
the machine for processing and then removed from the 
machine for patient use. A closed system is one where the 
blood is drawn from the patient into the system where it is 
not touched and does not leave the container until it is uti-
lized for the patient. Additionally, certain systems can be 
adjusted to alter the concentration of white cells, blood cells, 
platelets, and other factors based on different filtration pro-
cesses [50] (Table 3.2).
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Bone Marrow-Derived Stem Cells 
and Their Application in Pain Medicine

Christopher J. Centeno, Matthew Hyzy, 
Christopher J. Williams, Matthew Lucas, Mairin A. Jerome, 
and Cameron Cartier

 Introduction

In recent years, there has been growing interest in the use of 
bone marrow in the treatment of various musculoskeletal dis-
orders based on its possible regenerative capabilities. The 
most common type of therapy uses bone marrow concentrate 
(BMC) obtained by isolating the buffy coat found within 
centrifuged bone marrow aspirate [1]. Bone marrow is a 
good source of mesenchymal stem cells (MSCs), which play 
a vital role in repair process for damaged musculoskeletal 
tissues [2]. MSCs have been shown to play a role in tissue 
healing through their ability to mobilize to the site of dam-
aged tissue and differentiate into other mesenchymal precur-
sors, as well as signal neighboring cells to assist in repair. 
Early clinical data show the clinical use of MSCs in the treat-
ment of knee, hip, and shoulder osteoarthritis as well as 
intervertebral disc disease [3–12].

Incorporating BMC into clinical treatment options has the 
potential to create a shift in the treatment of musculoskeletal 

injuries, from traditional orthopedic surgery focused on 
removing or modifying tissue to precise, image-guided injec-
tions to facilitate healing of injured or damaged soft tissue 
and bone. The potential advantages of using a regenerative 
approach to treat musculoskeletal conditions include 
decreased procedural risk when compared with surgical 
alternatives, lessened post-procedural morbidity, and 
decreased healthcare cost. This approach has many implica-
tions for pain management clinicians as their interventional 
skill sets allow for the precise administration of BMC prepa-
rations into a specific structure of need.

 Microanatomy and Biochemistry

The following three properties help describe stem cells:

• Undifferentiated
• Capable of cell differentiation
• Capable of cell division through mitosis.

Bone marrow was first discovered to be a source of mes-
enchymal stem cells in the 1960s [13]. Since then, there have 
been many advances in our understanding of the MSC’s role 
in tissue repair. In addition, several other bone marrow cell 
types have been studied, all of which may have significant 
clinical implications in the future.

• Mesenchymal stem cells (MSCs): adult stem cells which 
are multipotent, capable of dividing into progeny that give 
rise to all skeletal tissue types including cartilage, bone, 
tendon, ligament, and connective tissue [14].
 – MSCs are derived from other mesodermal tissues and 

are also known as marrow stromal cells and later 
assayed and renamed “colony-forming fibroblasts” in 
the 1970s [14].

 – Numbered by colony-forming units (CFUs)
 – MSCs are a heterogeneous population of similar cells 

rather than one distinct cell type.
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 – Several international groups have provided criteria for 
identifying MSCs in the research and clinical setting. 
A mesenchymal stem cell must demonstrate [15]
• Adherence to plastic
• Cell surface markers specific to MSCs
• Multi-lineage mesodermal tissue differentiation.

 – There are several unique properties of MSCs which 
provide a physiologic basis for their clinical applica-
tion in regenerative medicine for orthopedic 
applications.
• MSCs respond to local environmental stimuli, sig-

naling them to differentiate into their various termi-
nal cell types (for example, culturing these cells 
with ascorbic acid, inorganic phosphate, or dexa-
methasone could differentiate cells to osteoblasts, 
while exposure to TGF-beta caused cells to differ-
entiate into chondrocytes) [16].

• MSCs also participate in paracrine signaling 
prompting neighboring cells to participate in tissue 
repair [2, 17].

• They have also shown to be capable of mobilizing 
through the peripheral circulation to distant sites of 
injury in a mouse model [18]

• Hematopoietic stem cells (HSCs): primarily give rise to 
nucleated cells of the blood and may be secondarily 
involved in muscle repair [19].
 – Satellite cells recruit HSCs to the local area from the 

bone marrow reservoir when muscle repair is 
incomplete.

• Endothelial progenitor cells (EPCs): recruited from bone 
marrow to facilitate vascular homeostasis and neovascu-
logenesis [20].
 – Musculoskeletal tissue that has suffered chronic injury 

and is unable to completely heal may have poor blood 
supply. EPCs may aid in re-establishing vascularity 
through secreting vascular endothelial growth factor 
(VEGF).

• Pericytes: located near blood vessels and recruited from 
bone marrow to promote neovasculogenesis and tissue 
repair [21].
 – Research suggests pericytes may differentiate into 

MSCs when injury is detected [22].
• Osteochondral reticular cells (ORCs): recently discov-

ered and concentrated in the metaphysis of long bones. 
Hence, these are not found in BMA, but may be found in 
other bone marrow procedures that involve bone grafts.
 – ORCs differentiate into osteoblasts, chondrocytes, and 

reticular marrow stromal cells [23].
• Multilineage Differentiating Stress Enduring (MUSE) 

Cells: capable of differentiating between all three embry-
onic layers (endoderm, mesoderm, and ectoderm).
 – Activated by physical stress, MUSE cells act as a pro-

genitor reserve cell source, in part because they sur-

vive longer and harsher environments than many other 
cell types. They are also involved in regenerative 
homeostasis and tissue repair.

 BMC vs. Adipose

Controversy exists as to which tissue type provides the best 
source of mesenchymal stem cells. Several studies suggest 
that adipose tissue contains a higher stem cell count when 
compared to bone marrow [24, 25]. However, this is largely 
a misconception due to difference in interpretation of cell 
content between the two tissues.

• Adipose tissue has a higher percentage of MSCs as com-
pared to nucleated cells.
 – Adipose tissue: 1–5% of nucleated cells are MSCs.
 – Bone marrow: 0.01–0.5% of nucleated cells are MSCs.

• However, bone marrow has approximately 100 times 
more total nucleated cells (TNCs) than adipose tissue [26] 
per volume.

• Also, adipose tissue contains significantly fewer HSCs, 
which give rise to nucleated blood cells and play a role in 
muscle repair as mentioned above.
 – Generally, bone marrow contains the same or more total 

stem cells per unit volume compared to adipose tissue.

 Indications

As of August 2019, the total number of patients treated with 
bone marrow stem cells for orthopedic conditions that have 
been published in the U.S. Library of Medicine therapy was 
11,467. The number was obtained by summing the n of all 
clinical studies that used either bone marrow concentrate or 
culture expanded MSCs.

The following indications represent the majority of clini-
cal outcome data available using BMC:

• Osteonecrosis
 – Hernigou et  al. published the largest study to date 

(n  =  342) using core decompression + autologous 
BMC in treatment of osteonecrosis of the hip [27]
• ARCO grade 1–2: showed approximately an 80% 

long-term likelihood of not requiring hip 
arthroplasty.

• ARCO grade 3–4: there was declining success.
• Knee Osteoarthritis:

 – Vagness et  al. reported approximately one in  
four patients demonstrated an increase in meniscus 
size [28].

 – Vega found significant improvement in cartilage signal 
on follow-up T2 MRI sequences [29]

C. J. Centeno et al.
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 – Centeno et  al. published a large case series demon-
strating improved pain/functional outcomes regarding 
knee OA. Also, it was found that the addition of a fat 
graft does not improve outcomes over injecting BMC 
alone [30].

 – Hernigou has published two works focused on intraos-
seous injection of BMC [31, 32]. In one randomized 
trial, he injected knee osteoarthritis patients on one 
side with intra-articular BMC injection versus the 
other side with intraosseous BMC injection (IO). The 
IO injection had fewer patients convert to knee arthro-
plasty at 15 years. In a second trial, he compared the 
efficacy of IO BMC injection to knee arthroplasty at 
15  years and found good results for the majority of 
those treated with BMC.  Those patients with more 
bone marrow edema fared more poorly on long-term 
follow-up (Table 4.1).

• Hip Osteoarthritis (Table 4.2):

 – Based on the author’s experience and unpublished reg-
istry data, severe disease yields lower response rates, 
on average.

 – Centeno et  al. reported on a case series of 196 
patients treated with BMC injection. Poorer out-
comes were found for patients over 55. It is sus-
pected that these patients likely had more severe 
underlining disease [42].

 – Emadedin et  al. performed a small case series of  
five patients treated with culture expanded bone  
marrow MSCs and reported functional improvement 
[40].

 – Rivera has published a prospective comparison of sur-
gical BMC use to treat hip femoroacetabular impinge-
ment to a retrospective cohort of surgically treated 
patients. The author found more efficacy for the BMC- 
treated group [41].

• Shoulder Rotator Cuff (Table 4.3):

Table 4.1 Summary of selected published research using bone marrow concentrate or culture expanded bone marrow mesenchymal stem cells 
for knee osteoarthritis

Author Study type Intervention
Patient 
n Stem cells used

Functional 
improvement Notes

Vangsness 
[28]

Randomized 
controlled trial

Partial meniscectomy with MSC 
injection vs. placebo

55 Allogeneic 
cultured bone 
marrow MSCs

Yes 1 in 4 patients with increased 
meniscus volume

Centeno 
[33]

Randomized 
controlled trial

Image-guided injection vs. 
physical therapy

48 Autologous bone 
marrow 
concentrate

Yes Cross over with physical 
therapy at 3 months

Centeno 
[30]

Prospective 
case series

Image-guided injection 840 Autologous bone 
marrow 
concentrate

Yes 2
3 of patients were knee 

arthroplasty+ candidates

Kim [34] Prospective 
case series

Injection 49 Autologous 
cultured bone 
marrow MSCs

Yes Full-thickness chondral 
lesions <6 cm responded best

Vega [29] Randomized 
controlled trial

Injection of MSCs vs. hyaluronic 
acid

30 Allogeneic 
cultured bone 
marrow MSCs

Yes Improved cartilage signal on 
MRI T2 mapping

Teo [35] Prospective 
case series

Surgical implantation of MSCs vs. 
first generation autologous 
chondrocyte implantation

36 Autologous 
cultured bone 
marrow MSCs

Yes MSCs equivalent to 
autologous chondrocyte 
implantation

Mautner 
[36]

Case series Injection of BMC vs. 
microfragmented adipose tissue 
(Mfat)

41 Autologous bone 
marrow 
concentrate

Yes No difference between BMC 
and Mfat

Gobbi [37] Case series Surgical implantation of bone 
marrow concentrate plus 
hyaluronic acid

23 Autologous bone 
marrow 
concentrate

Yes Results not dependent on 
chondral lesion size or 
location

Kim [38] Case series High tibial osteotomy with 
surgical implantation of MSCs 
alone vs. MSCs+ allogeneic 
cartilage implant

80 Allogeneic 
cultured bone 
marrow MSCs

Yes MSCs+cartilage better than 
MSCs alone

Hernigou 
[31]

Randomized 
controlled trial

One knee injected intra-articular 
and the other injected intraosseous

60 Bone marrow 
concentrate

Yes Intraosseous alone superior for 
preventing the need for knee 
arthroplasty at 15 years

Hernigou 
[32]

Randomized 
controlled trial

One knee had knee arthoplasty 
and the other intraosseous 
injection

140 Bone marrow 
concentrate

Yes Intraosseous alone helped 
most patients avoid the need 
for TKA on the non-operated 
side

MSCs mesenchymal stem cells
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Table 4.2 Summary of published research using bone marrow concentrate or cultured expanded bone marrow mesenchymal stem cells for hip 
osteoarthritis

Author Study type Intervention
Patient 
n Stem cells used

Functional 
improvement Notes

Centeno 
[39]

Prospective case series Image-guided injection 196 Bone marrow 
concentrate

Yes Majority of patients were 
hip arthroplasty candidates

Emadedin 
[40]

Prospective case series Unknown 5 Culture 
expanded

Yes Severity of hip 
osteoarthritis unknown

Rivera [41] Prospective case series 
compared to retrospective 
cohort

Arthroscopy with or 
without bone marrow 
concentrate

80 Bone marrow 
concentrate

Yes Adding bone marrow 
concentrate helped surgical 
outcomes

Table 4.3 Summary of published research using bone marrow concentrate for shoulder osteoarthritis and rotator cuff tear

Author Study type Intervention
Patient 
n

Stem cells 
used

Functional 
improvement Notes

Centeno 
[3]

Prospective 
case series

Image-guided injection 105 Bone marrow 
concentrate

Yes Patients failed conservative 
management

Centeno 
[43]

Randomized 
controlled trial

Image-guided injection 25 Bone marrow 
concentrate

Yes Bone marrow concentrate better than 
physical therapy

Hernigou 
[8]

Prospective 
case controlled

Arthroscopic rotator cuff 
repair with bone marrow 
concentrate vs. surgical repair 
only

45 Bone marrow 
concentrate

Yes 100% healing of tendon on MRI vs. 
67% in control group at 6 months 
and intact tendon in 87% vs. 44% at 
10 years

Fig. 4.1 Illustration of ideal ultrasound linear probe and trocar place-
ment for identification of the posterior superior iliac spine during a 
bone marrow aspiration procedure

 – In a comparison trial of surgical repair with and with-
out injected BMC, patients injected with BMC experi-
enced a re-tear rate 50% less than the surgery only 
group [8].

 – Centeno et  al. demonstrated significant reductions in 
pain and increases in validated functional metrics 
through a case series of 102 patients who had both 
shoulder OA and a rotator cuff tear [3] In a follow-on 
RCT, the same author demonstrated good results when 
using bone marrow concentrate to treat rotator cuff 
tears in a cross-over RCT with physical therapy alone 
as a comparator (see Fig. 4.1) [43].

• Lumbar Intervertebral Disc—Degenerative Disc Disease 
(DDD) (Table 4.4):
 – Pettine et  al. published showed that higher MSC 

(CFUs) doses corresponded to the best outcomes at 1- 
and 2-year results [10, 11].

 – Orozco et al. treated ten patients with chronic low back 
pain and disc degeneration with culture-expanded 
MSCs from BMC and found statistically significant 
improvements in pain and function which were sus-
tained at 1 year [9].

 – In another study, nine patients were injected with 
autologous BM-MSCs that were co-cultured with 
nucleus pulposus cells, into Pfirrmann grade III degen-
erated discs adjacent to spinal fusion levels. It showed 
that there was no progression of disc degeneration in 
adjacent segments to spinal fusion over a 3 -year fol-
low- up time period [9, 44, 46].

 – Finally, Noriega injected degenerative discs with alloge-
neic MSCs and found that a responder cohort of about 
40% reported significant decreases in pain and improve-

ments in function [49]. This concept of a “responder 
cohort” for DDD patients treated with MSCs is also 
consistent with non-peer-reviewed data presented via 
press release by Mesoblast, a company pursuing FDA 
approval for allogeneic bone marrow MSCs.

• Ankle Disorders:
 – Emadedin et al. treated ankle osteoarthritis with cul-

tured MSCs and reported a significant reduction in 
pain as well as subchondral edema on MRI 6 months 
post-procedure. In addition, there was improved func-
tion [40].
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Table 4.4 A summary of BMC and culture expanded mesenchymal stem cells and other cell type-treated degenerative disc disease patients

Author Study type Intervention
Patient 
n Stem cells used

Functional 
improvement Notes

Mochida [44] Prospective 
case series

Surgical implant 9 Autologous nucleus 
pulposus cells

No-minimal 
MRI changes

Safety study

Pettine [45] Prospective 
case series

Image-guided intradiscal 
injection

26 Bone marrow 
concentrate

Yes Possible slight changes in MRI, 
but within error of degenerative 
disc disease grading scale

Pang [46] Prospective 
case series

Surgical implantation 2 Allogeneic cord 
blood MSCs

Yes No imaging

Orozco [9] Prospective 
case series

Image-guided intradiscal 
injection

10 Autologous culture 
expanded bone 
marrow-MSCs

Yes No improvement in disc height, 
some decrease in T2 signal

Centeno [47] Prospective
Case series

Image-guided intradiscal 
injection

33 Autologous culture 
expanded bone 
marrow-MSCs

Yes Improvements in disc bulge size

Elabd, 
Centeno [48]

Prospective
Case series

Image-guided intradiscal 
injection

5 Autologous culture 
expanded bone 
marrow-MSCs

Yes Improvements in disc bulge size

Noriega [49] Randomized 
controlled 
trial

Image-guided intradiscal 
injection vs. sham injection 
into paravertebral muscles

24 Allogeneic culture 
expanded bone 
marrow MSCs

Yes Only a group of “responders” at 
40% of the treatment cohort had 
positive results

MSCs mesenchymal stem cells

 – Hernigou et al. published a large study comparing 86 
diabetic ankle fracture non-union patients treated with 
BM-MSCs vs. 86 treated traditionally with iliac bone 
graft. Patients receiving traditional treatment with iliac 
crest bone graft had a 62% healing rate, whereas those 
treated with BM-MSCs had a success rate of 82% and 
fewer complications [50].

• Epicondylitis:
 – Singh et  al. performed a case series of 30 patients 

treated with a single injection of BMC for lateral epi-
condylitis. The report showed a significant reduction 
in symptoms at short and medium follow-up intervals 
[51].

 Safety Profile and Contraindications

Two large studies have demonstrated the safety of orthopedic 
conditions treated with BMC.

• In 2013, Hernigou et  al. published findings on 1873 
patients that had been monitored for an average of 
12.5 years and found incidence of neoplasm in the area of 
BMC injection [52].

• In 2016, Centeno et  al. published findings for 2372 
patients who had been treated at multiple clinic sites with 
either BMC or culture expanded MSCs and followed for 
up to 9 years regarding all adverse events. They reported 
a 1.5% incidence of serious adverse events and a lower 
incidence of neoplasm over the course of follow-up than 
that occurs in the general population [53].

Contraindications include

• Anemia
• Coagulopathy
• Active or history of neoplasm (Relative 

contraindications)
 – Cancer patients treated with BMC injections for ortho-

pedic conditions did not show any increase in new neo-
plasm rates [52].

There is a theoretical risk that injection of MSCs into or 
near tumor cells or malignancy could act to promote tumor 
growth and cell proliferation though this remains controver-
sial [54].

 Preoperative Considerations

• Patient needs to be aware of the following:
 – Potential complications of BMA

• Procedure site pain, infection, bleeding/hematoma, 
post-aspiration anemia, potential injury to sur-
rounding structures, and embolic event in at-risk 
patients (cluneal nerves).

 – Risks associated with intended target procedure 
(example: inadvertent dural puncture in disc 
procedure).

 – Alternative treatments.
• Provider needs to be aware of the following:

 – Pertinent medical issues or active infections that may 
increase procedural risk.

 – Hematocrit levels should be assessed to estimate max 
BMA volume that can be harvested. For example, tak-
ing 60 mL of bone marrow aspirate in a small anemic 
female may be ill advised.

4 Bone Marrow-Derived Stem Cells and Their Application in Pain Medicine



42

 – Anti-coagulation status or bleeding disorders that 
could complicate normal clotting after penetration of 
the periosteum.

 – If patient has a history of heparin-induced thrombocy-
topenia (HIT), then ACD (acid-citrate-dextrose) 
should be used to avoid blood clots during the 
aspiration.

• Provider needs to perform the following:
 – Physical exam of the harvest area to assess for infec-

tion, skin ulcerations, or signs of injury.

 Radiographic Guidance

Proper use of BMC in the treatment of musculoskeletal con-
ditions requires image guidance both for precise administra-
tion of the injectate to the area of pathology, but also to 
perform a safe bone marrow aspiration that optimizes the 
amount and quality of MSCs obtained. Either fluoroscopy or 
ultrasound may be utilized, and both have their benefits and 
limitations. Attempting a BMA without imaging guidance is 
below the standard of care. Imaging guidance helps prevent 
significant complications from inappropriate trocar place-
ment. The specific area of cannulation needs to be visualized 
to monitor cannula placement and to avoid areas of thin bone 
marrow cavity (Fig. 4.2).

 Ultrasound

• PRO: Visualizing superficial and soft tissues as well as 
neurovascular structures.

• CON: Structures deep to bone are not able to be 
visualized.

• Example: Recommended to inject the rotator cuff of the 
shoulder, but not recommended when injecting the ACL 
of the knee due to the ligaments being inside the bony 
trochlear groove.

 Fluoroscopy

• PRO: Visualizing bone and other deeper structures with 
the use of contrast.

• CON: Unable to image superficial soft tissues. Radiation 
exposure and cost.

• Example: Recommended for injecting stem cells into an 
osteonecrosis lesion of the hip, but would be less appro-
priate to inject a rotator cuff tear.

Key points to maximize MSC yield from BMC:

• The posterior superior iliac spine (PSIS) contains signifi-
cantly more nucleated cells than other bone aspiration 
sites [55].

• Focus on drawing small volumes (5 mL per site) rather 
than drawing a large volume (over 20 cc) from a single 
bone site reduces [55].

• Multiple aspiration sites may yield more MSCs that reside 
in subcortical areas as well as pericytes that are located 
close to blood vessels.

• Ropivacaine 0.25% or less is highly recommended when 
providing local anesthesia. Any amount of bupivacaine or 
lidocaine can be toxic to MSCs [56, 57].

 Equipment

• 30 g or 27 g needle
• 25 g 3.5-inch spinal needle
• Sterile 11-gauge disposable trocar (one for each side of 

access)
• 10–15 cc of 1% Lidocaine or 0.25% Ropivacaine
• 5000 IU Vial of heparin
• 20,000 IU and 10,000 IU vials of heparin
• Preservative free normal saline
• 5 cc syringe
• 30 cc syringes.1

1 Hernigou et al. suggested using multiple 5–10 cc syringes may increase 
MSC yield [58].

Fig. 4.2 A slice through the bony pelvis from the digital human project 
showing two marrow draw angles. The first through the “thin area” or 
the area identified as more radio-lucent. This is a thin area of the pelvis 
where the likelihood of passing through the marrow space is very high. 
The “thick area” noted here is the more radio-opaque area shown on the 
prior slide. This area has a large marrow space with less risk of passing 
through the marrow rich area and much higher likelihood of drawing 
whole marrow
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Technique

 Harvesting Risk

Using the following bone marrow aspiration procedure 
guidelines, BMA is a safe and reliable procedure. A large 
U.K. registry reported an incidence of serious adverse event 
rate of 15 in a total of 20,323 procedures [59].
The steps for a BMA are as follows:

• The patient is positioned prone on a procedure table.
• After sterile prep, the skin is anesthetized with 10–15 mL 

local anesthetic. Ropivacaine 0.25% is highly recom-
mended. If 1% Lidocaine is used, make certain that it 
does not contact the BMA.
 – Imaging guidance is critical during the injection of 

anesthetic. The skin, surrounding soft tissues, and peri-
osteum need to be adequately anesthetized. If not, the 
patient may experience significant discomfort.

• After anesthetizing the skin and deep tissues, focus on 
drawing up the remaining medications to allow sufficient 
time for the local anesthetic to take effect.

• Draw 1 cc of 5000 IU/cc heparin into 5 cc syringe, and 
dilute it with an additional 4 cc of preservative free nor-
mal saline to make a 1000 IU/cc concentration (or follow 
the instructions of the point of care automated 
centrifuge).

• Draw 30,000 units into each 30 cc syringes intended for 
use, with a remaining concentration of 10,000 IU/cc.

• See Figs. 4.3, 4.4, and 4.5 to help guide angle of entry 
depending on imaging modality used. A shallow angle is 
used when using ultrasound (Fig. 4.3), and a steeper angle 
is used when using fluoroscopy (Fig.  4.4). Using these 
angles when approaching the PSIS (Fig.  4.5) optimizes 
draw sites where the bone marrow is best accessed in the 
safest fashion.

• Pass the trocar through anesthetized skin and soft tissues 
until contact is made at the bone cortex. Forward pressure 
is used while the device is turned clockwise/counter-
clockwise at the trocar handle, using the angled tip to bore 
a hole in the bone. Advancing another 5–10 mm will help 
seat the trocar in the cortex. The trocar may have incre-
mental measurements to help gauge depth.

• Ensure the trocar is properly seated in the bone by wig-
gling the trocar handle gently. If it feels loose, further 
advancement will be needed, no more than 1  cm at a 
time and reassessing with another wiggle test. If the tro-
car resists any movement, no further advancement is 
needed.

• Remove the stylet from the trocar, and ensure the trocar is 
still well seated. Re-inserting the stylet and further 
advancing 1 cm at a time are not uncommon until ade-
quate depth is achieved.

• After the stylet is removed, attach the 5 cc syringe with 
1000  IU/cc heparin and inject approximately 500–
750 units to help prevent clotting. This step is important 
to prevent MSC trapping within a potential clot. This is 
performed for each bone site entered.

15 degree Orbit on C-arm

30 degree Trocar Tilt

Fluoro

Fig. 4.4 Illustration of the ideal fluoroscopic C-arm and trocar place-
ment for identification of the posterior superior iliac spine during a 
bone marrow aspiration procedure
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Fig. 4.5 Depiction of the posterior superior iliac spine (PSIS) located 
on the posterior pelvis. This is the ideal area for 3–4 draw sites from 
each PSIS

Table 4.5 A comparison between commercial bedside centrifuges and 
manual processing used to process bone marrow aspirate

Commercial bedside 
centrifuge
(510 K Approved) Manual processing

Pros Easy to learn
Easy to use
Lower start-up costs

Precise volumes, concentrations, 
cell counts
Variable injectates are possible

Cons Little versatility, 
variability
Imprecise treatment 
protocols

Requires biologic safety cabinet
Higher start-up costs
More training required

• Attach the 30 cc draw syringe to the trocar. Pull back on 
the plunger according to patient tolerance. As BMA enters 
the syringe, gently agitate the syringe to help mix the 
heparin with the BMA to help mix the heparin and pre-
vent clotting.

• Restrict the draw to 5–15 cc per site. Pull back and redi-
rect the trocar without removing the trocar from the skin 
and reengage another bone cortex site. Any redirection 
needs to be performed under ultrasound or fluoroscopic 
guidance.

• Patient weight, number, and size of areas to be treated all 
help to determine the total BMA volume.
 – Females <47 kg, total volume should not exceed 50 cc.
 – Females >47  kg pounds but <54  kg, total volume 

should not exceed 60 cc.
 – Males or females >54  kg but <68  kg, total volume 

should not exceed 90 cc.

 – Male >68 kg, total volume should not exceed 120 cc.

 Processing

The goal of BMA concentration is to isolate the buffy coat: 
the small, gray, middle section in a centrifuged BMA sam-
ple. Most providers injecting BMC utilize a commercial bed-
side centrifuge to concentrate the buffy coat rather than 
manual processing and lab technicians. There is limited 
third-party research available comparing these concentration 
devices. Table 4.5 helps describe the positive and negative 
aspects of each technique that are known.

510 K Approved Bedside Centrifuge Systems:

• Accelerate: Autologous Platelet Concentrating System
• Accelerated Biologics: BC 60 and BC 120 Pure
• Arthrex Angel
• BioCUE by Biomet
• Celling ART BMC
• CellPoint-ISTO Biologics
• Emcyte 544E
• Emcyte PureBMC
• GenesisCS Component Concentrating System
• Harvest Technologies SmartPrep 2
• ISTO CellPoint.

 Dosing Bone Marrow Concentrate

Dosing of BMC can be quantified as follows:

• Colony-forming unit (CFU) assay: BMC is cultured in 
monolayer and incubated until colonies of MSCs form 
that adhere to plastic. The total number provides a rough 
metric of MSC content [60].
 – CFUs are primarily useful in the research setting rather 

than clinical, as the time needed for cell culture testing 
is not conducive to clinical practice setting.

• Flow cytometry: BMC cells are stained with fluorescent 
antibodies to MSC specific cell surface markers and pro-
cessed through a flow cytometer. The International 
Society for Cellular Therapy issued a position statement, 
defining minimal criteria to identify an MSC. MSCs must 
express CD105, CD73, and CD90, but not CD34, CD45, 
CD14, CD11b, CD79alpha, CD19, or HLA-DR [61].
 – The cost and expertise required to run and analyze the 

results also makes this impractical in most clinic 
settings.

• Total Nucleated Cell (TNC) Count: the number of nucle-
ated cells in BMC can be used as an indirect measure-
ment, or proxy, of MSC content given the MSC/TNC 
ratio discussed above (0.01–0.5% of nucleated cells are 
MSCs).

C. J. Centeno et al.



45

 – TNC is most convenient for clinical use. A manual 
hemocytometer or a commercial automated counting 
system is required (Peters and Watts 2016).

Research shows that better clinical outcomes is associated 
with higher CFU or TNC counts [11].

 Post-operative Considerations

There are several medications known to impair MSC func-
tion and viability, and ultimately alter cell culture results. It 
is recommended that the following medications should be 
held for 2–3 serum half-lives before and at least 2–4 weeks 
after a BMC procedure to optimize clinical outcomes:

• Non-steroidal Anti-Inflammatories (NSAIDs) [62]
• Corticosteroids [63]
• ACE Inhibitors [64]
• Statins [65].

 Potential Complications and Pitfalls

• Several local anesthetics, including Marcaine, 
Bupivacaine, and Lidocaine, are toxic to MSCs at low 
concentrations, and therefore, administering these in con-
junction with BMC will significantly reduce cell viability. 
Ropivacaine at low concentrations of 0.125–0.25% is safe 
to use with MSCs [56, 57].

• It is very important to anesthetize not only the skin and 
subcutaneous soft tissue but also the periosteum. 
Incomplete anesthesia of the periosteum can lead to 
intense pain and even neuralgia.

• The clinician MUST provide adequate time for the local 
anesthetic to take effect (typically 3–5 minutes) prior to 
starting the procedure.

• BMAs using single site draws/collections with high vol-
ume aspiration (60 cc or more) will dramatically reduce 
cellular yield (please see Sect. 4.8).

• Preventing clots in the bone marrow aspirate sample is 
important to optimize cellular yield. Thus, it is imperative 
to pre-heparinizing the syringes used for sample collec-
tion as well as using heparin at the draw sites (the authors 
suggest using heparin—more effective anti-coagulant 
than ACD (anticoagulant citrate dextrose)).
 – Heparin must be used in the BMA draw syringe (see 

above) and should be gently shaken/mixed with the 
first BMA sample as soon as aspirated (it will not effi-
ciently mix through diffusion).

 – During draw, immediately inject small amount of hep-
arin (500–750 units) immediately after cannulating the 
cortex AND after each advancement of the trocar prior 
to aspirating.

 Clinical Pearls

• It is important to remember that adipose tissue does not 
necessarily yield higher counts of stem cells.

• Forming a standardized routine is essential to proper 
BMA and patient comfort/safety.
 – Start with injecting local anesthetic to soft tissue and 

periosteum, step away and heparinize syringes, pre-
pare trocar, set up image guidance, mark skin boundar-
ies, etc. prior to starting the procedure.

• Remember to identify key anatomic landmarks when per-
forming with fluoroscopy, prior to the procedure, to define 
target area.

• When using ultrasound guidance for imaging, the authors 
suggest using a sterile surgical marker on the skin to 
define safe borders for aspiration as well as to mark the 
previously anesthetized areas and prior draw sites.

• Use of a multi-site draw technique with several smaller 
aspiration volumes at each site will allow for higher cell 
yields.
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Adipose-Derived Stromal Stem Cells

Lora L. Brown

 Introduction

Autologous adipose-derived stem cells are an important 
source of therapeutic cells for patients suffering from trau-
matic, degenerative, or inflammatory disease processes. 
Clinical data have identified adipose tissue as an alternative 
source of mesenchymal stem cells (MSCs). Stromal vascular 
tissue derived from adipose tissue contains a subset of tissue 
that is different from that found in blood cells. Adipose stro-
mal tissue contains a subset of multipotent progenitor cells 
with adipogenic, chondrogenic, osteogenic, and myogenic 
differentiation potential [1].

Adipose tissue is abundant, easily accessible, and easily 
obtainable via lipoaspiration with little patient discomfort. 
Adipocytes make up the bulk of adipose tissue. A heteroge-
neous cell population called the stromal vascular fraction 
(SVF) surrounds the mature adipocytes. The SVF includes 
adipose stromal stem/progenitor cells (ASCs), pericytes, 
mature and immature vascular endothelial cells, fibroblasts, 
and hematopoietic-lineage cells [2] (Table 5.1).

A large body of in  vitro research shows that adipose- 
derived stem cells are located within the perivascular niche 
within the stromal vascular fraction. The stromal vascular 
fraction (SVF) parallels the mononuclear cell fraction 
obtained from bone marrow–derived stem cells [3] 
(Table 5.2). Both tissue sources possess regenerative cellular 
potential, but 1  mL of adipose tissue contains 300 to 500 
times more MSCs than 1 mL of bone marrow aspirate [4]. 
The cell populations present in the SVF include 
hematopoietic- lineage cells (stem and progenitor cells, gran-
ulocytes, monocytes, lymphocytes), endothelial cells, peri-
cytes, and stromal cells. Collectively, these cell populations 
possess many advantageous characteristics, including immu-
nomodulatory, anti-inflammatory, antiapoptotic, angiogenic, 
and mitogenic properties. They also resist scar cascade ini-

tiation. These cells accomplish regenerative functions via 
complex secretion and signaling of growth factors and cyto-
kines. These paracrine effects, as well as direct cell-to-cell 
interactions, exert great effects on local tissue repair by acti-
vating endogenous progenitor cells previously dormant in 
the affected tissue [1, 5–8]. Consequently, there is a decrease 
in inflammation and pain, as well as regeneration of tissue in 
the damaged areas.

It should be noted that stem cell paracrine potential is 
thought to vary based upon cell tissue origin. Cell surface 
markers of mesenchymal stem cells have demonstrated 
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Table 5.1 Commonly used markers to characterize cell populations in 
SVF

Cell type Phenotype
Proportion of nonheme 
(CD45−) nucleated cells

Stromal/
preadipocytes

CD31−, CD34+, 
CD146−/+, CD90+

67.6 ± 29.7%

Endothelial 
progenitor

CD31+, CD34+, 
CD146+, CD90+

5.2 ± 6.1%

Endothelial 
mature

CD31+, CD34−, 
CD146−, CD90−

Variable with harvest 
technique

Pericytes CD31−, CD34−, 
CD146+, CD90+

0.8 ±  0.7%

Table 5.2 Comparison of bone marrow–derived and adipose-derived 
stem cells

Bone marrow aspirate 
concentration (BMAC) Adipose-derived stem cells (SVF)
Easy to obtain Moderate difficulty to obtain
Bone marrow aspiration Tumescent liposuction
Centrifuge and remainder of 
materials come in 
commercially available kits

Flow hood, incubator, tissue culture 
hood, plus equipment that is 
typically purchased a la carte

Takes less than an hour to 
harvest cells, process, and 
inject to target region

Can take an hour just to harvest 
cells

Lower nucleated cell 
concentrations

Higher nucleated cell concentrations

Progenitor and stem cell 
concentrations unpredictable 
and typically lower

Progenitor and stem cell 
concentrations predictable and 
much higher

© Springer Nature Switzerland AG 2023
C. W Hunter et al. (eds.), Regenerative Medicine, https://doi.org/10.1007/978-3-030-75517-1_5

https://doi.org/10.1007/978-3-030-75517-1_5


50

region-specific variation. Understanding the metabolic activ-
ity mechanisms within different stem cell tissue (SVF) 
niches is a current area of research interest that may provide 
a clearer understanding of the cellular maintenance of mes-
enchymal stem cells as well as their regenerative and pro- 
angiogenic potential.

Although limited, human studies involving MSCs for the 
treatment of osteoarthritis are promising. Mesenchymal 
stem cells derived from bone marrow aspirate and percuta-
neously injected into subjects with MRI-proven degenera-
tive joint disease of the knee showed statistically significant 
cartilage and meniscus growth on MRI, as well as increased 
range of motion and decreased modified Visual Analog 
Scale (VAS) pain scores at 21 weeks after the injection [9]. 
Emadedin et al. treated six female subjects with osteoarthri-
tis of the knee who were candidates for knee replacements 
with bone marrow–derived MSCs and found improvements 
in pain, functional status, and walking distance 6  months 
post- injection [10]. MRI images at baseline and 6 months 
postinjection demonstrated an increase in cartilage thick-
ness, extension of repair tissue over the subchondral bone, 
and a considerable decrease in the size of edematous sub-
chondral patches. In a similar study, autologous MSCs 
derived from adipose tissue were administered to 18 patients 
with osteoarthritis of the knee. The results showed that 
intra-articular injection of 1.0 × 108 adipose-derived MSCs 
into the osteoarthritic knee improved function and pain of 
the knee joint without causing adverse events, and it reduced 
cartilage defects by regeneration of hyaline-like articular 
cartilage [11].

Another area of interest in regenerative medicine is the 
treatment of degenerative disc disease. Researchers have 
demonstrated that intervertebral discs contain an endoge-
nous stem cell population of skeletal progenitor cells dis-
playing osteogenic, adipogenic, and chondrogenic 
characteristics, which are the same characteristics shared 
by MSCs derived from both bone marrow and adipose tis-
sue. Mesenchymal stem cell implantation has been shown 
to stimulate nucleus pulposus cell proliferation and MSC 
chondrogenic differentiation, as well as increasing produc-
tion of cytokines, particularly transforming growth factor-
beta [12, 13].

Animal studies for the treatment of disc degeneration 
have demonstrated that MSCs injected into the nucleus pulp-
osus not only survive but proliferate in canine, porcine, and 
rabbit models. The results of these studies also showed that 
the transplanted stem cells influenced the production of 
extracellular matrix proteins, including aggrecan, proteogly-
cans, and type I and type II collagen. Most importantly, these 
injections resulted in the preservation of both water content 
and height in the damaged disc [14–17].

Human studies utilizing stem cells for the treatment of 
degenerative disc disease are promising. Orozco et al. con-

ducted a pilot study utilizing autologous culture-expanded 
bone marrow mesenchymal cells for intervertebral disc 
repair [18]. Ten subjects were followed for 1 year to evaluate 
back pain, disability, and quality of life. Magnetic resonance 
(MR) imaging measurements of disc height and fluid content 
were also performed. Results confirmed feasibility and 
safety. Patients exhibited rapid improvement of pain and dis-
ability at 85% of maximum in 3 months. MRI scans showed 
that although disc height was not recovered, water content 
was significantly elevated at 12 months.

Pettine et al. investigated the use of autologous bone mar-
row concentrate for the treatment of discogenic pain [19]. 
Twenty-six subjects received percutaneous injections in one 
or two intervertebral discs and were evaluated using MR 
imaging, the Oswestry Disability Index (ODI), and 
VAS.  Results showed a substantial reduction in pain of 
69.5% on the ODI and 70.6% on the VAS.  Eight of 20 
patients improved by one modified Pfirrmann grade at 1 year. 
Furthermore, recent basic research and preclinical studies 
have revealed that the use of adipose-derived MSCs in regen-
erative medicine is not limited to mesodermal tissue but 
extends to ectodermal and endodermal tissues and organs as 
well [20].

Although there are little data to support the wide array of 
disease processes treated with stem cell therapy, the evidence 
is growing exponentially. Physicians around the world utilize 
adipose-derived MSCs to treat some of the most troubling 
maladies. Today these therapies are limited to “last resort 
treatments” for those who can afford them, but some day, 
regenerative therapies will likely be at the forefront of 
advanced medical therapies.

 Indications

In the field of musculoskeletal medicine, adipose stem cell 
therapy has been used in the treatment of muscle, tendon, 
and ligament injuries as well as joint arthritis. Painful degen-
erative disc disease, facet arthritis, and sacroiliac joint pain 
are also reasonable applications for this therapy.

Although there are no clear treatment protocols defined 
for the use of adipose stem cell therapy, the current standard 
of care preserves this treatment for those patients who have 
failed conventional treatment options or who are not candi-
dates for conventional treatment options.

 Musculoskeletal Conditions Treated 
with Adipose-Derived MSCS

• Joint osteoarthritis and rheumatoid arthritis
• Tendon, ligament, or meniscal incomplete tears
• Shoulder or hip labral tears
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• Rotator cuff disease
• Degenerative disc disease
• Facet and sacroiliac joint disease

An evolving body of evidence suggests adipose-derived 
stem cells are also therapeutic for systemic autoimmune and 
inflammatory diseases. Although these diseases may fall out-
side the scope of this book, it important to understand the 
breadth of potential therapeutic applications of this 
treatment.

 Chronic Conditions Treated with Adipose- 
Derived MSCS

• Osteoarthritis
• Rheumatoid arthritis
• COPD
• Heart failure
• Multiple sclerosis
• Alzheimer’s disease
• Parkinson’s disease.
• ALS
• Ulcerative colitis
• Poorly healing wounds
• Spinal cord injury
• Post-stroke
• Diabetic neuropathy
• Erectile dysfunction

 Microanatomy and Biochemistry

The mesenchymal stem cells (MSCs) in adult adipose tissue 
are powerful progenitor cells that have the amazing capacity 
to differentiate into specific cell types that generate mesen-
chymal tissue including bone, cartilage, tendon and liga-
ment, muscle, fat, dermis, and other connective tissues. 
These cell types include osteoblasts, chondrocytes, myo-
blasts, and fibroblasts, the very lineages that evolve to many 
of the musculoskeletal tissues targeted in regenerative medi-
cine [1, 6–8, 20].

The characterization of adipose-derived MSCs has been 
described in the literature [21, 22]. The stromal vascular 
fraction (SVF) is composed of the following:

• Hematopoietic stem cells, 2%
• Pre/endothelial cells, 7%
• Pericytes/smooth muscle cells, 2%
• Fibroblasts, 47%
• Other (macrophages, various blood cells), 33%
• Adipose-derived stem cells, 2–5%

Adipose-derived MSCs have trophic, immunomodula-
tory, and antimicrobial functions. Included in the trophic 
functions are angiogenic, mitogenic, antiapoptotic, and anti- 
scarring properties [1, 7, 8, 20–22].

Some of the cytokines found in the adipose-derived SVF 
include high levels of expression of several growth factors:

• Hepatocyte growth factor (HGF): Plays a major role in 
embryonic organ development; in adult, organ regenera-
tion and wound healing.

• Vascular endothelial growth factor (VEGF): Stimulates 
growth of new blood vessels.

• Placental growth factor (PGF): Involves in angiogenesis 
and vasculogenesis.

• Transforming growth factor-beta (TGFβ): Controls pro-
liferation, cellular differentiation, and other functions.

Also found are moderate levels of expression of other 
factors:

• Fibroblast growth factor (FGF-2): Involves in wound 
healing and angiogenesis.

• Angiopoietin (Ang-1 and Ang-2): Promotes angiogenesis 
and formation of blood vessels.

Mesenchymal stem cells demonstrate the ability to release 
bioactive molecules that are immunoregulatory. They respond 
to environmental signals that are tissue specific. In response to 
these signals, MSCs secrete a wide array of paracrine factors 
that create a regenerative milieu that possesses trophic regen-
erative properties. Consequently, it is felt that the beneficial 
impact of adipose-derived MSCs on various tissues and organs 
may be due to soluble factors produced by the cells, rather than 
to their tissue differentiation capabilities. Moreover, it has also 
been shown that the soluble factors secreted by adipose-derived 
MSCs can be modulated by exposure to different agents, giving 
promise to the field of tissue engineering [1, 7, 8, 20, 22, 23].

Adipose-derived MSCs have an inherent ability to locate 
damaged tissue. Their response to molecular signaling within 
the body has been demonstrated in studies using 
radionucleotide- tagged cells [22].

 Regulatory Status

Adipose tissue is a human cell, tissue, and cellular and tissue- 
based product (HCT/P), which is defined in Title 21 of the 
Code of Federal Regulations Part 1271 (21CFR 1271.3(d)) as 
articles containing or consisting of human cells or tissues that 
are intended for implantation, transplantation, infusion, or 
transfer into a human recipient. Because of its unique nature, 
HCT/Ps have been regulated by the FDA through a tiered, 

5 Adipose-Derived Stromal Stem Cells



52

risk-based approach. The FDA is authorized to apply the 
requirements in the Federal Food, Drug, and Cosmetics Act 
and the Public Health Service Act (PSA) to those products 
that meet the definition of drug, biologic, or device. Some 
HCT/Ps that meet specific criteria do not require premarket 
review and approval. In order to meet those criteria, specific 
registration, manufacturing, and reporting steps must be fol-
lowed in order to prevent the introduction, transmission, and 
spread of communicable disease. The steps to qualify as an 
“exempt” HCT/P product are found in PSA Section 361.

The FDA released two draft guidance documents in 2014 
that were finalized in 2017 that addressed specific definitions 
used to define a Section 361 “exempt” HCT/P product [24, 
25]. The draft guidance documents further defined “same- 
day surgical procedure,” “minimal manipulation,” and 
“homologous use” with a specific mandate that a HCT/P that 
qualified as a Section 361 product must meet all three of 
these criteria.

To this day, there exists much contention between regen-
erative stem cell clinicians and the FDA regarding the defini-
tion of minimal manipulation, homologous use, and adipose 
tissue. The FDA contends that the use of adipose tissue via 
enzymatic digestion, ultrasonic cavitation, or other process-
ing methods was considered more than minimal manipula-
tion. Therefore, the process of SVF production was not 
considered to satisfy the three criteria of 21 CFR 1271 
Section 361 HCT/P: homologous use, minimal manipula-
tion, same-day surgical procedure. Many clinicians disagree 
with this interpretation as adipose tissue is defined not only 
as a structural support tissue but also as a metabolic endo-
crine tissue with endocrine and paracrine functions.

Continued widespread use of adipose as a HCT/P product 
that meets Section 361 exemption prompted the FDA to pub-
lish two additional guidance documents in 2017 [26, 27]. In 
line with the Twenty-First Century Cures Act passed in 
December 2016, the FDA published these documents as part 
of comprehensive FDA policy framework to address plans to 
support and expedite the development of regenerative prod-
ucts, including HCT/Ps. The Twenty-First Century Cures 
Act was designed to help accelerate medical product devel-
opment and bring new innovations and advances to patients 
who need them faster and more efficiently and to simplify 
and streamline its application of the regulatory requirements 
for devices used in the recovery, isolation, and delivery of 
regenerative medicine advanced therapies (RMATs), includ-
ing combination products [28, 29].

The FDA proclaimed its intent to apply a risk-based 
approach to enforcement of cell-based regenerative products 
through November 2020, taking into account how products 
are being administered as well as the diseases and conditions 
for which they intend to be used. That discretion will not be 
afforded to those that pose significant potential patient safety 
concerns.

There are currently several companies that have applied 
for consideration of their products as Investigational New 
Drug (IND). And several others are pursuing New Drug 
Applications (NDA) and Biologics License Applications 
(BLA).

Adipose-derived stem cells thus are considered and regu-
lated as a drug, device, and/or biologic product. The FDA 
has clearly stated its position against adipose stem cell ther-
apy meeting the necessary criteria for exemption of premar-
ket review and approval and thus does not qualify for 361 
exemption status. Even though clinicians continue to offer 
adipose stem cell therapy to their patients, there are potential 
repercussions. With new accelerated pathways for regenera-
tive medicine companies to pursue FDA approval, it is almost 
certain that new and improved adipose therapies will evolve.

 Basic Concerns and Contraindications

The clinical application of cell-based therapies is somewhat 
controversial. Considered experimental, the therapy is not 
FDA-approved as of 2019. These facts must be disclosed to 
all prospective patients. Potential patients should also be 
informed that their treatment might prevent them from par-
ticipating in future clinical research studies.

Cell-based therapies are minimally invasive, relatively 
safe approaches to complex diseases, though the lack of con-
clusive evidence creates some questions as to their safety and 
efficacy. It is estimated, however, that hundreds of thousands 
of autologous stem cell treatments are done per year world-
wide, with a paucity of reported complications.

There is some variation in the number of stem cells pres-
ent in various donor sites and with donor age [30–32]. In 
general, the most efficient methods can isolate about 
500,000–1,000,000 cells per gram of lipoaspirate tissue with 
a >80% viability. The number of viable cells required for 
treatment of a particular condition is unknown because there 
are insufficient data to establish a reliable dose versus effect 
relationship.

Angiogenesis and mitosis are effective outcomes of cell- 
based therapies, so there is a theoretical risk of tumorigene-
sis or increased growth of preexisting cancers. This result 
has not been seen clinically. Hernigou et  al. reported no 
increased cancer risk in 1873 patients who were observed for 
an average of 12.5 years after treatment with autologous cell- 
based therapy using bone marrow–derived stromal progeni-
tor cells [33]. Nevertheless, many physicians consider 
preexisting solid tumor disease a contraindication to stem 
cell therapy.

Contraindications for the use of autologous stem cell ther-
apy in musculoskeletal medicine include retracted complete 
ligament or tendon tears and loose bodies in the articular 
space. In these cases, surgical therapy is warranted.
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The use of stem cell therapy within the spine is nascent. 
Proper indications and contraindications will be developed 
as the therapy gains wider utilization, but it is clear that some 
findings within the spine would constitute a contraindication. 
These include spinal instability, disc extrusion, Modified 
Pfirrmann Grade VIII disc disease, critical spinal stenosis, 
and spinal infection.

Other conditions considered to be contraindications to 
autologous adipose stem cell therapy are preexisting local or 
systemic infection, severe cardiovascular disease, and blood 
dyscrasias.

 Preoperative Considerations

Age, general health, nutritional status, and the availability of 
adipose tissue should be considered when evaluating a 
patient for autologous stem cell therapy. In patients with 
advanced age or nutritional or medical compromise, autolo-
gous therapy may not be the best option, and an allogeneic 
approach can be considered. Emaciated patients or high- 
performance athletes may not have an adequate volume of 
adipose tissue. In those cases, alternative treatments should 
be considered.

The health of each patient should be assessed preopera-
tively. Patients should be encouraged to stop smoking 4 to 
6  weeks before treatment. Heavy alcohol consumption 
should be avoided. Nutrition should be optimized with clean, 
whole foods and nutritional supplementation.

NSAIDs should be avoided at least 2 weeks before and 
4  weeks after autologous or allogeneic stem cell therapy. 
Steroid injections should be avoided for 4 weeks before and 
after treatment. Within the orthopedic literature, NSAIDs 
have been linked to impaired fracture healing and abnormal 
chondrocyte differentiation. Nonsteroidal anti-inflammatory 
medications and steroids have also been demonstrated 
altered stem cell (MSC) gene expression, decreased cell pro-
liferation, and altered cell differentiation [34–36].

The patient’s medical condition will determine the 
amount of adipose to be aspirated. Most systems utilize 
approximately 60 cc of adipose tissue to recover a therapeu-
tic dose of SVF, which should contain 50 to 100 million 
stem cells. An adequate adipose harvest site must be 
selected. The abdomen is commonly used, but in some 
instances, one must resort to the flank or “love handles,” the 
hips, or thighs. Careful examination of the area should 
include notation of any prior operative procedures that may 
have produced scar tissue within or near the lipoaspiration 
area. Topographical, superficial skin markings performed 
preoperatively with the patient standing may provide a use-
ful guide during the procedure. Although this is not a cos-
metic procedure, one should attempt to provide a symmetric 
and appealing outcome.

A proper procedure consent should be completed and 
signed by the patient on the day of the procedure, prior to any 
sedative medication, including the following points:

• Consent for tumescent anesthesia
• Consent for lipoaspiration
• Consent for reintroduction of the final product, whether 

that be a joint injection; a muscle, tendon, or ligament 
injection; or an intravascular or intrathecal injection

• Disclosure that the procedure is experimental
• Disclosure that the procedure is not FDA-approved
• Acknowledgment that a successful outcome is not 

guaranteed
• Disclosure that the treatment may eliminate the patient’s 

candidacy for future clinical research studies

Assess whether the patient would like to “bank” or cryo-
preserve some cells. Several FDA-listed tissue banks will 
cryopreserve a patient’s adipose-derived MSCs for a fee. 
Theoretically, the tissue that is stored will always be more 
youthful and beneficial than tissue available in the future. 
Most tissue banks require 60–100  mL of adipose to be 
shipped overnight. The adipose tissue is processed, and the 
cells are expanded and cryopreserved until future need. 
Currently, expanded cell products are considered highly pro-
cessed and consequently are subject to the Public Health 
Safety Act, Section 351. For such tissue to be used in the 
United States, it would need to be licensed by the FDA as a 
biological drug [37].

Preoperative intravenous antibiotics may be considered, 
as well as an anxiolytic.

 Equipment

Figure 5.1 shows some of the equipment needed for 
lipoaspiration:

• 14 g/25 cm garden spray infiltration cannula
• 3 mm/25 cm Mercedes cannula
• 60-cc syringe snap lock
• Syringe caddy
• 2-quart stainless steel bowl
• 60-cc Luer lock syringes × 4
• 60-cc Toomey syringe × 2
• #11 blade scalpel
• 10-cc syringe
• 18-gauge 1-inch needle
• 25-gauge 1.5-inch needle
• Sterile back cover drape
• Sterile half drape
• Sterile prep kit (povidone-iodine or Hibiclens®, 

Mölnlycke Health Care, Norcross, GA)
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Fig. 5.1 (a) Back table setup for lipoaspiration procedure; (b) irrigation cannula; (c) lipoaspiration cannula with snap lock

• Sterile surgical marking pen

Also to be used are several medications and some items of 
laboratory and tissue culture equipment:

• 0.9% sodium chloride IV solution (1000 mL)
• 8.4% sodium bicarbonate, 1 mEq/mL (50 mL vial)
• Lidocaine HCl 2% (50 mL vial)
• Epinephrine 1:1000 (30 mL vial)
• HEPA-filtered Class 100 laminar flow biological 

cabinet
• Centrifuge
• Dry block incubator or incubator shaker
• Disposable manual stem cell isolation kit

 Technique of Lipoaspiration

Rodbell and James pioneered the initial techniques used to 
isolate cells from adipose tissue in the 1960s. The procedure 
has evolved to become a safe and minimally invasive proce-
dure [38–40]. Today the isolation procedure includes the fol-
lowing steps:

• Tumescent liposuction, which finely minces tissue frag-
ments (dependent on the size of the cannula)

• Washing to remove hematopoietic cells
• Enzyme or mechanical digestion
• Centrifugation to separate the SVF
• Isolating SVF with washing cells, centrifugation, and cell 

strainer
• Cells (SVF) prepared in the final solution

 Preparation of Tumescent Anesthetic Fluid

The tumescent technique uses the standard anesthetic solu-
tion used for liposuction procedures. Tumescent fluid 
 premixed on the day of the procedure is infiltrated into the 
subcutaneous tissue in order to anesthetize the procedure site 
locally. The amount of tumescent fluid used is calculated 
based upon the amount of adipose being harvested; it is lim-
ited by the maximum lidocaine dose based upon the patient’s 
weight (4.5 mg/kg; 7 mg/kg when combined with epineph-
rine). The safe dosage for tumescent lidocaine was shown to 
be 35 mg/kg by Klein in 1990, and this has become standard 
of care for liposuction procedures [41].
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Fig. 5.2 Patient positioning and draping

Fig. 5.3 Infiltration of tumescent fluid

• For harvesting small amounts of adipose tissue (i.e., 
60–120 mL), a 0.1% tumescent solution may be utilized. 
Into a 1000-mL bag of 0.9% sodium chloride, introduce 
the following using the sterile technique:
• 50 mL lidocaine 2%
• 1 mL epinephrine 1:1000
• 10 mL sodium bicarbonate 8.4%

• For harvesting large amounts of adipose tissue (>120 mL), 
a 0.05% tumescent solution can be utilized. Into a 1000- 
mL bag of 0.9% sodium chloride, introduce the following 
using the sterile technique:
• 25 mL lidocaine 2%
• 1 mL epinephrine 1:1000
• 8 mL sodium bicarbonate 8.4%

The tumescent solution should be mixed on the same day 
as the procedure, and the epinephrine should be added imme-
diately prior to use. The bag should be clearly identified and 
dated.

 Infiltration of Tumescent Anesthetic Fluid

The patient is taken to the procedure suite and positioned 
supine for abdominal adipose harvesting or posterior or 
lateral decubitus for flank/hip adipose harvesting. 
Appropriate monitoring is placed. Sterile prep and drape 
is performed over the lipoaspiration site (Fig.  5.2). The 
port placement should be considered. If the abdomen is 
the harvest site, the port sites should be asymmetrically 
placed bilaterally at the anterior axillary line, at the level 
of the anterior iliac spine. Place a local anesthetic skin 
wheal at these sites. Using a #11 blade scalpel, make a 
5-mm skin incision. The tumescent fluid is then infiltrated 
subcutaneously using the 14 gauge garden spray infiltrat-
ing cannula throughout the area of lipoaspiration. The 
tumescent fluid IV bag may be hung on an IV pole with 
pressure bag–assisted gravitational flow. As an alterna-
tive, the tumescent fluid may be delivered manually with 
a 60-cc syringe.

Tumescent fluid infiltration should be delivered slowly 
and evenly throughout the tissue. The irrigational cannula 
must remain parallel with the abdominal wall to avoid any 
unintentional transabdominal or peritoneal injury. 
Adequate infiltration is appreciated when the skin appears 
firm with turgor. There may be blanching, demarcating 
vasoconstriction associated with the epinephrine 
(Fig. 5.3).

 Collection of Lipoaspirate

Once the tumescent fluid has been infiltrated, lipoaspira-
tion is conducted with a 3 mm/25  cm Mercedes cannula 
attached to a 60-cc Toomey syringe, with a moderate 
amount of suction pressure. This is obtained by pulling 
back the syringe plunger after the cannula has been placed 
subcutaneously. Using a “snap lock” or “Johnnie snap” 
will support the plunger in this position while you work 
(Figs. 5.2 and 5.4).

The cannula is manipulated in a fanlike manner through-
out the targeted tissue as the lipoaspirate is collected. The 
nondominant hand should be used as a guide to feel the tip of 
the cannula, ensuring that the cannula tip is not too superfi-
cial and does not extend beyond the intended treatment area 
(Fig. 5.4). Using this technique, deeper areas are aspirated 
first, followed by more shallow areas. Take care not to repeat-
edly course a specific area, as doing so may cause dimpling 
of the skin.

Continue to suction the aspirate until the syringe is full. 
Then place it upright in a syringe rack to allow the fat to rise 
above the supernatant fluid. Drain any supernatant fluid into 
a sterile stainless steel bowl and continue until the desired 
volume of fat has been harvested (Fig. 5.5).
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Fig. 5.4 Collection of lipoaspirate Fig. 5.5 Separation of fat from supernatant fluid

Once collected, the harvested fat should be transferred to 
the processing area in a closed system. If using a syringe, cap 
the syringe for transport (Fig. 5.6).

 Post-Procedure Care

• Gently express any excess tumescent fluid through the 
port sites.

• Close the port sites with steri-strips.
• Apply absorbent dressings over the port sites.
• Apply a compression garment. This can be a compres-

sion bodysuit for patients with thigh or hip lipoaspira-
tion sites, but a simple abdominal binder will suffice for 
most patients. The patient should be instructed to wear 
the compression device continuously for the first 
72  hours, and then daily for the next 3 to 4  days. 
Compression aids in hemostasis, improving post-proce-
dure bruising and discomfort, and helps with post-pro-
cedure aesthetics.

• Transfer the patient to recovery and monitor vital signs.

 Adipose Processing: Enzymatic 
and Mechanical

There are two generally accepted means for isolation of the 
SVF from adipose tissue: mechanical and enzymatic. Both 
methods are equally safe, but there are differences to be 
noted when choosing between them. Mechanical isolation is 
less costly and quicker to perform, but the end product will 
contain a higher concentration of blood mononuclear cells 
and fewer progenitor cells [42]. When contemplating using 
smaller quantities of adipose tissue for SVF extraction, the 
mechanical method may be considered. Enzymatic isolation, 
on the other hand, has been shown in studies to demonstrate 
a significantly greater efficiency in the separation process 
through a consistent and predictable digestion of the extra-
cellular matrix (Table 5.3). For this reason, the authors advo-
cate the enzymatic isolation method, as outlined here:

• Harvested adipose tissue should be processed in a clean 
setting. All specimens should be clearly marked with 

L. L. Brown



57

Fig. 5.6 Transport of the harvested adipose

Table 5.3 Comparison of mechanical vs. enzymatic isolation methods 
for extracting the SVF from harvested adipose tissue

Mechanical 
isolation

Enzymatic 
isolation

Time to perform 15–30 minutes 2–3 hours
Cost No added cost $2–$5 per gram
Cell count (nucleated cells per 
cc of lipoaspirate)

1.0 × 104 to 
2.4 × 105

1.0 × 105 to 
1.3 × 106

Progenitor cell concentrations Lower Higher

patient identifiers. We recommend that all tissue handling 
outside of the sterile procedure suite occur under a Class 
100 HEPA-filtered laminar flow biological cabinet using 
an aseptic technique (Fig. 5.7).

• Several companies offer proprietary formulas including 
protocol steps and unique digestive enzymes, which are 
packaged in disposable kits. The basic steps universally 
utilized to isolate adipose stem cells involve a cell wash 
and collagenase digestion, followed by centrifugal sepa-
ration and filtration to isolate the single-cell SVF from the 
primary adipocytes.

• The SVF is then resuspended in a carrier solution for final 
treatment. The carrier solutions include autologous platelet- 
rich plasma and preservative-free normal saline. Autologous 
platelet-rich plasma is the author’s preferred carrier solu-
tion for musculoskeletal, intrathecal, or intravascular thera-
peutic applications. The total resuspension volume may 
range from 2 to 10 cc depending on the site of treatment.

 Reintroduction of the Adipose Stem Cell 
Product

For musculoskeletal applications, the patient is transferred back 
to the clean procedure suite and positioned appropriately for the 
injection, with appropriate monitoring. The injection (whether 
intra-articular or soft tissue) should be done with direct visual-
ization utilizing fluoroscopy or ultrasound. A 22-gauge or larger 
bore needle should be utilized to prevent shear force–induced 
cell rupture. Note that contrast material is cytotoxic and should 
not be used. Additionally, many local anesthetics are cytotoxic. 
One percent lidocaine is well tolerated.

For systemic applications, the resuspended stem cell solu-
tion will be injected into a peripheral vein through an IV 
catheter or needle. The injection should be done as an IV 
push slowly over 5–10 minutes. The patient’s pulse, oxygen 
saturation, and blood pressure should be monitored before, 
during, and after the injection.

For intradiscal, facet joint, or sacroiliac joint injections, 
the patient is taken to the clean procedure suite and posi-
tioned prone with monitors applied. Fluoroscopy or ultra-
sound guidance should be used to confirm the accurate 
needle placement.

For intrathecal applications, the patient is taken to the clean 
procedure suite and positioned in a prone position with moni-
tors applied. Sterile prep is carried out, and the patient is draped 
for a lumbar or cervical fluoroscopically guided intrathecal 
injection. A 22-gauge spinal or Tuohy needle may be used. Use 
minimal contrast, as larger amounts of contrast could be cyto-
toxic to the MSCs. Confirmation of the  intrathecal location is 
demonstrated by CSF flow through the hub of the needle.

Most commercially available adipose harvesting and pro-
cessing systems include a filtration step. All final products 
should be filtered through a 100-micron filter to prevent 
potential embolic events.

 Post-Procedure Care and Potential 
Complications

• Neither NSAIDS nor steroids are recommended for 
4 weeks after treatment [34–36].

• The anti-inflammatory properties of the treatment may 
result in positive effects within the first couple of weeks in 
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Fig. 5.7 (a) Processing of harvested adipose tissue under a laminar 
flow hood; (b) processing of harvested adipose tissue: washing the adi-
pose; (c) processing of harvested adipose tissue: separating adipose into 
50-ml conicals for centrifugation; (d) processing of harvested adipose 

tissue: after centrifugation the adipose has separated into the SVF at 
bottom and adipose at top; (e) processing of harvested adipose tissue: 
collecting the SVF pellet from the bottom of the conical

some cases, but the true therapeutic results may take 3 to 
6 months to be realized.

• Normal light activity is recommended for the initial week 
after the procedure. A return to light exercise is recom-
mended at 6 weeks after treatment.

• Many in the field believe that repeat treatments may be 
needed for many patients with severe local or systemic 
disease processes, though there is no research to support 
this idea. Autologous stem cell therapy may not offer a 
cure, but it certainly may offer a nonpharmacological 
treatment alternative.

• Although autologous adipose stem cell therapy is consid-
ered a safe same-day procedure, there are potential 
complications.
• Infection due to poor sterile technique or contamina-

tion of the tissue product is possible. Fortunately, 
MSCs have demonstrated an antibiotic propensity to 
protect against this possibility.

• Harvest site pain, soreness, or bruising may occur but 
is usually mild and can be treated with supportive ther-
apy such as ice, acetaminophen, or analgesics. If 
symptoms persist, have the patient come in for a clini-
cal evaluation.

• Injection site pain, soreness, or bruising is also usually 
mild and responsive to supportive care. If persistent, 
have the patient come in for a clinical evaluation.

• Skin dimpling or other cosmetic disfigurement is pos-
sible. It is always important to practice good tech-
niques during lipoaspiration. Avoid excessive 
aspiration in any given area.

• Because you are using the patient’s own tissue in this 
therapy, there is no risk of rejection, but if you are pro-
cessing tissue samples from multiple patients on the 
same day, there is a risk of injecting the wrong sample 
into a patient. Always clearly label all specimens 
through the entire isolation process.

 Clinical Pearls

• Standard universal precautions should be followed by 
all personnel with potential exposure to any patient 
tissue.

• There have been case reports of transient hypertension 
and tachycardia and/or symptoms of lightheadedness, 
flushing, or headache upon systemic intravascular 
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 injections. Always monitor your patient and have oxygen 
and supportive medications available.

• Although it is highly unlikely that you will ever need it, 
have a crash cart and airway resuscitative equipment 
available. Many of your patients may have multiple 
comorbidities.

• Contrast, antibiotics, and many local anesthetics have 
been shown to be cytotoxic to mesenchymal stem cells. 
Use only 1–2% lidocaine, which has been shown not to be 
cytotoxic, and limit the amount of contrast injected when 
possible.

• Inject the final product with needles and catheters of 
22-gauge or larger bore. This bore size does not disrupt 
the cell structure.

• Proprietary cell isolation techniques can provide safe, 
legal methods to consistently harvest approximately 
50–100 million cells per 60–100  mL of adipose tissue, 
with reproducibility and validated analysis.

• Cell yield can be affected by several factors:
• Surgical technique.
• Location of fat.
• Enzymatic digestion: Enzymatic digestion times and 

concentrations strongly modify the yield and viability 
of cells.

• Consider in advance the volume of injectate you will need 
for each area treated when performing your final resus-
pension. A small joint such as a finger or facet joint will 
only accommodate 1 to 2  mL of fluid, whereas a large 
joint such as a knee may require 6 to 8 mL or more.

• I frequently recommend an intravascular dose as well as 
an intra-articular dose in patients with osteoarthritis. 
Mesenchymal stem cells have demonstrated a unique 
homing ability. When introduced intravascularly, they 
make their way to the damaged tissue via cell signaling 
mechanisms.

• Although not endorsed by the FDA, there is a theoretical 
benefit for the use of intravascular stem cell treatments for 
autoimmune and inflammatory diseases, as well as for 
prevention and longevity.

• Do not advertise or make therapeutic claims with regard 
to this therapy. The FDA is hypervigilant regarding such 
public statements.
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Intra-annular Fibrin Discseel®

Kevin Joseph Pauza, Maxim Moradian, and Gregory Lutz

 Introduction

The Discseel® Procedure treats chronic low back and cervi-
cal discogenic pain, with or without extremity radiculopa-
thy. The procedure is defined as a sequence of two steps: a 
diagnostic, nonprovocation annulogram, followed by intra- 
annular injection of nonautologous fibrin into every morpho-
logically abnormal disc (torn disc) and into needle puncture 
holes created by the preceding diagnostic annulogram. 
Needle puncture holes are so imperceptibly small that some 
may believe this step of sealing needle puncture holes unnec-
essary, but highly favorable outcomes result by following 
this strict, pragmatic protocol. Prior attempts to regenerate 
discs by utilizing stem cells (mesenchymal precursor cells), 
PRP (platelet-rich plasma), or any biologic fail to reliably 
provide relief [1–10]. A prospective investigation pending 
publication demonstrates safety and statistically significant 
improvement of all 15 outcomes measured in 373 subjects at 
24 months following the Discseel® Procedure [11].

Logic dictates that the efficacy of other intradiscal bio-
logic treatments is compromised if those biologics leak from 
intervertebral discs, and conversely, efficacy should improve 
if that biologic remains within the disc, which is, after all, the 
intended site of action. Logic also dictates that any biologic 
failing to target pathology within the disc provides little to no 
value. In vivo investigations demonstrate that biologics, 
whether viscous or nonviscous, leak from degenerated, torn, 

or disrupted discs, even when encapsulated in hydrogels or 
other delivery systems. Annular tears obviously pose a prob-
lem and include all common disc pathologies. So any bio-
logic not addressing tears serves little to no benefit. The need 
to seal tears easily explains the necessity of tissue adhesives 
such as fibrin. In a published in vivo investigation, all radio-
labeled stem cells (MPCs) injected into intervertebral discs 
of rabbits leaked from those discs, negating any potential 
treatment efficacy [12]. More disconcerting, however, was 
the discovery that the radiolabeled cells, which leaked, 
migrated into adjacent bone and were found within new, exu-
berant osteophyte formations adjacent to the treated discs 
[13]. These osteophytes were readily evident through both 
radiographic and gross visual inspection. Seeing that stem 
cells were associated with new osteophyte (bone spur) for-
mation changes everything. Because it is one thing to recog-
nize that a specific stem cell treatment provides no patient 
benefit, yet it is an entirely different problem to recognize 
that injected stem cells meant to help may actually cause 
harm by noting new and potentially deleterious bone spurs in 
vertebral canals or foramen, which may already be compro-
mised due to the nature of degenerated discs. The Discseel® 
Procedure does not cause injectate leakage because it utilizes 
FDA-approved fibrin, a soft, “disc-like consistency” bio- 
adhesive made of two components meeting and coming 
together within the disc’s annular layers. It is slightly stron-
ger, yet equally soft, when compared with natural discs. 
Therefore, this biologic glue immediately seals, allowing no 
leakage. Even more important, fibrin instigates the new disc 
tissue growth [14, 15].

 Background

The Discseel Procedure uses an FDA-approved nonautolo-
gous fibrin as a tissue adhesive, which is FDA approved for 
multiple applications in the human body. Studies affirm 
fibrin’s properties as a sealant, adhesive, anti-inflammatory, 
and chemotactic regenerative agent [14–16].
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The efficacy realized that treating spines obviously 
depends, in a large part, on establishing an accurate pretreat-
ment diagnosis. Many studies affirm that the ability to iden-
tify symptom etiology is not reliable or consistent when 
using MRIs, CTs, myelograms, or other common spine 
imaging modalities [16–25].

Investigations associated with the Discseel® Procedure 
strongly suggest that diagnosis made by annulograms, in 
conjunction with patient history, symptoms, and other find-
ings, results in greater efficacy than any treatments relying 
on other diagnostic means, including those other treatments 
relying on provocation discography. Prior to these investi-
gations relying on annnulograms, provocation discography 
was the gold standard and still may be optimal with those 
practitioners unskilled at performing nonprovocation annu-
lograms, or without physicians available to perform non-
provocation annulograms. This is based on results realized 
when annulograms precede intra-annular fibrin injection.

Prior to the advent of the Discseel® Procedure, there were 
no treatments successfully treating annular tears. Knowing 
the annulus’ morphology was not specifically necessary 
while employing those treatments injecting “something” into 
the nucleus pulposus. Injecting fibrin glue best addresses 
annular tears, and tears are best identified through annulo-
grams because they evaluate every disc’s annular morphol-
ogy in the region of symptomology.

 Discography & Annulograms

“Relatively-primitive” provocation discography tests were 
previously thought to improve diagnostic specificity when 
evaluating axial symptomology [25–67] in comparison to 
traditional imaging modalities, such as MRI or CT, and that 
is true, but now with the advent of annulograms, their sensi-
tivity supersedes provocation discography. However, even 
though provocation discography was at one time considered 
the standard of care, it is important to note that no investiga-
tion directly correlates provocation discography results with 
a successful treatment outcome of any type. In comparison, 
the Discseel® Procedure directly associates positive annulo-
grams with efficacy following intra-annular fibrin injection. 
Although discography was meant to establish symptom eti-
ology, it lacks the ability to reliably evaluate annular tears 
residing within the outer portions of the 22–25 concentric 
layers of the discs’ annular lamella [67].

Investigations by Caragee [49] suggested that provocation 
discography resulted in accelerated disc degeneration, disc 
herniation, loss of disc height, loss of MRI signal intensity, 
and the development of reactive end-plate changes when 
compared with matched controls. Those studies, however, 
are controversial and imply, but do not prove, a causal rela-

tionship between discography and disc degeneration. A 
potential benefit of annulograms proceeding sealing discs 
with fibrin is that the relationship between discography and 
premature disc degeneration may be mitigated for two rea-
sons: first, because discography’s iatrogenic disc damage 
does not necessarily apply to “low-pressure, nonprovoca-
tion” annulograms, with their comparatively low pressures 
and volumes. Second, fibrin immediately seals all intra- 
annular punctures created by performing the annulogram 
during the Discseel® Procedure. Together, these seem to 
mitigate concerns raised by Caragee’s investigations [49], 
unless and until proven otherwise.

 Discseel® Procedure vs. Intranuclear Fibrin

Injecting any mass into the disc’s center nucleus pulposus is 
counterintuitive if one’s treatment goal is to contain the 
nucleus by strengthening the outer annulus fibrosus. 
Interestingly ironic is that the other intra-discal treatments 
rely on injecting a mass into the center nucleus pulposus. 
That potentially and seemingly damaging technique is pur-
portedly performed to regenerate nucleus pulposus cells. 
However, injecting any fluid or other mass-occupying sub-
stance into discs’ center nucleus pulposus gel displaces that 
gel outward. This denotes Archimedes’ property of displace-
ment in fluid dynamics, and therefore the Discseel® 
Procedure intentionally avoids injecting fibrin into discs’ 
centers. More preferably, fibrin injected intra-annularly cre-
ates a barrier maintaining existing nucleus pulposus within 
the discs’ centers where it is needed. Both in vitro [70] and 
in vivo [11] investigations support the clinical utility of intra-
discal, and more specifically, intra-annular, fibrin [11]. A 
randomized, blinded investigation comparing intradiscal, 
nonautologous fibrin vs. normal saline control disc injections 
demonstrated that statistically significant mechanical repair 
occurred along with improvement of the disc’s biochemical 
milieu following the intradiscal fibrin treatment [68]. Disc 
pH increased to normal, and inflammatory constituents dis-
appeared following intra-discal injection of fibrin but not fol-
lowing intra-discal injection of normal saline.

Early investigations of intradiscal fibrin demonstrated its 
value even before current refinements were incorporated into 
the Discseel® Procedure [11, 69–72]. Refinements incorpo-
rated to make the Discseel® Procedure include the 
following:

• Testing every disc in the region of symptoms with an 
annulogram and not relying on provocation discography

• Treating all discs in the region of symptoms that possess 
annular tears based on the annulogram and sealing needle 
puncture holes of every disc tested [11, 69–74]
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This Discseel® Procedure results in statistically signifi-
cant improvement in treated patients’ pain, function, mental 
health, disability, and quality of life outcomes (Fig. 6.1) [11, 
69–72]. Together, the combination of performing annulo-
grams and injecting intra-annular fibrin at every location of 
disc annular tearing defines the Discseel® Procedure. 
Improved outcomes are realized with the aforementioned 
specific methodology [11].

Another benefit of annulograms over provocation discog-
raphy is that they allow for the identification of otherwise 
radiographically imperceptible annular tears in otherwise 
seemingly normal discs, which might cause debilitating 

symptoms. Detecting small peripheral annular tears may be 
necessary to adequately treat these tears. This process 
includes fastidiously performed annulograms done with con-
trast, allowing dynamic radiographic visualization of annular 
tears.

When annulograms are performed, contrast is visualized 
while flowing through annulus fibrosis defects (tears) while 
passing nociceptors, which may be sensitized by inflamma-
tory constituents. This contrast flow mimics the flow of 
inflammatory mediators, or nucleus pulposus, which may 
often be “one in the same,” traveling through annular tears. 
The annulogram allows dynamic fluoroscopic visualization 
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of contrast flow within the 22–25 annular layers and outward 
onto tissue and structures adjacent to torn discs. Post- 
annulogram computed tomography (CT) is unnecessary to 
identify annular tears because static and dynamic plain film 
fluoroscopy obtained during annulograms provides adequate 
and precise tear identification.

 Microanatomy and Biochemistry

The greatest concentration of nociceptors resides within the 
posterior aspect of the annulus fibrosus. The second greatest 
concentration exists in the posterolateral annulus fibrosus, 
and the lowest concentration of nociceptors exists within the 
anterior annulus fibrosus [73–80].

There is an innate region of weakness of the intervertebral 
disc at its posterolateral portion, which unfortunately corre-
sponds with the region having greatest density of nociceptors. 
Therefore, disc pain is predictably common when one recog-
nizes that the dense concentration of nociceptors resides in 
the region most commonly associated with annulus fibrosis 
tears or failure. These annular tears are important because 
they allow the extravasation of nucleus pulposus within the 
disc in the region with the greatest concentration of pain-
transmitting nociceptors. Interestingly, the body reacts to this 
leaked nucleus pulposus as a foreign sustenance, responding 
with inflammation and the autoimmune response, causing 
pain. Resultant inflammatory cytokines play a role in mediat-
ing discogenic low back pain and lumbar radiculopathy. 
Histochemical studies in human and animal intervertebral 
discs show that the nucleus pulposus in contact with torn 
annulus fibrosus instigates the formation of inflammatory and 
autoimmune constituents that includes the formation of pep-
tides such as calcitonin gene-related peptide (CGRP), vasoac-
tive intestinal peptide (VIP), and substance P, which heightens 
the sensitivity of the local nociceptive nerve fibers [81–85].

 Indications

 Patient Selection

Patients should have experienced chronic low back pain for 
6 months or more in duration, with or without lower extrem-
ity symptoms (either radicular or nonradicular, somatic 
referred leg symptoms). Studies currently pending publica-
tion also demonstrate high safety and efficacy of the 
Discseel® Procedure in treating chronic cervical pain, with 
and without extremity radiculopathy. Patient screening 
should consider limiting treatment of patients with abnormal 
psychosocial factors.

Annulograms, like any test, should only be performed 
when their results directly affect the direction of the treat-

ment algorithm. Annulograms, or the Discseel Procedure, 
may not typically be indicated for patients with acute or sub-
acute LBP and/or leg pain because those symptoms will 
likely resolve spontaneously within six months. In compari-
son, those with chronic LBP are likely to experience pain 
persisting of at least five years duration following symptom 
onset. However, each situation deserves individual evalua-
tion and consideration. Might an incapacitating acute injury 
merit treatment consideration, as routinely occurs with surgi-
cal discectomy?

In patients presenting with axial back pain with lumbar 
extension and relief with flexion, one should consider ruling 
out zygapophyseal joint etiology by performing diagnostic 
medial branch blocks or intra-articular zygapophyseal 
(Z-joint) injections with local anesthetic to determine 
whether the pain originates from the Z-joints. Extremity 
weakness including foot drop or reflex loss is not an exclu-
sion criterion for the Discseel Procedure.

Blood thinners are relative contraindications, and patients 
should consult with the prescribing physician’s office as well 
as the proceduralists prior to the procedure. Pre- and post-
treatment blood coagulation lab values should be checked, 
and the risks and benefits discussed with each patient.

 Prior Nonsurgical Treatment

The Discseel® Procedure pretreatment instructions do not 
require that patients undergo an epidural injection of cortico-
steroid because this injection is not site specific and will not 
corroborate the existence and exact location of a painful 
intervertebral disc and, although exceedingly low, the risks 
associated with epidural injections of corticosteroids are not 
zero [86].

 Prior Spine Surgical Treatment

Prior spine surgery does not exclude patients, including lami-
nectomy, laminotomy, discectomy, foraminotomy, anterior or 
poster interbody fusion with screws and rods, interspinous 
decompression devices, implanted spinal cord stimulators, or 
pumps. None excludes patients from undergoing the Discseel® 
Procedure. There are also some surgeries that increase stress 
and strain on the adjacent intervertebral discs, which may 
increase the need for the Discseel® Procedure [87–98].

 Anatomic Exclusion Criteria

Exclusion criteria include severe vertebral canal or interver-
tebral foraminal stenosis, severe compression of the cauda 
equina or spinal cord at the level targeted for treatment, or 
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upper motor neuron signs, or cauda equina syndrome. These 
apply only to the location or level being treated. Displacement 
of the dura, spinal nerves, or spinal cord is not an exclusion 
criterion. Preferable, but not required, is nonoccupied verte-
bral canal space. A nonsequestered, extruded disc herniation 
causing moderate to severe stenosis is a relative contraindi-
cation, not an absolute contraindication. Motor weakness, 
including foot drop, is not a Discseel® Procedure absolute 
contraindication. At this juncture, no scientific basis exists to 
mandate that segmental instability be considered a contrain-
dication. It is possible that instability may be caused by liga-
mentous laxity (anterior longitudinal ligament and posterior 
longitudinal ligament), which may improve with disc tissue 
growth following the Discseel® Procedure.

Patients with severe spinal stenosis may elect surgical 
decompression prior to undergoing the Discseel® Procedure. 
Because surgical discectomies cause iatrogenic annular dis-
ruption, a post-surgical Discseel® Procedure may be a treat-
ment option to address discs that have had a portion of the 
annulus surgically removed during discectomy. The various 
discectomy techniques all increase annulus fibrosus disruption 
resulting in the potential for recurrent disc herniation or accel-
erated degeneration at the level of the discectomy [97, 98].

In addition to the indication for the performance of the 
Discseel® Procedure after discectomy, it may be performed 
after interbody fusion on the adjacent segments to treat the 
annular tearing caused increased aberrant forces known to 
increase the likelihood of adjacent segment accelerated 
degeneration [87–96]. Annular fibrin can also be injected 
into a disc that has been “fused” by a spanning pedicle screw 
and rod construct because the fused disc may still leak 
inflammatory mediators and produce pain. The intervertebral 
disc can be tested with an annulogram and treated with fibrin, 
if torn and considered possibly symptomatic, even following 
fusion.

 Absolute Contraindications

• The patient is unable or unwilling to consent to the 
procedure.

• The patient has evidence of untreated localized infection 
at the procedural site.

• The patient is pregnant.

 Relative Contraindications

• The patient has a known allergy to any of the substances 
used for the injections.

• There is the presence of an active bleeding diathesis.
• The patient is currently on anticoagulants.
• There is a known systemic infection present.

• The patient has undergone a dental procedure one week 
prior to treatment or six weeks following the procedure.

 Equipment

The Discseel® Procedure is performed in a room suitable for 
fluoroscopically guided aseptic procedures. A sterile surgical 
suite is not necessary. The room must be equipped with fluo-
roscopy (C-arm or two-plane image intensifier) and an x-ray 
compatible table. The room should also be equipped with 
minimally invasive cardiopulmonary monitoring equipment 
including an ECG, pulse oximeter, and blood pressure cuff. 
Supplemental O2 should also be available.

Sterile skin preparation may be an iodine-based solution 
(e.g., povidone-iodine), or an alcohol-based antiseptic (e.g., 
chlorhexidine gluconate 0.5% in 70% alcohol), or a combi-
nation of the two.

The placement of sterile drapes or sheets achieves a ster-
ile field and an aseptic region for the injection site. A two- 
needle technique may be used to test and treat the discs but is 
not a necessary component of the procedure. The single 
needle technique employs an 18-gauge 150-mm (6.0 inch) 
curved tip Tuohy needle. A 90-mm (3.5 inch) small-gauge 
(23–27 gauge) needle is utilized for anesthetizing the skin. 
Sterile gloves and standard radiation protection are manda-
tory for the proceduralists, and a sterile gown and mask are 
optional, based on physician preference.

A 10–20-ml syringe can be used to inject contrast, or the 
contrast may be dispensed into smaller volume syringes for 
easier contrast injection and attached to minimal volume, 
short extension tubing for precise annulogram injection 
control.

Intravenous cannula access is recommended for adminis-
tering sedation and emergent medication or fluids for cardio-
vascular emergencies.

 Staff

At least one assistant in the procedure room prepares the 
contrast and heats and prepares the prothrombin and fibrino-
gen in the procedure room. Care should be taken to dispense 
each into its correctly labeled respective syringe.

A second assistant or radiologic technologist may operate 
the fluoroscope.

 Pre-Procedure

 History and Physical Examination
An appropriate pre-procedure history is obtained, and a 
physical examination is performed to establish the patient’s 
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suitability for the diagnostic annulogram and Discseel® 
Procedure. The patients should avoid any dental procedures 
one week prior to their treatment and six weeks following 
their Discseel® Procedure.

 Informed Consent
The patient should be informed of all aspects of the proce-
dure, the risks and benefits of the procedure, and suitable 
alternative options. The patient also consents to understand 
the definition of off-label use of an FDA-approved medica-
tion. Off-label use of FDA-approved medications is com-
monplace and a well-accepted practice in the fields of 
medicine and surgery. For consideration, epidural injections 
of corticosteroids are an off-label use of corticosteroids 
because corticosteroids have never been specifically 
approved by the FDA for their epidural placement.

 Premedication
The patient should be given standard NPO orders with the 
time specifications in accordance with the institution if IV 
sedation is offered.

Antibiotics Antibiotic prophylaxis against discitis, includ-
ing cephazolin 1  g, clindamycin 900  mg, or ciprofloxacin 
400  mg, may be administered intravenously within 
15–60 minutes before the procedure, but this is not a man-
date and was not performed in investigations referenced. 
This is also per consensus guidelines previously adopted by 
recognized spine procedural societies.

If the patient is allergic to penicillin, an alternative is 
clindamycin IV 600—900 mg [61].
Anesthetic and Sedation Local anesthetic (lidocaine 1.0—
2.0%) is used for skin infiltration, and conscious sedation 
using the sedative medications of choice (i.e., midazolam/
fentanyl/ketamine) may be used for patient comfort.

 Allergy
If the patient has a known allergy to contrast medium, they 
may be pretreated with H1 and H2 blocking medications 
and corticosteroids prior to the procedure. Another option 
is to utilize gadolinium in those patients with a known con-
trast allergy.

A patient’s ability to tolerate the anxiety associated with 
any invasive test, especially disc access procedures, is vari-
able. Because of this, careful administration of sedatives and 
opioid medications is essential, allowing the patient to 
remain awake enough to convey sensations and locations of 
pain. This will allow for more accurate localization of the 
patient’s pain generator and can help to avoid injury to the 
adjacent spinal nerves during the procedure. A full provoca-
tive discography procedure with a complete record of the 
patient’s response is unnecessary.

 Technique

Positioning The patient is positioned prone on a procedure 
table.

Sterility The skin of the lumbar region and upper gluteal 
region is prepared for an aseptic procedure as discussed 
above. The operator and any personnel within the vicinity of 
the patient and fibrin mixing station should wear clean attire 
(scrubs suits, for example). Surgical caps and masks are rec-
ommended, but not mandatory.

If the operator performs the sterile skin preparation, they 
should don fresh gloves after the skin has been prepared and 
prior to inserting any needles.

To help minimize the chance of bacterial contamination 
to the needle and/or the disc, the needle should not be unnec-
essarily exposed to the atmosphere. Upon being withdrawn 
from its scabbard, it should be inserted without significant 
delay. Although not scientifically validated, to further mini-
mize the likelihood of disc contamination from skin bacterial 
flora, one may puncture the skin with a sterile, larger gauge 
needle (14–18 g) at the skin entry point and direct a smaller 
needle that will be used to puncture the disc through the 
outer needle [98].

 Selecting Disc Levels to Test and Treat

If technically feasible, test every disc in the region of the 
patient’s symptoms. Typically three to four intervertebral 
discs will be tested. Higher segmental levels should be tested 
if they correlate with recognized radicular or somatic pain 
patterns as expressed via the patient’s history.

 Target Identification

An anteroposterior (AP) image of the lumbar spine is 
obtained, and the target disc is identified.

The disc may be approached from either side, but it is 
recommended to optimize the ease of access by approaching 
the disc from the side that is less encumbered by osteophytes 
and less narrowed due to scoliosis or fusion hardware. If nec-
essary, the needle may be rotated gently in alternating direc-
tions to penetrate bone overgrowth that is hindering disc 
access. Testing and treating incompletely fused discs is 
appropriate because annular disc tissue may be intact, even 
in segments with implanted cages.

Once the disc approach side has been selected, the fluoro-
scope is tilted caudal or cranial (tilted to the feet or head, 
respectively) so that the X-ray beam passes parallel to the 
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ring apophysis or the end plates of the vertebrae to maximize 
the radiographic height of the targeted disc.

The fluoroscope beam is rotated obliquely, allowing visu-
alization of the target disc from the ipsilateral posterolateral 
oblique aspect. During traditional discography, the beam is 
rotated obliquely until the anterior aspect of the superior 
articular process (SAP) overlying the target disc lies parallel 
to the axial division of the anterior two-thirds and posterior 
one-third of the target disc. That view will allow the needle 
to be advanced parallel to the x-ray beam, directing the nee-
dle tip intentionally to the center of the nucleus pulposus as 
it passes across the anterior surface of the superior articular 
process. It is important to note that this discogram approach 
view differs from the Discseel® Procedure view described 
later insofar as the discogram view intentionally directs the 
needle tip trajectory to the center of the nucleus pulposus and 
the Discseel procedure view directs the needle to the poste-
rior annulus. In comparison to a discogram, the Discseel™ 
Procedure’s intent is to target the annulus fibrosus at its most 
posterior aspect of the intervertebral disc.

There are two differences in the Discseel® Procedure 
needle trajectory that allows for the needle tip to reach the 
posterior annulus fibrosis instead of the center nucleus 
pulposus.

One difference in the technique is to continue rotating the 
image intensifier to a more oblique position until the SAP is 
seen over the disc at the 1/3 posterior and 2/3 anterior junc-
tion (instead of at the 2/3 posterior and 1/3 anterior 
junction).

The second difference in technique is when the physician 
employs the common discogram imaging method previously 
described (SAP at the 1/3 posterior-2/3 anterior junction). 
Then, instead of marking and penetrating the skin at the typi-
cal location overlying the anterior portion of the SAP and 
inserting the needle directly along the pathway of the x-ray 
beam into the center of the nucleus pulposus, the physician 
marks and penetrates the skin over the radiographic anterior 
aspect of the disc. The needle then enters the skin at this 
slightly more anterior and lateral position and is directed 
posteromedially instead of parallel to the x-ray beam. Ideally, 
the needle will come in contact with the anterior portion of 
the SAP, so the appropriate needle tip depth can be deter-
mined without changing the position of the image intensifier. 
This will also ensure that the needle tip is in position to avoid 
injuring the descending spinal nerve that will be descending 
from the level above just anterior to the pathway of the nee-
dle. This needle trajectory will direct the needle tip to the 
desired target, the posterior aspect of the disc’s annulus 
fibrosis.

Another precaution that can be taken to minimize the like-
lihood of the needle injuring a spinal nerve is to avoid inject-
ing local anesthetic into the region of the disc or spinal 

nerves until needle advancement and maneuvering is 
complete.

The target point for puncture of the annulus fibrosus lies 
at the superoinferior midline of the target disc, just lateral to 
the lateral margin of the superior articular process.

At the L5-S1 level, the iliac crest may overlie the disc 
target in the posterolateral oblique view. Care should be 
taken to obtain a view such that the target point lies between 
the superior articular process of S1 medially and the iliac 
crest laterally.

If the iliac crest continues to overly the L5-S1 target, a 
skin puncture point could be placed over the location on the 
iliac crest closest to the target location. By the time the nee-
dle reaches the depth of the iliac crest, it may have traversed 
medially enough to bypass the bony crest itself. Alternatively, 
the needle entry point can be located over the point on the 
iliac crest closest to the target area, and the needle can be 
directed medially around the crest and back to the disc entry 
target.

In the posterolateral oblique view, a puncture point on the 
skin is selected, and a skin wheal is raised with local anesthe-
sia (lidocaine 1% or 2%) using a 23–27-gauge skin needle.

 Technique Needle Placement

New needles should be used for each disc injected to mini-
mize infection likelihood. The skin overlying the target disc 
is marked and anesthetized with local anesthetic, but needle 
tract or disc region should not be anesthetized to avoid anes-
thetizing the descending spinal nerves. When performing the 
procedure, any new onset of leg pain reported by the patient 
should be noted to avoid injuring the descending ventral 
ramus with the needle or an errant injection. If the patient 
complains of paraesthesia or radicular pain, needle insertion 
should cease immediately and the needle is withdrawn 
slightly and redirected to avoid a nearby descending spinal 
nerve.

Additionally, because there are a limited number of noci-
ceptors that exist along the needle trajectory from the skin to 
the disc, appropriate needle advancement should not cause 
undue patient discomfort. When the needle encounters the 
annulus, a firm and rubbery resistance is typically felt and 
the needle’s progress is monitored by alternating between 
AP and lateral fluoroscopic projections.

When a single needle technique is used, a 22-gauge, 200- 
mm Tuohy needle is advanced carefully to the target within 
the annulus fibrosis at the posterior portion of the disc. 
Anteroposterior and lateral views confirm the correct needle 
tip position before a trace amount of nonionic radiopaque 
contrast is injected into the annulus fibrosis under dynamic 
fluoroscopic visualization (Fig.  6.2). Careful observation 
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Fig. 6.2 Lateral fluoroscopic view showing the needles inserted into 
the lumbar intervertebral discs (white arrows) with contrast injected 
into the discs (white arrowheads)

allows visualization and documentation of contrast flow pat-
terns within and outside the disc.

Following the annulogram, the connection tubing is dis-
connected and the apparatus combining the prothrombin and 
fibrinogen is connected to the needle hub. Using gentle 
 pressure, the plunger is advanced. When injected, the pro-
thrombin combines with the fibrinogen and aprotinin, pro-
ducing fibrin as it is injected into the disc. Fibrin is slowly 
injected with gentle pressurization of the syringe. If resis-
tance prevents the flow of fibrin, the needle’s metal stylet is 
replaced to occupy the entire central portion of the needle. To 
assure that the stylet occupies the needle’s entirety, rotate the 
stylet’s notch until it rests entirely within the hub’s groove. 
This assures that there is no fibrin or tissue obstruction or 
needle “kink” at the needle’s most distal aspect that would 
impede flow. The physician cannot assume that the disc is 
entirely filled or sealed maximally due to the perception of 
complete resistance without first reinserting the stylet to 

ensure that fibrin has not activated and obstructed the needle’s 
lumen. Total fibrin volume injected per disc is highly variable 
and dependent on the disc’s morphology but typically ranges 
from approximately 0.5 cc to 6.0 cc. Observation of the con-
trast departing the annular tears when injecting the fibrin indi-
cates the presence of fibrin within those tears. Although the 
disc height often increases during fibrin injection, this is not 
necessarily the goal of the Discseel® Procedure. During a 
typical procedure in a patient with chronic low back pain, 
usually 3–4 discs are tested and treated.

Additionally, more cephalad discs may be tested and 
treated if the patient’s symptoms and imaging studies indi-
cate the need for this. If a morphologically normal disc is 
identified based on annulogram, the needle puncture site is 
sealed with fibrin to try to protect and preserve the integrity 
of that disc.

 Post-Procedural Care

After needles are removed and the skin puncture points ster-
ilely dressed, the patient is taken to recovery where cardio-
pulmonary monitoring is performed for approximately 
30 min or longer if indicated. If the patient is stable at this 
point, they are discharged to a caregiver or a family member. 
Short-acting analgesics may be prescribed at this time. 
Patients are instructed not to drive on the day of their proce-
dure and to expect increased discomfort for a few days to a 
few weeks. Intra-discal biologics that occupy the annular fis-
sures instead of leaking can maintain the intervertebral disc 
height and can cause increased patient symptoms from the 
injected disc(s). These symptoms can be referred to as a full 
feeling, deep pressure, prolonged pain, or other post- 
procedure symptoms not commonly reported with other 
intradiscal procedures. Therefore prescriptions for pain med-
ication to address this period of increased discomfort may be 
considered.

 Conclusion

Being safe and efficacious, the Discseel® Procedure treats 
spine pathology with relative ease and high success. Because 
the Discseel® Procedure returns discs to their normal states, 
both mechanically and biochemically, it eliminates common 
and costly problems associated with all spine surgery, even 
minimally invasive spine surgery.

The Discseel® Procedure’s ability to spare patients from 
needing additional spine surgery due to adjacent disc degen-
eration and “the domino effect” saves society pain, suffering, 
and billions of healthcare dollars.

The field of spine specialists is observing “decision- 
makers” evolve from old and contrarian spine treatments, 
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including spine surgery, to new treatments restoring spines to 
their pre-injury state, benefiting patients and the healthcare 
system.
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Allograft Therapies in Regenerative 
Medicine

Tory L. McJunkin, Arianna Cook, and Edward L. Swing

 Introduction

 Overview

Regenerative medicine is a novel field based on the use of 
growth factors and cellular products, such as stem cells, to 
supplement native cells in restoring damaged tissue function 
[1]. These treatments are intended to slow the degeneration 
or reverse damage of tissues in various locations throughout 
the body. Regenerative therapies include autografts, which 
utilize the patient’s own stem cells and growth factors, as 
well as allografts, which rely on isolating stem cells and 
growth factors from the tissues of donors [2]. Allograft thera-
pies can often be less invasive and less expensive than simi-
lar autograft therapies and can offer a potentially fruitful 
approach for regenerative therapies [3].

Allografts are a source of mesenchymal stem cells 
(MSCs) [2]. Mesenchymal stem cells are found in many 
adult tissues and can be used for their regenerative proper-
ties. The cells are multipotent and can differentiate into vari-
ous cell types, including osteoblasts, adipocytes, myocytes, 
and chondrocytes. They also have a high proliferative capac-
ity, are able to self-renew, and possess mesodermal differen-
tiation potential.

Although bone marrow has been one of the main auto-
graft sources of MSCs, harvesting bone marrow is difficult 
and the differentiation potential and maximal life span of 
MSCs from bone marrow decline with increasing age of the 
patient from which they are taken [3]. Therefore, alternative 

allograft sources are being studied for use as regenerative 
therapies. In particular, amniotic tissue, umbilical cord blood 
(UCB), and Wharton’s jelly have been identified as potential 
tissue sources for allograft therapies and will be the focus of 
this chapter.

 Guidelines for Allograft Therapy

A number of considerations should guide the use of regen-
erative allograft therapies in clinical practice. These should 
include medical, ethical, and legal considerations.

Medical considerations should include the following:

• Appropriate source of allograft tissues. Allograft tissues 
should be obtained from a tissue bank that closely follows 
the Food and Drug Administration (FDA) requirements, 
such as screening donors for communicable diseases. 
Although the tissues used in regenerative allografts tend 
to have low immunogenicity, some applications may war-
rant further consideration of matching the donor with the 
patient.

• Patient selection. Allograft therapies have been identified 
as having possible value for treating a number of patient 
indications (see Table  7.1 for a list of potential indica-
tions). Only patients with an appropriate medical diagno-
sis should be treated with allograft therapies. 
Contraindications to injection therapies in general (e.g., 
coagulation disorders) and biologic therapies (e.g., infec-
tions) in particular should be ruled out.

• Treatment delivery. The delivery of allograft treatments 
is most commonly performed through injection. 
Depending on the anatomy of the targeted body part, 
imaging techniques may be appropriate to ensure the 
appropriate delivery of the allograft. This may include 
ultrasound or fluoroscopic guidance. See Fig.  7.1 for 
examples of operative imaging of intra-articular knee, 
intra-articular facet, and intradiscal injections of amni-
otic tissue solutions.
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Table 7.1 Potential indications for regenerative allograft therapies 
identified by in vitro studies, animal models, and clinical research

Indication
Osteoarthritis
Rheumatoid arthritis
Degenerative disc disease
Skin burns
Skin transplantation
Wound healing
Tendinopathy
Ligament injury
Corneal lesions
Conjunctival lesions
Spinal cord injury
Nerve injury
Neurodegeneration
Myelodysplasia
Hematological malignancies
Ischemic stroke
Multiple sclerosis
Buerger’s disease

Ethical/legal considerations should include the 
following:

• Informed consent. Patients should be informed of the 
risks associated with the particular type of allograft pro-
cedure. It is also critically important that patients under-
stand the experimental status of allograft therapies. 
Claims regarding the efficacy should be carefully charac-
terized to avoid overstating either the degree of benefits or 
the certainty of those benefits.

• Tissue graft vs. drug characteristics. Tissue grafts are 
exempt from FDA approval, but the FDA has clarified that 
under certain conditions, tissue therapies (whether 
allografts or autograft) may be considered a drug and thus 
be subject to the requirement of FDA approval. 
Specifically, the tissues must be minimally manipulated, 
meaning no in vitro expansion of cells or exposure to an 
agent that modifies the properties of these cells (antico-
agulants are permitted) and have homologous use (mean-
ing the repair, reconstruction, replacement, or 
supplementation of a recipient’s cells or tissues with a tis-
sue that performs the same basic function or functions in 
the recipient as in the donor).

 Amniotic Tissue

The unique makeup of human amniotic tissues, specifically 
amniotic membrane and amniotic fluid, has fostered the use 
of these cells for tissue growth and healing. The amniotic 
membrane in vivo contains the developing fetus and is filled 
with amniotic fluid [4]. Amniotic fluid contains the various 

cells derived from different parts of the developing fetus and 
surrounding tissue, including the amniotic membrane. The 
content of the amniotic fluid changes over the course of ges-
tation. The amniotic fluid and membranes serve as protection 
for the embryo and fetus and provide support and nutrients 
during embryogenesis and fetal development.

Amniotic tissues have several properties that make 
them well suited for allograft treatments. Human amniotic 
epithelial cells are broadly multipotent and can differenti-
ate into mesodermal and nonmesodermal lineages [4]. 
Along with multipotency, the cells have anti-inflammatory 
effects as well as a low degree of immunogenicity [5]. The 
cells do not produce acute rejection when placed into 
another patient and can improve allograft tolerance [5, 6]. 
Amniotic MSCs act as an immunosuppressant and have 
been shown to decrease graft-versus-host disease in an ani-
mal model [6].

The antimicrobial properties of amniotic tissues also 
make these cells suitable for implantation. Amnion has 
shown to have antibacterial properties in in vitro studies [7]. 
When exposed to human interleukin (IL)-1β, amniotic epi-
thelial cells produce elevated levels of numerous natural 
antimicrobial proteins, including human beta-defensins and 
secretory leukocyte protease inhibitor [8].

 Potential Indications

Amniotic fluid-derived cells have the possible capability to 
repair injured tissues. Though injections of amniotic fluid are 
experimental, multiple studies have examined the potential 
of these injections to treat multiple conditions, including 
connective tissue and degenerative changes of joints and 
other tissues [9, 10]. Besides stimulating new tissue growth, 
amniotic fluid can decrease joint pain in conditions such as 
osteoarthritis. Other possible uses include assistance with 
wound healing, knee arthritis, Achilles tendinopathy, and 
neuropathy.

The clinical use of amniotic membrane began over a cen-
tury ago, with the first reports describing its ability to treat 
skin burns and wounds [11]. Further studies have been con-
ducted to advance the use of amniotic membrane in surgery 
[12]. Amniotic membrane is being used in areas such as cor-
neal and conjunctival surface reconstruction, open skin 
ulcers and traumatic wound treatment, and skin transplanta-
tion [13–15]. Like amniotic fluid, amniotic membrane has 
the potential to treat tendinopathies and neuropathies.

 Experimental Clinical Application

Amniotic stem cells (ASCs) are being tested as new experi-
mental treatments for a variety of different conditions. 
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Fig. 7.1 Operative imaging of amniotic tissue injections for (a) knee osteoarthritis, (b) facet joint osteoarthritis, and (c) L4/5 and L5/S1 degenera-
tive disc disease

Provided ASCs are not modified (e.g., in vitro expansion of 
the cells) or combined with products (other than anticoagu-
lants), these cells are not considered a drug by the FDA and 
are thus not FDA-regulated [9]. However, in the absence of 
large-scale randomized clinical trials to test their efficacy, 
these treatments are not definitively proven to be effective 
for each of their specific uses and are typically not covered 
by insurance. Clinical evidence for amniotic tissue treat-
ments for chronic pain conditions is limited to in vitro stud-
ies, in vivo animal models, case studies, and nonrandomized 

studies [16–21]. These studies, however, have shown the 
potential value of amniotic tissue to enhance healing and 
repair of the body. For example, Vines et  al. tested intra- 
articular injection of amniotic suspension allografts in six 
patients with knee osteoarthritis [20]. Patients reported 
improvements in pain and activities of daily living at up to 
one year. In a rare randomized trial of amniotic tissues, 
Bhattacharya randomized 52 patients with knee osteoarthri-
tis to receive intra-articular injections of either human amni-
otic fluid or a corticosteroid (triamcinolone). Those patients 
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receiving human amniotic fluid injections showed greater 
improvements in pain (VAS) and walking distance at three- 
and six-month follow-up assessments [21].

There are multiple studies showing that amniotic tissues 
can help in healing skin wounds [22, 23]. Amniotic mem-
brane naturally acts as a basement membrane that aids epi-
thelial cell migration, stimulates epithelial differentiation, 
and produces growth factors that promote epithelization 
[22]. An in vitro study has shown that amniotic fluid stimu-
lates reepithelialization in human skin wounds [23]. The 
reparative properties of the amniotic fluid were thought to be 
due to high concentrations of hyaluronic acid. When hyal-
uronic acid degraded, reepithelialization was diminished. 
Small, nonrandomized studies in humans have shown that 
treatment with amniotic membrane and fluid can promote leg 
ulcer healing [24, 25]. A case series of five patients with 
chronic nonhealing wounds showed that amniotic membrane 
accelerated wound healing and helped patients return to nor-
mal function [25].

Another field commonly using amniotic-derived tissues is 
ophthalmology. The promotion of reepithelialization, as well 
as the inhibition of angiogenesis and inflammation, makes 
amnion valuable for ocular use [9]. Amniotic fluid and mem-
brane have been used to form a reconstructive scaffold after 
the removal of ocular surface lesions [22]. Amniotic mem-
brane transplantation has been used with a variety of ocular 
surface procedures such as conjunctival and corneal surface 
reconstruction. Three eyes of three patients with up to 3 mm 
corneal perforations were treated with hyperdried cross- 
linked amniotic membrane [26]. Each patient successfully 
healed the corneal perforations within 28 days, and amniotic 
membrane was found to be an effective substrate for corneal 
repair [26]. Amniotic-derived cells have also been used 
ex vivo as a promoter of limbal and conjunctival stem cell 
regeneration [9, 22].

There is also clinical evidence that amniotic tissues can 
help with tendon and ligament repair. In an in  vitro ovine 
model, amniotic membrane-derived cells had tenogenic dif-
ferentiation potential and were capable of developing into 
three-dimensional tendon-like structures [27]. Amniotic 
tissue- derived injections were also shown to be effective at 
increasing the success of Achilles tendon repair in in vivo 
ovine and rat studies [28, 29]. Additionally, injection of 
MSCs from amnion was found to be effective in aiding in 
repair of equine tendon and ligament injuries [30]. Further 
studies have shown that the amniotic membrane products can 
be used for cartilage restoration in rat and sheep models [10].

Amniotic cells also have the potential to treat degenera-
tive joint diseases. Injection of amniotic tissues could be a 
possible nonoperative treatment for osteoarthritis [10]. 
Amniotic fluid is thought to act as a homolog to synovial 
fluid, providing cushion and lubrication in joints [31]. In a 
rat model, an intra-articular injection of amniotic membrane 

decreased the number and severity of chondral lesions and 
reduced cartilage degeneration [32]. An interim analysis of a 
clinical registry study of 170 patients with knee osteoarthritis 
showed that amniotic fluid decreased pain and stiffness in 
knees that had been injected with it [31].

Evidence also suggests that amniotic tissue can help in 
treating spinal cord and nerve injuries. Amniotic-derived 
stem cells have the potential to release various neurotrophic 
factors that promote nerve regeneration [33]. Intramuscular 
injection of amniotic fluid-derived cells in a rat muscle dener-
vation model produced preserved anterior horn cells and 
increased nerve myelination. An in  vitro study found that 
amniotic-fluid-derived stem cells injected into acellular nerve 
allografts facilitated nerve regeneration following injury and 
demonstrated a more robust motor function recovery [34].

 Concerns and Contraindications

Treatments with amniotic tissues such as amniotic fluid 
injections are still in the early phases of use. Although con-
sidered low-risk, various standard treatment options should 
be considered, particularly low-risk conservative treatments, 
before proceeding to amniotic tissue-based treatments [35]. 
Additional considerations exist when selecting appropriate 
patients and the mechanism of delivery of these therapies. 
Contraindications to amniotic tissue treatments are related to 
contraindications for any localized injection or treatment. 
These include systemic illness, coagulopathy, and site infec-
tion [36]. Currently, no allergic reactions to amniotic tissues 
have been reported.

 Preoperative and Operative Considerations

It is important to understand the patient’s condition and cor-
rectly diagnose the source of the problem. More conservative 
treatments should be tried first including but not limited to 
massage, chiropractic care, stretching, physical therapy, and 
nonexperimental injections [35]. When considering any 
injection, it is important to understand the anatomy and vol-
ume of the area of treatment [37]. For example, a knee may 
need a higher volume (2–4 mL) than a temporomandibular 
joint (0.5–1 mL). Standard sterile precautions should be fol-
lowed as for any injection. Larger-gauge needles are typi-
cally used to direct amniotic tissue into the target area. The 
amniotic tissue can also be delivered along with perforating 
or needling the host tissue to stimulate tissue repair, promote 
circulation, and support healing. To ensure precise place-
ment, many providers will use ultrasound or fluoroscopy to 
visualize and confirm the area of treatment. Imaging choice 
depends on provider imaging expertise, imaging preference, 
patient pathology, and the anatomy of the target area.

T. L. McJunkin et al.
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 Umbilical Cord Blood

Since the first successful cord blood transplantation in 
1988, umbilical cord blood has become a recognized stem 
cell source [38]. The umbilical cord is a cord of vascular 
channels between the developing fetus and the placenta 
[39]. The cord contains two umbilical arteries and one vein. 
The vein supplies the fetus with oxygenated, nutrient-rich 
blood, whereas the umbilical arteries carry away deoxygen-
ated, nutrient-depleted blood back to the placenta. The 
amnion membrane and Wharton’s jelly, a gelatinous matrix 
covering the umbilical cord, provide protection for the 
three vessels.

The umbilical cord can provide stem cells from the blood 
within the umbilical vessels as well as the walls of the ves-
sels and from Wharton’s jelly [39]. Cord blood can be har-
vested at birth using a sterile collection kit containing an 
anticoagulant. Cord blood samples can be collected in utero 
or ex utero. The process is noninvasive and has minimal to no 
danger to the mother or infant [38]. Once collected, cord 
blood units are transferred to designated laboratories where 
the stem cells are extracted [39].

Umbilical cord blood contains a variety of stem and pro-
genitor cells, including MSCs and endothelial progenitor 
cells [38]. The MSCs of cord blood play a supportive role in 
hematopoiesis and can differentiate into a range of tissue lin-
eages. The MSCs from umbilical cord blood also have 
immunoregulatory properties and are able to suppress T cell 
proliferation as well as T cell-mediated allogeneic responses.

 Potential Indications

There are many potential clinical uses for umbilical cord 
blood MSCs in regenerative medicine. Cord blood has been 
used in hematopoietic stem cell transplantation [3]. Many 
studies also support its use for articular cartilage damage 
[40–42]. This includes the use of UCB MSC’s for rheuma-
toid arthritis, osteoarthritis, and joint trauma.

Cord blood can also serve as a rich source of endothelial 
progenitor cells [38]. The cells have similar properties to 
embryonic angioblasts. The cells could be used to repair and 
regenerate vascular endothelium, such as in damage that 
occurs with ischemic disease. Furthermore, cord blood stem 
cells may be able to treat neurodegenerative disease and neu-
ronal injuries.

 Experimental Clinical Application

As early as 1939, umbilical cord blood has been used for its 
regenerative properties [43]. The first umbilical cord trans-
plantation in a human was performed over 256 years ago in a 

child with Fanconi anemia. Today over 60,000 umbilical 
cord blood units have been stored for transplantation world-
wide. Cord blood is composed of early stem cell progenitors 
and can give rise to multiple cell lineages [38]. Furthermore, 
lymphocyte populations of cord blood are composed of 
immunologically naïve cells (lacking class II human leuko-
cyte antigen) that are typically not recognized by the host 
immune system. A meta-analysis of umbilical cord trans-
plantation versus unrelated bone marrow transplantation 
showed a lower incidence of chronic graft-versus-host dis-
ease and no difference in acute graft-versus-host disease 
[44]. Umbilical cord blood transfusion has also been used to 
increase disease survival for myelodysplasia and other hema-
tologic disorders [45]. A study analyzing 180 patients who 
underwent unrelated cord blood transplantation for myelo-
dysplasia or secondary acute myelodysplastic leukemia 
revealed a 2-year disease-free survival and overall survival of 
30% and 34%, respectively.

Studies have supported the use of cord blood in treating 
cartilage and joint damage. An in vitro study has shown that 
MSCs from ovine umbilical cord blood can be used to create 
cartilage [46]. The use of cord blood for painful joint dis-
eases such as rheumatoid and psoriatic arthritis is being 
investigated. One study examined the use of human umbili-
cal cord-derived MSCs as a rheumatoid arthritis therapy 
[47]. Mice with collagen-induced arthritis had significantly 
decreased severity of arthritis when treated with cord MSCs. 
The results were similar to the Etanercept-treated group. A 
case report evaluated a 56-year-old patient with standard 
treatment-resistant psoriatic arthritis and revealed the suc-
cess of intravenous and intra-articular injections of cord 
blood stem cells [48]. The patient had a remission of symp-
toms and normalized inflammatory markers within the first 
30 days following treatment.

Umbilical cord blood cells are a promising treatment for 
ischemic conditions as well. In a mouse model of myocardial 
ischemia, heart tissue had regenerated after cord blood- 
derived cardiac progenitor cells were transplanted [49]. The 
cells also integrated with local cells in heart tissue 14 days 
after transplantation. Thromboangiitis obliterans (Buerger’s 
disease), a nonatherosclerotic, vaso-occlusive disease, cur-
rently has no curative medication or surgery, but cord blood 
MSCs have shown promising results [50]. Four men  suffering 
from distal limb ischemia secondary to Buerger’s disease 
were transplanted with cord MSCs and had significant relief 
of their ischemic rest pain. Necrotic skin lesions also healed 
within 4 weeks of transplantation, and follow-up angiogra-
phy showed increased digital capillaries.

Besides ischemia in the heart and limbs, umbilical cord 
blood has the potential to improve functionality in ischemic 
stroke patients [51]. Ten adult patients suffering from a 
recent middle cerebral artery ischemic stroke were infused 
with umbilical cord blood 3–9 days after their stroke. Patients 
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were assessed with modified Rankin Score (mRS) and 
National Institutes of Health Stroke Scale (NIHSS). The 
three-month assessment of patients revealed improvement 
by at least one grade in the mRS and at least four points in 
the NIHSS. In a rat model of acute ischemic stroke, intrave-
nous administration of umbilical cord blood caused signifi-
cant improvement in both behavioral and structural 
impairments [52]. Experimental findings also indicated that 
umbilical cord blood enhanced neurogenesis and suppressed 
inflammation in damaged areas leading to therapeutic pro-
tection and better functional recovery.

 Concerns and Contraindications

Cord blood cells can be used to treat a wide variety of dis-
eases, but there are several concerns for their use. These con-
cerns include informed consent, legal implications, cost, and 
whether the cord blood comes from public banks or com-
mercial banks [53]. As cord blood is still in its experimental 
phase, medical indications and claims of medical benefit are 
still being investigated. Standard treatment options should be 
explored before considering umbilical cord blood-based 
treatments. Contraindications for intraarticular injections of 
cord blood are similar to any localized injection and include 
systemic illness, coagulopathy, and site infection [36]. 
Contraindications to intravenous infusion include limited 
venous access in an injured, burned, or infected extremity. 
Although there are lower rates of graft-versus-host disease 
with a higher human leukocyte antigen (HLA) disparity, 
HLA matching should be considered for certain hematologi-
cal conditions undergoing cord blood treatment.

 Preoperative and Intraoperative 
Considerations

As with other allograft treatments, it is critical to correctly 
diagnose the patient’s condition. More conservative treat-
ments should be considered such as physical therapy and 
nonexperimental injections before proceeding to umbilical 
cord blood use. Considerations for umbilical cord blood 
injections are similar to those described for amniotic tissue 
injections. When umbilical cord blood stem cells are used for 
transplantation, the patients’ lab values, especially their 
white blood cell production and platelet production, need to 
be closely monitored to ensure engraftment [54].
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Adult Mesenchymal Stem Cell 
Collection and Banking

Roy R. Liu and Houman Danesh

 Stem Cell Applications in Regenerative 
Medicine

Regenerative cellular therapies are thought of by most as 
“experimental” therapies. However, its use is well estab-
lished in the area of tissue and bone marrow transplantation, 
as well as in assisted reproductive technologies. Whereas 
these applications utilize hematopoietic and embryonic stem 
cells, respectively, mesenchymal stem cells (MSCs) are the 
most useful option for cell-based treatments of traumatic and 
degenerative bone, joint, and cartilaginous diseases. They 
have also been used in the treatment of other diseases, such 
as graft-versus-host-disease (GVHD), multiple sclerosis, 
Crohn’s disease, and systemic lupus erythematosus (SLE), 
albeit with mixed results [1]. Mesenchymal stem cells have 
the ability to differentiate into cells of mesodermal origin, 
including osteoblasts, chondrocytes, and adipocytes. They 
can be differentiated from hematopoietic stem cells (HSCs) 
by the expression of cell surface antigens CD73, CD90, and 
CD105 and the lack of expression of CD14, CD20, CD34, 
and CD45. While there is no uniform agreement on how 
MSCs promote tissue healing, a large component of its effi-
cacy may be related to immunomodulation. They have been 
shown to promote the secretion of various cytokines (e.g., 
transforming growth factor beta, vascular endothelial growth 
factor, epidermal growth factor) that stimulate local tissue 
repair [2] and suppress proliferation of T-cells and mono-
cytes, thereby suppressing inflammation and apoptosis [3].

 Mesenchymal Stem Cell Sources

Mesenchymal stem cells are found in almost all organs and 
tissues after birth. Some sources, such as peripheral blood, 
contain so few MSCs that they are not clinically useful. 
Other tissue sources require invasive techniques to harvest. 
The first MSCs described in the literature were isolated from 
bone marrow stroma and are considered the “standard” 
source against which others are compared. The following 
discussion will focus on practical sources of MSCs that may 
be obtained and used for cell-based therapies.

 Bone Marrow

Hematopoietic bone marrow-derived stem cells (HSCs) are 
the earliest type detected and the most well-studied. 
Hematopoietic stem cells have been used successfully to 
treat cancers of the blood and bone marrow. Bone marrow 
also contains populations of mesenchymal stem cells 
(MSCs), which are adult stem cells but have the potential to 
differentiate into multiple nonhematopoietic cell lineages 
(Fig. 8.1). There are several disadvantages of utilizing bone 
marrow-derived stem cells. Obtaining bone marrow aspirate 
is invasive, even at relatively accessible sites such as the iliac 
crest (Fig. 8.2). The necessity of placing patients under deep 
sedation or general anesthesia increases the cost of collection 
and introduces logistic inconveniences to the patient (e.g., 
preprocedural fasting, need for intravenous access, and need 
for an escort). Mesenchymal stem cells are relatively rare in 
bone marrow compared with other cell populations. It is esti-
mated that they comprise at most 0.02% of the bone marrow 
stromal cell population [4]. Furthermore, there appears to be 
an age-related decline in the number and functionality of 
bone marrow-derived stem cells [5]. The invasiveness and 
inconvenience of collecting MSCs from bone marrow have 
prompted a search for alternative sites of cell harvest in 
recent years.
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 Umbilical Cord Blood and Tissue

Traditionally, umbilical cord blood has been harvested and 
banked to treat hematologic malignancies and diseases. Only 
recently has cord blood as well as cord tissue been utilized 
for regenerative medicine applications. Because it is essen-
tially a byproduct of delivery that would otherwise be dis-
carded as medical waste, collection is simple, at no discomfort 
to the patient, and not subject to ethical controversy (Fig. 8.3). 

However, because collection is only possible around the time 
of delivery, banking time (and therefore cost) for umbilical 
cord blood and tissue is higher than for other tissues. Another 
downside of cord blood and tissue is the relative low density 
of MSCs. There is a wide range of published estimates, but 
even the highest estimates do not allow for most clinical 
applications without first expanding the cells in culture. This 
leads to additional regulatory concerns, as will be discussed 
later in this chapter.

B loodCord tissues PRP Centrifuged
blood

Umbilical cord blood

Umbilical cord

XXX vein

XXX artery

XXX artery

Mesenchymal stem cells

Fig. 8.3 Umbilical cord 
blood/tissue collection of 
mesenchymal stem cells. 
(From: Van Pham P, Truong 
NC, Le PT, Tran TD, Vu NB, 
Bui KH, Phan NK. Isolation 
and proliferation of umbilical 
cord tissue derived 
mesenchymal stem cells for 
clinical applications. Cell 
Tissue Bank. 2016;17(2):289–
302. https://doi.org/10.1007/
s10561- 015- 9541- 6. Epub 
2015 Dec 17; used with 
permission)
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 Adipose Tissue

Adipose tissue is an abundant and constant source of MSCs 
that holds a lot of promise in regenerative medicine. They 
have been shown to have similar differentiation potential to 
MSCs from other tissues, such as cord tissue [6]. Compared 
with bone marrow, adipose tissue represents a much more 
easily accessible and lower risk source of stem cells. In one 
study, the outer thigh was shown to have a higher concentra-
tion of MSCs compared with the abdomen, waist, or inner 
knee [7]. It is also believed to contain up to 500 times the 
density of MSCs compared with an equivalent volume of 
bone marrow [8]. It is feasible to collect tens to hundreds of 
millions of MSCs for immediate clinical application without 
in vitro expansion, as in the case of cord tissue. Adipose tissue 
MSCs can be harvested by various methods, such as needle 
aspiration under local anesthesia, or collected as a byproduct 
of surgical liposuction or abdominoplasty (Fig. 8.4).

Table 8.1 shows a summary of the advantages and disad-
vantages of bone marrow, umbilical cord blood and tissue, 
and adipose tissue as sources for MSCs.

 Factors Impacting Stem Cell Effectiveness

There are multiple factors impacting the clinical usefulness of 
harvest stem cells for application in regenerative medicine.

 Donor Age and Site of Collection
The use of autologous stem cells is preferred to allogeneic 
sources due to the low risk of alloimmunization and logisti-
cal simplicity. However, just as there is a linear relationship 
between the prevalence of musculoskeletal diseases and 
advancing age, there appears to be an inverse relationship 
between stem cell quantity and quality and age at harvest [9]. 
Stolzing et al. showed a reduction in the frequency of mesen-
chymal colony-forming cells (a marker of proliferation rate) 
and higher degrees of oxidative damage in bone marrow- 
derived MSCs of adults vs. children [10]. Studies on adipose 
tissue MSCs have shown mixed results, with some showing 
similar age-related decreases in number and proliferative 
potential as with bone marrow-derived stem cells [11], while 
others showing no significant effects on osteogenic differen-
tiation potential [12, 13]. Combined with relative ease of col-
lection, relative abundance of harvest sites, and significantly 
higher density of stem cells, adipose tissue compares favor-
ably to bone marrow as the more practical source of MSCs 
for orthopedic regenerative applications.

 Effects of Storage
Autologous use of MSCs for regenerative therapies is prefer-
able to allogeneic use due to the absence of rejection risk. 
Unfortunately, the elderly medical population, who represent 
major targets for such therapies, are poor sources of high- 
quality MSCs. One theoretical solution to this conundrum is 

Suctioned
fat

This subcutaneous fat is removed
by suction. Multiple portals are used to
access the fat depositions

A more aggressive push and pull motion is
used at the lower fat levels while a more
delicate touch is used at the surface.

Fig. 8.4 Lipoaspiration
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Table 8.1 Advantages and disadvantages of various tissue sources of 
mesenchymal stem cells

Pros Cons
Bone marrow Most well-studied Invasive and 

uncomfortable collection 
process
Yield highly dependent on 
collection methodology
Relatively small 
population of MSCs 
compared with HSCs
Limited applicability 
without ex-vivo expansion

Umbilical 
cord blood/
tissue

Noninvasive collection 
from the waste product 
of birth

One-time collection 
opportunity (for each live 
birth)
Limited applicability 
without ex-vivo expansion

Adipose tissue High MSC yield
Less invasive collection 
than bone marrow
Abundance of 
accessible sites on the 
body

Lack of established safety 
track record

to collect and cryopreserve the necessary cells from individ-
uals who anticipate future needs while they are younger. For 
this to be a viable solution, the deleterious effects of cryo-
preservation on the viability and osteogenic potential of 
stored MSCs have to be significantly less than the effects of 
aging. Multiple authors have demonstrated that the retention 
of proliferation and differentiation potential in vitro of cryo-
preserved adipose-derived MSCs is comparable to freshly 
collected MSCs [14, 15].

 Stem Cell Yields and Expansion
The optimal number of MSCs needed for most therapeutic 
applications is unclear. From existing literature, at least 1 × 
106 MSCs/kg MSCs are needed [16, 17]. This means that for 
the average adult patient, 70–80 million cells are needed. 
Although bone marrow is still considered the “gold standard” 
source of stem cells, only 0.001–0.02% of cells isolated from 
bone marrow aspirate are MSCs [18, 19]. Assuming optimal 
bone marrow aspiration technique (e.g., minimal aspiration 
of peripheral blood) and optimal yield of MSCs within that 
sample, only about 3.6 × 105 MSCs can be isolated from a 
typical aspirate volume. Umbilical cord and tissue also have 
relatively low MSC yield. This necessitates the ex vivo expan-
sion of MSC collections from the above sources prior to 
introduction into patients. In contrast, adipose tissue has up to 
500 times the number of MSCs per equivalent volume of 
bone marrow aspirate, and it is possible to harvest enough 
MSCs for immediate application. For this reason, experts 
believe that adipose-tissue mesenchymal stem cells have 
become the new “gold standard” for musculoskeletal applica-
tions of cellular-based regenerative therapies.

 Mesenchymal Stem Cell Collection 
and Banking

 Bone Marrow

The iliac crest is the most common site of access for the 
extraction of bone marrow aspirate concentrate (BMAC). 
There are various commercially available bone marrow aspi-
ration kits that can be used. After sterile preparation and 
draping of the surgical field, the anterior superior iliac spine 
(supine positioning) or posterior superior iliac spine (prone 
positioning) is palpated. The skin, soft tissue tract, and peri-
osteum are then anesthetized with 1% lidocaine in a trajec-
tory that is perpendicular to the ASIS/PSIS. A trocar is then 
introduced percutaneously along the anesthetized tract until 
contact with the cortical bone. Subsequently, a power drill or 
manual drill is used to advance the trocar into the medullary 
cavity of the iliac crest. After heparinization of the collection 
syringe, about 60 mL of bone marrow is aspirated. The bone 
marrow aspirate then undergoes processing by passage 
through a mesh filter, followed by density gradient centrifu-
gation to isolate the bone marrow aspirate. The final yield is 
approximately 6  mL or 10% of the originally aspirated 
volume.

 Umbilical Cord Blood and Tissue

Collection of cord blood is usually performed by accessing 
the umbilical vein after clamping of the umbilical cord and 
can be collected directly from the placenta after it has been 
delivered. A full-term birth yields roughly 75  mL of cord 
blood and up to 1.1 × 109 total nucleated cells [20]. Cord 
blood has a very high erythrocyte concentration, so collec-
tions are usually RBC-depleted prior to banking. There are 
multiple methods to isolate the buffy coat (containing the 
MSCs), including density gradient centrifugation, hydroxyl- 
ethyl starch sedimentation, and several commercially auto-
mated processes (AutoXpress by Cesca Therapeutics, 
Sepax™ by Biosafe, PrepaCyte®-CB Processing System by 
BioE, and Cord Blood 2.0™ by Americord) [21]. The final 
collection is then aliquoted into different compartments to 
allow for multiple future uses prior to cryopreservation.

Umbilical cord tissue is also collected shortly after the 
time of birth. A length of the umbilical cord is cut with sterile 
instruments and placed in a buffer solution for transport to 
the processing facility. It subsequently undergoes several 
rounds of washings with sterile saline and 70% ethanol 
before being cut into smaller segments and frozen at −180 
C. When it is needed for use, the aliquoted tissue is thawed, 
washed, and resuspended. It is then placed in growth media 
for colony expansion. The average length of the umbilical 
cord is approximately 30 to 50 cm, and there are a wide 
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range of MSC yields as described in the literature. One study 
quotes an unexpanded yield of roughly 0.65 × 106 cells/cm 
of tissue [22]. While this is more than the number of MSCs 
isolated from umbilical cord blood, both are too low to be 
useful for immediate clinical application and need to be first 
expanded in culture.

 Adipose Tissue Stem Cells

Adipose tissue can be harvested as part of a different opera-
tion or specifically for MSC isolation. Examples of the for-
mer include collecting liquid fat during liposuction and solid 
fat during abdominoplasty. Solid fat requires one additional 
step in its processing as it is mechanically broken down into 
smaller pieces to expand its surface area in order to facilitate 
subsequent chemical breakdown by collagenase. According 
to one published protocol, the adipose preparation is then 
diluted by Dulbecco’s phosphate-buffered saline (DPBS), 
washed by centrifugation, and mixed with collagenase to 
digest any solid matter. Dulbecco’s modified Eagle media 
(DMEM) is added after some time to halt enzymatic diges-
tion, and the resulting liquid mixture is centrifuged again to 
isolate the stromal vascular fraction (SVF) containing the 
MSCs [23]. The process of breaking down adipose tissue to 
obtaining the SVF takes less than 30 minutes with several 
commercially available isolation systems [24, 25]. However, 
isolating MSCs from the SVF currently takes up to 24 hours, 
possibly precluding the possibility of a same-day harvest-to- 
introduction model. Lastly, if the isolated SVF is not for 
immediate MSC isolation, it is resuspended in a combination 
of culture medium, fetal calf serum, and a cryoprotective 
solution such as dimethyl sulfoxide (DMSO) and then ali-
quoted into tubes and cryopreserved at −180 C for future use 
[26]. There has been debate as to whether protocols like the 
one just described adhere to current good manufacturing 
practice (CGMP), as the use of DMSO has been found to be 
cytotoxic and the use of animal serum potentially exposes 
humans to viral and prion disease transmission. While no 
official CGMP guidelines have been published pertaining to 
adipocyte-derived stem cells, an investigation into using 
minimal concentrations of DMSO and allogeneic human 
serum has yielded promising results [27].

 Rules and Regulations

On July 1, 1902, the United States Congress passed the 
Biologics Control Act (BCA) in response to the deaths of 
children who contracted tetanus from contaminated diphthe-
ria vaccines. This became the first federal law requiring man-
ufacturers of biologic products to meet minimum safety 
guidelines. This law paved the way for several others that 

exist today, including the Federal Food, Drug, and Cosmetic 
Act (FDCA) of 1938. In 1944, the Public Health Service Act 
(PHSA) was enacted to consolidate and codify previous laws 
(including the BCA) on biologic products, adding safety 
measures to the licensing and production of biologic prod-
ucts. The National Institutes of Health initially policed the 
new regulations as outlined in the PHSA, but the FDA 
assumed this responsibility in 1972 and has continued to do 
so through to the present day.

The FDA regulates stem cell-based products under mul-
tiple avenues of regulatory authority, including the PHSA 
and FDCA. They are classified as part of a broader category 
of human cells, tissues, and cellular- and tissue-based prod-
ucts, from here on referred to as HCT/Ps. They are defined 
under the Code of Federal Regulations (21 C.F.R.1271) as 
“articles containing or consisting of human cells or tissues 
that are intended for implantation, transplantation, infusion, 
or transfer into a human recipient” [28]. Therapies using 
autologous cells and tissues were exempt from this definition 
until 2006, when the FDA changed the wording from “into 
another human recipient” to “into a human recipient.” The 
FDA has adopted a tier-based approach to regulate HCT/Ps 
based on their inherited degree of risk to patients. Low-risk 
HCT/Ps need to meet the criteria of being (a) minimally 
manipulated, (b) intended for homologous use, (c) not be 
combined with other reagents, (d) not have a systemic effect 
and is not dependent upon the metabolic activity of living 
cells for its primary function, and (e) for autologous or allo-
geneic use in close blood relatives. The HCT/Ps that meet the 
above criteria are regulated solely under section 361 of the 
PHSA, which includes guidance documents on preventing 
the introduction, transmission, and spread of communicable 
disease.

Any HCT/P that does not meet the above criteria is 
defined as a “biologic” and regulated under section 351 of 
the PHSA, subject to the same regulatory process as more 
traditional new investigational drugs. Their use requires sub-
mission and approval of a Biologics License Application 
(BLA), which involves preclinical followed by clinical stud-
ies and an Investigational New Drug (IND) Application 
review. This translates to a lengthy development-to-market 
time and high development costs, which are prohibitive to 
most regenerative medicine practitioners and clinics that 
offer stem cell-based therapies. Table  8.2 summarizes the 
key differences between “351” and “361” HCT/Ps.

Despite the specific definitions set forth to differentiate 
high- vs. low-risk therapies, controversy still exists over lan-
guage in the statutes. For example, “minimal manipulation” 
was defined as processes that did not fundamentally change 
the composition of the collected tissue. The FDA has listed 
examples of “minimal manipulation” as including cutting, 
grinding, sterilizing, and density-gradient separation, cen-
trifugation, cell isolation, and cryopreservation. However, 
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Table 8.2 Comparison of PHSA “361” vs. “351’“HCT/Ps

Low-risk HCT/Ps High-risk HCT/Ps
Exempt from PHSA Section 
351 regulations

Regulated under PHSA Section 351

NDA not required NDA required for premarket approval
(increased product conception to 
market time)

Manufactured under good 
tissue practices (GTPs)

Manufactured under GTPs and good 
manufacturing practices (GMPs)

High practicality Low practicality
Low cost High cost
Low therapeutic ceiling High therapeutic ceiling

using an enzymatic process to isolate a specific cell popula-
tion constitutes more than minimal manipulation. Enzymatic 
digestion of cord tissue prior to banking is a standard proto-
col of many tissue banks, and this practice seems to violate 
the FDA’s definition of minimal manipulation, but specific 
regulation of cord and adipose tissue is not well-established 
and the FDA has not explicitly banned this practice. Another 
example of ambiguity in the current definitions revolves 
around using stem cells for homologous function. This 
means that the stem cells used in therapy need to function as 
they would otherwise function in the body. This becomes 
problematic for cord tissue-derived MSCs, as the function of 
these cells is lost at birth. Thus, definitions for the use of 
nonumbilical cord blood-derived stem cells need further 
clarification so as to ensure that practitioners are compliant 
with federal regulations.

Since the 1990s, the FDA has shown interest in expanding 
its regulatory influences over cellular medicine therapies, 
and in 2008, it backed up this rhetoric when it filed litigation 
against Regenerative Sciences LLC [29]. This stem cell clin-
ic’s patented Regenexx-C procedure involved taking blood 
and bone marrow samples from patients, expanding them in 
culture, and returning them to the patients via injection to the 
site of injury some weeks later. The FDA notified the com-
pany that this process of cell harvest and expansion was out-
side the definition of minimal manipulation. Thus, in their 
view, Regenexx was offering a “biologic” product (as defined 
by the PHSA) to patients and subject to a premarket approval 
process. Regenerative sciences made a counterclaim that its 
methodology for stem cell harvest and processing fell within 
the scope of standard medical procedure, and therefore no 
new drug was being introduced to patients. After a six-year 
legal battle, the United States Court of Appeals for the 
District of Columbia ruled in favor of the FDA.

 Current and Future Directions

It is estimated that over 50 million Americans (or 1  in 5 
adults) suffer from osteoarthritis [30], and it is one of the 
most common complaints seen in pain management. The US 

government’s clinical trials database (www.clinicaltrials.
org) reveals 87 ongoing or completed clinical trials utilizing 
stem cells derived from bone marrow, cord blood, cord tis-
sue, and adipose tissue to replace worn-down cartilage and 
slow down the progression of arthritis. This represents one of 
the most active areas of research in regenerative medicine.

There is a general perception that the FDA approval pro-
cess for new drugs is slow and expensive. On average, it 
takes more than a decade and hundreds of millions of dollars 
to get from drug conception to market in the United States 
[31]. With massive support from pharmaceutical manufac-
turers, Congress enacted the Twenty-First Century Cures Act 
in 2016 in an effort to streamline the new drug approval pro-
cess and make promising treatments accessible to the general 
public faster. One provision of particular interest to the field 
of regenerative medicine gives the FDA authority to give cer-
tain biologics products “Regenerative Medicine Advanced 
Therapy” or RMAT designation. A drug is eligible for RMAT 
designation if the following criteria are met:

 (i) The drug is a regenerative medicine therapy, which is 
defined as a cell therapy, therapeutic tissue engineering 
product, human cell and tissue product, or any combi-
nation product using such therapies or products, except 
for those regulated solely under Section 361 of the 
Public Health Service Act and part 1271 of Title 21, 
Code of Federal Regulations.

 (ii) The drug is intended to treat, modify, reverse, or cure a 
serious or life-threatening disease or condition.

 (iii) Preliminary clinical evidence indicates that the drug has 
the potential to address unmet medical needs for such 
disease or condition [32].

As of 2018, 20 products have been granted RMAT designa-
tion. Although most of the conditions pain management physi-
cians see patients for are not serious or life-threatening, one 
biologic product that did receive RMAT designation is 
MiMedx’s Group’s AmnioFix® Injectable, a micronized amni-
otic tissue product aimed at treating osteoarthritis of the knee. 
There is also speculation within the industry that Tigenix will 
apply for an RMAT designation for Cx601, a local administra-
tion of expanded adipose-derived stem cells (eASCs) [33].
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Exosomes

Timothy Ganey, H. Thomas Temple, and Corey W Hunter

 Introduction

A discussion of exosomes in the context of regenerative 
medicine becomes challenging to entail without a context 
that enriches the story from where they emerge, how they are 
processed, what parts they might play, and what regulates the 
ecology that prioritizes their functional role in the nano-
sphere of being engendered in a living organism. Also evi-
dent from the work in exosomes is that cell products are 
inextricable derivatives of cell activity, cycle modulation, 
and reaction to metabolic shifts to the organism that result in 
systemic reaction. Over the past 30–35 years, the pendulum 
of cell biology shifted therapeutic strategy with the potential 
for stem cell therapy to afford a direct asset to clinical appli-
cations. Stem cell biology is a fascinating field of science 
that overlays traditional developmental biology, cutting edge 
genetics, but to date has relied on an intellectual extrapola-
tion of utility allowing one to visualize new organs generated 
with personalized stem cells, or complete rejuvenation 
devoid of the footprints of time. While such enthusiasm that 
has enabled excitement can be appreciated, it is equally 
important to respect the complexity of stem cells and to 
appreciate the inherent challenges of managing the magic.

The route of scientific development for the “bench to bed-
side” generally is sculpted through discovery of an unknown 
agent or idea, careful study in the laboratory conditions in 
defined conditions, and then scaling in animal models to 
understand systemic regulation before human testing for 

either safety or efficacy. What emerges from that scientific 
stew are clear understandings that the genetics of cell devel-
opment and systemic expression are intricate and convo-
luted, that successful results observed in lab animals (i.e., 
mice) do not always replicate in humans or predict similar 
outcomes, that transplanted cells do not always function in 
the expected manner  – sometimes, they develop into the 
wrong cells, or that freshly transplanted cells are outright 
rejected by our immune system.

As of 2019, cord blood therapies are the only FDA- 
approved, stem-cell based therapies in the United States, and 
they are limited to treating patients with blood disorders. In 
contrast, quasi-legal, stem cell clinics have been very quick 
to manifest a potential use across America with stem cell 
clinics number in the 700+ offering non-FDA approved ther-
apies in the United States. In a final point to introducing exo-
somes, Arnold Caplan, perhaps the most known individual in 
the field of stem cell use and credited for coining the term 
mesenchymal stem cell (MSC), now proposes that it is not 
the cell but the paracrine signaling potential of perivascular 
pericytes that is responsible for regenerative effect. Those 
signaling molecules, extracellular vesicles including mac-
rovesicles, microvesicles, and exosomes, represent a large 
factor in the activity that is likely an intermediary in never- 
ending chain of future elucidation.

Cell-based therapies and the field of regenerative medi-
cine for some time have been heralded as the coming pillar 
of medical care. In the course of time over which the trum-
pet has sounded, triumphs beyond blood diseases have been 
slow to arrive. With the passing of the twenty-first Century 
Cures Act, driven in large part by a desire to broaden the 
clinical reach of stem cells, the therapeutic basis for the cel-
lular products has accented debate. Such debate stems not 
only from clinical consideration, beneficial use, or efficacy, 
but enduring topics such as cell source, cell expansion, and 
even ethical considerations originally associated with using 
pluripotent embryonic cells remain harbored in regenerative 
medicine discussions. With that foundation, it is not surpris-
ing that most clinical trials utilize multipotent stem cells 

9

T. Ganey (*) 
Vivex Biomedical, Inc., Miami, FL, USA
e-mail: tim@bonepharm.com 

H. T. Temple 
Department of Orthopaedic Surgery, HCA Healthcare Inc.,  
Miami, FL, USA 

C. W Hunter 
Ainsworth Institute of Pain Management, New York, NY, USA 

Physical Medicine & Rehabilitation, Icahn School of Medicine at 
Mount Sinai Hospital, New York, NY, USA

© Springer Nature Switzerland AG 2023
C. W Hunter et al. (eds.), Regenerative Medicine, https://doi.org/10.1007/978-3-030-75517-1_9

mailto:tim@bonepharm.com
https://doi.org/10.1007/978-3-030-75517-1_9


90

anchoring performance expectations in the echo that in vitro 
experiments will mirror the many facets of living systems. 
The plant ecologist Frank Egler, aside from a life work in 
entomology and contributions to Rachel Carlson’s Silent 
Spring, remains recognized for his quip, “Nature is not more 
complex than we think, but more complex than we can 
think” [1].

The topic of exosomes, or exosome use for therapeutic 
care, is an emerging dynamic of past quarter century of cell- 
based strategies. In the confidence that regenerative medi-
cine can align illness and refresh health, support for nearly 
every cell-based therapy as useful in some application has 
been suggested; paracrine factors from those cells offer 
imposing potential to manipulate the margins of useful care 
(Fig.  9.1). With the likelihood of exosomes being used as 
extensions of cell approaches, sourcing derived from either 
autologous marrow or fat, or allogeneic cells harvested from 
a young, healthy, master donor, or cells selected, separated, 
identified, and expanded for off-the-shelf convenience are 
first choice considerations. Like issues with stem cell clinic 
appropriation, and despite an underlying intention to revive 
regenerative potential by imbuing new life force, the more 
resulting reality has accepted a strategy overhauled if not 
forged by the fire of policy. Noted earlier, with a single 
exception to cord blood cell approval via FDA oversight, 
ungoverned access has led outcome perceptions that trump 
realistic expectations treatment might afford, and in the pro-
cess have formulated a contradictory model for health care 
where the patient assumes the cost in a system that is decid-
edly tiered in third-party reimbursement. That market in the 
United States alone and separate from medical tourism 
approaches 300 M USD in revenue and remains shadowed 
by several billion-dollar global market that addresses cell 
acquisition, cell production in both expansion and subcul-

ture, and the cryoprotection of cells and cell products [2]. 
The use of exosomes is expected to parallel that utility, and 
applications of immune-oncology drive forge an entire exo-
some entity as an application.

Policy protects untoward use; no debate needed. But in 
scope, ideas, acceptance, and the stringent oversight designed 
to sieve suitable therapeutic use from risky and irresponsible 
marketing might also stunt inherent potential for advancing 
understanding. In particular, product commercialization in 
regenerative medicine has largely been drawn upon HCTP 
regulations that require less FDA approval. One downside of 
this direction of development is that without claims possibly 
gained through a Biologics License Application (BLA) , 
many treatments have been sustained by inference-based 
clinical anecdotes without detailing or even attempting to 
show how or why they work.

In most cases, this has resulted in a dearth of evidence to 
adequately assess the clinical use of cell products, not for the 
lack of interest in outcomes, but for the economics required to 
conduct trials under tight inclusion and exclusion treatment. 
Such protocols have defined the approval process but may 
inadequately mimic the larger population. There are several 
reasons that make this a critical consideration. FDA and the 
scientific process have long based biologic success from the 
expectation that a proof of mechanism can be defined. While 
a single variable within the architecture of defined laboratory 
testing could possibly predict a clinical response seasoned 
with “p-values,” authenticating complex biology that includes 
the dynamic of cell composition and performance would 
require a seer of nearly infinitesimal clairvoyance.

Choices that have been made seem purposeful; autolo-
gous stem cells offer the advantage of being immunologi-
cally matched but potentially limited in potency if harvested 
from older patients. Autologous stem cell approaches also 

Fig. 9.1 Exosomes are a 
form of extracellular vesicle 
(EV) released from most 
kinds of prokaryotic and 
eukaryotic cells. Once 
thought to be mere detritus 
from cellular metabolism, 
they are now linked with 
many critical forms of cell 
signaling and immune 
function and play a vital role 
in a host of diseases, 
particularly cancer, where 
they may act to aid metastasis 
and thwart anticancer 
therapies. Graphic by Jason 
Drees
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have the disadvantage of being difficult to standardize and 
scale, with quality assurance infrastructure hurdles that may 
limit widespread use by cost as much as efficacy. In disease 
modifying therapies (DMT) such as those employed for 
treating multiple sclerosis (MS), stem cell therapy has 
offered an effective regenerative action that overcomes limi-
tations of currently available therapies. Now available all 
over the world, the cost of treatment varies in every country 
as per its own regulations and policies. Direct and indirect 
health care costs range from US$8528 to $54,244 per patient 
per year in the United States, with MS ranking second only 
to congestive heart failure in terms of price when compared 
with other chronic conditions [3, 4].

Because primitive cells have relatively few surface anti-
gens and do not trigger acute immune responses, allogeneic 
transplants provide an attractive alternative, with the pre-
sumed benefit of being sourced from younger, healthier 
donors. Improved manufacturing margins also make alloge-
neic approaches an appealing model from a commercial per-
spective. As allogeneic cells engraft and differentiate, 
however, they can begin to express surface markers that are 
recognized by the immune system. So, while allogeneic stem 
cells may provide a powerful, short-term paracrine signal 
that may avoid triggering significant acute immune responses, 
long-term effects have been insufficiently studied to know 
whether either function or transparency will diminish over 
time.

Among the most avid customers for stem cell and platelet 
treatments are people with arthritis or sports injuries, those 
who find that mainstream medicine does not provide lasting 
relief. More than 30 million people in the United States suf-
fer from osteoarthritis, including 14 million with bad knees. 
More than 700,000 knees are replaced in the United States 
each year, and more than half a million hips, according to the 
Arthritis Foundation. It is not surprising that a population of 
magnitude and prevalence will not seek out remedy for 
debilitating function.

In this regard, patients rely on testimonials and other 
informal evidence. But experts return to the admonition of 
use, cautioning that word-of-mouth experiences are not a 
substitute for rigorous studies; and in the context of contain-
ing policy, there are few abstaining from opinion in this 
forum. In many regards, the tide of caution protects the eco-
nomics of expectations and actuarial economics of health-
care. A recent quote from the Center for Medical Technology 
Policy offers, “The power of anecdotes is just amazing when 
it just catches on.” As a nonprofit research group funded by 
pharmaceutical and reimbursement agencies, it is important 
to resist taking exception to comments such as, “This is how 
snake oil has been sold for generations” [5]. Perhaps there is 
enormous hubris in all technology and only with better 
understanding do we accept the new and notice the naïve we 

have accented as state of the art. In a cynical context, an 
argument could be made that the body of knowledge for-
warded from the past as innovation has been reluctant to 
separate the methods used to define it. Carried to the extreme 
analogy, extrapolating the way medical specialties have tra-
ditionally arisen, advances in technology support the expan-
sion of knowledge in care delivery. For example, Röntgen’s 
discovery of X-rays in 1895 provided an invention so remark-
able that many did not believe the first reports of its use, 
referred to it mockingly as Dr. Röntgen’s “alleged discovery 
of how to photograph the invisible” [6]. First radiologists, 
and now interventional radiologists, offer the intercept of 
acceptance of discovery that has evolved as imaging and 
medical intervention. More cautionary technologies bear 
merit as well. António Egas Moniz, a Portuguese neurolo-
gist, performed the first modern lobotomy, severing neural 
connections in the brain’s frontal cortex to treat delusional or 
violent patients. Despite a lack of training as a surgeon, 
Moniz was awarded the Nobel Prize in Medicine or 
Physiology in 1948 for his invention [7]. A sequel society to 
lobotomists thankfully collapsed. And while the currency of 
creativity is rarely recognized at the outset, scientific process 
and hypotheses spring forward.

A similar revolution of understanding has emerged that 
has captured the interest of scientists, clinicians, industry, 
patients, and conjugally regulatory and reimbursement spe-
cialties as well. Unmasking the marvel of cell therapy has 
given paracrine function a bright introduction as a mecha-
nism for cell therapy, complementing that measure of suc-
cess with a cell communication language. Placed in the 
context of what is known about stem cells, or about extensive 
potential, where do exosomes fit in. They certainly are not 
tucked into a remote vacuum of the biologic process, and as 
conjugate as gear teeth auger biologic process in predictable 
patterns that in turn will fail to acknowledge or even be aware 
of the next truth to be elucidated.

Three basic premises are accepted in defining a stem cell. 
First is self-renewal: stem cells divide to produce identical 
daughter cells and thereby maintain the stem cell popula-
tion. Second, stem cells divide asymmetrically to yield an 
identical cell and a daughter cell that acquires specific mor-
phology, phenotype, and physiological properties that cate-
gorize it as a cell belonging to a particular tissue. The third 
property of stem cells is that they may renew the tissues that 
they populate. This asset in the evolution of understanding 
stem cells offers growing support that phenotypic expres-
sion can occur via lateral genetic transfer in secretion and 
inclusion of liposomal inclusions. And that is where exo-
some biology has served as a translator of potential that 
accommodates recognition, accentuates regeneration, and 
accounts potential for restorative potential for diminishing 
tissue performance.

9 Exosomes
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 Indications

Under current regulations, FDA has defined therapeutic 
claims based on the use of exosomes to be regulated as a 
biologic [8]. Clearly, without an overture to remove exo-
somes and given their role in cell-cell communication, there 
has been exosome transplantation since the advent of 
allograft tissue use. It is similarly apparent that the ubiqui-
tous literature on serum-supported cultures has also contrib-
uted to elaboration of cell roles in regeneration as it is known 
that content, activity, and cell reaction are all governed by 
exosome content in serum and that serum content has been 
developed as well as a diagnostic tool [9].

Indications for use transcend musculoskeletal as would be 
expected, given their universal tissue presence in organ, tis-
sue, cells, blood, and lymphatic location. At the time of this 
publication, there are more than 70 current studies ongoing 
in the United States on a variety of indications that span a 
range of sources of exosomes and tissue types to be treated. 
It is not surprising that exosomes derived from plant material 
are similarly being investigated for therapeutic, nutritional, 
or cosmetic uses [10]. A recently published review addresses 
the endogeneity and heterogeneity of exosomes affording 
extensive and unique advantages in the field of disease, diag-
nosis, and treatment. That offered, however, the authors has-
ten clarity on understanding the storage stability, low yield, 
low purity, and weak targeting of exosomes that limit current 
clinical applications [11].

Exosomes have a wide utility due to the general ease of 
use – this ranges from hair loss and general cosmetic use to 
osteoarthritis and chronic obstructive pulmonary disease 
(COPD). It should be noted that many of the “uses” of exo-
somes are still under investigation in the United States and/
or considered “experimental” at the time of this publication 
(i.e., cancer, chronic kidney disease, bronchopulmonary dys-
plasia, genetic disorders, etc.).

Many of the popular musculoskeletal uses of exosomes 
do not have a great deal of data. For example, exosomes are 
commonly offered for osteoarthritis (OA) . While this is a 
generally benign diagnosis for one to attempt regenerative 
therapy, there is very little data to support the use of exo-
somes. In fact, exosomes are an intercellular communication 
mediator that is known to contribute to and maintain 
OA. There is some animal research to suggest that exosomes 
may slow the progression of early osteoarthritis and prevent 
severe knee articular cartilage damage; however, nothing has 
been formally studied in humans to show this benefit. As 
such, the authors do not recommend using exosomes for the 
treatment of joint OA at this time.

Based on the currently available data, the following is a 
list of possible indications with which exosomes could be 
potentially considered:

• Rotator cuff tendinopathy – specifically the supraspinatus 
(based on animal studies using tendon-derived 
exosomes)

• Osteoporotic fractures via upregulation of osteoblast 
genes (based on animal studies)

• Achilles tendonitis or tendinosis (based on animal 
studies)

• Decrease muscle atrophy and improve muscle regenera-
tion associated with rotator cuff tears (based on animal 
studies using adipose-derived exosomes)

• Muscle strain (based on animal studies in the tibialis ante-
rior using exosomes derived from platelet-rich plasma 
and mesenchymal stem cells)

• Skeletal muscle atrophy and/or defect (based on animal 
studies using exosomes derived from mesenchymal stem 
cells)

Please make note that the evidence for the above indica-
tions is basic science level and only studied on laboratory 
animals – not in humans. As such, caution should be taken to 
utilize exosome therapy within the confines of federal and 
state guidelines.

 Future Perspectives

Data suggests that EVs and exosomes may have clinical 
applications. EVs and exosomes

have many characteristics that make them ideal drug- 
delivery vehicles: they can contain both proteins and genetic 
material, are well tolerated in the body as demonstrated by 
their presence in all biological fluids, and are able to cross 
the plasma membrane to release their contents within target 
cells. Because of the lack of size limitations, the intrinsic 
ability to target tissues might be modified to enhance cell- 
type specific targeting. Commercial stem cell and viable 
allograft products today contain exosomes. Given the chal-
lenge of separating them from cell preparations, they are an 
endemic component of tissue transfer products. It is also 
known that donor material from tissue banks is laden with 
exosomes and microRNA material as well. It is not surpris-
ing to understand that transfer of allograft material, sourced 
from non-self donor, constitutes an exosome-based lateral 
gene transfer. A similarly acceptable premise given the dem-
onstration of exosome transfer is that tissue pairing might be 
used to define the direction if not the dimension of differen-
tiation and phenotypic adoption. As immunogenicity is low, 
thus facilitating the use of allogenic donors, isolated cells 
might be expanded, manipulated, and modified to affect spe-
cific EVs for defined targets [12].

This hypothesis opens novel therapeutic opportunities, 
given that the harvested EVs can also be modified by the 
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addition of mRNA or miRNA, or by loading with therapeutic 
drugs [13, 14]. Several considerations for exosome delivery 
have been proposed, either in vivo during their biogenesis or 
in vitro after their purification although the in vivo drug load-
ing of both EVs and exosomes requires an in-depth under-
standing of their biogenesis [15]. The final step is that 
administration of EVs depends on the target disease; EVs 
administered intravenously or intranasally cross the blood- 
brain barrier and can deliver the cargo directly into the brain 
[16]. In vivo studies have already demonstrated the benefi-
cial effects of intravenously injected exosomes in tissue 
repair [17].

In conclusion, EVs and exosomes released from stem 
cells mimic the effect of the cells, suggesting a potentially 
valuable role in regenerative medicine. It is however essen-
tial to understand the mechanisms responsible for micropar-
ticle release and the selective enrichment of paracrine factors 
and RNAs. Most cell types have been shown to release exo-
somes into the extracellular environment. Possible advance-
ments over natural exchange might offer the inclusion of 
proteins and nucleic acids within EVs that would further pro-
tect them from the extracellular environment during early 
phases of inflammation.

Exosomes demonstrate several possible advantages over 
stem cells in terms of their use in regenerative medicine. 
Importantly, they are more stable and induce stronger signal-
ing and are produced in higher concentrations than stem 
cells. Additionally, exosomes as delivery vehicles possess 
intrinsic homing abilities relative to other synthetic particles, 
thus avoiding unwanted accumulation in organs other than 
the target tissue. They demonstrate no inherent toxicity, are 
not associated with any long-term maldifferentiation, and 
carry little risk of immune rejection following in vivo allo-
genic administration [18]. Progenerate effects mediated by 
EVs might gain imposing potential introducing drugs, in 
addition to extant miRNA and autologous cargo involved in 
healing and regeneration. Further studies are needed to fur-
ther clarify the stimuli and pathways regulating the assembly 
of bioactive molecules within vesicles. Understanding the 
subtleties of generative response tolls a language that baffles 
the borders of collective thought. Taking for granted a single 
signal–single response is insufficient strategy to translate the 
next iteration of biology.

In the understanding of the communication, do the signals 
triggering their release adhere to a more complex physics of 
membrane charge, juggling anionic and cationic balance as 
the fine-tuning mechanism? Using the empiric of 3000 exo-
somes of 100 nanometer from each cell, a stimulated 
exchange of 31,400 nanometers could be considered. Using 
a 30-micron cell as a nominal size (and with the shape sim-
plicity of a sphere considered, 15,000-nm radius), a surface 
of 2.82 billion square nanometers emerges as nearly 0.11% 
of surface area of a cell. Although this seems an inconse-

quential contribution, novel work underway examining the 
heterogeneous distribution of lipids has begun to calibrate 
the impact of membrane charges on regulating the associa-
tion of proteins with the plasma membrane [19]. Charged 
lipids are asymmetrically distributed between the two leaf-
lets of the plasma membrane, resulting in the inner leaflet 
being negatively charged and a surface potential that attracts 
and binds positively charged ions, proteins, and peptide 
motifs. These interactions not only create a transmembrane 
potential but also facilitate formation of charged membrane 
domains. Other investigations have evaluated cell protec-
tants, charged coatings, as a means of integrating charge 
variation as a direct correlate of exosome size and charge 
[20]. The context of charge, time varying change, cargo 
deployment, and physics attends a unique conjunction of 
biology that shifts the paradox of paracrine to a much deeper 
entrenchment that is based on voltage and physiology.

The detail needed to understand more fully remains stag-
gering, but the thrust and vector of regenerative care con-
tinue to pursue health that even if asymptotic is directional to 
provide a higher level of health and healthcare.

 Microanatomy and Biochemistry

Cell-to-cell communication has been known for some time 
to coordinate development among different cell types within 
adult tissues. Cells have been known to communicate via 
secreted molecules and by cell surface molecules, or by 
direct cell-to-cell contact by specialized molecules in con-
nected channels that syncopate both charge and attachment 
to vary membrane current, protect the phenotypic physiol-
ogy needed to buffer complex conditions, and facilitate an 
exchange of cell activity and cycle in a reciprocity that is 
both restorative and resolvable [21]. These molecules control 
cell migration, proliferation, differentiation, and apoptosis 
with inherent variation to tissue type but sustain an emphasis 
where sustainable biologic resolution does not sacrifice the 
integral nature of the organ to preserve the individual cellular 
makeup. Recognizing biologic integration aside from the 
immediate adjacency to cells led to the discovery of the 
extracellular matrix (ECM) interaction and its mediation by 
a broad spectrum of receptors including syndecans, dystro-
glycans, and integrins [22]. This understanding occurred as a 
parallel ascent of discovery, wherein research and innovation 
uncovered still another codex of biologic communication 
that emerged in the broad description as paracrine was fur-
ther identified as extracellular vesicles.

Microvesicles released by cells represent the evolving 
mediator of cell-to-cell communication and are also an inte-
gral part of the intercellular microenvironment [23–25]. This 
new scenario accentuates an understanding of signal and 
molecule transfers between cells, not only locally but more 
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importantly over distances connecting organs as much as 
cells. The presence of microvesicles in the extracellular 
space was initially reported by Chargaff and West, as a pre-
cipitable factor in platelet-free plasma and then again in 
1960 [26, 27]. For many years microvesicles were consid-
ered to be inert cellular debris until De Broe et al. suggested 
that microvesicles released from human cells may result 
from a specific process [28]. It is now accepted that most cell 
types release microvesicles (e.g., epithelial [29], fibroblast 
[30], hematopoietic [31], immune [32], tumor [33]), and 
recent studies indicate that these vesicles may have crucial 
roles in both physiological and pathophysiological processes 
in the emerging biology of stem cells [34].

 Paracrine Expression and Phenotypic 
Modulation

Within the metric of a nano dimension, exosome biology 
illuminates a bright potential; − latent context of ever smaller 
indivisibles that might be used to govern fate, or at least help 
conquer control of errant processes. As an extension of the 
reductionist empiric to think of “Biology, as the most lawless 
of the sciences” according to Mukherjee [35], enabling a 
potential that continues to contend for conscripted under-
standing does not seem a reach but again contends for the 
visage of technology so impressive that it seems nearly 
magic.

Research follows the imagination and fortunately the 
original illumination affords many a better view. Over the 
past 5 years, the focus on exosomes as sources of gain of 
function biologics has soared. Publications in this field have 
reached nearly 1000 manuscripts per year and continue to 
grow as more information emerges and more interests attend 
better understanding. In the context of the chapter heading, a 
short description of exosomes will introduce activity, modu-
lation potential, and give a few examples currently being 

developed based on both in vitro and in vivo observations. 
Cardiovascular, liver, neuroscience, orthopedics, and inter-
vertebral disc applications span the breadth of interest and 
broad applicability. Secretion of cytoplasmic components in 
encapsulated membrane vesicles is emerging as 
 acknowledged pathway of cell-cell communication. Bearing 
the heritage of phylogenetic conservation tracing back to 
bacteria, almost all living cells secrete membrane vesicles 
with functions varying from defense against viral attack, 
exchange of genetic material, and transfer of neurotransmit-
ters or cytokines to more capricious characterizations as phe-
notypic inflection and durable maintenance of physiology 
[36, 37]. Lane links several existing treatises as a cogent 
argument for endosymbiosis and eukaryotic existence. His 
contention of lateral transfer, amoebic fusion, and nuclear 
membrane chimerism to accent energy support for cytoskel-
eton elaboration offer fascinating contexts for regenerative 
medicine. Given the understanding of cell metabolics, he 
cleverly demonstrates purpose in attachment and conveyance 
as more valuable than duplication of DNA and cell division. 
The thesis at every step is about proton transfer and avoiding 
the efficiency of entropy.

Although all cells sustain the function, mammalian cells 
export three types of microvesicles (MV): exosomes, mic-
roparticles, and apoptotic bodies, each originating from dif-
ferent subcellular compartments (Fig. 9.2). Exosomes differ 
in the presence of certain markers on the their surface - exo-
somes contain proteins such as CD9, CD63, Alix, flotillin-1, 
Tsg101 and clathrin and low amounts of phosphatidylserine, 
while microvesicles expose high amounts of phosphatidyl-
serine, and feature proteins associated with lipid rafts and are 
enriched in cholesterol, sphingomyelin and ceramides [38, 
39]. Both exosomes and microparticles contain coding and 
non-coding RNA (microRNA) in addition to proteins and 
lipids with biological functions.

Apoptotic bodies originate in membrane blebbings pro-
duced by the cells undergoing cell death and are much larger 
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Fig. 9.2 Schematic representation of extracellular vesicles. From: 
Gurunathan et al. [61]. This is an open access article distributed under 
the Creative Commons Attribution License which permits unrestricted 

use, distribution, and reproduction in any medium, provided the origi-
nal work is properly cited (CC BY 4.0)
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than exosomes and microvesicles (500–2000 nm in diame-
ter). They contain cytoplasm with packed organelles and 
may contain nuclear fragments, essentially strategic packag-
ing to prevent leakage of cell content and avoid inflamma-
tion. Understanding the structure and some of the 
biochemistry is instructive, but grasping the biologic impetus 
for release and harnessing the technology to predictably rep-
licate or simulate cell strategy are the technologies that 
beckon.

Early work focused on diagnostic potential as a means of 
predictive analytics to align membrane presence with spe-
cific malady. Alterations in count and conditions lead to sev-
eral observations of vesiculation and conditions causal to 
alterations of the MV content responsive to shear stress and 
even storage conditions [40, 41].

Exosomes are small vesicles (30–150  nm) containing 
sophisticated RNA and protein cargos (Fig. 9.3). Secreted by 
all cell types in culture, they are found naturally in body flu-
ids, including blood, saliva, urine, CSF, amniotic fluid, and 
breast milk. MSCs also synthesize and secrete functional 
exosomes that are cholesterol-rich phospholipid vesicles. 
Steering within the dimensions of regenerative medicine in 
the context of extending mechanism to the use of clinical use 
of stem cell products and outlining where mesenchymal stem 
cells have been considered for therapeutic intervention pro-
vides a somewhat restrictive discussion that is manageable 
and applicable to wider evaluation.

Arnold Caplan is credited with establishing a large pres-
ence of mesenchymal stem cell awareness and he is recog-
nized internationally for his contributions to the science of 
stem cells. Coining the term MSC, an entire sector of regen-

erative biology was borne on the premise that specific cells 
are endowed with pluripotency and remain responsive to 
injury to the extent of modeling to mend. In works too 
numerous to cite, he opened many minds to the potential for 
cell-based therapy to auger an evolution of care in regenera-
tive applications [42–45]. The fruition of thought has been 
self-evident in a very public and progressive understanding 
of the field based on emerging biology – developing first as 
cell registration or identity as the guide to activity and evolv-
ing as a description of Medicinal Signaling Stores (MSC 
remains the same acronym) as drug stores for sites of injury 
or inflammation [46]. In essence, perivascular cells have 
assumed an identity responsive as site-regulated, multi-drug 
delivery vehicles. MSCs in the activation and transitions to 
bone are guiding not only the osteogenic but trophic and 
immunomodulatory functions as well – nominally functional 
in resonating potency, but no longer stromal cells. These 
cells are responding to small packets of RNA packaged in 
lysosomal inclusions known as exosomes. An awareness that 
cell-to-cell transport will stimulate adoption in record time 
developed a basis seeded in a foundation of biologic regen-
eration – long ago accepted as a strategic initiative to eclipse 
device-based replacement. Occurring in balance and recog-
nizing Janus-like dual functionality of TGF-β (pro-differen-
tiation, growth-promoting, wound repair contrasted to 
anti-proliferation and pro-cell death), a foreshadowed con-
text and concentration dependency served a concept that 
diverse functions impacting multiple cell types including 
immune function occur with regularity. Recent advances in 
understanding SMAD activities in the nucleus are beginning 
to reveal the molecular basis of the pleiotropic function of 
TGF-β and its ability to both promote and buffer functions 
(Fig. 9.4) [47].

Although the transition of attributing cell therapy mecha-
nism to exosomal transfer of potency is in its infancy with 
regard to therapeutic translation, the role of MiRNAs in post- 
transcriptional regulation of gene expression has been impli-
cated in the pathogenesis of disease for some time [48, 49]. 
Bone marrow-derived MSCs release exosomes that can pro-
mote breast cancer cell dormancy in a metastatic niche or 
protect the vascularization and suppress risk [50]. In keeping 
with the likelihood that cells considered as sources for cell 
therapy will be adopted similarly for exosome consideration, 
adipose MSCs also have been shown to secrete exosomes 
and microvesicles, and in turn regulate angiogenic potential 
of MSCs [51]. Moreover, injection of exosomes from MSCs 
into stroke rats has similarly been shown to relieve symp-
toms by promoting angiogenesis, neurite remodeling, and 
neurogenesis [52]. The precise molecular mechanics for 
their secretion and uptake, as well as their composition, 
“cargo,” and resulting functions, is incompletely understood 
and has only begun to be unraveled. Exosomes are viewed as 
specifically secreted vesicles that enable intercellular com-

Fig. 9.3 Exosomes are small vesicles (30–150 nm) containing sophis-
ticated RNA and protein cargos (Fig. 9.2). Secreted by all cell types in 
culture, they are found naturally in body fluids, including blood, saliva, 
urine, cerebrospinal fluid, amniotic fluid, and breast milk. Note legend 
and scaling in this magnification. Image courtesy of Renaud Sicard
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Fig. 9.4 Effects of MSCs on vasculature. MSCs secrete exosomes that 
facilitate endothelial cell migration, and thus contribute to vasculariza-
tion. Angiogenic action of MSCs is mediated by MSCs-secreting EVs 
and MVs. MSCs generate exosomes and paracrine factors to inhibit 
HIMF and Smad2, exerting an effect as antivascular remodeling; in 

essence vascular suppression, effect, and balance wholescale ramifica-
tion of endothelial sprouting (MSC) – Mesenchymal Stem Cell; (MV) – 
MicroVesicles; (HIMF)  – Hypoxia-Induced Mitogenic Factor; 
(Smad-2)- signal transduction factor for the (TGF-B) –transforming 
growth factor beta

Fig. 9.5 Mechanisms 
whereby EVs achieve biologic 
effects. EVs activate cell 
signaling by physical 
ligand-receptor interactions, 
or by fusing with their target 
cells and transferring their 
contents. They may also be 
endocytosed by the target 
cells or may release their 
contents into the extracellular 
space. Dotted line depicts and 
delineates three mechanisms 
of exosome-cell effects

munication and have become the focus of exponentially 
growing interest, both to study their functions and to under-
stand ways to use them in the development of minimally 
invasive diagnostics (Fig. 9.5).

It is indisputable that embryology is little more than an 
orchestrated wave of cell expansion, organ differentiation, 
coalescing form that inevitably gives way to loss of function, 
deterioration or disease, and extinction of body shape that 
had provided the resonance we recognize as individual iden-
tity. The model for regeneration has been to auger the echo of 
development as a reset that will allow rejuvenated potential 
to use tissue morphology as the cornerstone and scaffold to 

reflect both size and anatomical appropriate anatomy. Some 
of the first cells to be used as an “adult stem cell” have taken 
advantage of the isolation and awareness of adipose, umbili-
cal cord, and bone marrow stem cells and the possibility of 
banking for future autologous use or for allogeneic applica-
tions, given the low risk of immunologic rejection and the 
relatively “naïve” state of development.

Recent attention has focused on the capacity of EVs to 
alter the phenotype of neighboring cells to make them resem-
ble EV-producing cells. Stem cells are an abundant source of 
EVs, and the interaction between stem cells and the microen-
vironment (i.e., stem cell niche) plays a critical role in deter-
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a b

Fig. 9.6 Inter-cellular material exchange. (a) Bone marrow isolated 
cells and commercially available mesenchymal stem cells were co- 
cultured for 3 days. Bone Marrow cells were stained with DIL (fluores-
cent lipophilic cationic indocarbocyanine dye) and MSCs were stained 
with CFDA (Carboxyfluorescein diacetate) to highlight actin filaments. 

(b) Exchange between cells of different origin apparently shares exo-
some and cellular material is evident under fluorescent illumination 
demonstrating the transfer of material from the bone marrow lineage to 
the mesenchymal cell lineage

mining stem cell phenotype. The stem cell niche hypothesis 
predicts that stem cell number is limited by the availability of 
niches releasing the necessary signals for self-renewal and 
survival, and the niche thus provides a mechanism for con-
trolling and limiting stem cell numbers. EVs may play a fun-
damental role in this context by transferring genetic 
information between cells. EVs can transfer mRNA and 
microRNA to target cells, both of which may be involved in 
the change in target-cell phenotype toward that of 
EV-producing cells. The exchange of genetic information 
may be bidirectional, and EV-mediated transfer of genetic 
information after tissue damage may reprogram stem cells to 
acquire phenotypic features of the injured tissue cells 
(Fig. 9.6). In addition, stem cell–derived EVs may induce the 
de-differentiation of cells that survive injury by promoting 
their reentry into the cell cycle and subsequently increasing 
the possibility of tissue regeneration. The functions of extra-
cellular vesicles depend on the phenotype of their parental 
cells. Although their cargo reflects the cell from which they 
were released, selective enrichment of specific molecules 
has been shown to occur [53]. Ongoing work has shown that 
both somatic and tumor cells are capable of exchanging exo-
some material [54].

EVs influence target-cell behavior in several ways. They 
can act as a signaling complex, transfer membrane receptors 
between cells, deliver proteins to target cells, and modify the 
receiving cells by horizontal transfer of genetic information. 
Membrane vesicles act as signaling complexes during devel-
opment. EVs play an important role in developmental signal-
ing and morphogenesis in multicellular organisms [55]. The 
formation of morphogen gradients is essential for tissue pat-
terning, and morphogens are generally released from pro-

ducing cells and spread through adjacent tissues. For 
example, some cells express developmental gradients during 
tissue differentiation by secreting specific proteins such as 
Hedgehog, Wingless, or Decapentaplegic [56]. Morphogens 
tightly associated with the cell membrane are released via 
morphogen-enriched vesicles, thus creating a morphogen 
gradient. This functional facet of vesicle and exosome tech-
nology in regenerative medicine is an exceptional and 
intriguing context to consider. Can an acellular product com-
plement, or even replace, the use of cells?

Work in this area is just emerging but direct experience 
makes one caution the classic transitive assurance that 
 conditions and outcomes are identical. Biological nanopar-
ticles are such a rapidly growing area of research in the life 
sciences and nanomedical field that in vitro measurement 
of multiple physical parameters such as size, concentra-
tion, surface charge, and phenotype characteristics has 
developed technology to match the interest. Particle Metrix 
ZetaView® (Particle Metrix, Inning, Germany) was used 
to for isolating exosomes from bone marrow and to quan-
tify as approximately 3000 per cell. Given that calculation, 
acellular tests were run for osteoinductivty using a stan-
dard alkaline phosphatase assay for OI. Biologic activity at 
dosages in the 10 billion exosomes was as bioactive as 
50 ng of BMP-4. Considering the number of cells required 
to yield a similar exosome count, three million cells would 
be needed. What makes the story compelling is that exomes 
are thermostable and retain potential during storage. 
Noting briefly the stem cell market valuation and the 
dependence on cryoprotection, such possibility is appeal-
ing and economically attractive to broader distribution 
with less cost.
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 Basic Concerns and Contraindications

Given the prevalence of exosomes, it should not be surpris-
ing that tumor cells can also secrete a large number of exo-
somes, and the specific antigens on their surface can reflect 
the nature of donor cells [57, 58]. Therefore, tumor exosomes 
have attracted great attention in cancer research. Tumor exo-
somes not only play an important role in the process of tumor 
growth, metastasis, and immune regulation but can also 
monitor the development of diseases and serve as diagnostic 
markers for diseases [59]. Not intending to castigate the use 
of exosomes to risk, the message is to underscore the need 
for critical understanding of the diagnostic potential enabled 
by identifying. As exosome therapeutics has yet to emerge 
from clinical trials, as an immature field it will need time for 
the technology approval to balance the biologic potential. As 
such, the use of exosomes should be limited to research and 
clinical trials.

 Equipment, Techniques, Extraction, 
and Purification

Given the surging in-depth studies of exosomes, potential 
application value has been continuously tapped and unique 
and diverse technologies have been applied to amplifica-
tion, identification, collection, and delivery possibility, all 
critical to the regulatory approval where purity, stability, 
potency, and predictability are critically assessed. 
Reproducible isolation and enrichment of exosomes will 
help assess their biological functions and elucidate what 
can be predictably and safely administered. However, as 
exosomes are heterogeneous in size, content, function, and 
source, the metrics mentioned are challenging if not diffi-
cult to develop [60].

Currently, the science of efficiently enriching exosomes is 
a major issue and one which is crucial for downstream analy-
sis of exosomes. For different purposes and applications, dif-
ferent isolation methods are selected, among which 
ultracentrifugation, size-based isolation techniques, polymer 
precipitation, and immunoaffinity capture techniques are 
more commonly used. The separate discussion of these tech-
niques strays from the topic intended. A process hastened 
beyond understanding carries risk, and exosomes are in 
many regards able to laterally shift genetic material that 
alters phenotype. While exosomes have always been an 
extant asset of biological systems, modification and metrics 
of identified functions are incompletely understood. A future 
of designer exosomes might one day capitalize on unique 
therapeutic specificity. For now, the narrow province of 
understanding is not nested in the broad universe of antici-
pated uses. As information is gathered, and proofs accepted, 
exosome therapeutics will hopefully be a mainstay of inter-
ventional medicine.
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Basics of Ultrasound

Anthony Tran and Amitabh Gulati

Introduction

The scientific origin behind medical ultrasound can be attrib-
uted to the year of 1793 when Lazzaro Spallanzani observed 
that bats were able to navigate in complete darkness while 
blindfolded but were unable to do so with waxy ear plugs [1]. 
Thus, he concluded that the ability to hear was critical for 
bats to navigate. More than seven decades later, a seemingly 
unrelated discovery was made by Pierre and Jacques Curie 
termed the “piezoelectric effect”, a physical property of cer-
tain solids (e.g., crystals) that enable the conversion of 
mechanical energy to electrical energy in a reversible man-
ner [2]. The application of the piezoelectric effect with the 
concept of sound as a navigation tool took shape during 
World War I (1914–1918), in efforts to detect submarines 
[3]. Piezoelectric-compatible crystals were exploited to cre-
ate a transducer able to receive electrical energy from the 
ship’s engine and in-turn produce mechanical energy in the 
form of sound waves. These sound waves could be emitted 
underwater, reflect off surfaces, and bounce back to a receiver 
on the ship. The returning sound waves could then be recon-
verted to electrical energy and the amount of time required to 
receive the echo could be used to calculate the distance 
between the ship and an object. It was not until nearly three 
decades after the start of World War I, did the first docu-
mented application of sound for human medical diagnosis 
emerge. Adopting similar ideas from ship navigation, 
Austrian neurologist (Karl Dussik) attempted to detect brain 
tumors within a human skull by directing sound waves 
through patients’ heads and analyzing the echos [4]. In the 
decades following Dr. Dussik’s efforts, technological 
advancements to be further discussed in this chapter have 

enabled the routine use of sound for diagnostic and image 
guidance purposes in clinical medicine.

Contemporary utilization of sound for medical diagnosis 
and procedural guidance utilizes the general concept of a 
transducer to emit sound, but also to capture reflected sound 
signals and funnel information to a central processing unit 
(CPU) for image generation. In order to understand how an 
image is generated, the basic physical properties of sound 
need to be introduced.

Sound is described as mechanical energy that propagates 
longitudinally via compressions and expansions of mole-
cules within a given medium [5]. Sound can be illustrated 
using a sinusoidal curve to illustrate the cyclic fluctuation of 
pressure with time (Fig.  10.1). A sound wave has various 
descriptors including volume (amplitude), distance between 
two adjacent points in a wave (wavelength), and number of 
repeated wave cycles that occur in 1 second (frequency) in 
unit Hertz (Hz). The human hearing range for sound is 
described to be between 20 Hz and 20,000Hz [6]. An ultra-
sound, therefore, is sound beyond the audible range of 
humans. In the context of ultrasound image generation, the 
amount of detail within an image (resolution) and the depth 
of the scanning area achieved (penetration) are interrelated 

10

A. Tran 
New York-Presbyterian/Columbia and Cornell, Department of 
Rehabilitation Medicine, New York, NY, USA 

A. Gulati (*) 
Memorial Sloan Kettering Cancer Center, Department of 
Anesthesiology and Critical Care, New York, NY, USA
e-mail: gulatia@mskcc.org

Fig. 10.1 Sound wave characteristics. Wavelength (λ) is the distance 
between two adjacent points in a wave. Amplitude is the distance from 
origin to crest/trough

© Springer Nature Switzerland AG 2023
C. W Hunter et al. (eds.), Regenerative Medicine, https://doi.org/10.1007/978-3-030-75517-1_10

mailto:gulatia@mskcc.org
https://doi.org/10.1007/978-3-030-75517-1_10


104

to ultrasound frequency. While frequency is directly related 
to resolution, it is inversely related to penetration. That is, 
higher ultrasound frequencies produce higher resolution 
images with lower depths of scanning. The behavior of sound 
within the human body is dependent on the tissue of which 
the sound is propagating. As sound propagates through tis-
sue, there is gradual loss of energy (attenuation) and some of 
the sound waves bounce back (reflection) or deflect obliquely 
while passing from one tissue type to another (refraction). 
There are various tissue types within a human body and the 
degree of resistance of an ultrasound beam through a particu-
lar tissue type (acoustic impedance) is illustrated in 

Table 10.1 [7, 8]. Generally, the larger the difference between 
acoustic impedance between two tissue types, the increased 
proportion of reflected sound waves which correlate with 
signal intensity. Typically, ultrasound images are depicted in 
a gray scale continuum with brighter shades of gray indicat-
ing higher intensity and darker shades indicating lower 
intensity of signal. Therefore, a medical ultrasound image 
can be thought of as a compilation of reflected ultrasound 
waves of varying signal intensities from tissues and struc-
tures within the body. Let us explore this idea further by 
evaluating an ultrasound machine.

Equipment Ultrasound machines come in many different 
shapes and sizes. Fortunately, there are commonalities with 
ultrasound machines that often remain consistent regardless 
of make. An ultrasound transducer enables real-time inter-
rogation of a field of interest using emitted and receiving 
reflected sound waves (Fig.  10.2a). The recovered signal 
from the transducer is processed at a CPU (Fig. 10.2b) for 
image generation. The image can be displayed on a monitor 
(Fig. 10.2c) and/or sent to a storage device where a keyboard 
(Fig. 10.2d) is helpful to input information detailing a study. 

Table 10.1 Acoustic Impedance based on material type

Material Acoustic Impedance (Mrayl)
Air 0.0004
Water 1.48
Fat 1.34–1.38
Liver 1.65
Blood 1.61–1.65
Muscle 1.62–1.71
Skull bone 6.0–7.8

a b

Fig. 10.2 Ultrasound machine components may differ in shape and size, a comparison of major functional components between two different 
manufacturers. Transducer (a). CPU (b). Monitor (c). Keyboard (d)

A. Tran and A. Gulati
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a b

Fig. 10.3 Basic ultrasound knob comparison between two different manufacturers. Power button (a). Depth control (b). Gain control (c). Freeze 
button (d)

In regards to the control panel of an ultrasound machine 
(Fig.  10.3), there are numerous knobs. The knobs that are 
typically reproduced from machine to machine include a 
power button (toggle on/off) (Fig.  10.3a), depth (to adjust 
shallowness/deepness of an image’s field of vision) 
(Fig.  10.3b), gain (to adjust darkness/brightness of sound 
signal) (Fig. 10.3c), and freeze (to hold an image at a current 
selected frame) (Fig. 10.3d). Now that a basic layout of an 
ultrasound machine has been established, let us learn how to 
handle a transducer and use the machine.

Transducers The basic types of transducers are linear 
(Fig. 10.4a), curvilinear (Fig. 10.4b), and phased. Transducer 

types vary in frequency and footprint, defined as the area of 
a transducer to which ultrasound rays are emitted. Each 
transducer has an indicator (a raised bump) on one side and 
by convention, the indicator is oriented to reflect the left side 
of the monitor. The upper limit of frequencies that can be 
achieved by any one transducer depends on the type, and 
may even vary within a particular type depending on the 
manufacturer. Generally, the order of relatively high to low 
frequencies based on type is considered to be: Linear > 
Curvilinear > Phased. Typically, the relatively high fre-
quency transducers (e.g., linear) are used for superficial 
structures (e.g., bone, ligaments, and muscle) due to better 
resolution at shallower depths (poor penetrance). The curvi-

10 Basics of Ultrasound
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Fig. 10.4 Linear transducer (a) with view of footprint along with accompanying field of vision of a left forearm. Curvilinear transducer (b) with 
view of footprint along with accompanying field of vision of a left forearm
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linear probes emit ultrasound at a relatively lower frequency 
allowing for deeper penetration and a wider depth of field 
(given the shape of its footprint). As a result, the curvilinear 
transducer is the preferred type for intra-abdominal struc-
tures. Phased transducers have a compact footprint enabling 
visualization from a narrow vantage point, such as in-
between ribs to evaluate the thoracic cavity or via a subxi-
phoid view for cardiac examination (echocardiogram).

Medical ultrasound is highly user-dependent; a number of 
transducer motions have been described [9] and are demon-
strated in Fig. 10.5.

Settings & Image Adjustment Once an ultrasound image 
is generated and displayed on the machine’s monitor, there 
are a variety of modes that can be selected from. Three 
modes will be discussed here: B-mode, M-mode, and Color 
doppler (Fig.  10.6). B-mode, also known as “Brightness” 
mode, is a 2D gray scale image that correlates intensities of 
returning echoes with degrees of brightness, the higher the 
intensity the brighter the signal. This is often the default 
ultrasound mode. M-mode, also known as “Motion” mode, 
provides axial and temporal resolution of an ultrasound 
image. This mode is able to follow points that are longitudi-
nally adjacent and record the position of these points with 
successive images over time. This mode is often used in 
echocardiograms, to evaluate the motion of heart valves over 

time. Lastly, Color doppler provides information regarding 
velocity of an area of interest. Often, color doppler is utilized 
to assess the speed and direction of blood flow within blood 
vessels and within the heart. Color doppler incorporates 
“doppler shift”, a change in frequency due to movement of a 
reflector away or towards a transducer. A positive doppler 
shift denotes an increase in sound frequency due to an object 
moving towards the transducer, whereas a negative doppler 
shift denotes a decrease in sound wave frequency due to an 
object moving away. By convention, red on ultrasound imag-
ing is movement towards the transducer (positive doppler 
shift) and blue is movement away from the transducer (nega-
tive doppler shift).

Ultrasound images are subject to a number of artifacts 
[10] that can be misleading for an image interpreter. The arti-
facts that will be highlighted here include: acoustic shadow-
ing, posterior enhancement, anisotropy, and reverberations 
and mirror image. Acoustic shadowing is a poor signal 
beyond a structure that is strongly reflective or absorptive of 
the ultrasound beam (e.g., gallstones within a gallbladder or 
bone) (Fig.  10.7a). Posterior enhancement is an increased 
signal intensity deep to structures that transmit ultrasound 
beams well (e.g., fluid-filled structures) (Fig.  10.7b). 
Anisotropy is a reflection of ultrasound beam not directly 
back at the transducer, often seen when scanning structures 
with many fibrils (e.g., tendons, muscles) and may appear 
erroneously hypoechoic. Reverberations are ultrasound 
waves that bounce back and forth from two strong parallel 
reflectors within the body (Fig. 10.7c). A mirror image arti-
fact is an exact copy of an image from a highly reflective 
surface.

Ultrasound imaging enables the benefit of real-time eval-
uation of structures within the human body, void of any ion-
izing radiation. The risks associated with ultrasound are 
minimal but include the thermal heating of tissues [11]. The 
long-term consequences of thermal heating by ultrasound 
have yet to be fully elucidated or proven to be significant in 
an adult human. Potential neonatal effects with ultrasound 
imaging in the obstetric setting have remained inconsistent 
[12]. Nonetheless, the ultrasonographer in an effort to 
achieve a clinically relevant ultrasound image should strive 
to minimize the exposure time to ultrasound waves for all 
associated participants.

Fig. 10.4 (continued)
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Fig. 10.5 (a) Sliding: probe motion side to side in the long axis; (b) 
Sweeping: probe motion forward and backward along the short axis; (c) 
Rotating: circular motion of probe; (d) Rocking: angling probe towards 
or away from the indicator; (e) Fanning: short-axis tilting of probe; (f) 

Compressing: downward pressure along probe, often to evaluate tissue/
structural changes (e.g., delineating a compressible vein vs. an incom-
pressible artery)

A. Tran and A. Gulati
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Fig. 10.5 (continued)
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Fig. 10.5 (continued)
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a

c

b

Fig. 10.6 Ultrasound images demonstrating various mode types. B-mode (a). M-mode (b). Color Doppler (c)
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a

c

b

Fig. 10.7 Ultrasound images demonstrating various artifacts. Axial view of a lumbar spinous process with acoustic shadowing (a). Axial view of 
an abdominal aorta with posterior enhancement (b). Right lung with reverberation artifact (c, arrows)
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Ultrasound: In-Plane and Out-of-Plane

Alexander Bautista, Clairese M. Webb, 
and George C. Chang Chien

 Introduction

Although the ultrasound transducer emits a three- 
dimensional beam, the beam is only 1–3 mm in thickness. 
For this reason, the beam can be regarded as a mere 
2-dimensional plane. Directing a needle to a specific target 
and keeping the needle in view ais one of the many chal-
lenges that are faced by operators doing ultrasound-guided 
injections. In-plane and out-of-plane techniques are the two 
approaches utilized to perform the injections. Recognition 
of the needle and its tip as it appears on ultrasound images 
is critical to be able to do a successful injection without 
damaging the surrounding structures or unintended intra-
vascular injections.

 In-Plane Approach

The In-plane technique is the more commonly employed 
technique between the two. This approach allows the needle 
and transducer in the same plane as the ultrasound beam. The 
needle insertion is advanced from the side of the transducer 
(see Fig. 11.1). The needle should be visible at all times dur-
ing advancement.

 Technique

After identification of the target and other pertinent anatomi-
cal structures, the target should be focused on the screen to 

allow the visualization of the needle trajectory (see Fig. 11.2). 
The needle path should be scanned to look for any sensitive 
structures that may be traversed along the path of the needle. 
The proposed target should be at the center or lower third of 
the screen opposite to where the needle should be entering. 
This would allow keeping track of the deep and important 
structures along the needle path. It is important to note that 
the needle is easier to visualize under ultrasound if the shaft 
of the needle is more perpendicular to the ultrasound beam. 
It is very important to stabilize the transducer by bracing the 
operator’s hand against the patient’s body; this will prevent 
the operator to lose the optimal view of the target and the 
needle path. Oftentimes, after putting local anesthetic on the 
needle entry point, the planned needle path can be anesthe-
tized too.

Novice practitioners may have some difficulty in keeping 
the needle and its tip on focus. The most common reason for 
this is that the needle does not enter the skin perfectly aligned 
with the ultrasound transducer. It is not safe to advance the 
needle without being able to visualize during advancement. 
This may lead to unintended injury to structures forfeiting 
the mere purpose of using the ultrasound. If this happens, 
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attempt to visualize the needle by toggling the probe. 
However, by doing this, it is also possible to lose the target as 
well. If the attempt in visualizing the needle and target on the 
same plane remains to be futile, it is imperative to keep the 
target in view and reinsert the needle.

The advantages of the In-Plane technique are that safety is 
maximized. By visualizing the entire path of the needle, and 
tracing it as you progress the needle tip, adjustments can be 

made to avoid any sensitive structures. The disadvantages of 
the In-Plane technique include the necessity for a flat, planar 
approach to visualize the needle. This leads to a greater dis-
tance of tissue that is penetrated by the needle not only caus-
ing discomfort in the patient but also increases the potentially 
sensitive structures that need to be accounted for. Some areas 
of the body such as the anterior neck, or superficial structures 
such as ligaments, small joints, and tendons are not amena-
ble to In-plane injection due to body habitus or lack of a safe 
needle entry point. Additionally, artifacts such as 
 reverberation, and shadowing can occur due to the interac-
tions between the ultrasound beams and the needle.

A Reverberation artifact occurs when an ultrasound beam 
encounters two strong parallel reflectors. When the ultra-
sound beam reflects back and forth between the reflectors, 
the ultrasound transducer interprets the sound waves return-
ing as deeper structures. (see Fig. 11.3).

A shadow artifact, or acoustic shadowing, occurs signal 
void behind structures that strongly absorb or reflect ultra-
sound energy. This shadow artifact occurs deep to the needle 
shaft due to the strongly reflective nature of the metal.

 Out-of-Plane Approach

The Out-of-Plane approach is technically more challenging 
than the In-plane approach. This requires more familiarity 
with the structures and comfort in handling the probe and 
needle. The needle for the out-of-plane approach enters the 
skin away from the probe and is directed perpendicular to the 
place of the ultrasound beam, or near-parallel to the beam as 
it projects from the probe (see Fig. 11.4). By using this tech-

Fig. 11.2 Supraclavicular nerve block using in-plane ultrasound tech-
nique displaying the needle traversing the nerve bundle

Needle

Reverberation artifact

Reverberation artifact

Fig. 11.3 Reverberation 
artifact
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Fig. 11.4 Out-Of-Plane Technique

Fig. 11.5 Cannulation of internal jugular vein under out-of-plane 
ultrasound guidance displaying the needle tip within the vessel lumennique, it allows the sonographer to visualize the structures on 

either side of the target. In comparison to the in-plane tech-
nique, the out-of-plane approach requires a shorter path for 
the needle to travel, hence less discomfort for the patient. 
However, the downside for this technique is the inability to 
visualize the needle during advancement. The needle posi-
tion can only be inferred as tissue movement is observed 
and/or by hydro-dissection of the structures.

 Technique

The target is identified, preferably centered in the monitor. 
The needle entry point is situated very close to the trans-
ducer. After penetrating the skin, the needle is advanced 
almost straight down directed to the target. The needle is 
then kept track by observed tissue movement, using hydro- 
dissection and/or observing the needle tip cross the place of 
the ultrasound beam. It is important to note that while 
advancing the needle using the out-of-plane technique, it is 
imperative to observe the image for signs that the needle has 

crossed the ultrasound beam. The practitioner should under-
stand that once the needle has crossed the place of the ultra-
sound beam, it will produce a small hyperechoic dot (see 
Fig. 11.5). If the needle continues to be advanced, it will not 
change the appearance on the screen and the dot will still be 
on the same position. This can lead to injury to structures on 
the other side of the beam. Tilting the probe can help with 
tracking of the needle and this allows needle tip visualization 
until it reaches the target. The tip is located as it crosses the 
beam plane.

The Oblique approach is a combination of the In-plane 
and Out-of-Plane approach. The Oblique approach is similar 
to the Out-of-Plane approach as the needle shaft is only par-
tially visualized along its trajectory. It allows for minimizing 
the traversed tissue while allowing for more play in the 
geometry of the entry point and trajectory for the needle. It is 
used to maintain the ultrasound view in a more traditional 
long- or short-axis to the target. (see Fig. 11.6).
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Fig. 11.6 Oblique 
Technique. Note how the 
shaft of the needle crosses the 
beam of the ultrasound probe 
in out-of-plane manner

Suggested Reading

 1. Niazi PA, Chan V. Ultrasound-guided anesthesia performance in the 
early learning period. Reg Anesth Pain Med. 2012;37:51–4.

 2. Chin K, Perlas A, Chan V, Brull R.  Needle visualization in 
ultrasound- guided regional anesthesia: challenges and solutions. 
Reg Anesth Pain Med. 2008;33:532–44.

A. Bautista et al.



119

Probe Selection

Elise M. Itano and George C. Chang Chien

 Probe Selection

Proper selection of transducer frequency is an essential concept 
for attaining optimal image resolution in diagnostic and pro-
cedural ultrasound. The frequency and wavelength of sound-
waves are inversely related. Thus the higher the frequency, the 
shorter the wavelength, and vice versa (Fig. 12.1). As a sound 
wave propagates through tissue, the sound energy is converted 
to other types of energy, heat for example, through absorp-
tion. The combined effect of energy absorption and scattering 
is called attenuation. Ultrasonic attenuation is the decay rate of 
the wave as it travels through a medium. As a wave is attenu-
ated and decays, the amplitude decreases while the frequency 
remains constant. Higher frequency wavelengths have greater 
attenuation, and thus, do not penetrate as deeply into tissues. 
However, because of the short wavelength, and more waves 
in a given distance, there is better discrimination between two 
separate structures parallel to the plane of wave propagation 
[1–3]. This is called axial resolution.

Probes are commonly described by the size and shape 
of the transducer footprint. There are two basic types of 
transducers used in musculoskeletal and spine ultrasound: 
straight array linear and curvilinear. Linear probes are gen-
erally high frequency and therefore are better for imaging 
superficial structures. Curvilinear probes typically have a 
wider footprint and are generally low frequency, more suited 
for viewing deeper structures of the body. Ideally, the ultra-
sonographer will choose the probe with the highest possible 
frequency with a depth that penetrates far enough to visual-
ize the target.

 Straight Linear Array Probe

The straight linear array probe is best used when scanning 
superficial structures, usually to depths up to 6 cm, for exam-
ple when performing stellate ganglion or peripheral nerve 
blocks (Fig.  12.2a) [3]. There are a variety of linear array 
transducers, including large size (image width of >40 mm), 
medium size (<40  mm), and small field-of-view (hockey 
stick) probes [4]. Linear transducers generally have high 
(8–20 MHz) to medium (6–10 MHz) frequency waves which 
have less penetration compared to low-frequency waves; 
however, produce better axial resolution. The piezoelectric 
crystals are linearly aligned on the flat, rectangular face and 
produce sound waves in a straight line [1–4]. The waves are 
also received in a linear fashion on the probe and a 
rectangular- shaped image is produced (Fig. 12.2b).
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Fig. 12.1 Frequency and wavelength of ultrasound are inversely 
related. Frequency is the number of times the wave is repeated in 
one second (1/s = 1 Hz). Wavelength is the distance between successive 
crests, or one cycle. Properties of a high-frequency ultrasound include 
better resolution, greater attenuation, and less penetration. In compari-
son, properties of a low-frequency ultrasound include worse resolution, 
less attenuation, and deeper penetration
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c

Fig. 12.2 (a) Straight linear array probe. (b) Genicular nerve scan using the straight linear array probe. Note the rectangular-shaped image. (c) 
Hockey-stick probe

Hockey-stick transducers are best used for imaging 
small superficial structures, especially irregular bony land-
marks where the skin surface does not allow adequate con-
tact with larger probes, for example viewing the anterior 
talofibular ligament (ATFL) at the ankle or the A1 pulley of 
the flexor digitorum in the hands (Fig. 12.2c). Because of 
the very small Field of view (FOV), however, there is some 
compromise viewing the complete structure and adjacent 
anatomy.

 Curvilinear Array Probe

The curvilinear array probe, or convex probe, is best used 
when viewing deeper structures in the body such as the sci-
atic nerve, sacroiliac joints, or lumbar neuraxial structures 
(Fig. 12.3a). Although this transducer produces images with 
lower resolution, the lower frequency wavelengths (typically 
2–5 MHz) compromise with less attenuation and can there-
fore penetrate into deeper structures. The crystals are aligned 
along the convex surface of the transducer. The propagating 

waves, therefore, fan out from the beam producing an image 
that is 2D convex or curved similar in shape to a pie slice 
with a bite taken out of its top (Fig. 12.3b) [5].

 Ultrasound Artifacts

Whichever probe is chosen, the examiner must be aware of 
the possibility of image interference due to artifacts. An 
ultrasound artifact is a feature that is visualized but may not 
accurately represent the tissue being scanned. To understand 
artifacts, it is necessary to understand ultrasound-tissue 
interaction properties. As the ultrasound wave propagates 
through tissue, it is partially reflected back to the transducer. 
The amount of echo reflected is determined by an intrinsic 
property of the tissue, the acoustic impedance, which is 
based on the tissue density [3]. The intensity of the reflected 
echo, or echogenicity, is proportional to the difference in 
acoustic impedances between adjacent mediums. It is this 
heterogeneity of a tissue that provides the ability to visualize 
differing structures in the tissue [6].
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Fig. 12.3 (a) Curvilinear array probe. (b) Sacroiliac joint image. Note the convex-shaped image

 Anisotropy

Anisotropy is one of the most common artifacts encoun-
tered in musculoskeletal ultrasound. Anisotropy refers to 
the property of being directionally dependent, as opposed 
to isotropy, which is uniformity in all directions. 
Anisotropy occurs when the echogenicity of a material 
changes depending on the angle of the transducer. This is 
a well-known phenomenon that occurs especially when 
viewing tendons and ligaments (and to a lesser extent 
nerves and muscle) under ultrasound. The tendon fibers 
appear bright (hyperechoic) when the transducer is per-
pendicular to the tendon and dark (hypoechoic) when the 
transducer is angled obliquely at more than 5 degree off 
perpendicular [7].

Anisotropy can mimic pathology and can be a source of 
interpretation error. It is especially common when viewing 
structures around a curved surface, for example, the supra-
spinatus fibrous attachment on the curved superior facet of 
the humerus. If the emitted pulse reaches a structure perpen-
dicularly, almost all of the generated echo will travel back 
towards the transducer. This can be exemplified with a nee-
dle entering the field of view parallel to the face of the trans-
ducer—the needle appears hyperechoic. If, however, the 
transmitted pulse encounters the structure at an angle, the 
redirected pulse will be reflected at an angle equal to the 
angle of incidence [3]. In this case, only a fraction of the 
emitted pulses will return to the transducer, resulting in a 
hypoechoic region. For this reason, it may be difficult to 
visualize a needle that is inserted into the field of view at a 
very steep angle, especially when using a linear transducer. 
Anisotropy can be eliminated by toggling (or angulating) the 
transducer head so that the beam emitted is perpendicular to 
the area of interest. Anisotropy, however, can also be used to 
distinguish a structure from the surrounding tissue, for 

example, locating the median nerve among the flexor ten-
dons in the carpal tunnel.

 Attenuation Artifacts

Two other common types of artifacts encountered in muscu-
loskeletal ultrasound are acoustic enhancement and acoustic 
shadowing, which are both produced from attenuation error. 
Recall, attenuation is the absorption and scattering of energy 
as it propagates through a tissue. Although higher frequency 
waves result in greater attenuation, at any given frequency 
the attenuation is also affected by an intrinsic property of 
the tissue called the acoustic impedance. The acoustic 
impedance is defined as the density multiplied by the veloc-
ity of propagation of the ultrasound wave in the tissue. 
Similar to acoustic impedance, bone has the highest degree 
of attenuation, followed by muscle and solid organs, and the 
lowest attenuation occurs in blood, air, or fluid-filled cavi-
ties [3, 7, 8].

Acoustic enhancement occurs when a structure is visual-
ized deep to low attenuating structures. Because sound waves 
do not attenuate as much in the fluid, for example, the ampli-
tude of the wave is greater in the tissue deep to the fluid com-
pared to adjacent structures viewed at the same depth. 
Tissues deep to the low-attenuating structure appear hyper-
echoic. (Fig. 12.4) Some examples of structures that produce 
increased through transmission are large arteries, fluid-filled 
cysts, ganglion cysts, nerve sheath tumors, or giant cell 
tumors [3, 7, 8]. An important artifact that is visualized spe-
cifically in the presence of partial or complete supraspinatus 
tear is called the cartilage-interface sign. Because fiber dis-
ruption in the supraspinatus tendon causes it to appear abnor-
mally hypoechoic, a hyperechoic line appears between the 
tendon and the hyaline cartilage of the humeral head. The 
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Fig. 12.4 Image of the femoral vessels. Note the acoustic enhance-
ment of the tissues deep to the common femoral artery, on the left, and 
the larger common femoral vein, on the right

Fig. 12.5 Image of the intercostal neurovascular bundle. Note the 
acoustic shadows created by the adjacent ribs viewed on either side of 
the pleural surface

Fig. 12.6 An injection needle can create a reverberation artifact when 
it is parallel to the transducer. Note the tapering and repeating hyper-
echoic lines distal to the horizontal needle

cartilage-interface sign has been shown to be 100% specific 
for a partial or complete tear of the supraspinatus tendon; 
however, because it is not always seen, the sensitivity is as 
low as 30% [9].

Acoustic shadowing is the effect opposite of enhance-
ment. It occurs when there is interference in visualization of 
tissue deep to a structure that strongly attenuates sound 
waves. The reduced sound waves transmitted beyond that 
structure result in a shadow of hypoechogenicity (Fig. 12.5). 
The most common tissue in musculoskeletal ultrasound that 
produces acoustic shadowing is bone; however, it can also be 
seen with calcifications, prosthesis, metallic foreign objects, 
or other dense fibrous tissues.

 Artifacts due to Multiple ECHOS

Reverberation and “comet tail” artifacts occur when sound 
waves repeatedly bounce between any two strong reflec-
tors parallel to each other. These additional echoes are 
recorded on the image, giving the appearance of a series 
of bright bands equidistant from each other; however, 
only the first reflection is spatially correct. Reverberation 
artifact is most commonly seen when the transmitted 
ultrasound beam encounters a strongly reflected surface 
parallel to the transducer face or parallel to another 
strongly reflected surface, such as an injection or biopsy 
needle, or metal prosthesis. As a result, the echoes are 
reflected back and forth, creating a tapering and repeating 
hyperechoic line distal to the hyperechoic structure 
(Fig.  12.6) [7, 8]. Each subsequent reflection beam is 
weaker than the previous one due to beam attenuation. 
“Comet tail” artifacts are a type of reverberation artifact 

created by multiple reflections produced by a small but 
highly reflective structure, such as small calcifications, 
dense colloid aggregates, surgical clips, sutures, or staples 
[7]. It is often seen posterior to air-fluid interfaces and is 
usually a single long hyperechoic shadow which trails off 
distally (Fig. 12.7).

A mirror image artifact is produced when a target is 
located just superficial to a highly reflective smooth surface. 
The transmitted ultrasound beam is reflected off the hyper-
echoic structure towards a target. From the target, the echoed 
beam is first directed back to the highly reflective surface 
and is ultimately redirected back towards to transducer. True 
and false images are created on opposite sides of and equi-
distant from the strong reflecting surface. When scanning the 
musculoskeletal system, a mirror image artifact can be seen, 
for example, as an extraosseous structure that is mirrored 
inside the bony cortex. The false, mirrored image is inverted, 
often more distorted compared to the true image, and will 
 disappear with subtle changes in transducer positioning [7, 
8] (Fig. 12.8).

E. M. Itano and G. C. Chang Chien



123

Fig. 12.7 The comet tail artifact can be seen when scanning lung tis-
sue. It is caused by reverberation of the sound beam hitting the strongly 
reflective pleura and then the air below. Comet tail artifacts appear as 
echogenic white lines radiating down from the pleura

Fig. 12.8 In highly reflective interfaces such as the diaphragm, true 
and false images are created on opposite sides of and equidistant from 
the strong reflecting surface. Here the lung parenchyma can be seen on 
both sides of the diaphragm

 Ultrasound Orientation and Handling

It is important to be considerate of positioning for the patient 
and the examiner. The patient should be comfortable on the 
exam table to reduce movement during the evaluation. In our 
experience, it is best to place the patient between the exam-
iner and the display screen to ensure stability and comfort in 
the most ergonomic position.

There are a few indicator-to-screen general guidelines. 
First, the top of the screen corresponds to tissue closer to the 
probe and the bottom of the screen shows structures further 
from the probe. Second, the indicator on the transducer cor-
responds to a marking on the display in the upper left or right 

corner. The transducer indicator is typically a bump or a 
groove on the lateral edge of the probe while the marking on 
the display may be a green dot or white hash mark, for exam-
ple. Classically, the side with the indicator corresponds to the 
left side of the screen.

Historically, for sagittal or coronal views, the ultrasound 
transducer should be oriented such that the indicator on the 
probe points towards the patient’s head. The image produced 
on the display is therefore oriented such that the left side of 
the screen is rostral and the right screen is caudal. However, 
when scanning musculoskeletal structures in the axial or 
transverse planes, there is no uniform orientation guide. 
Therefore, it is important the examiner verifies orientation 
prior to the start of the exam. This can be done by placing a 
small amount of gel on the lateral face of the probe close to 
the indicator and confirming that the side with the gel corre-
sponds to the left side of the display screen.

Pathologic findings can be small and are often over an 
irregular surface on the skin (humeral head, anterior knee, 
cubital tunnel), thus, probe stability is an important skill for 
the musculoskeletal examination for high-quality imaging. 
We recommend holding ultrasound probe between the index 
finger and thumb with the medial fingers and hypothenar 
eminence resting directly on the patient’s body. This tech-
nique helps to anchor the transducer with adequate but not 
excessive pressure on the skin, allowing for easy toggling of 
the probe while keeping the area of interest in view.

There are several common terms to describe specific 
movements of the transducer head when scanning tissues. 
Tilt or toggle refers to tipping the transducer towards one of 
its long sides. This technique can be used when viewing 
anisotropy of tendons as it changes the direction of the ultra-
sound wave from perpendicular to oblique to the fibers. 
Translation or slide refers to movement of the entire trans-
ducer head horizontally along the skin surface. Transducer 
rotation is rotation of the head around its central axis. This 
technique can be used, for example, when scanning the 
biceps tendon in the bicipital groove. If the biceps tendon is 
first viewed in short axis in the bicipital groove, the trans-
ducer can then be rotated while keeping the biceps tendon in 
the center of the screen to then scan the tendon in the long- 
axis. Heel-toeing or rocking raises or lowers one end of the 
transducer head. This technique can be used when trying to 
keep the ultrasound beam perpendicular to the needle for a 
steep angle injection, or when using the step off method with 
gel for viewing bony landmarks.
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Diagnostic Ultrasound: Recognizing 
Musculoskeletal Pathology

Allan Zhang and George C. Chang Chien

 Introduction

Ultrasonography has long been considered a valuable 
method of imaging which offers several distinct advan-
tages over other modalities. This is especially true with 
certain aspects of musculoskeletal imaging. One of the 
most important benefits of sonography is its lack of ioniz-
ing radiation—which has been shown to increase cancer 
risks in susceptible individuals with repeated radiation 
exposure. Prenatal exposure to ionizing radiation is also a 
known teratogen within the obstetric population. A second 
advantage of sonography is the real-time dynamic nature 
of the examination. This ability allows the practitioner to 
evaluate the origin of the disease process at its precise 
location, corresponding to patient’s reported symptoms. In 
addition, the dynamic nature of ultrasound permits the 
evaluation of certain pathology that can only be repro-
duced with particular positioning or movement. Lastly, 
ultrasonography offers excellent resolution of superficial 
structures that can rival and/or exceed cross-sectional CT 
or MRI in evaluation of anatomy such as the rotator cuff 
tendons at a fraction of the cost.

This is not to say ultrasonography is without its disadvan-
tages. One of the principal downsides of ultrasonography is 
its inherent nature of user-dependent variability. The diag-
nostic quality and ability of ultrasonography is contingent on 
the proficiency of its operator. In the hands of a skilled mas-
ter, ultrasonography can be an effective diagnostic asset, 
while acting as a hindrance and liability in the hands of a 
novice`. Ultrasound is also ineffective in evaluating certain 
structures, which may be obstructed by ultrasound-specific 

artifacts. The most commonly encountered artifact as it 
relates to musculoskeletal ultrasound is acoustic impedance. 
Simply put, acoustic impedance describes the differences in 
tissue density. As this difference increases, more sound 
waves are reflected back and images are degraded or not 
seen. This phenomenon is best exemplified with ultrasound 
evaluation of bones, which will be discussed in detail in the 
subsequent section.

This chapter will serve as an introduction to diagnostic 
musculoskeletal ultrasound imaging. Discussion will con-
centrate on musculoskeletal ultrasound imaging of tendons, 
ligaments, muscles, cartilages, and bones with focus of nor-
mal appearances and different pathological states.

 Tendons

 Normal Anatomy and Appearance

Tendons are defined as bundles of fibrous collagen tissue 
attaching muscles to bone. Majority of tendons are sur-
rounded by a synovial membrane termed the tendon sheath. 
On ultrasound, tendons demonstrate fibrillar architecture and 
consist of closely spaced, parallel, hyperechoic linear reflec-
tions in the longitudinal plane; in the transverse plane, ten-
dons appear as multiple echogenic dots (Fig.  13.1). It is 
important to note, however, ultrasound appearance of ten-
dons is susceptible to anisotropy, a phenomenon in which 
tissues demonstrate variable echogenicity depending on the 
angle at which they are viewed. For example, when tendons 
are imaged at less than 90 degrees perpendicular angle, they 
become hypoechoic and lose their fibrillar appearance 
(Fig.  13.2). Under most circumstances, tendons should be 
imaged so that its fibrillar pattern is visualized. However, in 
particular instances when tendons are coalesced with sur-
rounding hyperechoic tissue, it may be helpful to purposely 
angle the transducer less than 90 degrees to produce anisot-
ropy, and view the targeted tendon as a hypoechoic 
structure.
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Achilles Tendon
Short Axis Long Axis

Calcaneus Proximal Distal

Fig. 13.1 Ultrasound 
appearance of Achilles tendon 
in short- and long-axis. The 
tendon is mildly thickened 
suggestive of underlying 
tendinopathy

Fig. 13.2 Apparent articular-sided tear of the supraspinatus tendon (Left) imaged at less than 90 degrees demonstrating anisotropy. When imaged 
at 90 degrees, the tendon is in fact intact and normal in echogenicity (Right)

 Tendon Pathology

Ultrasound is highly sensitive and specific for tendon pathol-
ogy, especially of superficial tendons such that of the rotator 
cuff tendons. Saraya et al. 2016 demonstrated that ultrasound 
evaluation of the rotator cuff tendonitis demonstrated sensi-
tivity, negative predictive value, and accuracy of 85%, 86%, 
and 90%, respectively [1]. For partial thickness tears, the val-
ues were 88% sensitivity, 89% specificity, 94% positive pre-
dictive value, 80% negative predictive value, and 83% 
accuracy [1]. In full-thickness tears, however, the sensitivity 
and specificity were 100% each [1]. These values are compa-
rable to MRI in both sensitivity and specificity, while ultra-
sound costs a fraction of the expense. Furthermore, Khan 
et al. 2015 also demonstrated similar sensitivity and specific-
ity values when comparing ultrasound and MRI in evaluation 
of Achilles tendon pathology [2].

Partial and full-thickness tendon tears will demonstrate 
partial disruption or complete disruption of the normal fibril-
lar pattern on ultrasound. In full-thickness tears, the end of 
the retracted proximal tendon will appear blunted on long- 
axis view (Fig. 13.3). Dynamic motion of the tendon may be 
useful in confirming tendon tears. This can be achieved by 
viewing the target tissue while activating the muscle/tendon. 
Isometric contraction against resistance can also demon-
strate pathologic tears that are not readily visible under direct 
visualization. Other helpful signs include nonvisualization of 
the tendon at its expected anatomic location or adjacent fluid 
collections at the site of tendon tear indicative of hematoma 
formation or tendon sheath effusion. In partial-thickness 
tears, the disruption will be focal and regional and will not 
cause tendon retraction. Additional signs include the carti-
lage interface sign which describes partial articular-sided or 
complete tear of the supraspinatus tendon at its insertion on 
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Fig. 13.3 Partially torn (blue arrow) image of the Achilles tendon in 
long-axis

Fig. 13.4 US images demonstrating medial subluxation of the long 
head bicep tendon. Normally, the long head of the bicep tendon (green 
circle) should be situated within the bicipital groove (blue circle) within 
the greater and lesser tuberosities (Greater T, Lesser T)

Fig. 13.5 Abnormal volume of fluid surrounding the bicep tendon 
sheath suggestive of tenosynovitis

the greater tuberosity. In this case, a hypoechoic region is 
seen within the supraspinatus tendon. Deep to this region is 
a linear hyperechoic line which is created by the reflection of 
sound waves at the fluid-cartilage interface. Chronic tears of 
the supraspinatus tendon are associated with cortical irregu-
larity of the greater tuberosity, termed the cortical irregular-
ity sign.

Tendon dislocations and subluxations occur most often in 
the setting of trauma and secondary to disruption of the adja-
cent ligamentous stabilizers. An example of this is the long 
head bicep brachii tendon. Anatomically, the long head bicep 
brachii tendon is normally situated within the bicipital 
groove and held in place by the superior glenohumeral liga-
ment. When this ligament is deficient, the tendon can freely 
dislocate medially (Fig. 13.4). Often, a snapping sensation 
can be reproduced when the extremity is moved in certain 
positions.

Tendonitis and tenosynovitis are inflammation involv-
ing either the tendon or the tendon sheath secondary to a 
wide range of causes including inflammatory arthropa-
thies, crystalline arthropathies, infection, trauma, autoim-
mune processes, and even foreign bodies [3]. On 
ultrasound, tenosynovitis appears as thickening of the ten-
don sheath or fluid distending the tendon sheath 
(Fig.  13.5). As an aside, the Achilles tendon is the only 
tendon in the human body that is not encapsulated by a 
tendon sheath, and therefore, will not demonstrate tenosy-
novitis. Tendonitis, on the other hand, may appear as 
hypervascularity indicative of increased inflammation of 
the tendon seen on color Doppler imaging. Furthermore, 

tendinosis or tendinopathy may be secondary to chronic 
degeneration of a tendon, and will appear as tendon thick-
ening with heterogeneous echogenicity on ultrasound 
(Fig. 13.6).
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Fig. 13.6 Left image demonstrating normal appearance of the supraspinatus tendon. Right image demonstrating supraspinatus tendon with thick-
ened and heterogenous appearance consistent with tendinopathy

Fig. 13.7 Longitudinal views of the gastrocnemius (G) and soleus(S) 
muscles

 Muscles

 Normal Anatomy and Appearance

Skeletal muscles are composed of individual muscle fibers 
grouped into fascicles that are separated by fibrous connec-
tive tissue termed perimysium [3]. Its primary functions are 
that of movement and maintaining posture. These linear 
internal fibrous bands of perimysium converge to form a cen-
tral tendon. On ultrasound, muscles are hypoechoic with 
intervening linear bands of hyperechoic perimysium 
(Fig. 13.7). On short-axis view, this appears as diffuse speck-
les perimysium on a hypoechoic background of muscle 
(Fig. 13.8), so called “starry sky” appearance.

 Muscle Pathology

As with evaluating tendons, ultrasound offers several impor-
tant potential advantages over MRI such as portability, con-
venience, and cost. Furthermore, the dynamic capabilities of 
ultrasound allow for diagnosis of certain muscular pathology 
not identifiable on static imaging. This is particularly true of 
muscular herniations which can require patient’s active mus-
cle contraction for diagnosis [4–6].

Muscle injuries can be secondary to direct impact trauma 
(i.e., contusion and laceration) and/or distraction of muscle 
fibers from forceful muscle contraction (i.e., strains) [7, 8]. 
Muscle strains are separated into three grades, with each 
sequential grade corresponding to increase in tears of the 
muscle fibers. Grade 3 strains are complete disruption of the 

entire muscle often with associated retraction of the proxi-
mal muscle stump (Fig. 13.9). Acutely, low-grade muscular 
strains appear on ultrasound as mild incomplete disruption 
of the fibers with areas of low echogenicity corresponding to 
fluid and edema. Over time, intramuscular hematomas may 
develop with varied appearance on ultrasound based on chro-
nicity. More chronic muscle strains will result in focal areas 
of scarring that manifest as areas of increased echogenicity 
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Fig. 13.8 Short-axis view of the same muscle demonstrating the starry 
sky appearance

Fig. 13.9 Supraspinatus muscle and tendon retraction

within the muscle [7]. Direct muscular trauma or muscular 
contusion may have associated intramuscular hematomas. 
Detailed history is paramount in assessing these patients.

Muscle denervation is the sequelae of injury to its corre-
sponding motor nerve [9]. On ultrasound, this appears as loss 
of muscle bulk with intramuscular fatty infiltration manifest-
ing as areas of increased echogenicity within the muscle or 
the entire muscle, as in cases of full thickness tendon rupture 

leading to gross fatty atrophy of the muscle. Comparison 
with the contralateral side can offer diagnostic clues when 
unilateral peripheral nerve injuries are suspected (Fig. 13.10). 
Of note, correlative MRI imaging appearance of muscle 
denervation also appears similar, manifesting as fatty infil-
tration and muscular atrophy.

Muscle hernias occur most often in the lower extremities 
secondary to fascial defects with focal muscular protrusions 
through the defect. They are usually asymptomatic and dis-
covered incidentally. Very rarely, muscle hernias can be the 
source of pain with potential for entrapment and ischemia 
[4–6]. On dynamic ultrasound, hernias appear as focal herni-
ating muscle that becomes more conspicuous with contrac-
tion (Fig. 13.11).

 Ligaments

 Normal Anatomy and Appearance

Ligaments are fibroelastic bands that connect bones to 
bones or cartilage [10, 11]. They function mostly as stabi-
lizers, restricting and guiding movements at joints. 
Examples include the medial and lateral collateral liga-
ments of the knee, the anterior and posterior cruciate liga-
ments of the knee, the deltoid ligament of the foot, and 
glenohumeral ligaments of the shoulder. On ultrasound, 
ligaments have very similar appearance to tendons demon-
strating a fibrillar hyperechoic appearance (Fig.  13.12). 
However, imaging of ligament is more susceptible to 
anisotropy and therefore it is not uncommon for ligaments 
to appear hypoechoic, rather than hyperechoic, on ultra-
sound [10]. Ligaments are generally found deeper com-
pared to the adjacent tendons.

 Ligament Pathology

Ligamentous abnormalities are almost always secondary to 
acute trauma or chronic repetitive microtrauma. These can 
range from low-grade sprains to partial tears to complete 
ruptures. Acutely, low-grade ligament sprains can manifest 
on ultrasound as thickening of the ligament with increased 
hypoechoic areas indicative of edema. A partial-thickness 
tear may be seen as a hypoechoic area of focal disruption of 
the ligament (Fig.  13.13) whereas complete ruptures will 
demonstrate full-thickness ligamentous disruptions. 
Additionally, there may be secondary-associated injuries 
including bone contusion, fractures, and/or joint effusions.

Chronic ligamentous injuries such as those from repeti-
tive microtrauma appear as thickened ligaments with irregu-
lar fibers and increased intrasubstance echogenicity. They 
often demonstrate increased laxity and may be associated 
with joint instability.
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Fig. 13.10 Normal (top) and fatty atrophied (bottom) supraspinatus muscle. Ultrasound and corresponding MRI appearance

 Bones and Cartilage

 Normal Anatomy and Appearance

Bones are calcified connective tissue consisting of osteo-
cytes embedded in a matrix of ground substance and colla-
gen fibers [9, 10]. They are composed of an outer layer of 

compact cortical bone and inner layer of intramedullary 
spongy marrow. The external cortical surface impedes the 
penetration of sound waves and results a very bright appear-
ance on ultrasound (Fig. 13.14). This limitation renders eval-
uation of intramedullary pathology more challenging and 
other modalities such as CT and MRI should be utilized 
when clinically indicated.
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Cartilage is a smooth viscoelastic tissue composed of 
extracellular matrix and chondrocytes. They are designed to 
weight bear and act as shock absorbers to distribute loads 
across joints [12]. Cartilage also functions as lubricants to 
minimize frictional forces. They are high in fluid content and 
as such, appear as thin, smooth hypoechoic to anechoic lay-

ers overlying cortical bone (Fig. 13.14). While ultrasonogra-
phy is not the primary imaging modality for evaluating 
cartilage, it is important to recognize pathology when 
encountered during routine examinations.

 Bones and Cartilage Pathology

Overlying bones, soft tissues, and vascular structures can 
make nondisplaced fractures difficult to detect on plain 
radiographs. Ultrasound offers direct and precise site of 
examination and any disruption in the cortex of the bone can 
be readily identified (Fig.  13.15). Furthermore, abnormal 
calcification of tendons or ligaments can be easily evaluated 
by ultrasound as areas of increased echogenicity and poste-
rior acoustic shadowing. For example, calcific tendinitis of 
the rotator cuff tendon, most commonly the supraspinatus 
tendon, will demonstrate shadowing hyperechoic lesion in 
the substance of the tendon (Fig. 13.16).

Osteophytes appear as well-corticated bony protuber-
ances at the margins of the involved joints. When osteo-
phytes are identified along with thinning of the articular 
cartilage, these constellations of findings are highly sugges-
tive of degenerative joint disease. Crystalline arthropathies 
such as gout and pseudogout can also be reliably evaluated 
by ultrasound. In gout, the hyperechoic monosodium urate 
crystals deposit on the surface of the hyaline cartilage, giving 
rise to the double contour sign. Unlike gout, pseudogout 
manifests as calcification deposition within the cartilage or 
meniscus.

Fig. 13.11 Ultrasound appearance of focal muscle herniation through 
the fascia of the anterior tibialis in this frequent runner

Fig. 13.12 Normal sonographic appearance of the medial collateral ligament in longitudinal (left) and axial (right) planes

13 Diagnostic Ultrasound: Recognizing Musculoskeletal Pathology



132

Fig. 13.13 Focal partial thickness tear along the undersurface of the 
ulnar collateral ligament of the elbow

Fig. 13.14 The cortex of the humeral head is echogenic with acoustic 
shadowing posterior to it

Fig. 13.15 Focal disruption of the echogenic cortex consistent with 
minimally displaced fracture (arrows)

 Conclusion

Ultrasound is a valuable asset in diagnosing musculoskeletal- 
related injuries and pathology. It provides a number of 
advantages over other imaging modalities such as MRI and 
CT, with fraction of the cost. Ultrasound does not emit ion-
izing radiation and can be used in real-time dynamic evalua-
tion of tissue pathology. Furthermore, ultrasound is a mobile 
imaging tool that has no known contraindications. It pro-
vides comparable diagnostic sensitivity and specificity with 
certain musculoskeletal pathologies including evaluation of 
rotator cuff tears. Knowing its limitations and drawbacks 
will allow the clinician to add ultrasound as an invaluable 
asset to their imaging repertoire.
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Fig. 13.16 Calcific tendinosis of the supraspinatus tendon. Green arrow points to the calcification seen on radiograph. Red arrow points to the 
same calcification seen on ultrasound. Blue arrow points to a needle inserted in an attempt to fenestrate the calcification
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Fluoroscopic Safety

Kenneth D. Candido and Tennison Malcolm

 Introduction

Fluoroscopy use is a practical necessity for many procedures 
performed by interventional clinicians; however, when used 
inappropriately or indiscriminately, it can prove hazardous 
for both patients and providers. Following a series of rare but 
serious radiation-induced skin burns, the United States Food 
and Drug Administration (FDA) issued an advisory state-
ment in 1994 describing the need for sufficient training 
among caregivers utilizing fluoroscopy [1, 2]. Cancer is the 
second leading cause of death in the United States and is 
among the top five causes for middle- and high-income 
nations worldwide [3, 4]. Prior to significant reductions in 
occupational risk associated with a greater appreciation of 
prophylactic measures used to reduce radiation exposure, 
medical providers with high exposure to ionizing radiation 
were among the most affected by breast cancer, leukemia, 
and skin cancer [5–8].

 Terminology

An understanding of fluoroscopic safety demands a familiar-
ity with basic radiation principles and nomenclature.

Radiation is the process by which energy is emitted or 
transmitted either as a wave (e.g., electromagnetic, acoustic, 
and gravitational radiation) or particle (e.g., alpha, beta, and 
neutron radiation). Electromagnetic radiation is the traveling 
wave motion produced by changes in electric and magnetic 
fields. In order of increasing wavelength, the electromag-
netic spectrum ranges from gamma rays and x-rays, to ultra-

violet visible light and infrared to microwaves and radio 
waves (Fig. 14.1). X-rays, gamma rays, alpha particles, and 
beta particles are forms of ionizing radiation. They charac-
teristically result in electron displacement, free radical for-
mation, and ionization of atoms and molecules following 
propagation through matter such as air, water, and living 
tissue.

Radiation exposure is universally expressed in roentgens 
(R) and in SI units coulomb/kilogram (C/Kg). Radiation 
absorbed by a person or object is conventionally measured in 
radiation absorbed dose (rad) and in SI units, gray (Gy). One 
Gy is equal to 1 joule of energy deposited per kilogram of 
tissue. As different sources of radiation can have dissimilar 
medical effects, absorbed radiation is also expressed in dose- 
equivalents. For x-rays, dose equivalent and absorbed dose 
are equal. In contrast, the dose equivalent is 20-fold larger 
than the absorbed dose for alpha radiation as this type of 
radiation is much more damaging to the human body. Dose 
equivalents are expressed conventionally as roentgen- 
equivalent- man (rem) and in SI units as Sievert (Sv). 
Roentgen-equivalent-man is equal to the radiation absorbed 
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dose multiplied by a quality factor (QF) specific to the type 
of radiation used (rem =  rad × QF). Radiation exposure is 
believed to have stochastic and deterministic (also known as 
nonstochastic) health effects. Stochastic effects (e.g., heredi-
table effects, cancer) occur by chance without a threshold 
dose and at a rate proportional to the dose received. 
Deterministic effects (e.g., radiation-induced cataracts) are 
believed to occur after a threshold amount of radiation is 
reached and vary in severity proportional to exposure dose.

 Biologic Effects

In living tissue, chromosomal DNA is believed to be the 
principal target mediating cellular effects of ionizing radia-
tion. Error-prone repair of chemically complex double- strand 
DNA lesions gives rise to chromosomal aberrations, gene 
mutations, and apoptosis (defined as the death of cells which 
occurs as a normal and controlled part of an organism’s 
growth or development). DNA damage response and repair 
processes are major determinants of postinjury effects within 
the cell. Extensive chromosomal damage and exhausted 
DNA repair mechanisms favor apoptosis. Oncogenesis (the 
development of a tumor or tumors) is often a result of pertur-
bations in response, repair, and apoptotic mechanisms.

In tissue, deterministic effects typically involve loss of 
cellular reproductive capacity, fibrosis, and overall loss of 
function. Deterministic effects are most likely to be clini-
cally apparent in cells and tissues most sensitive to ionizing 
radiation; namely highly proliferative cells and tissues such 
as hematopoietic cells, the gastrointestinal tract, the basal 
cell layer of skin, and male germ cells. Organs present in 
pairs or with functional subunits arranged in parallel (e.g., 
liver, kidney), rather than in series (e.g., gastrointestinal 
tract) are more resilient and least likely to demonstrate clini-
cal signs of dysfunction. Organ-specific doses of radiation 
believed to result in a 1% risk of deterministic effects are 
shown in Table 14.1. After 3 Gy and 6 Gy, 1/100 women and 
1/100 men, respectively, may experience permanent sterility 
[9]. Absorbed radiation doses of 1 Gy are associated with a 
1/100 risk of death resulting from sequelae of bone marrow 
syndrome [9]. Bone marrow contains stem cells. Stem cells 
are sensitive to radiation exposure and excessive exposure 
may result in the formation of malignancies. In leukemia, a 
cancer of the blood, the bone marrow makes abnormal white 
blood cells. In aplastic anemia, the bone marrow does not 
make red blood cells. In myeloproliferative disorders, the 
bone marrow makes too many white blood cells. Each of 
these conditions can potentially occur in the face of radiation 
exposure in susceptible hosts.

Oncogenesis is a complex multifactorial process heavily 
affected by factors intrinsic and extrinsic to the cell. For the 
purposes of this discussion, it is oversimplified into four 

stages: (1) tumor initiation–irreversible genetic alterations 
lead to atypical cellular signaling; (2) tumor promotion–
changes in the expression of the genome result in enhanced 
growth and development; (3) malignant conversion; and (4) 
tumor progression–the final stages are marked by genomic 
instability and invasive growth [10]. Animal models suggest 
the role of radiation is primarily limited to tumor initiation 
[11, 12]. Later, tumor stages are believed less dependent on 
the mutagenic properties of radiation due to inherent genomic 
instability characteristic of these advanced stages [11, 12].

 X-Ray Generation and Propagation

With fluoroscopy, x-ray generation begins with passing a 
current (measured in milliamperes [mA]) through a heated, 
negatively charged filament (cathode). Cathode electrons 
are accelerated through an x-ray tube towards a positively 
charged anode. The electric potential energy (measured in 
kilovolt peak [kVp]) of accelerated electrons is transformed 
into kinetic energy prior to collision with anode orbital 
electrons. At the anode, tightly bound inner-shell orbital 
electrons are ejected after colliding with electrons acceler-
ated through the x-ray tube. The filling of the newly created 
inner- shell orbital vacancies by outer-shell electrons results 
in the emission of photons forming the x-ray radiation that 
is ultimately projected through the patient to an image 
intensifier responsible for generation of a visual light 
image. Increasing kVp by 15% has the same effect on 
image brightness as doubling mAs. During fluoroscopy, 
high kVp (75 kVp—125 kVp) and low mA (2 mA—6 mA) 
are typically preferred during fluoroscopy in order to mini-
mize patient exposure without drastic compromises in 
image quality.

After exiting the x-ray tube, the beam must first pass 
through a collimator and a filter before reaching the patient 

Table 14.1 Estimated exposure to produce 1% risk of morbidity and 
mortality

Effect Organ/tissue Latency period Exposure (Gy)
Morbidity 1% incidence
Male sterility Testes 3 weeks ~6a,b

Female sterility Ovaries <1 week 3a,b

Erythema Skin 1—4 weeks <3—6b

Alopecia Skin 2—3 weeks ~4b

Cataract Eye Several years ~1.5a

Mortality
BMS Bone marrow 30—60 days ~1b

GIS Small intestine 6—9 days ~6b

Pneumonitis Lung 1—7 months 6b

Adapted from PMC [14]
BMS, bone marrow syndrome; GIS, gastrointestinal syndrome
aICRP (1984) [9]
bUNSCEAR (1988) [31]
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(Fig. 14.2). The collimator typically contains both round and 
rectangular radiopaque shutter blades purposed to geometri-
cally restrict the x-ray beam to the targeted anatomic area 
required for efficient visualization of the structures of inter-
est. The round shutters are commonly known as variable 
aperture collimators (Iris collimators). Variable aperture col-
limators are smaller, produce a circular field, and automati-
cally restrict the fluoroscopic beam to the useful field of view 
despite changes in magnification or source-image-distance. 
The rectangular shutters are larger, and can be manually 
adjusted to further limit beam size producing a rectangular 
field. Filtration helps remove low-energy x-rays that contrib-
ute to radiation exposure but do not to image quality. 
Aluminum and copper are the most popular x-ray filter 
materials.

In traversing the patient, x-ray radiation can have two 
important interactions involving either a complete or partial 
transfer of photon energy. The photoelectric effect entails the 
atomic process whereby a tightly bound inner-shell orbital 
electron completely absorbs the energy of an incident pho-
ton. The electron is ejected from the orbital and is now 
termed a photoelectron. In the filling of the newly created 
inner-shell vacancy by an outer-shell electron, a photon is 
emitted (secondary radiation) [13]. Compton scattering 
involves the collision and partial energy transfer between an 
incident photon and a loosely bound outer-shell orbital elec-
tron. The loosely bound electron is ejected and the incident 
photon deflected. Ejected electrons are responsible for radio-
biologic effects associated with x-ray radiation [13]. 
Secondary radiation from the photoelectric effect and scat-
tered radiation from the Compton effect do not lend to diag-
nostic value, but instead add to radiation exposure of nearby 
personnel.

 Principles of Radiation Safety

There is no “safe” dose of ionizing radiation. The objectives 
of radiologic protection are complete prevention of deter-
ministic effects and ensuring the risks of stochastic effects 
are as maximally diminished “as low as reasonably achiev-
able, societal and economic factors being taken into 
account”—the ALARA principle [14]. According to the 
“linear-non-threshold” or LNT model, at exposure doses less 
than 100  mSv per year, the risks of stochastic effects are 
believed proportional to dose [14]. Even low doses are 
believed to carry an attributable risk of hereditary and onco-
genic effects.

As per the 2007 International Commission on Radiation 
Protection (ICRP) recommendations, radiation protection 
can be subdivided into three core principles: justification, 
optimization, and application of dose limits. Justification is a 
principle common to the entire practice of medicine [14]. 
The benefit to an individual and society from an activity 
should outweigh the associated potential harm. In the con-
text of fluoroscopic safety, the benefits of utilizing ionizing 
radiation should also outweigh the occupational risks 
imposed on the provider.

Dose limit recommendations are made for the United 
States by the National Council for Radiation Protection 
(NCRP) and internationally by the ICRP [14, 15]. 
Occupational dose limit recommendations made by the 
NCRP are shown in Table 14.2. The NCRP and ICRP share 
similar recommendations. The maximum permissible dose 
(MPD) of radiation to a provider is 20 mSv averaged over 
5 years (i.e., 5 year MPD = 100 mSv) with no year exceed-
ing 50 mSv [14, 15]. Maximum permissible doses should be 
considered extreme values with most interventionalists 
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Table 14.2 NCRP Recommendations for Maximum Permissible 
Doses during Occupational Exposure

Dose Quantity Maximum Permissible Dose
Effective dose
Annual 20 mSv/yr averaged over 5 years with no single year 

exceeding 50 mSv
Cumulative 10 mSv × age (yr)
Equivalent dose
Lens of the 
eyea

150 mSv/yr

Skinb 500 mSv/yr
Hands and 
feet

500 mSv/yr

mSv, milliSievert; yr, year
aLikely to be changed to 50 mSv/yr
bAverage dose over 1 cm2 of the most highly irradiated area of the skin

experiencing less than 10% of maximum doses (i.e., between 
2 and 4 mSv per year) [16]. Within the United States, x-ray 
regulations are governed by the Occupational Safety and 
Health Administration (OSHA) and all sources of ionizing 
radiation by the Nuclear Regulatory Commission (NRC). 
NRC requirements take precedence and are therefore most 
often implemented by hospital radiation safety officers. As 
per NRC regulations, all personnel likely to experience 
greater than 5 mSv are required to use an individual moni-
toring device (e.g., film badge, thermoluminescence dosim-
eter, etc.)

Optimization of radiation protection entails maintaining 
exposure remains “as low as reasonably achievable”. Patient 
exposure can be minimized without undue concessions in 
image quality via optimization of equipment, x-ray beam fil-
tration, and collimation, maximizing the source-object dis-
tance (at least 30  cm; optimum >182  cm [approximately 
6 feet]), minimizing the object-image distance, limiting the 
field of direct radiation to only that of clinical interest, and 
reducing overall fluoroscopy time. The concepts driving 
these principles are discussed above.

Radiation exposure experienced by the provider is essen-
tially all scatter from the patient. Maximizing the provider’s 
distance from the irradiated field, use of all appropriate 
shielding devices, and limiting fluoroscopy time and images 
are the mainstays of optimizing a minimization of radiation 
exposure to the provider. Maintenance of appropriate dis-
tance from the source to the provider is simple yet effective. 
As exposure follows the inverse square law, doubling dis-
tance from the source quarters exposure. Standing a distance 
of 1 meter (100 cm) from the source yields an exposure dose 
approximately 0.1% of the entrance skin exposure. When 
shooting films in the lateral position, scatter doses up to 4 
times higher occur on the side of the source compared to the 
image intensifier [17].

Appropriate shielding involves the use of personal protec-
tive shielding (i.e., aprons, leaded eyewear, thyroid shields, 
leaded gloves), patient-mounted shields, and movable room 
shields (ceiling-suspended shields, floor-mounted shields, 
and table-mounted shields). Due to decreasing limits for eye 
exposure (i.e., ICRP guidelines recommend an average 
20 mSv over 5 years), eye shielding is likely to be of increas-
ing importance in the future [14, 18]. A cumulative dose of 
0.5  Gy is estimated to be the threshold dose for radiation 
cataracts [19–21]. Multiple studies have shown this limit 
may be easily reached without the use of proper protective 
equipment [22–24]. Within the ORAMED project, exposure 
levels of interventional radiologists and cardiologists at dif-
ferent hospitals throughout Europe were evaluated. 
Approximately half of interventional radiologists perform-
ing endoscopic retrograde cholangiopancreatography were 
exposed to eye radiation doses surpassing new ICRP recom-
mendations [24]. Protective eyeglasses and ceiling-sus-
pended shields have been shown to be an effective method of 
reducing exposure to the lens of the eye [25]. Koukorava 
et al. demonstrated a 90% decrease in eye exposure with the 
use of 0.5 mm lead glasses and a 93% decrease with the use 
of ceiling-suspended screens [19]. Protective eyewear is cur-
rently recommended for those expected to experience ocular 
exposure greater than 4 mSv per month. This threshold will 
likely be lowered with expected future decreases in MPD 
[20, 26, 27].

The MPD for the hands is 500  mSv per year [14, 15]. 
Wearing a ring badge is the current recommended method of 
measuring hand exposure. Minimizing exposure to the hands 
is best achieved with distance and shielding. Protective 
gloves with minimum 0.25 mm lead equivalent are useful but 
should not lull the wearer into a false sense of security. With 
automated brightness control, the lead gloves may be 
detected, resulting in automatically increased radiation out-
put, at least partially negating the protection afforded by the 
gloves. Alternative measures such as the use of forceps or 
other holding devices are encouraged.

The recommended MPD for the torso and legs is 500 mSv 
[14, 15]. Exposure in these areas is significantly reduced 
with the use of single and two-piece lead apron. The apron is 
lead-impregnated vinyl or rubber with a shielding equivalent 
of at least 0.25 mm. Annual inspection of the lead apron is 
required by the Joint Commission on the Accreditation of 
Healthcare Organizations, with recommended disposal for 
defects greater than 15 mm2 [28]. Thyroid shields with mini-
mum 0.5  mm lead equivalent have been shown to signifi-
cantly decrease thyroid exposure dose [29, 30]. The 
protection conferred with the use of a lead apron or thyroid 
shield is offset by the increased weight and decreased maneu-
verability associated with these devices.
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 Summary

Justification, optimization, and application of dose limits are 
the basic principles underlying radiation safety. Radiation 
exposure should be given judiciously for the sake of the 
patient, provider, and society. In with safe practices, radia-
tion exposure should be maintained at doses “as low as rea-
sonably achievable, societal and economic factors being 
taken into account”—the ALARA principle [14]. Provider 
exposure is best optimized by maximizing distance from the 
source of radiation, use of all appropriate shielding devices, 
limiting fluoroscopy time, and images. With appropriate 
safety practices, individual providers should rarely, if ever, 
exceed 10% of established maximum permissible doses of 
radiation.
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Pre-procedural Imaging

Alexander Ghatan, Ian D. Dworkin, 
and George C. Chang Chien

 Introduction

Regenerative medicine presents exciting new opportunities 
in the treatment of a variety of musculoskeletal (MSK) disor-
ders; however, proper pre-procedural workup cannot be 
overlooked and must be completed prior to the initiation of 
such treatments. Pre-procedural imaging is crucial in both 
identifying the pathology that can be targeted by various 
regenerative techniques and ruling out pathology that will 
not benefit from treatment options. Additionally, pre- 
procedural imaging will help identify contraindications to 
regenerative treatments and evaluate for any “red flag” 
pathology. Conventional radiography has traditionally been 
helpful at identifying pathology; however, there are many 
MSK disorders that cannot be properly evaluated early 
enough with these modalities when regenerative therapies 
can provide the greatest benefit [1].

 Patient Factors and Selection

Though there are no commonly accepted guidelines specific 
to regenerative medicine injections, there are such factors 
that are commonly evaluated before conducting conventional 
interventional procedures such as epidurals. For these spinal 
procedures, the ideal time to discontinue anticoagulation 
agents such as Coumadin, clopidogrel, and aspirin is unique 
to the pharmacokinetics of each individual medication; how-
ever, the North American Spine Society (NASS) recom-

mends that an interval of approximately 1 week prior to 
surgery is prudent [2]. The risks involved in holding antico-
agulation are also unique to each patient and must be weighed 
against the potential benefits of the treatment being provided. 
Contraindications for steroid injections have been well 
described in the literature, but there is little evidence for any 
particular contraindications for regenerative techniques. 
Table  15.1 lists several common contraindications and 
patient pre-procedure recommendations that many clinicians 
use to guide injection candidacy.

While regenerative medicine has an enormous capacity 
for healing various MSK disorders, it is important to recog-
nize regenerative medicine’s limitations and select patients 
and pathology that will best respond to these various tech-
niques. Regenerative medicine is generally most effective for 
mild-to-moderate disease, including osteoarthritis Kellgren–
Lawrence grade 1 or 2 or grade 1 or 2 ligamentous sprains 
(discussed below). Surgical management may be more 
appropriate for complete tears or end-stage, grade 4 osteoar-
thritis, and thus, pre-procedural imaging can assist in this 
patient selection. Additional patient characteristics that 
would impair the body’s ability to heal or degrade its regen-
erative capacity include smoking cigarettes, uncontrolled 
blood glucose, immunosuppressed states, or active infec-
tions. Areas that lack adequate blood supply, such as eschars, 
or dysvascular or necrotic limbs, are also unlikely to respond 
to regenerative medicine techniques given their poor capac-
ity to receive and utilize the necessary nutrients for repair.

 Common Soft Tissue Injuries (Sprains/
Strains)

Many common soft tissue injuries can be treated using regen-
erative techniques, and therefore, accurately localizing, identi-
fying, and quantifying various injuries are valuable in any 
clinical setting. Imaging will help localize pathology, but a thor-
ough history and physical examination are necessary in decid-
ing what imaging to obtain. Every patient presents  differently, 
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Table 15.1 Pre-procedure patient preparation [2]

Strong Recommendations
Avoid NSAIDs and other anti-inflammatory agents for at least 7 days 
prior to Platelet Rich Plasma
No eating or drinking 6 hours before the procedure.
Patients are encouraged to hydrate well the day before the procedure.
Patients are encouraged to shower in the morning prior to their 
procedure.
Patients are advised to avoid using any products on their skin (lotion, 
makeup, sprays, anything topical to the area) the day of the 
procedure.
Relative Contraindications
Fever
Cancer
Rash over injection site
Elevated INR or actively taking anticoagulants
Poorly Controlled Type II Diabetes Mellitus or Elevated hemoglobin 
A1C

Fig. 15.1 Long axis ultrasound view of chronic Achilles tendonitis 
with enthesophyte irregularity and calcifications at the Achilles tendon 
insertion. (Reproduced from Benjamin et al. [61])

and thus, it is important for a clinician to be able to properly 
evaluate and describe various injuries in a standardized fashion. 
Below, we briefly discuss common terminology used in describ-
ing sprains, strains, and other common soft tissue injuries.

 Tendinopathy

Tendinopathies are the various conditions associated with 
tendon pain caused by overuse. Tendinopathy is associated 
with histopathologic changes such as minimal inflammation, 
degeneration and disorganization of collagen fibers, and 
increased cellularity [3, 4]. Macroscopic changes include 
pain, tendon thickening, and the loss of mechanic [4]. Some 
suggest that tendon overuse leads to an imbalance between 
the protective/regenerative changes of the tissue, and patho-
logic responses from overuse, which results in pain, tearing, 
weakness, and degeneration [5].

Tendon and ligament abnormalities are widely assessed 
by MRI and ultrasound. The high levels of type I collagen in 
healthy tendons and ligaments, arranged in a cross-linked 
triple-helix structure, coupled with a structured orientation, 
provide their characteristic imaging appearances as well as 
cause particular imaging artifacts on various imaging modal-
ities [6]. Tendons that pass through tight tunnels or around 
corners are typically covered in a tendon sheath, which is 
comprised of 2 layers of synovium. Otherwise, tendons are 
covered by a thin layer of loose fatty connective tissue called 
the paratenon [6]. The orientation of a tendon’s fibers 
depends on the tension to which the tendon is subjected [7]. 
For tendons in which the force is directed along the tendon, 
the collagen is typically aligned along the tendon’s long axis. 
Some tendons have a more complex structure with fibers 
running in discrete bundles. This is the case for tendons with 
origins from more than one muscle, such as the quadriceps 
tendon and the Achilles tendon (Fig. 15.1) [6].

With age, changes in collagen structure such as a loss of 
water content predispose them to damage [8]. Vascularity 
also decreases with age, and tendon disease often occurs at 
these hypovascular areas. Instability or impingement leads to 
abnormal and excessive loading of the tendon which predis-
poses to injury [9, 10]. Collagen fibrils can rupture, and these 
regions may together form intrasubstance tears. These intra-
substance tears may extend to the surface, eventually pro-
gressing to full-thickness tears [9, 10]. Though ingrowth of 
vessels into the tendon is common, there is no evidence of 
inflammatory mediators [11–14]. Generally, degenerative 
changes occur before macroscopic tendon tears develop, and 
as such, it is unusual for a tear to occur in a nondegenerated 
tendon [6].

 Ligament Sprains

Though ligaments are functionally different from tendons as 
they connect bone to bone, they are structurally similar [6]. 
The main differences are that ligaments have higher proteo-
glycan content, higher water content, lower in collagen con-
tent, and are less uniform [15]. An additional feature of 
ligamentous injuries is that because ligaments guide move-
ment at joints, injury is typically associated with joint 
derangement.

Acute trauma typically causes ligament abnormalities and 
is often marked by fluid surrounding the ligament, although 
chronic repetitive microtrauma may be a factor as with ten-
don injuries [16, 17]. Potential damage includes interstitial 
tearing of collagen fibers and partial tears that extend to the 
surface and full-thickness ligament ruptures. Over time, the 
ligament can become elongated and lax. Other evidence of 
injuries includes bone contusions, fractures, or joint effu-
sion. After healing, the ligament may appear thickened, 
weakened, and prone to further damage [6].

Table 15.2 describes the American Academy of Orthopedic 
Surgeons classification of ligamentous sprains [18]. Each 
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Table 15.2 AAOS classification of ligamentous sprains [18]

Grade Description
Grade 1: 
Mild sprain

Typically described as stretching of the fibrils which 
may include microscopic damage and swelling, but 
the gross integrity of the ligament is usually not 
compromised.

Grade 2: 
Moderate 
sprain

Involves partial tearing of the ligament, which can 
result in laxity

Grade 3: 
Severe sprain

Complete tear of the ligament usually resulting in 
instability and interferes with joint function.

Table 15.3 Classification of muscle strains based on functional loss

Grade Description
Grade 1: 
Mild

Stretch injury which results in less than 5% functional 
loss

Grade 2: 
Moderate

Partial muscle tear with 5–50% loss of function

Grade 3: 
Severe

Near-complete to complete rupture where there is 
greater than 50% loss of function. Typically seen at 
musculotendinous junction with a hematoma filling the 
space between the two ends.

grade is based on the extent to which the ligament fibrils are 
interrupted and damaged. Of note, grade 3 injuries also 
include avulsion injuries, where a piece of the bone is pulled 
off along with the ligament.

 Muscle Injuries

A strain is defined as an injury to the muscle and/or ten-
don, commonly at the musculotendinous junction [18]. 
Similar to sprains, strains are graded on a continuum. 
There can be a mild stretch injury with microscopic dam-
age to the muscle fibers, or the injury can be more severe 
with partial or complete tear of the muscle–tendon com-
plex. Chronic sprains and strains are common sources of 
pain. Patients may present with chronic pain, weakness, 
pain-limited range of motion (ROM), muscle spasms, 
muscle weakness, edema, or cramping. Repetitive strains 
and sprains can lead to further functional loss and can be a 
major pain generator that can be targeted with regenerative 
medicine.

When an indirect muscle injury occurs, there is a sudden 
onset muscle pain. It is usually localized to a single muscle 
and often occurs during an eccentric muscle contraction. The 
most commonly strained muscles in athletes are the biceps 
femoris, rectus femoris, and medial gastrocnemius [19]. 
Muscle strain grading systems can be based on function or 
imaging which will be discussed in later sections of this 
chapter and in the ultrasound chapter. Strains can be classi-
fied based on the amount functional loss from the patient’s 
baseline (Table 15.3). Of note, grade 3 injuries are the rarest 
type of muscle injuries and often require surgical interven-
tion. Avulsion injuries are occasionally described as Grade 
3b muscle strain injuries [19].

Please see the chapters on MRI and ultrasound for addi-
tional information regarding muscle strain grading systems 
based on these modalities. MRI and ultrasound will also be 
further reviewed below. Unlike bone, muscles have a limited 
capacity for muscle regeneration and the majority of healing 
is by scar formation [19]. Thus, old or chronic muscle inju-

ries may appear like an area of scar tissue within the normal- 
appearing muscle.

 Pre-Procedural Imaging and Common 
Imaging Findings

 X-Ray and Computed Tomography (Ct)

For most musculoskeletal conditions, X-ray is often the first 
imaging used, but when it comes to regenerative treatments, 
the utility of X-ray is limited. Plain radiographs are useful at 
identifying gross deformity, fracture, dislocation, severe 
osteoarthritis, and ruling out osteoarthritis vs. adhesive cap-
sulitis [20]. It is also useful in assessing joint space narrow-
ing seen in osteoarthritis, and the severity of disease is 
commonly described using Kellgren–Lawrence 
classification.

The Kellgren–Lawrence classification of osteoarthritis, or 
KL grading, uses 4 grades of classification (Table 15.4) [21]. 
This classification system was originally described using AP 
views of knee radiographs but is commonly used to describe 
osteoarthritis in other joints as well (Fig. 15.2).

There are several limitations in using KL grading. One 
limitation is that the system assumes a linear progression of 
disease, which is often not the case. A second limitation is 
that there are times when patients may have osteophyte for-
mation and/or sclerosis without joint space narrowing. Third, 
if a patient has joint space narrowing without any osteo-
phytes, the KL grading system cannot be applied. X-ray fluo-
roscopy is also important in evaluating intervertebral disk 
integrity during diskography. Please see the following sec-
tion for more information regarding diskography.

Computed tomography (CT) scans provide detailed visu-
alization of bony structures and may assist in visualizing 
fractures not visible on X-ray [22]. They are furthermore 
readily available and quickly obtainable if the patient is 
unable to have an MRI; however, X-ray and CT are not typi-
cally used in imaging soft tissue injuries as they provide little 
insight into soft tissue pathology vital to pre-regenerative 
medicine procedures.
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 Magnetic Resonance Imaging (MRI)

When it comes to regenerative medicine, healing and repair-
ing soft tissue are paramount, and therefore, the best imag-
ing modality of soft tissues is with MRI. In this section, we 
will discuss the basics of how MRIs work, the different 
types of MRI, and some common pathological soft tissue 
findings that may be targeted with regenerative medicine.

The basis of MRI is in the magnetic resonance of hydro-
gen protons within the tissue being imaged [22]. Hydrogen 
protons, similar to tiny magnets with north and south poles, 
are susceptible to external magnetic fields. When hydrogen 
protons enter a strong external magnetic field, like an MRI 
scanner, most of the protons will align themselves in parallel 
to the strong field. An additional magnetic field, called a gra-
dient, can be manually added to the MRI’s native magnetic 
field, which creates an additional subdivision in the total 
magnetic field. The protons can then be triggered to flip or 
spin by radio-frequent pulses with a specific frequency. This 
causes the hydrogen protons to spin simultaneously, shifting/
flipping back and forth in different axis, and is termed excita-
tion and relaxation. Eventually, these induced magnetic 
fields/signal changes are registered by receiver coils and pro-
cessed into the MRI image on a gray scale based on signal 
intensity. High signal intensity is seen as white, intermediate 
signal intensity appears gray, while low signal intensity 
appears dark gray or black.

Table 15.4 Kellgren–Lawrence classification of osteoarthritis [21]

Grade Description
Grade 1 Doubtful narrowing of joint space and possible osteophyte 

formation.
Grade 2 Definite osteophytes and possible narrowing of joint space.
Grade 3 Moderate/multiple osteophyte formation, definite 

narrowing of joints space, some sclerosis, and possible 
deformity of bone contour.

Grade 4 Large osteophytes, severe narrowing of joint space, severe 
sclerosis, and definite deformity of bone contour are 
apparent.

a b

Fig. 15.2 AP plain X-rays of Kellgren–Lawrence grade 1 (a) and grade 2 (b). (Reproduced from Akira Horikawa et al. [62])
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Table 15.5 T1-Weighted MRI sequences [22]

Very low signal intensity
(black) Low signal intensity (dark gray) Intermediate signal intensity (light gray)

High signal intensity
(white)

Calcium
Dense Cortical Bone
Intravascular/Flowing Blood
Air

Water
CSF
Collagen
Cartilage
Tendons
Ligaments
Scars
Bone Marrow Edema

Protein Dense Tissue
Abscesses/Cysts
Normal Synovial Fluid

Fat
Normal Bone Marrow
Blood (static)
Contrast (Gadolinium)

Table 15.6 T2Weighted MRI sequences. [22]

Very low signal 
intensity
(black)

Low signal 
intensity
(dark gray)

Intermediate 
signal intensity
(light gray)

High signal 
intensity
(white)

Calcium
Dense Cortical 
one
Intravascular/
Flowing Blood
Air

Cartilage
Tendons
Ligaments

Cartilage
Fat
Muscles

Fluid
Edema
CSF

 MRI Sequences
Individual MRI sequences are based on the combinations of 
various radio-frequent pulses and gradients which allow 
visualization of varying pathology [22].

T1-Weighted Sequences The most common use of 
T1-weighted imaging is in the visualization of normal muscu-
loskeletal anatomy [22]. In this sequence, the image is deter-
mined by the differences in relaxation times between water 
and fat. Fat has a high signal intensity (white), and water has a 
low signal intensity (black). This is because in a T1 series, fat 
has a shorter relaxation time than water. Table 15.5 describes 
the expected signals for various anatomical structures.

T2-Weighted Sequences On T2-weighted images, water 
has high signal intensity (white) which makes it useful to 
highlight the edema and inflammation associated with 
pathology (Table 15.6). In T2, similar to T1, air and calcifi-
cations have very low signal intensity (dark) [22]. Fig. 15.3 
demonstrates the differences between T1 and T2 MRI 
sequences.

Proton Density (PD)-Weighted Imaging Proton density- 
weighted imaging is a visual representation of protons per 
volume within tissue [22]. Tissues with lower proton density 
will have a low signal intensity and will appear dark. Tissues 
with higher proton density will have a high signal and appear 
white. Fat, being a proton-dense tissue, has a relatively high 
signal intensity (light gray) but not as high as in a T1-weighted 
image (white). Fluid has intermediate signal intensity rather 
than the high signal intensity seen on T2-weighted images.

A common use for PD-weighted imaging is in the evalua-
tion of meniscal tears of the knee. PD-weighted imaging is 
also useful in distinguishing between CSF and pathology 
[22]. On T2-weighted imaging, CSF and many pathologies 
have a high signal but on PD-weighted imaging, the contrast 
between CSF (intermediate signal intensity) and most 
pathologies (high signal intensity) will be better visualized.

Fat Suppression imaging (STIR and SPIR) The suppres-
sion of adipose tissues is an option that can be used in various 
MRI sequences. Fat suppression images are commonly referred 
to as fat saturation images or “FatSat.” This creates a low-signal 
intensity of fat which helps in contrasting it from vessels and 
various pathologies [22]. In musculoskeletal imaging, fat sup-
pression can be useful. For example, bone marrow is high in fat 
which may mask bone barrow edema on a T2-weighted image. 
Thus, in suppressing the fat, edema from a fracture, tumor, or 
other pathology will be more easily visualized.

Short-tau inversion recovery (STIR) and spectral pre- 
saturation inversion recovery (SPIR) sequences are the most 
commonly used fat suppression sequences and are both 
T2-weighted images [22]. STIR sequences are very useful in 
detecting bone marrow edema.

Diffusion-Weighted Imaging (DWI) Diffusion refers to 
the random movement of molecules within a substance. The 
diffusion behavior of hydrogen molecules is determined by 
different field strengths [22]. DWI is T2-weighted images. 
This type of MRI is commonly employed in the diagnosis of 
acute strokes but is not often employed in the evaluation of 
MSK disorders.

 MRI Contrast
When an MRI is performed with contrast, it will typically 
rely on a T1-weighted image since use with T2-weighted 
imagines have little value due to the fact that both fluid/
edema and contrast will have a high signal intensity and be 
generally indistinguishable [22]. The most commonly used 
contrast type for MRI is gadolinium. It reduces the T1 
 relaxation time of the protons that absorb the contrast, and 
thus, these protons will have higher (white) signal intensity.
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Fig. 15.3 T1 and T2 MRI 
sequences demonstrating 
decreased disk signal at L4/
L5. (Reproduced from 
Michael [63])

Common indications for MRI contrast include detecting 
various lesions (tumor, metastases, infection, abscess), char-
acterization of lesions, especially in the viscera, imaging of 
vessels/vascular pathology, and imagining of intraarticular 
structures (MR arthrogram) [22].

 Tendon and Ligaments on MRI
The structure of tendons determines their appearance on 
MRI. Due to the abundance and orientation of collagen and 
water molecules, normal tendons appear as dark (low signal 
intensity) on most MRI sequences, including T1- and 
T2-weighted sequences [22]. With injury, the fluid signal 
within a tendon or ligament tears can be identified with T2- 
weighted images [10]. MRI provides high spatial resolution 
of tendons and ligaments. There is a direct correlation 
between image resolution and the strength of the MRI’s 
magnetic field - as the strength of the field increases, so does 
the resolution of the image. Therefore, an MRI with a stron-
ger the magnetic field is much more likely to detect a partial-
thickness tear [6, 23].

 Tendinopathies and Ligamentous Sprains on MRI
One of the first signs of a tendon injury on MRI is an increase 
in signal intensity, which can be seen on T1-weighted images 
[6]. Additionally, the tendon may appear thickened. The 
appearance of a tendon tear varies with chronicity. In the 

more acute setting, T2-weighted or STIR images may show 
increased fluid signal within tendon tears [24, 25]. In an 
older tear, scarring within the defect can produce an interme-
diate signal. Increased signal on T2-weighted images with 
fat suppression is the best way to diagnose tears on MRI with 
the best specificity (Fig. 15.4).

Partial-thickness tears often heal with the defects being 
filled with fluid or granulation tissue [6]. The resulting tissue 
is weaker than the native tendon and can propagate into full- 
thickness tears. When the entire tendon is disrupted, the torn 
ends can retract, altering the normal/expected anatomy, mak-
ing visualization difficult. When this occurs, the secondary 
signs of full-thickness tears such as muscle edema, atrophy, 
tendon contour irregularity, and/or retraction of the musculo-
tendinous junction assist in making the diagnosis.

Ligamentous sprains appear similarly on MRI.  In the 
acute setting, T2-weighted or STIR images may show 
increased fluid signal around the ligament and may appear 
thickened with increased signal within the ligament [6]. In an 
older tear, the ligament may appear irregular, thickened, or 
possibly thinned.

 Muscle Contusions on MRI
The role of imaging in acute muscle injury has changed from 
merely confirming a clinical diagnosis to defining the precise 
location and extent of the injury. Being able to measure the 
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size and extent of soft tissue disruption assists in predicting 
outcome and determining treatment. When assessing muscle 
injury by MRI, either a STIR, fat sat PD-weighted, or fat sat 
T2-weighted sequence should be utilized [19]. T1 should be 
included when assessing for blood products or atrophy. It is 
always important to compare the T1 and STIR series in sus-
pected areas of muscle injury as a focal area of fatty infiltra-
tion (which may be due to atrophy) may be misinterpreted as 
an intramuscular scar.

Contusions typically occur when there is a blunt force 
trauma to a muscle without disruption to the skin. On MRI 
imaging, the appearance of contusions depends upon the 
blood products and fluid characteristics within the lesion, 
which changes with time (Table 15.7) [19].

In the hyperacute stage (<24 hours) of the injury, the con-
tusion causes edema and interstitial hemorrhage, which leads 
to the characteristic feather-like high signal within the muscle 
on fat-suppressed fluid sensitive sequences (i.e., STIR, fat sat 
PD-weighted, or fat sat T2-weighted) [19]. The feather-like 

appearance occurs due to the high signal of blood and edema 
spreading between the individual muscle fibers.

In the acute stage (24–48 hours) of the injury, the contu-
sion appears as an irregular muscle laceration [19, 22]. Blood 
products may result in areas of faint high signal on 
T1-weighted images; however, the same imaging findings 
could be seen in a low-grade muscle strain.

In the subacute stage (48–72 hours) of the injury, the con-
tusion becomes a more clearly defined fluid collection within 
the muscle [19, 22]. The muscle surrounding the site of 
injury remains diffusely high signal on fluid-sensitive 
sequences. Characteristics of a hematoma will change with 
time depending on the nature of the blood product within it 
based on metabolic breakdown.

As time passes, a hematoma will undergo fibrosis and cal-
cification [19, 22]. Fibrosis of the hematoma margins will 
contract the lesion over time. Calcification can lead to weak-
ening, making the muscle susceptible to repeat injury.

 Muscle Strains on MRI
As previously discussed, a muscle strain is an indirect mus-
cle injury, which often occurs during an eccentric muscle 
contraction. Muscle strains can be graded via MRI based on 
the extent of cross-sectional area of disruption of the muscle 
fascicles as compared to clinical grading which was dis-
cussed above based on functional impairment [19]. MRI 
assists in determining the extent of cross-sectional fiber dis-
ruption, which most commonly occurs at the musculotendi-
nous junction.

• Grade 1 Strain: There is less than 5% disruption in the 
cross-sectional area of the muscle. On fluid-sensitive fat- 
suppressed sequences (i.e., T2-weighted fat sat), there is 
an increased signal at the site of injury due to the edema 
and blood products radiating from the injury site which 
produces the classic feather-type appearance within the 
muscle on MRI. Perifascial fluid may also be seen.

• Grade 2 Strain: There is at least 5% but less than 100% 
disruption in the cross-sectional area of the muscle caus-
ing distortion of the normal muscle architecture. This 
typically results in hematoma formation at the musculo-
tendinous junction. The feathery-type muscle edema pat-
tern as described in grade 1 injury may also be present. 
There may also be some laxity of the central tendon 
within the muscle.

• Grade 3 Strain: There is complete disruption of the mus-
cle, typically at the musculotendinous junction with a 

Fig. 15.4 Grade 1 tendinosis on T2-weighted fat-suppressed MRI. 
(Reproduced from Andrea et al. [64])

Table 15.7 Appearance of muscle contusions on MRI [19]

Hyperacute
(<4 hour)

Acute
(4–6 hour)

Early subacute
(6–72 hour)

Late subacute
(72 hour to 4 weeks)

Chronic
(>4 weeks)

T1 Signal Intensity Intermediate Intermediate High High Low
T2 Signal Intensity High Low Low High Low
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hematoma filling the space between the two ends. Grade 
3 injuries are the rarest type of muscle injuries and often 
require surgical intervention. Avulsion injuries are occa-
sionally described as grade 3b muscle strain injuries.

Unlike bone, muscle has a limited capacity for regenera-
tion following injury [19]. The majority of healing is by scar 
formation. Thus, old or chronic muscle injuries may appear 
like an area of scar tissue within the normal-appearing mus-
cle. Figure 15.5 demonstrates a T2-weighted MRI of com-
plete rupture of left distal biceps femoris tendon at the 
musculotendinous junction.

 MRI of the Spine
Obtaining MRI images of the spine is crucial for detecting 
various pathologies as it gives detailed visualization of the 
soft tissue, and the various aforementioned sequences can 
help differentiate between different injuries and lesions. 
Spine degeneration, such as spondyloarthropathies and disk 
degeneration, can be best visualized using MRI which is why 
it is the preferred imaging modality in back pain; however, 
while MRI provides a good visual representation of the 
spine, it cannot definitively localize patient’s pain. Thorough 
history, clinical exam, and the possible addition of electrodi-
agnostics in conjunction with the imaging are necessary. 
There are other provocative exams and invasive tests that can 
be used to help identify the patient’s pain, some of which 
will be discussed further in this chapter.

Disk degeneration and diskogenic back pain are prime 
targets for treatment with regenerative techniques. Signal 
changes of the disk, vertebral endplates, and subchondral 
bone are seen on MRIs of degenerative spines and are 
strongly associated with low back pain [26]. These bone 
marrow and vertebral end place lesions were originally clas-
sified in 1988 by Modic et al. and are referred to as “Modic 
changes.” [27, 28] In 1990, Miller further classified these 
imaging findings into what is now known as “modified 
Modic changes,” and in 2001, Weishupt et al. further classi-
fied Modic changes into four degrees based on the percent-
age of vertebral height involvement in a mid-sagittal image 
of the spine (Table 15.8) [29, 30].

Relationship between Modic Changes and Lower Back 
Pain Despite this characterization of spinal changes, only a 
small proportion of pathology can be diagnosed with cer-
tainty based on a pathoanatomical entity alone [31]. There is 
increasing evidence though that demonstrates the prevalence 
of Modic changes, especially type 1, increases in people with 
nonspecific low back pain compared to people without low 
back pain [32–34]. Modic changes at L5/S1 and, especially 

a

b

Fig. 15.5 T2-weighted MRI of a complete rupture of the distal biceps 
femoris tendon at the musculotendinous junction. (Reproduced from 
Aki Fukuda et al. [65])
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Modic Type 1, are more likely related to low back pain than 
other levels and types of Modic changes (Fig.  15.6) [35]. 
Additionally, Modic changes are often associated with 
Schmorl’s nodes, which occur when the nucleus pulposus 
herniates through the vertebral endplate and into the adjacent 
vertebral body (Fig.  15.7). On MRI, they appear as focal 
endplate defects (low signal on T1 and high signal on T2). 
They also have a well-defined herniation pit and a surround-

ing wall of high signal on T1 and T2 within the vertebral 
body [26, 36]. Though there is a lack of consensus regarding 
Schmorl’s nodes clinical significance, Hamanishi et al. stud-
ied 400 patients with lower back pain and found that 19% of 
patients with back pain had Schmorl’s nodes compared to 
only 9% of control patients [37].

Differentiating Modic Changes from Spinal Infections 
and Tumors Spinal infections and tumors may appear simi-
larly to Modic changes on MRI, but there are some important 
distinguishing characteristics [38]. Spondylodiskitis, an 
infection of the disk and vertebral body, presents as lesions 
with high signal on T2 compared to normal or low signal on 
T2 in disk degeneration. Spondylodiskitis can cause signifi-
cant paravertebral soft tissue edema and can even lead to epi-
dural mass effect [38, 39]. Erosion of vertebral body and end 
plates are always seen in intervertebral disk infections, 
whereas Modic changes may be focal or diffuse along the 
endplates, but tend to be linear and always parallel to the 
endplates [26, 40].

The most common type of neoplastic lesion found in the 
spinal column is secondary to metastasis [26]. Metastatic 
disk involvement is rare and is therefore easily distinguish-
able from Modic changes by the absence of disk space 
involvement.

Relationship between Modic Changes and 
Diskography Some authors report that when the signal 

Table 15.8 Modified modic changes combining Miller et  al. and 
Weishupt et al. criteria [29, 30]

Modic Type Description
Type 0 or 
first-degree 
changes

Normal; no degeneration.
No MRI evidence of bone marrow or vertebral 
end plate lesions.
No T1 or T2 changes

Type 1 or 
second-degree 
changes

Vertebral body and bone marrow edema/
inflammation and hypervascularity
T1: low signal T2: high signal
Mild signal intensity changes of less than or 
equal to 25% of the vertebral height

Type 2 or 
third-degree 
changes

Normal haemopoietic bone marrow is replaced 
by fat infiltration secondary to ischemia.
T1: high signal T2: normal-appearing to high 
signal
Moderate changes at 25–50% of the vertebral 
height

Type 3 or 
fourth-degree 
changes

Subchondral bony sclerosis seen
T1: low signalT2: low signal
Severe changes greater than 50% of the 
vertebral height

Fig. 15.6 Early reactive 
endplate changes at L5/S1 
(Modic type 1). (Reproduced 
from Michael [63])
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Fig. 15.7 Sagittal T2WI of a 17-year-old male with Scheuermann’s 
disease with multilevel involvement of Schmorl’s nodes and endplate 
irregularities. (Reproduced from Aikaterini et al. [66])

intensity changes in the endplates and decreased signal 
intensity in degenerative lumbar disks were combined, the 
specificity of using MRI to diagnose disk pain disease 
increases significantly [26, 41]. The signal intensity changes 
in endplates indicate a high degree of specificity, but lack 
sensitivity in diskogenic low back pain. Therefore, Modic 
changes are of important value in the diagnosis of diskogenic 
low back pain, but MRI does not completely replace the 
diskography due to the lack of the sensitivity. Diskography 
will be discussed in detail later in this chapter.

Relationship Between High-Intensity Zone on MRI and 
Diskography in Patients with Low Back Pain The pres-
ence of a high-intensity zone on MRI is another imaging 
finding that may indicate a patient’s pain generator. The 
high-intensity zone (HIZ) was first described in lumbar spine 
MRI studies [42] and is defined as a focal area of high signal 
on T2-weighted sequences in the posterior annulus fibrosus. 
It has a considerably brighter signal intensity than nucleus 
pulposus from which it is distinctly disassociated [43–45].

The correlation between HIZ on MRI and diskography in 
patients with low back pain has been examined with varying 
results (Fig. 15.8).

Some data suggest that the presence of HIZ could be used as 
an indicator of annular tears and diskogenic low back pain [42, 
43, 45–49]. Additionally, some authors posit that the HIZ is 
caused by the inflammation of annulus fibrosus and that there 
is a correlation between the presence of HIZ within the poste-

rior annulus of a lumbar disk on MRI and the pain response 
following diskography in patients with low back pain. There is 
also evidence that HIZ is indicative of a Grade 3 to 4 annular 
tear and that the signal change is due to the accumulation of 
mucoid fluid within the fissure of the annulus. Others counter 
this, speculating that the value of HIZ is limited to the diagno-
sis of diskogenic low back pain [50–53]. Regardless, the find-
ing of a HIZ should be investigated by diskography and 
potentially treated as a patient’s pain generator.

 MRI Limitations
The MRI is useful for lesion detection and localization; how-
ever, it is expensive, time-consuming, and can be uncomfort-
able, particularly for patients with claustrophobia [19]. It 
also only acquires static images. Additionally, MRI is contra-
indicated in patients with certain pacemakers and surgical 
brain clips.

 Ultrasound

Ultrasound imaging has several advantages over MRI includ-
ing superior spatial resolution, lower cost, patient and practi-
tioner convenience, portability, and is essentially the only 
imaging modality that can provide dynamic imaging of mus-
culoskeletal injuries and is a crucial tool in needle guidance 
of various joint injections (Fig. 15.9) [19]. One significant 
limitation of ultrasounds is operator dependency and the 
need for an acoustic window which can be difficult to obtain. 
Images can vary depending on the skill of technique, knowl-
edge of anatomy, and experience. Ultrasound also has lim-
ited fields of vision and cannot penetrate bone. Additionally, 
injuries under ultrasound are less prominent/obvious than in 
MRI, which can also image both ligamentous injuries and 
associated intraarticular damage. Ultrasound basics will be 
reviewed here, but please refer to this text’s chapter on ultra-
sound for additional, more comprehensive information.

 Ultrasound Basics
Echogenicity is the ability of a tissue to reflect or transmit 
ultrasound waves in the context of surrounding tissue [54]. 
Hyperechoic tissue appears white, hypoechoic tissue appears 
gray, and anechoic tissue appears black. The following are 
the appearances of commonly evaluated structures under 
ultrasound:

• Bone appears anechoic (black) with a hyperechoic rim 
(bright) because the beam cannot penetrate bone; thus, it 
casts in acoustic shadow behind it.

• Cartilage is hypoechoic (gray) and is more penetrable 
than bone.

• Blood vessels appear anechoic (black) and can differenti-
ate between veins and arteries as veins are easily collaps-
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Left midsagittal Axial through L4-5

Left midsagittal Axial through L4-5

a b

c d

Fig. 15.8 Serial T2-weighted 
MRI findings of a degenerated 
disk with a slight protrusion is 
visible; however, originally, 
no high signal intensity zone 
(HIZ) is obvious. Subsequent 
imaging reveals obvious HIZ. 
(Reproduced from Kosuke 
et al. [67])

a b

Fig. 15.9 US-guided Injection into the subacromial bursa (a) and supraspinatus tendon tear (b)
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ible when pressure is applied by the transducer, while 
arteries are pulsatile and are not easily collapsible.

• Muscles are hypoechoic (gray) with striate structure.
• Fat is almost anechoic (black).
• Fascia/connective tissue strands/fascicles appear as 

hyperechoic (white) lines and bands.

 Contusions on Ultrasound
Contusions on ultrasound are Ill-defined areas of hyperecho-
genicity within a muscle that crosses fascial boundaries [19]. 
They can be hyperacute, acute, or subacute.

If the contusion is Hyperacute (<24  hours), the injured 
muscle appears swollen and may be isoechoic with adjacent 
normal-appearing muscle [19]. If the injury was from a force-
ful trauma, there may be significant rupture of muscle fibers 
and bleeding into the potential space resulting in a hematoma.

If the contusion is acute (24–48 hours), hematoma will 
appear as an irregularly outlined muscle laceration with 
hypoechoic fluid inside [19]. During this period, the hema-
toma may solidify and become hyperechoic compared to the 
surrounding muscle.

Finally, if the contusion is subacute (48–72  hours), it 
becomes a clearly defined hypoechoic fluid collection with an 
echogenic margin [19]. Over time, this echogenic margin gradu-
ally enlarges and fills in the hematoma in a centripetal fashion.

If the hematoma is causing significant pain, exerting mass 
effect on neurovascular structures, or is placing the tissue at 
risk for compartment syndrome, clot evacuation may be con-
sidered via ultrasound guidance at 10–14 days after the ini-
tial injury [19].

 Muscle Strain on Ultrasound
Muscle strains on ultrasound are rated on a three-point grad-
ing system as shown in Table 15.9 [55].

 Tendons and Ligaments on Ultrasound
The tendon’s fascicular structure is seen on ultrasound as 
closely spaced echogenic lines on longitudinal scanning. In 
the transverse plane, echogenic dots or lines are seen. While 
ligaments also appear as echogenic fibrillar structures [56], 

they are less echogenic than tendons [57] due to their less 
regular structure. The reflective fascicles within the tendons 
and ligaments can be seen best when the ultrasound beam is 
perpendicular to the fascicles’ orientation and a different 
group of fibers can be seen by changing the probe orientation 
along the axis. Both tendons and ligaments exhibit anisot-
ropy [6]. There is no echogenic appearance if the beam is not 
perpendicular which may simulate disease. This must be 
considered when examining tendons where the fibers change 
direction or are not parallel to the skin.

 Tendinopathy and Ligamentous Sprains 
on Ultrasound
Under ultrasound, tendinopathy appears as areas of less 
organized fibrillar structure with increased spacing between 
the hyperechoic fibrillar lines and overall reduced echo-
genicity, which are associated with tendon thickening [6]. 
The appearance of tendon tears depends on the chronicity of 
the injury. In the acute phase, there may be anechoic fluid 
within the tear, but with time the echogenicity can increase 
and the tendon may appear normal. Dynamic visualization 
can particularly aide in identifying tendon and ligamentous 
pathology that may otherwise be missed. Also, Doppler 
imaging is useful in helping distinguish between small intra-
substance tears and vessels that have developed within a ten-
dinopathic tendon.

Under ultrasound, acute ligamentous sprains may appear 
as thickened areas of the ligament with diffuse hypoecho-
genicity and surrounding edema [58]. Ligamentous tears 
may appear as areas with reduced echogenicity that interrupt 
the ligament fibers [59]. An interruption that extends across 
the entire thickness of the tendon is considered a complete or 
full-thickness tear [6]. As healing progresses, the fluid sur-
rounding the injury site dissipates but the thickening and the 
laxity on dynamic imaging may remain.

On ultrasound, tendinosis appears as heterogeneous areas 
with reduced echogenicity [60]. In more chronic tendinosis, 
there may be calcifications within the tendon with varying 
appearances.

 Conclusion

Pre-procedural imaging is vital in the evaluation and diag-
nosing of various MSK diseases, as well as imperative to rule 
out other pathology that cannot be treated with regenerative 
techniques (cancer, abscesses, etc.). By understanding the 
different uses of X-ray, CT, MRI, and ultrasound, clinicians 
can choose the most appropriate imaging modality leading to 
more effective care. X-rays are often the first images obtained 
but have limited use outside of evaluating fractures and 
osteoarthritis. CT can provide more detailed visualization of 
bony structures, fluid collections, and can be used if MRI is 

Table 15.9 Ultrasound grading of muscle strains

Grade Characteristics
Grade 
1

May appear normal or show areas of increased echogenicity 
at the injury site taking up less than 5% of the muscle 
substance in cross section. Long cavities within the muscle 
measuring 10 mm or less are also considered Grade 1.

Grade 
2

>5% but <100% disruption of the cross-sectional area of the 
muscle typically visualized at the musculotendinous or 
myofascial junction.

Grade 
3

Ultrasound shows complete disruption of the muscle at the 
musculotendinous junction. Surrounding muscle is 
hyperechoic, and intermuscular perifacial and subcutaneous 
fluid collections are commonly visualized.
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contraindicated but is also not typically employed to evaluate 
soft tissue injuries. MRI is the most important modality in 
pre-procedural imaging, but proper sequence selection and 
knowledge of their differences are crucial to their interpreta-
tion of underlying pathology. Diskography is an important 
modality to use for diskogenic pain if intradiskal stem cells 
are being considered because it is the gold standard in cor-
relating imaging deficiencies with the patient’s symptoms. 
Finally, ultrasound has quickly become a lynchpin of regen-
erative medicine, providing dynamic visualization of pathol-
ogy and direct needle visualization to ensure the regenerative 
techniques reach their desired location. Most importantly 
though in pre-procedural preparation is the continued use of 
a thorough and well-documented history and physical exam-
ination which no imaging modality can supplant.
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Discography

Aaron Calodney and Andrew T. Vest

 Introduction

Approximately 80% of the U.S. population suffers at least 
one episode of back pain at some time in their lives, while 
5–10% of patients develop chronic back pain [1]. In 2011, 
the Center for Disease Control and Prevention’s (CDC) 
National Center for Health Statistics reported that 28.4% of 
adults over age 18 experienced lower back pain during the 
previous 3 months [2].

As reported in the 2016 National Health Interview Survey, 
back pain significantly limits work and daily activity for 
28.4% of Americans [3]. A commonly repeated figure sug-
gests that, cumulatively, Americans lose 149 million work-
days each year due to back-related disability [4, 5]. Despite 
the availability of multiple imaging modalities and clinical 
examination, ascertaining the source of any given patient’s 
back pain can be challenging.

Discogenic pain is a mechanical pain that is usually expe-
rienced in the axial spine distribution. It is exacerbated by 
activity and relieved by rest. It accounts for 26–42% of 
chronic low back pain [6–8].

Discography is a diagnostic procedure used to assess dis-
cogenic pain by evaluating the intervertebral disc in the cer-
vical, thoracic, and lumbar spine. Disc morphology, pressure, 
and volume along with the patient’s response to injection are 
recorded and used to confirm or exclude the disc as the 
source of pain. This allows correlation of findings from spi-
nal imaging studies with the patient’s pain symptoms and 
pattern [9–11]. In theory, discography identifies a painful 
disc by stimulating nociceptors in the outer third of the annu-
lus, stimulating annular tears extending into the nucleus that 

have developed neoinnervation or by stimulation of nocicep-
tors within the vertebral endplate [12].

Discography is the only diagnostic technique that directly 
correlates a patient’s symptoms with disc morphology [13]. 
In this way, discography is conceptually similar to manual 
palpation. Pain provocation on discography is analogous to 
tenderness elicited on palpation [14, 15]. Consistent and 
reproducible pain portends greater diagnostic certainty. 
Numerous formal investigations have demonstrated that dis-
cography performed by experienced interventionalists can 
improve both surgical and nonsurgical treatment outcomes 
[16–21].

Advances in MR imaging detect increasingly minute 
degenerative changes, which often require clinical correla-
tion [14, 22–24]. Any of these findings are asymptomatic. 
Discography is unique in allowing a link between radio-
graphic findings and clinical presentation. MRI findings 
including degenerative changes in disc morphology do not 
correlate with symptoms of lower back pain [25–27].

To better understand the role discography can play in the 
diagnosis of spinal pain, this chapter will review:

• Historical use of the procedure
• Procedure validation
• Disc anatomy and physiology
• Disc pathophysiology
• Indications and contraindications
• Patient selection criteria
• Pre-and peri-procedure considerations
• Discography procedure
• Post-procedure care
• Complications
• Results: interpretation, documentation, and follow-up
• Correlation of discography with other imaging studies
• Evidence supporting and controversies regarding the 

procedures
• Use of discography in treatment planning—regenerative/

biologic treatment
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 History of Discography

The identification of the intervertebral disc as a source of 
back pain and radiculopathy was advanced by the early work 
of Schmorl and Junghanns reported in 1932. Their imaging 
and dissection of 10,000 cadaveric spines demonstrated that 
the intervertebral disc could be a source of pain and intro-
duced discography as an anatomic study of the internal struc-
ture of the cadaveric disc [11]. In 1934, Mixter and Barr 
further confirmed the intervertebral disc as a pain generator 
by surgically removing a prolapsed posterior disc, leading to 
pain relief [28]. Prior to discography, clinicians relied on 
Myelography with iophendylate (Pantopaque) to visualize 
spinal pathology; however, the disc and the epidural space 
remained opaque to this form of imaging inspection. Multiple 
authors published clinical reports throughout the 1940s [29] 
and 1950s [30] that advanced understanding of disc physiol-
ogy, pathophysiology, the use of injected dyes to illuminate 
disc innervation and degeneration, and the evolving use of 
discography to diagnose disc pathology [11, 28, 31].

Lindblom has been credited with identifying discogenic 
pain as a primary source of back pain in 1941. He injected 
contrast into a cadaveric disc and concluded that injection of 
an opaque medium into the disc reveals disc ruptures and 
protrusions and identifies whether the patient’s pain ema-
nates from the punctured disc [31, 32]. Wise and Weiford 
performed the first discography in the USA in 1951 [33].

In 1964, Holt published a study of 50 patients with no his-
tory of neck or arm pain that challenged the validity of cervi-
cal discography as a diagnostic tool. In an examination of 
148 discs, only 10 could be characterized as retaining injec-
tate within the central confines of the annulus typically 
described as normal by other authors. He concluded that cer-
vical discography is without diagnostic value [34]. Schellhas 
et al. compared MRI and cervical discography in 10 subjects 
without painful neck symptoms and 10 subjects with neck 
pain. The authors found that normal discs were not painful in 
either symptomatic or nonsymptomatic subjects. When pres-
surized, painful discs corresponded to the pain reported by 
the patient [35]. Holt in 1968 published a study questioning 
the credibility of lumbar discography. Discography was car-
ried out on 30 volunteers from a penitentiary inmate popula-
tion. He reported a 37% false-positive rate [36]. Simmons 
and Aprill reassessed Holt’s paper finding four major issues. 
First, Hypaque contrast is irritating and likely irritated sur-
rounding structures. Secondly, needle placement was likely 
improper as neither CT nor fluoroscopy was utilized. Thirdly, 
the study population and motivation for participation in this 
penitentiary study population are problematic, and lastly, 
errors in accounting of data are noted [37].

Walsh and Aprill replicated Holt’s study in 1990  in 10 
asymptomatic volunteers and 7 patients with lower back 
pain. Six of seven low back pain patients had positive disco-

grams, while none of the ten asymptomatic volunteers had 
positive studies. The false-positive rate was 0%, and specific-
ity was 100% [38].

 Validation

There exists a gold standard dilemma. There is no histopath-
ologic correlate of a painful disc against which to measure an 
imaging or diagnostic test such as discography. This lack of 
a criterion standard for lumbar discogenic pain—other than 
discography itself—implies that the validity of discography 
cannot be directly determined. The false-positive rate can be 
determined by studying the prevalence of positive responses 
in a group of asymptomatic volunteers [12].

Methodological variability in study design, clinical tech-
niques, definitions, and interpretations of discography, as 
well as little consensus about what constitutes a false- positive 
rate, has made the reliability of systematic review, and thus 
evidence-based guideline development, challenging [12, 
39–46]. Techniques and safeguards to address concerns 
identified in the clinical literature have developed. Lumbar 
discography was routinely performed without manometry 
until Derby demonstrated the importance of pressure mea-
surement and operational criteria [17, 47]. The use of strict 
criteria including injection pressure and response intensity 
can decrease false positives and protect against putative risk 
of damage to the disc [9, 39, 41].

The operational definition of a “positive” vs a “negative” 
response to disc provocation is important. Derby et al. were 
able to demonstrate that when discography was applied 
with appropriate pressure, volume, and response intensity 
criteria the procedure yielded 0–10% false-positive results 
[12, 42, 48].

Guidelines by the Spine Intervention Society and the 
American Society of Interventional Pain Physicians focus on 
criteria for the use and interpretation of provocative discog-
raphy [49].

 Positive Discography Criteria

In ideal situations, a gold standard or criterion is obtained by 
tissue confirmation of the presence or absence of a disease. 
Surgical inspection of a degenerated disc and advanced 
imaging cannot assess the presence of discogenic pain [1].

Guidelines for provocation discography have been devel-
oped by multiple professional medical societies. The tech-
nique of lumbar discography has been standardized by the 
International Association for the Study of Pain as well as the 
Spine Intervention Society. Comprehensive literature reviews 
have been provided in the American Society for Interventional 
Pain Medicine guidelines of 2009, 2013, and 2018 [8, 50, 51].
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In 2013, the Spine Intervention Society established the 
following criteria for definitive diagnosis of discogenic pain 
using provocation discography: [49].

• Concordant pain response of ≥6/10
• Volume limit of 3 mL
• Pressurization of the disc to no greater than 50 psi above 

the opening pressure
• Adjacent disc(s) provide controls

 – For one control disc: Painless response or nonconcor-
dant pain that occurs at a pressure greater than 15 psi 
over opening pressure

 – For two adjacent control discs: Painless response at 
both levels or one painless disc and one disc with non-
concordant pain that occurs at a pressure greater than 
15 psi over opening pressure

Similar criteria have been developed by the American 
Society of Interventional Pain Physicians (ASIPP) [1]. A dis-
cogram can be interpreted as positive only if the target disc:

Produces concordant pain with an intensity of ≥7 on a 
10-point numerical pain rating scale or 70% of the highest 
reported pain (i.e. worst spontaneous pain of 7  =  7 × 
70% = 5).

Two adjacent discs do not produce any pain at all with 
provocation discography or only one disc in the case of L5/
S1 with low-volume and low-pressure injection.

“Concordant pain” will be defined here as pain during 
provocation that closely approximates the patient’s usual pain 
pattern, whereas “nonconcordant pain” is a pain response 
upon pressurization that does not mirror usual pain pattern.

 Disc Anatomy and Physiology

Intervertebral discs function primarily to transmit loads and 
facilitate movement between vertebral bodies. They are 
complex structures comprised of a thick fibrous outer ring of 
cartilage and an annulus fibrosus that surrounds an inner 
gelatinous centre called the nucleus pulposus. The disc is 
positioned between the inferior and superior cartilage end-
plates [31].

The annulus fibrosus is comprised of concentric lamellae 
of fibrocartilage. Each lamella consists primarily of collagen 
type I fibres that pass obliquely between vertebral bodies, 
with the orientation of the fibres reversed in alternating 
lamellae [52]. Annular fibres provide resistance to vertical, 
forward, backward, and lateral sliding movements in 
response to outward expansion of the nucleus pulposa. The 
annulus fibrosus acts like a ligament to restrain movement 
and stabilize the vertebral joint [31].

The nucleus pulposus, which is the central core of the 
disc, is located posteriorly within the disc [28]. It absorbs 

shock during axial loading by expanding radially and resists 
spinal compression by spreading axial load evenly across 
the vertebral body, even when the spine is flexed or extended 
[31, 52]. The nucleus pulposus consists of a proteoglycan 
and water gel held together loosely by an irregular network 
of fine collagen type II and elastin fibres. Aggrecan, the 
major proteoglycan of the disc, has a high anionic glycos-
aminoglycan content of chondroitin sulphate and keratan 
sulphate, which provides the osmotic properties needed to 
preserve hydration and resist compression [31, 52]. Because 
the nucleus pulposus does not have its own blood supply, it 
receives its nourishment via diffusion from the vasculature 
along the periphery of the annulus fibrosa and vertebral 
body [28].

The vertebral endplate is a thin (less than 1 mm), horizon-
tal layer of hyaline cartilage that is weakly bonded to the 
perforated cortical bone of the vertebral body and the colla-
gen fibres of the annulus and nucleus [31, 52]. Only the car-
tilaginous endplates have blood supply. Biochemically, the 
important constituents of the disc are collagen fibres, elastin 
fibres, and aggrecan [53].

Two interconnected nerve plexes innervate the cervical, 
thoracic, and lumbar discs. Both plexes innervate the annu-
lus fibrosus to a depth of 3.5 mm, with most nerve endings 
concentrated dorsally and posterior laterally. Branches of 
two sympathetic trunks, the proximal ends of the lumbar 
ventral rami and the grey rami communicans, form the plex-
uses that innervate the anterior part of the disc. The sinover-
tebral nerve provides the main nerve supply to the posterior 
intervertebral disc and to every other structure of the spinal 
canal [31]. The density of receptors within the lumbar end-
plates and the annulus is similar. Endplate innervation is 
densest centrally, near the nucleus [53] (Fig. 16.1).

Fig. 16.1 Innervation of the intervertebral disc. (From: Maus and 
Aprill [106]. Used with permission of Mayo Foundation for Medical 
Education and Research, all rights reserved)
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The intervertebral disc changes degeneratively, morpho-
logically, and biochemically over the course of the human 
life cycle. With advancing age, proteoglycans and water 
decrease within the nucleus pulposus, resulting in insuffi-
cient hydrodynamic transfer of axial stress to the outer annu-
lus fibrosus [52]. This decreased hydration results in loss of 
mechanical tension in the annulus fibrosus collagen fibres 
and results in abnormal spinal axial loading forces and seg-
mental instability. Minor changes in stress forces on the 
spine can result in the development of neck or back pain and 

narrowing of the spinal canal over time. In early stage degen-
eration, the disc undergoes an imbalance of anabolic and 
catabolic factors that leads to extracellular matrix degrada-
tion [54, 55] (Fig. 16.2).

Abnormal distribution of axial stress results in the tearing 
of the annulus fibrosus, which reduces the structural integrity 
of the disc [56]. Excessive mechanical loading, whether 
through trauma, sustained physical activity such as sports, or 
activities of daily living, disrupts the disc’s structure, pre-
cipitating cell-mediated responses that lead to further disrup-

Injury

Role of Inflammation in Lumbar Pain

Peripheral annulus fibrosus and posterior
longitudinal ligament supplied with
nociceptors (small unmyelinated nerve
fibers with free or small capsular-type
nerve endings). Nociceptors connect
to sinuvertebral nerve and/or to somatic
afferent nerves carried within the
sympathetic chain to the upper lumbar
levels, which lead to dorsal root ganglion
in spinal nerve root.

Injury to disc initiates
inflammatory process in
nucleus pulposus.

Dorsal root
ganglion

Sinuvertebral
nerve

Discogenic pain Herniated nucleus pulposus

Neovascularization of disc

Inflammatory
cell infiltrate
(chemical
signal for
revascularization)

Nucleus pulposus
Phospholipase A2
Prostaglandins
Nitric oxcide
Metalloproteinases
? Unidentified
inflammatory
agents

Nerve root-dura interface
may be involved by
inflammatory process.
Chemical factors and
compression both contribute
to lumbar pain.

Chemicals may reach
nociceptors via fissure
to lower threshold
for firing. Pain caused
by mechanical forces
superimposed on
chemically activated
nociceptors.

Dorsal
root ganglion

Nociceptors
in annulus
fibrosus

Sinuvertebral
nerve

Fissure in
annulus
fibrosus

Fig. 16.2 Anatomic 
relationship of the lumbar 
disc, endplate, and nerve root. 
Pathologic changes secondary 
to neovascularization of the 
disc. (Source: Netterimages. 
Role of Inflammation In 
Lumbar Pain. Image# 7408. 
Netter illustration used with 
permission of Elsevier Inc. 
All rights reserved. www.
netterimages.com)

A. Calodney and A. T. Vest

http://www.netterimages.com
http://www.netterimages.com


159

tion. Genetic inheritance likely contributes to degenerative 
susceptibility [52]. Pathological changes within the disc are 
distinct from other types of disc degenerative disease such as 
herniation [6, 57].

 Pathophysiology

The pathophysiology of the intervertebral disc is complex, 
and only a brief summary will be considered here. 
Degenerated discs exhibit abnormally widespread innerva-
tion with sensory nerve fibres penetrating deep into the 
nucleus pulposus [58, 59]. Most discs with positive pain 
provocation on discography show radial fissures within the 
annulus [60].

The process of disc degeneration produces an inflamma-
tory response, generated by cells within the nucleus pulposus, 
where multiple inflammatory factors are released. Histologic 
studies reveal ingrowth of vascularized granulation tis-
sue along the annular fissures [59]. Immunohistochemical 
analyses have demonstrated cytokine- sensitized nociceptors, 
phagocytic cells, and perivascular neoinnervation (axono-
genesis). Small, free nerve fibres may be found in the outer 
annulus and extend to the inner annulus and nucleus pulpo-
sus [59, 61–63].

Patients with discogenic back pain have significantly 
higher levels of released interleukin-1, interleukin-6, and 
interleukin-8, compared to patients with disc herniation [61]. 
Nerve fibres in the disc may contain nociceptive neurotrans-
mitters, such as substance P, calcitonin gene-related peptide, 
and vasoactive intestinal peptide. These inflammatory fac-
tors migrate through fissures into the outer third of the annu-
lus or into the endplate, where stimulation of free nerve 
endings results in pain [62]. The degenerating discs thus 
exhibit free nerve endings (pain receptors) and inflamma-
tion, which are two of the factors responsible for the pain 
response [64].

 Patient Selection

There is little discussion in the literature about how to iden-
tify which patients are suitable candidates for discographic 
procedures. In general, a high level of suspicion for disco-
genic pain, where the persistent level of pain is severe enough 
to consider surgical intervention, is required [31]. Because 
most patients with low back pain experience improvement 
and resolution within 3 months, discography is typically 
reserved for adults who report back pain for an extended 
period. Earlier discography should be considered rarely and 
only for specific extraordinary cases, and it should not be 
used as a routine procedure for patients with nonspecific 
back pain [31, 64–66]. Prior to discography, the patient 

should try multiple more conservative treatment modalities, 
(e.g. lifestyle and activity modification, medication, physical 
therapy, fluoroscopically guided injections, and other con-
servative methods) with insufficient therapeutic success [11, 
28, 31]. The patient must also be able to understand the pur-
pose of the procedure, comply with instructions, and provide 
meaningful feedback during the stimulation [11]. For exam-
ple, the patient must be able to clearly describe any pain pro-
duced during disc stimulation and compare it to their usual 
pain [10]. The procedure is often performed using conscious 
sedation. This method supports patient comfort and allows 
the patient to be responsive during the pressurization phase 
of procedure.

 Indications

Various authors describe the conditions for which discogra-
phy is a suitable procedure [10, 11, 28, 64, 66]. These recom-
mendations are not entirely uniform and, to some extent, 
vary based on the clinician’s specialty (e.g. anaesthesiolo-
gist/interventional pain specialist, pain medicine and reha-
bilitation specialist, or radiologist).

Updated guidelines by the North American Spine Society 
enumerate a core set of criteria for which there is widespread 
agreement and which have withstood the test of time [65]. 
According to these criteria, indications for discography 
include, but are not limited to:

• Assessment of demonstrably abnormal discs to help eval-
uate the extent of abnormality or correlate the abnormal-
ity with the clinical symptoms. Such symptoms may 
include recurrent pain from a previously operated disc 
and lateral disc herniation.

• Assessment of patients with persistent, severe symptoms 
in whom other diagnostic tests have failed to reveal clear 
confirmation of a suspected disc as the source of pain.

• Assessment of patients who have failed to respond to sur-
gical intervention, to determine if there is painful pseud-
arthrosis or a symptomatic disc in a posteriorly fused 
segment and to help evaluate possible recurrent disc 
herniation.

• Assessment of discs before fusion, to determine if the 
discs within the proposed fusion segment are symptom-
atic and to determine if discs adjacent to the segment are 
normal.

• Assessment of candidates for minimally invasive surgical 
intervention to confirm a contained disc herniation or to 
investigate dye distribution pattern before chemonucleol-
ysis or percutaneous procedures.

A report by Walker et al. concurs with these criteria and 
adds that potential candidates for discography should have 
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no contraindications, particularly evidence of psychogenic 
pain [31].

 Contraindications

The main contraindications to discography are similar to 
those of other interventional procedures:

• Known bleeding disorder and use of anticoagulation/anti-
thrombotic therapy that cannot be with temporary medi-
cation discontinuation

• Pregnancy
• Systemic infection or skin infection over the puncture site
• Allergy to radiologic contrast that precludes testing with 

contrast media, local anaesthetic, or antibiotics (pretreat-
ment with antihistamine and corticosteroids or use of 
gadolinium may ameliorate these problems in some 
patients)

• Psychiatric conditions, such as psychogenic pain, post- 
traumatic stress disorder, or psychotic diagnoses

• Inability or unwillingness to provide informed consent to 
the procedure

• Inability to assess the patient’s response to the procedure, 
for example, due to sedation or significant analgesic use

• Anatomic features that would preclude a safe and effec-
tive procedure, for example, severe spinal stenosis result-
ing in intraspinal obstruction

• Solid bone fusion that prevents access to the disc
• Severe spinal canal compromise at the disc level to be 

investigated [11, 28, 31]

Some of the above contraindications, such as infection, 
can be temporary, and others, such as allergy and anticoagu-
lation/antithrombotic therapy, can be addressed in the pre- 
and perioperative period.

 Preoperative Considerations

Patient preexisting conditions, such as allergies to contrast, 
latex, iodine, and antibiotics must be addressed. Prophylactic 
medications, such as diphenhydramine and a steroid agent 
for allergy management, can be prescribed for those patients 
whose allergy is not severe. Patient compliance must be 
ensured [10].

Familiarity with all medications a patient is taking is 
essential, including herbs and supplements. Instructions 
regarding the use of approved medications prior to the proce-
dure vary. The potential benefit to the patient receiving dis-
cography must outweigh the risk of withholding essential 
medications. Recommendations for patients receiving anti-
platelet/anticoagulant/antithrombotic medications vary and 

have changed over time. Communication with the clinician 
managing the patient’s medication is essential. Pain, anti- 
inflammatory, sedative, and any other medications or sub-
stances that alter the patient’s perception of pain should not 
be used the day of the procedure to ensure test results are not 
comprised [10].

 Perioperative Considerations

Clinicians concur that the usual perioperative protocols and 
precautions common to other spine interventions also apply 
to discography. A complete history and physical examination 
should be performed. The patient’s CT and MR imaging 
should be reviewed to determine the levels to be studied. The 
patient needs to be informed of the risks and benefits of dis-
cography, and it should be made clear to the patient that his/
her response to disc stimulation is the basis for the test 
results. The procedure should be explained to the patient in 
sufficient detail to convey what to expect, including the like-
lihood of discomfort or pain during the provocation portion 
of procedure and soreness for a few days afterwards, so that 
the patient can provide informed consent. Further, it is criti-
cally important for patients to fully understand that they will 
be required to actively participate in the provocation portion 
of the procedure by comparing the pain evoked by the proce-
dure with their usual pain. They should also be made aware 
of the potential for complications, including pneumothorax 
if thoracic or lower cervical segments are to be tested [10, 
11, 28, 31, 64]. Options for patients with severe iodine con-
trast allergy include gadolinium contrast and saline.

On the day of the discography, the patient can drink flu-
ids, but should not eat for 2 hours before the procedure. 
Instructions regarding approved medications prior to the pro-
cedure vary [10].

Prior to the procedure, the patient is typically positioned 
in a prone position, prepped, and draped in a sterile manner. 
To avoid any confusion between needle-induced annular 
pain and a provocative pain response, the disc can be 
approached from the asymptomatic side, if the typical pain is 
predominantly on one side. Patients can also be positioned in 
a modified lateral decubitus position with the symptomatic 
side down. This position also facilitates optimal fluoroscopic 
imaging and keeps the image intensifier out of the way dur-
ing initial needle placement.

Intravenous sedation can be given to relax the patient, 
providing that it does not compromise the patient’s ability to 
participate during the procedure. Short-acting analgesics that 
can be readily reversed are generally preferred. Analgesia 
should be individually titrated to avoid oversedation. Heart 
rate, pulse oximetry, blood pressure, and respiration should 
be monitored throughout the procedure.
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Standard infection prophylaxis practice is to administer 
intravenous and intradiscal antibiotics prior to the procedure, 
which have been reported to reduce the risk of infection and 
discitis [28, 49, 67–69]. The skin is also typically prepped 
with a povidone-iodine solution to further mitigate infection 
risk as S. aureus/epidermidis are typical constituents of nor-
mal skin flora [70–74]. In patients with a known iodine 
allergy, there are noniodine or alcohol-based solutions that 
can be used instead. The proceduralist must maintain sterile 
technique throughout the procedure. At no time should the 
needle tip be touched with the gloved hand; sterile gauze can 
be used to manipulate the needle tip. Intradiscal and/or oral 
antibiotics can be given at the discretion of the physician 
[40]. The consequences of discitis are so significant that 
many practitioners consider the use of prophylactic antibiot-
ics to be the standard of care, especially for high-risk patients 
[28]. In a survey of its members, the Spine Intervention 
Society reported that 83.81% use preoperative antibiotics 
and 84.97% use intradiscal antibiotics [75].

 The Procedure

 Lumbar Discography

The most likely level of the pain generator and the two 
adjoining levels should be investigated. It is uncommon to 
study more than four segments. When stimulating the discs, 
the patient is blinded regarding the onset and level stimu-
lated. If the patient’s usual pain is localized to one side, the 
disc space can be approached from the contralateral, asymp-
tomatic, side. Approaching the asymptomatic side can poten-
tially reduce confusion regarding the source of any provoked 
pain. The American Society of Interventional Pain Physicians, 
[28] and the Spine Intervention Society guidelines detail rec-
ommendations for this procedure [49].

Patients are typically positioned prone. Foam pillows or 
pads can be utilized to reduce lumbar lordosis. Both single- 
needle and two-needle techniques have been described. A 
two-needle system uses a longer, small-gauge procedure 
needle passed through a shorter, larger gauge needle into the 
disc. A single-needle technique uses a single styletted needle 
passed through the skin and directly into the disc. A retro-
spective study of 100 thoracic discographies used a single- 
needle technique, a 24-gauge, 3.5-inch needle inserted 
directly through the skin into the thoracic disc, using inter-
mittent fluoroscopic guidance and bevel rotation. No patient 
experienced any serious complications [76]. Both single- 
and double-needle techniques must utilize styletted needles. 
The stylet prevents tissue from accumulating in the needle 
and entering the disc [77]. The fluoroscope is used to obtain 
an anterior–posterior (AP) image of the target level. The 
fluoroscope is then angled cephalad or caudad until the 

image beam is parallel to the planes of the inferior and supe-
rior endplates that surround the target disc. (Fig. 16.3).

The fluoroscope is next rotated obliquely towards the side 
of needle entry until the facet joint line is in the midline of 
the target disc. The needle is to be passed just lateral to the 
lateral aspect of the superior articular process (SAP) at the 
level of the target disc. (Fig. 16.4) (ring apophysis) [78] of 
L5 superiorly. (Fig. 16.5) A curved tipped needle can be used 
to avoid the iliac crest while obtaining disc access. (Fig. 16.6).

Fig. 16.3 AP View with the L4–5 endplates parallel to fluoroscopy 
beam

Fig. 16.4 L4–5 Oblique view. The SAP is in the midline of the disc 
space. The needle is slightly lateral to the SAP

16 Discography



162

Fig. 16.5 L5-S1 Oblique view. The fluoroscopy beam has been angled 
cephalad to displace the iliac crest inferior. The existing needles are 
placed in the L3–4 and L4–5 disc spaces

Fig. 16.6 L5-S1 Oblique view with needle inserted. Iliac crest is infe-
rior, SAP medial to the needle. The curved tip needle can be used to 
avoid the iliac crest

Fig. 16.7 Lateral view with needles inserted in the L3–4, L4–5 and 
L5-S1 discs. The needle is advanced into the centre of the disc as 
viewed laterally

The authors’ standard needle length is 7 inches, although 
shorter needles can be used in slender patients. A longer nee-
dle, up to 10 inches, may be needed to access the L5-S1 disc 
in a large patient. A 22- or 25-gauge needle can be used to 
obtain disc access; however, 25-gauge needles can be diffi-
cult to manipulate due to their compliance but are less trau-
matic to the annular tissue. The needle is inserted through the 

skin parallel to the fluoroscopic beam and advanced just lat-
eral to the SAP. If bone obstructs needle placement, the dis-
cographer must determine if the SAP or an endplate has been 
contacted and make the proper needle correction. Once the 
needle has been advanced distal to the SAP, the fluoroscopy 
beam is rotated to obtain a lateral image. (Fig. 16.7)

Care must be taken when crossing the level of the inter-
vertebral foramen not to strike the ventral ramus. If the 
patient complains of paraesthesia during this portion of the 
procedure, the needle must be slightly withdrawn and redi-
rected. The needle is then advanced, and, if no paraesthesia 
is elicited, the next structure that the needle will encounter is 
the disc annulus. A firm resistance will be felt by the discog-
rapher at this point. It is common for the patient to experi-
ence a dull ache in the lower back or buttock as the needle 
passes through the annulus. The needle is then advanced into 
the centre of the disc, and final needle position is confirmed 
with both lateral and AP imaging. (Fig. 16.8).

After proper placement of the needle into the target disc, 
the stylet is removed from the needle. The needle is con-
nected to a syringe that will inject contrast mixed with anti-
biotic. If the patient has a known allergy to contrast, either 
saline or gadolinium [79] mixed with antibiotic can be 
injected. At least one painless disc must be identified as a 
control level during provocation discography in order to vali-
date the procedure. If all discs studied are painful, the 
 discogram can be considered invalid, and an adjacent level 
should be tested in order to identify a control. The diagnosis 
is stronger if the concordant disc displays a grade 3 fissure or 
greater on a post-discography CT scan. The diagnosis is 
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Fig. 16.8 AP view with needle in L3–4, L4–5, and L5-S1 discs. 
Needle placement should be midline in the AP and the lateral views. 
Note larger gauge needle used as introducer for FAD catheter

Fig. 16.9 Lateral view of a normal L3–4 disc. The L4–5 disc demon-
strates a posterior tear. The L5-S1 disc space is narrowed and shows a 
posterior tear and posterior disc protrusion

Fig. 16.10 AP view with normal L3–4 disc morphology and degenera-
tive L4–5 and L5-S1 discs

most robust if a single disc demonstrates concordant pain 
production and the two adjacent discs are nonpainful [12].

Regardless of the technique employed, after the needles are 
positioned in the disc(s), each disc is evaluated by injecting con-
trast. Depending on the patient’s size, a normal lumbar disc 
accepts from 0.5 mL to 3 mL with a firm endpoint or high dis-
cometric pressure [80]. Lumbar intradiscal pressure can be 
directly measured with a pressure gauge in psi at the onset of 
pain or with a firm endpoint. The volume and pressures are 
recorded while contrast is injected. The patient’s response to the 
injection is noted [81]. In a normal disc, contrast remains in the 
nucleus and appears as a “cotton ball” (Figs. 16.9 and 16.10).

If the patient experiences pain with injection, the loca-
tion, severity, and quality are documented. Transient pain 
can be provoked when fissures are opened. To be truly posi-
tive, the pain must be sustained during injection [17]. 
“Concordant pain” is pain during provocation that replicates 
the patient’s usual pain pattern. “Nonconcordant pain” is 
pain during provocation that does not replicate the usual 
pain pattern. Disc morphology, including disc height, tears, 
and leaks, are also recorded. A confirmatory repressuriza-
tion of a concordant disc or indeterminant disc is routinely 
performed to reconfirm the discographer’s findings. Another 
method used to verify the consistency of the patient’s 
response to disc pressurization is the use of a sham injec-
tion. The patient is told that the disc is being injected, while 
the syringe is held in the operator’s hands. Any pain response 
is noted. Patients are expected to survive sham injection 
without response and to respond consistently to repressur-
ization. A robust result would be one in which the patient 

survives sham injection without a painful response but 
responds consistently with a pain response to pressurization 
and repressurization to the disc.

Injection is continued until:

 1. Pain is reproduced at a level of 6/10 or greater
 2. Intradiscal pressure > 50 psi above opening pressure in a 

disc with a grade 3 annular tear
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 3. 4.0 ml of volume is reached
 4. 80–100 psi is reached in a normal appearing disc [42, 82]

The opening pressure, pressure at onset of pain, and peak 
pressure are also recorded [79]. The use of manometry to 
measure intradiscal pressure during lumbar discography 
generates quantifiable, objective data which improve proce-
dural consistency [17]. Intradiscal pressure monitoring also 
reduces the incidence of false-positive results by decreasing 
the likelihood of over-pressurization [83]. Pressures greater 
than 50 psi over opening pressure have been associated with 
a very high false-positive rate based on a retrospective study 
of pressure and pain response by O’Neill and Kurgansky [84].

Upon completion of the injections, x-rays of the lumbar 
spine are obtained in the posteroanterior and lateral views. A 
nucleogram of a normal lumbar disc appears as a rounded or 
bilobular-contained component of the lumbar disc. Annular 
disruption shows contrast spread beyond the nuclear border, 
typically in a radial fashion. Nucleogram patterns can range 
from normal (cotton ball and lobular) to abnormal (irregular, 
fissured, ruptured, and degenerative).

 Post-Lumbar Discography Imaging

Post-lumbar discography CT imaging provides further 
detailed information about the presence and degree of annu-
lar pathology, as well as disc degeneration. The extent of 
annular pathology on CT-discography correlates with the 
likelihood of a concordantly painful disc [44]. The modified 
Dallas discogram classification system assists in assessing 
patients with lumbar spine pain for annular pathology. Grade 
3–5 annular tears demonstrate a high correlation with con-
cordant low back pain.

Graded morphology of internal disc structure:

• Grade 0: Normal disc morphology
• Grade 1: Contrast spreads radially along a fissure to the 

inner 1/3 of the annulus
• Grade 2: Contrast spreads into middle 1/3 of the annulus
• Grade 3: Contrast spreads to the outer 1/3 of the annulus, 

involving <30(degrees) of the disc circumference
• Grade 4: Contrast spreads to the outer 1/3 of the annulus, 

involving >30(degrees) of the disc circumference
• Grade 5: Full-thickness tear with extra-annular leakage 

into epidural space

Vanharanta and colleagues [60] were able to demonstrate 
from post-discography CT imaging that increasing disc 
degeneration was associated with increased likelihood of 
pain provocation. Discs with severe (grade 3 and above) 
annular disruption were associated with pain provocation 
77% of the time.

Colhoun et al. [20] compared post-discography morphol-
ogy with improved surgical outcomes. Patients with abnor-
mal disc morphology and consistent response to pain 
provocation had successful surgical outcomes 89% of the 
time. Comparatively, they found successful surgical out-
comes only 52% of the time in patients with abnormal disc 
morphology without pain provocation. (Table 16.1).

 Cervical Discography

With some alterations, the pre- and peri-operative consider-
ations discussed above also apply to cervical discography. 
Meticulous sterile technique and wide prep are important. 
Cervical discography may be performed using the original 
anterior approach or a modified anterolateral approach. The 
latter has been associated with less risk and has become the 
most commonly used approach. (Fig. 16.11).

The original anterior paratracheal technique places the 
patient in the supine position. The C-arm fluoroscope is 
employed to visualize the cervical spine. The patient’s head 
and neck are placed in extension to widen the anterior disc 
space for easier access into the disc. Through patient or fluo-
roscope positioning, the spinous processes are aligned mid-
line with visualization of the vertebral endplates and uncinate 
processes. (Fig. 16.12).

The oesophagus is typically located left of midline, so 
using a right-sided approach when performing cervical dis-
cography can lessen the risk of puncturing the oesophagus. 
With the nondominant hand, palpate anterior cervical struc-
tures with index and/or middle finger. Move the trachea and 
oesophagus medially and the carotid artery and internal jug-
ular vein laterally. Direct the needle towards the anterolateral 
border of the endplate just below the target disc. This safety 
step is used to prevent overpenetration of the needle, which 
can travel through disc and directly into the spinal canal. 
Upon bony contact, the needle is held firmly, and the C-arm 
rotated into a lateral projection to confirm positioning. The 
needle is then walked off of the endplate superiorly into the 
disc annulus. The operator should be able to appreciate the 
clear tactile difference between hard bone and the more com-
pliant disc. PA and lateral fluoroscopic views are used to 

Table 16.1 Discography predicted success of subsequent surgical 
intervention.

Therapeutic utility
Response to treatment
Success Failure

Disc stimulation Positive 121 16
Negative 16 15

Colhoun’s data [20] showed sensitivity of 0.88 and specificity 0.48 in 
patients with positive discograms who underwent cervical spine sur-
gery. Note that very few patients with negative discograms underwent 
surgery which may contribute to a selection bias
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Fig. 16.11 Lateral and 
midline line approach 
trajectories. Cervical 
discography is typically done 
from the right side due to the 
left-sided location of the 
oesophagus. (From: Melnik 
et al. [126]; with permission 
of Springer Nature)

Fig. 16.12 AP C-spine with caudal tilt to square vertebral endplates. 
(From: Calodney and Griffin [127]; used with permission of Springer 
Nature)

advance tip into the centre of the disc space. A lateral view 
should be assessed as soon as the firm annulus fibrosis is felt.

Alternatively, the oblique approach has the advantage of 
keeping the operator’s hand out of the fluoroscopic beam and 
is often the only way to enter lower cervical discs in larger 
patients. The disadvantage is that it puts the carotid artery at 
greater risk, as the course of the carotid can be anatomically 
variable. The patient is again positioned supine, and the 

C-arm is first positioned for a PA view of the cervical spine 
and then tilted caudally until the beam is parallel to the target 
disc space. The C-arm is then rotated towards the side of 
entry (generally the right side) to obtain open neural forami-
nal view. Using the focus of the beam as a guide directs the 
needle towards the medial edge of the uncinate process lat-
eral and inferior to the disc space. Walk the needle off medi-
ally and superiorly into the disc annulus. (Figs.  16.13 and 
16.14).

Again, once contact with annulus is felt, PA and lateral 
fluoroscopic views are utilized to advance the needle into the 
centre and confirm proper positioning. (Figs.  16.15 and 
16.16).

After successful placement within the centre of the disc, 
the stylet is removed and the needle hub is filled with a few 
drops of contrast. Normal cervical discs can have volumes as 
small as 0.1 ml. In lieu of these small cervical volumes, even 
the dead space of the needle hub becomes important to con-
sider. A 3 cc syringe and low volume extension tubing filled 
with contrast (containing the antibiotic) are attached to the 
needle. Often significant pressures are needed to reach dye 
point (the pressure at which contrast is first seen entering the 
disc) in the cervical spine, particularly in younger, normal 
discs. Additionally, dye point can be sudden and produce 
what we term an “opening snap”, which can startle the 
patient and may be uncomfortable. It is important to distin-
guish this sensation from a positive painful discogenic 
response. Confirmatory techniques including sham injection 
and repressurization can help make this distinction and 
improve validity of patient response. (Fig. 16.17).

Contrast volume used for cervical discography ranges 
from approximately 0.1–0.5 ml. Occasionally, volumes over 
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Fig. 16.13 Oblique view with needle tapping the medial edge of the 
uncinate process

Fig. 16.14 Oblique view, needle walked off uncinate process medially 
and superiorly into the centre of the disc

Fig. 16.15 AP view of the needle placed in the centre of the C6–7 disc 
space

Fig. 16.16 Lateral view with needle in the centre of the disc space
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Fig. 16.17 Lateral view with contrast demonstrating small posterior 
tear and bulge

0.5  ml up to 1  ml may be required to pressurize the disc. 
These larger volumes can be an indication of incompetent or 
severely degenerated cervical discs. The average cervical 
disc volume noted by Ohnmeiss and colleagues [85] and cor-
roborated by the authors’ years of clinical experience is 
about 0.23  ml. Indeed, care should be taken if volumes 
exceed 0.5 cc. The injection of contrast should be terminated 
if a large leak is noted, firm resistance develops, or signifi-
cant pain is experienced by the patient.

When investigating multiple cervical discs, the first nee-
dle is typically inserted into the most cephalad disc, followed 
by needle insertion into the remaining discs in a sequential 
and caudad direction. A single 25-gauge spinal needle is 
used to enter each disc level for the study. The needle entry 
should be more laterally at the C2/3 and C3/4 disc levels to 
avoid the hypopharynx and more medially at the C7/T1 level 
to avoid the apex of the lung.

 Post-Cervical Discography Imaging

Post-cervical discography CT imaging is more challenging 
secondary to smaller injected contrast volumes. Generally, 
the CT should be done within 30–60 minutes of the contrast 
injection lest the contrast be largely redistributed before 
obtaining the CT images. Annular tears and protrusions 
involving the cervical disc that are detected by 
CT-discography are not always visualized by MRI, because 
the typical 3–5 mm MRI slice does not provide the neces-
sary detailed information. CT-discography is optimal with 

1  mm slices with gantry angles appropriately parallel to 
each cervical disc.

 Thoracic Discography

Thoracic discography is less common and thus less studied 
than either lumbar or cervical discography. The general pre- 
and peri-procedural recommendations discussed in the cor-
responding cervical and lumbar sections also apply here. The 
technique used is similar to lumbar discography with some 
alterations to ensure the safety of the spinal cord in the tho-
racic spine. Another important pre-procedural consideration 
is that upper thoracic levels may be difficult to enter. Shorter 
disc heights and the close approximation of the ribs and cos-
tovertebral joints make this anatomy difficult to investigate. 
Additionally, degenerative changes tend to complicate mat-
ters further. Lower and midthoracic discs are generally easier 
and safer to study in most patients.

The patient should be placed in a prone position on the 
table. Adjust the C-arm to provide a posterior oblique posi-
tion with the superior articular process one-third to one half-
way across the disc space with squared endplates. The 
endplates at each level are squared off to ensure the parallel 
orientation of the beam with the sub- and supra-adjacent ver-
tebral body margins. This view creates a “box” configuration 
formed by the endplates, the superior articular process\lam-
ina, and the rib head. (Fig. 16.18).

The box defines a safe pathway into the annulus while 
avoiding the spinal cord medially and the lung laterally. 
Advance the needle within the confines of the box to the 
outer annulus. The needle must stay medial to the rib head 
and costovertebral joint in order to avoid the pleura. The 
needle must stay lateral to the lamina and interpedicular line 
to avoid entering the spinal canal. (Figs. 16.19, 16.20, 16.21, 
16.22, and 16.23).

After encountering, the outer annulus continues into the 
central third of the disc using fluoroscopic guidance. 
Subsequent procedural steps are similar to those discussed in 
detail earlier in the text in regard to cervical contrast injec-
tion, as manometry is not generally used in with the thoracic 
or cervical regions.

 Post-Thoracic Discography Imaging

CT imaging provides further detailed post-thoracic discogra-
phy information on the degree of annular pathology and disc 
degeneration. The modified Dallas discogram classification 
system for annular pathology can be used to define the degree 
of abnormal findings.
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Fig. 16.18 The needle passes through a “box” bounded laterally by rib head, medially by lamina, and superiorly and inferiorly by endplates. 
(Reproduced with permission from Bogduk [128])

Fig. 16.19 Needle trajectory remains medial to the rib head and lateral 
to lamina to avoid pleura and spinal canal. (Reproduced with permis-
sion from Bogduk [128])

Fig. 16.20 Note that the endplates are squared and the C-arm is rotated 
towards the side of entry until the “box” is approximately 25% across 
the disc space
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Fig. 16.21 Endplates must be parallel at the level of entry. The needles 
can be seen passing medial to the rib heads into the thoracic disc

Fig. 16.22 Lateral view with needle in the middle of the disc space. 
The upper two discs appear normal. The Lower two levels demonstrated 
posterior annular abnormalities and recreated familiar pain on injection 
of contrast

Fig. 16.23 AP view with contrast in the thoracic discs

 Post-Procedure Care

Patients should be observed for at least 30–60 minutes fol-
lowing the procedure and instructed not to drive until the 
next day following the procedure. If needed, patients 
should be provided with post-procedure analgesia. Advise 
patients to call if they experience symptoms such as wors-
ening pain, fever, chills, malaise, and night sweats within 
1 week of the procedure, which could indicate a disc infec-
tion. Shortness of breath could indicate pneumothorax. 
Note: Discitis symptoms, which are typically severe back 
pain, may not appear for weeks to months after discogra-
phy [10, 28, 76].

 Interpretation and Documentation

The disc pressure (discometry or manometry) at the onset of 
pain during lumbar discography can be measured and 
recorded with a pressure gauge in pounds per square inch 
(psi). As mentioned above, manometry provides additional 
objective measure and its use in lumbar discography is gen-
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erally considered standard of care. Manometry is infre-
quently used in cervical and thoracic discography.

Painful lumbar discs can be categorized into one of four 
categories with the aid of manometry [28]:

 1. Normal discs: no pain
 2. Chemically sensitive disc: pain <15  psi above opening 

pressure
 3. Mechanically sensitive disc: pain >15  psi and  <  50  psi 

above opening pressure
 4. Indeterminate disc: pain >50 psi above opening pressure

Derby and colleagues [17] found that patients with chem-
ically sensitive discs had better outcomes with interbody 
fusion when compared with intertransverse fusion or nonop-
erative treatment.

The pain level reaction reflects the pain intensity experi-
enced by the patient during the injection regardless of 
whether the pain is concordant or discordant. The intensity is 
graded verbally on a numeric pain rating scale, often using 
10 as the greatest degree of pain and 0 as no pain at all.

The pain quality is crucial because it establishes whether 
pain provoked during the procedure mirrors the pain experi-
enced by the patient. The pain can be vague and discordant, 
partly concordant, (i.e. merely a component of their typical 
pain), or an exact reproduction of the patient’s concordant 
pain.

Strict diagnostic criteria are crucial for discography as it 
is a provocational study; as such, it is inherently prone to the 
challenges of objectivity. Subjective patient input, the previ-
ous lack of standardization, and questionable specificity 
have fuelled debate among proceduralists [12, 17, 38, 42, 
86–88]. The resultant discussions among peers have helped 
to advance the standards and ultimately the objective mea-
sure of discography.

The specificity of discography has historically been a 
source of controversy. However, data from a recent meta- 
analysis were able to demonstrate that lumbar discography 
adhering to updated practice guidelines is associated with a 
low false-positive rate [51]. A recent Wolfer et al. [42] meta- 
analysis of all completed data sets involving subjects asymp-
tomatic for lower back pain using ISIS/IASP guidelines found 
a false-positive rate of 9.3% per patients and 6.0% per disc.

Others have been able to demonstrate a similarly low 
false-positive rate with cervical and thoracic discography. 
Schellhas et al., [35] in a study of 40 cervical discs in asymp-
tomatic patients, there were no pain responses. Wood and 
colleagues [89] found that of asymptomatic volunteers 3 of 
40 (7.5%) injections were painful. However, all three of 
these discs demonstrated prominent Schmorl’s nodes, and 
the provoked response was unfamiliar and nonconcordant.

Strict diagnostic guidelines and procedural modifications 
have clearly increased the diagnostic accuracy of discogra-

phy. However, controversy remains. Carragee has published 
multiple papers questioning the validity of discography. His 
works have suggested that discography may result in misdi-
agnosis, unnecessary surgery, and potentially accelerate disc 
degeneration [42].

Carragee demonstrated high false-positive rates of 40% in 
a sample of 20 post-discectomy or post-laminectomy patients 
who were asymptomatic at the time of discography [87]. 
These results are considered by many to be heavily influ-
enced by the study’s patient population and Carragee’s use of 
higher-pressure cut-offs [82]. Greater than 75% of his patient 
sampling had somatization disorder. Discography is ulti-
mately a subjective test as patient participation is a required 
component. Therefore, caution is needed when interpreting 
discography response in patients with low pain tolerances or 
in those with abnormal psychometric profiles. Secondly, this 
particular observational study was taken from a population 
who had previously undergone lumbar spine surgery in the 
form of discectomy or laminectomy. The results demonstrate 
a high likelihood of having a positive discogram at a previ-
ously operated level for both symptomatic and asymptomatic 
groups alike. False-positive rates may indeed be dispropor-
tionately higher in post-discectomy patients. This does not 
invalidate its efficacy but rather it implies that extra care 
should be taken when interpreting discography outcomes in 
these patient populations.

In 2009, prospective longitudinal cohort data were pub-
lished to investigate the long-term impact of discography by 
comparing MRI indices in individuals who had undergone 
discography with matched controls [41]. A cohort of 75 sub-
jects were followed for 7–10  years after baseline workup. 
The research group showed that individuals who received 
discography were subsequently found to have higher rates of 
lumbar disc degeneration, lumbar disc herniation, spine sur-
gery, significant lower back pain episodes, and more medical 
follow-up compared to the control group [41].

Deeper review found that for the sample sizes used in this 
study the confidence intervals between study and control 
groups overlap with regard to higher levels of disc degenera-
tion and Modic changes and are therefore not likely to be 
statistically significant [40]. Foraminal disc herniations were 
found to be 2–5 times more common in the post-discography 
group. However, the rates of foraminal herniation in the gen-
eral population are nearly equivalent with those found in his 
treatment group, while his control group was curiously less 
affected [40]. A similar trend was observed with regard to the 
prevalence of Modic changes. The control cohort had signifi-
cantly lower rates of Modic changes (11%) compared to 
those found in the general population (36%) [9]. Other ques-
tions arose with regard to this study’s substantial loss to fol-
low- up, lack of adherence to current SIS/IASP procedural 
guidelines, and the exclusion of appropriate discography 
candidates [9]. The loss to follow-up rate was substantial. 
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While a high attrition rate is generally expected in long-term 
clinical studies, the loss to follow-up was reported as high as 
30% in the 2009 data [9]. The magnitude of this attrition rate 
significantly impairs the ability to comment on true patient 
outcomes [9]. With regard to procedural technique, inappro-
priately high disc pressures were produced in a majority of 
subjects. In fact, 96% of subjects were subjected to pressures 
of 80 psi or greater. This is an important procedural error, as 
high disc pressures have been demonstrated to cause annular 
disruption [90].

Other long-term cohort studies have not demonstrated 
higher rates of disc degeneration associated with discogra-
phy. In a small prospective study (N = 36), Pfirrmann scores 
in subjects with symptomatic low back pain who had under-
gone provocation discography with or without confirmation 
by intradiscal bupivacaine injection were compared with 
matched controls [91]. Ohtori et al. found that no significant 
difference in disc degeneration was observed on MRI 
between both groups at 3–5-year follow-up intervals. 
Similarly, a cross-sectional cohort study found no evidence 
of degenerative disc changes 10–20 years after discography 
[92]. However, radiography (not MRI) was used to assess 
degree of change. Without MRI to detect minute changes, it 
is hard to draw definitive conclusions from this longitudinal 
study. Data from a 7-year matched cohort study using MRI, 
likewise, found no relationship between progression of 
degenerative disc disease and provocative discography. In 
this study by McCormick et al., 66 discs exposed to provoca-
tive discography following SIS/ASIP guidelines were 
matched to a control cohort of patients with low back pain. 
There was no difference in proportion of punctured discs that 
advanced in Pfirrmann scores compared to matched cohort, 
nor was there a difference between puncture and nonpunc-
tured discs within the provocative discography group. The 
same study also found no differences in T2-signal-intensity- 
to-CSF ratio, disc height, new disc herniations, new HIZs, or 
new Type 1 Modic changes in the group exposed to provoca-
tive discography [93].

Published animal data seem to suggest that disc puncture 
with small-gauge needles does not cause a progressive 
increase in disc degeneration, [9] These data seem even more 
relevant when considering needle size to disc height ratio in 
these smaller animal models [94].

In conclusion, Carragees’ studies demonstrate that dis-
cography has false positives like any other diagnostic test. 
Abnormal psychometric testing and patients with previously 
operated discs have disproportionately higher false rates, and 
therefore, their results should be interpreted with caution. 
Likewise, strict adherence to SIS/IASP guidelines is impor-
tant both to limit number of false positives and to limit risk 
of over-pressurization injury. The risk of progression of disc 
degeneration following provocative discography has not 
been reproduced in similar matched cohort studies. The find-

ings of Carragee may have been influenced with methodo-
logic flaws in study design, lack of adherence to current 
guidelines, and substantial loss to follow-up.

 Complications

The overall complication rate for discography is quite low 
(i.e. estimated to be less than 1 per cent) [95]. Improved 
injection techniques, advanced imaging, and better contrast 
materials have all contributed to a decreased incidence of 
complications over time. Infection is a potential and well- 
recognized complication of any interventional procedure. 
The two most grave complications of discography are disci-
tis and neural injury. Incidence of discitis has significantly 
declined after widespread use of prophylactic intradiscal and 
intravenous antibiotics. Likewise, the use of proper tech-
nique can avoid neural injury. A paraesthesia is a clear indi-
cation to the discographer to withdraw and redirect the 
needle. Overall reported complications associated with lum-
bar discography range between 0% and 2.7% of patients.

A retrospective analysis of 4400 cervical disc injections 
in 1357 patients, to assess the morbidity and mortality of cer-
vical discography, was reported by Zaidman et al. in 1995. 
The authors found that less than 0.6% of the patients experi-
enced a significant adverse event, and 0.16% of cervical dis-
cograms resulted in patient injury [96]. In a systematic 
review of cervical discography, Kapoor et al. found a discitis 
rate of 22  in 14,133 disc injections (0.15%) in 21 of 4804 
patients (0.44%) [97].

Willems et  al. reported on a case series of 200 lumbar 
discography patients (435 discograms) and also conducted a 
systematic review of the literature to identify discitis risk 
and assess the need for prophylactic antibiotics. In nine 
studies reviewed, the authors found an incidence of 12 cases 
of discitis in 4891 patients (0.25%) and 12,770 discs 
(0.094%) where clinicians had not used prophylactic antibi-
otics. In one study examined, where clinicians used prophy-
lactic antibiotics in 127 patients, no cases of discitis were 
reported [98].

Thoracic discography is rare, and no recent analysis of 
complications for thoracic discography was identified. 
Pobiel et al. conducted a retrospective review of 12,634 dis-
cographies performed at all levels in 10,663 patients over a 
12-year period. Of these, thoracic discographies were done 
on 1141 patients and 3083 discs. While 17 cases could not be 
completed, no instances of thoracic discitis occurred. At all 
spinal levels and procedures, only two patients experienced 
discitis, for an overall incidence of 0.016% [69].

Potential, although very rare, complications include:

• allergic contrast allergy
• bleeding
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• bowel perforation
• bruising
• discitis
• epidural abscess
• increased pain
• meningitis
• myelopathy
• nerve root injury
• pneumothorax
• retroperitoneal structures, including the kidney and spleen
• subarachnoid puncture
• trauma to the spinal cord
• vagal response [10, 28, 31, 49]

 Correlating Imaging with Discography

Disc degeneration is a ubiquitous term often meaning differ-
ent things to different experts. The process by which a disc 
becomes painful has not be directly established [40]. The 
microenvironment within the disc shifts as ageing chondro-
cytes become less able to maintain the homeostasis of the 
matrix [99]. Cyclic loading, genetic, epigenetic, and meta-
bolic environment all seem to play a role in disc degenera-
tion [99]. However, age is the strongest correlate of 
degenerative changes [99]. The epidemiologic evidence 
demonstrates that these changes are not painful, and the 
moniker may in itself be a source of distress to patients [99].

Internal disc disruption is not an age-related phenomenon 
and is associated with axial pain [99]. The aetiology of inter-
nal disc disruption is fatigue failure occurring with cyclic 
loading with the subsequent recruitment of inflammatory 
cytokines and activation of metalloproteases [99]. Vertebral 
endplates are susceptible to fatigue failure when subjected to 
repeated compression loads as small as 50% to 60% of the 
ultimate tensile strength of the endplate [100]. The endplate 
can fracture after as few as 100 reps [40]. Stress profilometry 
can be used to detect and quantify endplate disruption. A 
pressure transducer is inserted across the diameter of the disc 
and slowly withdrawn, while intradiscal pressures are moni-
tored. (Fig. 16.24).

Internal disc disruption generally demonstrates a charac-
teristic profilometry profile with posterior endplate fractures 
[99]. Internal disc disruption is characterized by isolated 
radial fissures through the annulus fibrosis of lumbar inter-
vertebral discs. These findings can be seen on post- 
discography CT imaging.

Rapidly advancing imaging technology provides the cli-
nician with vast amounts of digital data; however, in the 
absence of clear clinical correlates, these data can quickly 
become a barrier to selecting patient appropriate therapy. 
Provocation discography remains the reference standard for 
the diagnosis of discogenic pain; however, it is reasonable to 

consider if the diagnosis can be established based on imag-
ing alone.

Many studies have been able to demonstrate that as disc 
degeneration advances so too does the potential for disco-
genic pain [101, 102]. In a population of symptomatic 
patients with axial pain considered discogenic in nature, 
severe loss of disc height has a specificity of at least 97% and 
a PPV of 90%. (Fig. 16.25).

O’Neill and colleagues were able to demonstrate that 
changes in disc contour, specifically disc bulge, were associ-
ated with a + LR of 5.3 [103]. Analysis of available data per-
formed by Maus & Aprill in 2012 found that uniformly dark 
T2 signal with or without loss of disc height is a likewise a 
finding of high specificity (88–96%). Discs with severe T2 
signal loss are rarely nonpainful. Endplate marrow changes 
were originally classified by Modic in 1988 [104]:

• Type 1 change represents ingrowth of vascularized granu-
lation tissue into sub-endplate marrow. Type I Modic 
change exhibits hypointense T1 and hyperintense T2 sig-
nals on MR imaging.

• Type II change exhibits elevated T1 and T2 signals and 
reflects fatty infiltration of the sub-endplate marrow.

• Type III changes are hypointense on T1 and T2 and are 
likely representative of an area of bony sclerosis. Type III 
Modic changes are typically not associated with pain (B1).

Stress Profilometry: Internal Disc Disruption
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Fig. 16.24 Features of a normal disc and one affected by internal disc 
disruption (IDD) under stress profilometry. Graph showing the magni-
tude of stresses within the disc across a diameter as probe passes from 
the anterior annulus to the posterior annulus. In normal disc, the stresses 
are uniform. In a disc with IDD, the stresses in the nucleus pulposus are 
irregular, decreased, and may be zero, but the stress in the posterior 
annulus is increased substantially more than normal. (From: Bogduk 
[129]. By permission of Oxford University Press)
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Fig. 16.25 Symptomatic patients who have severe loss of disc height 
and signal loss on MRI strongly correlate with a positive result on dis-
cography. L5 disc space narrowing, L4 nuclear signal loss in a patient 

with concordant pain at L4 and L5 on discography. (From: Maus and 
Aprill [106]; with permission from Elsevier)

Type I changes are felt to represent an active inflamma-
tory state compared to type II or type III changes. Toyone 
and colleagues found that type I or type II Modic changes 
involving greater than 25% of the vertebral body strongly 
correlate with a positive result on provocation discography 
[105]. These findings were associated with high specificity, 
PPV, and LRs. (Fig. 16.26).

A high-intensity zone (HIZ) is believed to represent a 
complex grade 4 circumferential tear where nuclear material 
has been trapped within the annulus fibrosis [106]. The pres-
ence of an HIZ was found to have a sensitivity of 82% and a 
specificity of 89%. Additionally, an HIZ represents a LR of 
7.3 [106] (Fig. 16.27).

These five structural changes correlate strongly with a 
positive result on discography. However, the presence of 
these features in the symptomatic patient population are rare 
and are generally felt to represent the advanced stages of 
internal disc disruption. The absence of these features does 
not preclude the disc as a potential source of pain. 
Additionally, some of these features may be seen in asymp-
tomatic patients usually of advanced age [99]. On the oppo-
site end of the spectrum, a normal disc on MRI is associated 
with high negative likelihood ratios [40, 106]. The normal 
discs on MRI are rarely painful. Although, a recent publica-
tion by Zucherman et al. demonstrated that a normal MRI 
can still surprise with a positive discography [107]. In syn-

thesizing these data, it is reasonable to conclude that MRI is 
most helpful when characterizing the extremes of internal 
disc disruption. Intermediate MRI changes do not provide 
the clinician with definitive evidence for or against the pos-
sibility of discogenic sources of pain. Provocative discogra-
phy continues to be the reference standard for the diagnosis 
of discogenic pain [106].

 Uses of Discography in Regenerative 
Medicine

Our understanding of the cellular biology of the disc has 
advanced greatly over the last decade paralleled nicely by the 
development of new potential regenerative interventions. 
Despite these advancements, there are still gaps in our under-
standing of the pathogenesis of disc degeneration. The pre-
sumed aetiology of the degenerative process appears to be 
driven by changes in the behaviour of resident cells, which cul-
minates in the loss of disc hydration, changes in the extracellular 
matrix, and ultimately changes in gross architecture and load-
bearing potential [108]. The majority of this information has 
largely been extrapolated by examining discs taken at autopsy, 
removed during surgery, or from large animal studies [108, 
109]. Here is a brief summary of the  histopathologic changes 
that have been observed in the degenerative disc [108, 109]:
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Fig. 16.26 L5 level demonstrating Type I Modic change involving >25% of vertical height of a vertebral body. (From: Maus [130]. Copyright 
International Spine Intervention Society 2015; used with permission)

• Markedly higher concentrations of proteases (i.e. aggre-
canase and metalloprotease)—Macromolecular degrada-
tion outpaces the macromolecular synthesis [108]

• Decreased aggrecan (a large polyanionic proteoglycan 
with a high osmotic pressure [110])—with less of this 
proteoglycan, there is less osmotic potential. Disc desic-
cation ensues.

• Lamellar disorganization—the discs lose structural integ-
rity and load-bearing potential [108]

• Cartilaginous endplates calcify—decreasing nutrient 
transport to cells [111]

• Angiogenesis and neurogenesis occur in response to cel-
lular damage/stress—healthy discs are generally avascu-
lar aneural structures [108]

• Recruitment of inflammatory cells (i.e. macrophages) is 
amplified by angiogenesis—healthy discs are generally 
avascular and therefore are relatively nutrient poor. 
Higher concentrations of more metabolically active mac-
rophages deplete native nutrient pools quickly. Glucose 
and pH decrease [108]

• Inflammatory cytokines at higher concentrations due to 
larger populations of inflammatory cells in the degener-
ated disc—this upregulates matrix degradation and exac-
erbates nutritional stresses [108]

• Decrease in viable and functional cell numbers, with large 
populations of senescent cells—calcified cartilaginous 
endplates greatly limit the recruitment of new cells. 
Specific chemokines, CCL5, and CXCL6 are upregulated 
and play a role in cellular recruitment [108] (Fig. 16.28)

Cell therapy in the form of mesenchymal stem cells 
(MSCs), bone marrow aspirate concentrate (BMAC), and 
platelet-rich plasma (PRP) have shown great potential to 
slow or even potentially reverse the degenerative process 
before major structural changes occur [112]. Svanvik et al. 
found that MSCs co-cultured with native IVD cells have the 
potential to differentiate towards chondrocyte-like cells that 
are phenotypically similar to those found within the NP of 
the disc [113]. These cells are capable of mobilizing endog-
enous populations of stem/progenitor cells, stimulating ana-
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Fig. 16.27 L4 level demonstrating presence of a high-intensity zone (HIZ) and subsequent positive discogram at that level. (From: Maus and 
Aprill [106]; with permission from Elsevier)

bolic processes, and dampening inflammatory activity [114]. 
These observations highlight the potential therapeutic bene-
fits of intradiscal MSCs in preventing and possibly even 
reversing the early steps of the degenerative cascade. Early 
data for cellular regenerative therapy using various animal 
models have been promising [115] (Fig. 16.29).

Likewise, positive outcomes have been achieved with 
human disc cells or mesenchymal stem cell transplantations 
into porcine models [113]. Mesenchymal stem cells seem to 
demonstrate some ability to interact with resident cell popu-
lations, regulate local homeostasis, and attract additional 
cells. Stem cells have demonstrated in  vitro chondrogenic 
differentiation potential and may, therefore be, capable of 
stimulating new ECM; however, the regenerative potential 
seems to be limited to reversing or slowing earlier degenera-
tive changes before structural remodelling can occur [113]. 
More research is needed to determine the precise point at 
which biologic therapy is likely to be of little use. Additional 
concerns regarding safety and efficacy remain, and much 
more data are required before definitive statements can be 
made.

 Conclusion

Discography has become an indispensable tool in the evalu-
ation of spinal pain [38, 116–118]. The differential diagnosis 
when evaluating patients with back pain is broad, and the 
disc is a common potential culprit. The clinical picture is 
further complicated by ubiquitous age-related degenerative 
changes [99]. These changes accumulate and do not neces-
sarily implicate a specific source of pain. There are a handful 
of radiologic findings which strongly implicate discogenic 
pain; however, these are rare and may potentially be present 
in asymptomatic patients. Discography continues to be the 
reference standard for diagnosing discogenic pain. There are 
both historical and current controversies surrounding its use 
[17, 38, 42, 87, 88, 119]. This has generated healthy discus-
sion and advanced the standards of this diagnostic procedure. 
The use of manometry, sham injection, and strict criteria for 
identifying positive discs are all intended to limit the likeli-
hood of a false-positive result. It is acknowledged that 
 discography has been interpreted with caution in patients 
with certain behavioural pathology.
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Goals of interventional treatment

Microenvironment
catabolism

Microenvironment
anabolism

Tissue degeneration

Tissue regeneration

• ≠ Interleukin (IL-1, IL-6)
• ≠ Tumor necrosis factor-alpha (TNF-α)
• ≠ Matrix Metalloproteinases (MMPs)
• ≠ Nitric Oxide (NO)
• ≠ Prostaglandin E2 (PGE-2)

• ≠ Transforming Growth Factor-beta
• ≠ (TGF-beta)
• ≠ Bone Morphogenetic Proteins
• ≠ BMP-7 (OP-1), BMP-14 (GDF-5)
• ≠ Insulin-like growth factor-1 (IGF-1)
• ≠ Epidermal growth factor (EGF)
• ≠ Platelet-derived growth factor
• ↓ Tumor necrosis factor-alpha (TNF-α)
• ↓ Matrix Metalloproteinases (MMPs)
• ≠ Nuclear matrix

Fig. 16.28 Figure 19.28 Goals of interventional treatment are to 
improve the microenvironment of the disc to allow for tissue regenera-
tion. (a) Increasing inflammatory cytokine favours the development of 
a catabolic microenvironment. Goals of biologic therapy are to down 

regulate the production of inflammatory cytokines in order to decrease 
catabolic activity and (b) up regulate extracellular matrix proteins that 
increase anabolic activity

There is an expanding role for new, minimally invasive 
spinal interventions for the treatment of painful discogenic 
back pain. Emerging biologic therapies in the form of cellu-
lar replacement or cell-rich scaffolding offer potentially ther-
apeutic options where previously there were none. These 
potential treatments demand a sensitive diagnostic test to 
select appropriate potential candidates. Discography is the 
current standard. However, new noninvasive diagnostic 
modalities are currently being developed. Magnetic reso-
nance spectroscopy (MRS) is a noninvasive study being used 
to characterize in vivo metabolic features within tissues in 
several clinical [120]. Keshari and colleagues were able to 
demonstrate that certain disc chemicals specifically lactate 
and proteoglycan can provide spectroscopically quantifiable 
biomarkers for discogenic pain [120]. These biomarkers 

have well-documented features of the degenerative disc 
microenvironment. Early data suggest that MRS may be a 
highly specific screening modality for patients with disco-
genic sources of pain. MRS as it is used to work up disco-
genic pain is in the early stages of development, and it may 
yet be many years before this technology experiences wide-
spread clinical use.

It is the authors’ contention that discography when used 
in conjunction with radiographic imaging is the preferred 
method to evaluate the lumbar disc as a potential source of 
axial back pain. Discography can help clarify the clinical 
picture, identify which patients may benefit from novel 
regenerative techniques, and guide surgical intervention.

When using a diagnostic test to select patients for treat-
ment, the accuracy of the test is important [121–124]. A rela-
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Catabolic OA cartilage/degenerate IVD microenvironment
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Fig. 16.29 Catabolic 
environment of the painful 
degenerative disc is associated 
with increased levels of 
pro-inflammatory mediators. 
Regenerative biologics may 
help restore a healthy, 
anabolic phenotype. (From: 
Richardson et al. [131]; with 
permission of Elsevier)

tively inexpensive and low-risk procedure such as an intradiscal 
biologic favours the use of a highly sensitive screening test. If 
the diagnosis is missed, the patient may be subject to more 
costly and invasive treatments such as surgery. A test with high 
specificity and positive predictive value is preferred for more 
costly and risky intervention including spine fusion. This 
would reduce unnecessary exposure to risk for the patient.

There are potential limitations associated with any inter-
ventional procedure, discography notwithstanding. A posi-

tive level on discography does not rule out the presence of 
other sources of pain; it does not prove the clinical signifi-
cance of the pain, nor guarantee interventional or surgical 
outcome. A negative discogram effectively rules the disc out 
as a pain generator. It has diagnostic utility and negative 
 predictive value. It acts as a barrier to excessive surgery and 
disc-related intervention and provides closure.

The lumbar intervertebral disc is a common cause of 
chronic lower back pain. Discography can accurately iden-
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tify appropriate candidates for current and future intradiscal 
or subchondral therapies [125]. The skill set for performing 
discography includes disc access, which is needed for any 
intradiscal injection procedure.

References

 1. Manchikanti L, Singh V, Datta S, Cohen SP, Hirsch 
JA.  Comprehensive review of epidemiology, scope, and impact 
of spinal pain evidence-based medicine. Pain Physician. 
2009;12:35–70.

 2. National Center for Health Statistics. Health, United States, 
2011: with special feature on socioeconomic status and health. 
Hyattsville; 2012.

 3. Dahlhamer J, Lucas J, Zelaya C, Nahin R, Mackey S, DeBar L, 
et  al. Prevalence of chronic pain and high-impact chronic pain 
among adults — United States, 2016. MMWR Morb Mortal Wkly 
Rep. 2018;67(36):1001–6.

 4. Ma VY, Chan L, Carruthers KJ. Incidence, prevalence, costs, and 
impact on disability of common conditions requiring rehabilita-
tion in the United States: stroke, spinal cord injury, traumatic brain 
injury, multiple sclerosis, osteoarthritis, rheumatoid arthritis, limb 
loss, and back pain. Arch Phys Med Rehabil. 2014;95(5):986–95.

 5. Gou HR, Tanaka S, Halperin WE, Cameron LL. Back pain preva-
lence in US industry and estimates of lost workdays. Am J Public 
Health. 1999;89(7):1029–35.

 6. Verrills P, Nowesenitz G, Barnard A. Prevalence and characteris-
tics of discogenic pain in tertiary practice: 223 consecutive cases 
utilizing lumbar discography. Pain Med. 2015;16(8):1490–9.

 7. Skulpoonkitti B, Day M.  Sphenopalatine ganglion blocks. In: 
Manchikanti L, Kaye AD, FJE F, Hirsch JA, editors. Essentials of 
interventional techniques in managing chronic pain. 1st ed. Cham: 
Springer International Publishing; 2018. p. 519–29.

 8. Manchikanti L, Benyamin RM, Singh V, Falco FJE, Hameed H, 
Derby R, et al. An update of the systematic appraisal of the accu-
racy and utility of lumbar discography in chronic low back pain. 
Pain Physician. 2013;16(2 Suppl):SE55–95.

 9. Mccormick ZL, Defrancesch F, Loomba V, Moradian M, Bathina 
R, Rappard G. Diagnostic value, prognostic value, and safety of 
provocation discography. Pain Med. 2018;19:3–8.

 10. Calodney A, Griffith D.  Discography. In: Mathis JGS, editor. 
Image-guided spine interventions. New  York: Springer; 2010. 
p. 107–46.

 11. Landers MH. Intervertebral disk stimulation. Provocation diskog-
raphy. In: Pimheiro-Franco JL, Vaccaro AR, Benzel EC, Mayer 
HM, editors. Advanced concepts in lumbar degenerative disk dis-
ease. 1st ed. Philadelphia: Elsevier Inc.; 2011. p. 117–38.

 12. Derby R, Lee S-H, Kim B-J, Chen Y, Aprill C, Bogduk N. Pressure- 
controlled lumbar discography in volunteers without low back 
symptoms. Pain Med. 2005;6(3):213–21.

 13. Lindblom K.  Technique and results of diagnostic disc puncture 
and injection (discography) in the lumbar region. Acta Orthop 
Scand. 1951;20(4):315–26.

 14. Schellhas KP, Pollei S, Gundry C, Heithoff K. Lumbar disc high- 
intensity zone: correlation of magnetic resonance imaging and 
discography. Spine (Phila Pa 1976). 1996;21(1):79–86.

 15. Bogduk N, Aprill C, Derby R.  Discography. In: White A, 
Schofferman A, editors. Spine care diagnosis and conservative 
treatment. St. Louis: Mosby; 1995. p. 219–36.

 16. KOZAK JA, OʼBRIEN JP.  Simultaneous combined anterior 
and posterior fusion, an independent analysis of a treatment 
for the disabled low-back pain patient. Spine (Phila Pa 1976). 
1990;15(4):322–8.

 17. Derby R, Howard MW, Grant JM, Lettice JJ, Van Peteghem PK, 
Ryan DP. The ability of pressure-controlled discography to pre-
dict surgical and nonsurgical outcomes. Spine (Phila Pa 1976). 
1999;24(4):364–71; discussion 371–2

 18. BLUMENTHAL SL, BAKER J, DOSSETT A, SELBY DK. The 
role of anterior lumbar fusion for internal disc disruption. Spine 
(Phila Pa 1976). 1988;13(5):566–9.

 19. Newman MH, Grinstead GL.  Anterior lumbar interbody 
fusion for internal disc disruption. Spine (Phila Pa 1976). 
1992;17(7):831–3.

 20. Colhoun E, McCall IW, Williams L, Cassar Pullicino 
VN. Provocation discography as a guide to planning operations 
on the spine. J Bone Joint Surg Br. 1988;70(2):267–71.

 21. Cohen SP, Hurley RW. The ability of diagnostic spinal injections 
to predict surgical outcomes. Anesth Analg. 2007;105(6):1756–
75, table of contents.

 22. Lam KS, Carlin D, Mulholland RC. Lumbar disc high-intensity 
zone: the value and significance of provocative discography in 
the determination of the discogenic pain source. Eur Spine J. 
2000;9(1):36–41.

 23. Saifuddin A, Braithwaite I, White J, Taylor BA, Renton 
P.  The value of lumbar spine magnetic resonance imaging in 
the demonstration of annular tears. Spine (Phila Pa 1976). 
1998;23(4):453–7.

 24. Ito M, Incorvaia KM, Yu SF, Fredrickson BE, Yuan HA, 
Rosenbaum AE.  Predictive signs of discogenic lumbar pain on 
magnetic resonance imaging with discography correlation. Spine 
(Phila Pa 1976). 1998;23(11):1252–8.

 25. Jensen MC, Brant-Zawadzki MN, Obuchowski N, Modic 
MT, Malkasian D, Ross JS.  Magnetic resonance imaging of 
the lumbar spine in people without back pain. N Engl J Med. 
1994;331(2):69–73.

 26. Modic MT, Obuchowski NA, Ross JS, Brant-Zawadzki MN, 
Grooff PN, Mazanec DJ, et al. Acute low back pain and radicu-
lopathy: MR imaging findings and their prognostic role and effect 
on outcome. Radiology. 2005;237(2):597–604.

 27. Borenstein DG, O’Mara JW, Boden SD, Lauerman WC, Jacobson 
A, Platenberg C, et al. The value of magnetic resonance imaging 
of the lumbar spine to predict low-back pain in asymptomatic sub-
jects. J Bone Jt Surg-Am Vol. 2001;83(9):1306–11.

 28. Manchikanti L, Kaye AD, Falco FJE, Hirsch JA. Discography. In: 
Manchikanti L, Kaye AD, Falco FJE, Hirsch JA, editors. Essentials 
of interventional techniques in managing chronic pain. 1st ed. 
Cham: Springer International Publishing; 2018. p. 273–300.

 29. Roofe PG. Innervation of annulus fibrosus and posterior longitudi-
nal ligament. Arch Neurol Psychiatr. 1940;44(1):100.

 30. Cloward RB. The anterior approach for removal of ruptured cervi-
cal disks. J Neurosurg. 1958;15(6):602–17.

 31. Walker J, El Abd O, Isaac Z, Muzin S. Discography in practice: 
a clinical and historical review. Curr Rev Musculoskelet Med. 
2008;1:69–83.

 32. Lindblom K. Diagnostic puncture of intervertebral disks in sci-
atica. Acta Orthop. 1948;17(1–4):231–9.

 33. Wise RE, Weiford EC.  X-ray visualization of the intervertebral 
disk; report of a case. Cleve Clin Q. 1951;18(2):127–30.

 34. Holt EP. Fallacy of cervical discography. Report of 50 cases in 
normal subjects. JAMA. 1964;188:799–801.

 35. Schellhas KP, Smith MD, Gundry CR, Pollei SR. Cervical disco-
genic pain: prospective correlation of magnetic resonance imag-
ing and discography in asymptomatic subjects and pain sufferers. 
Cerv Spine. 1996;21:300–11.

 36. HOLT EP. The question of lumbar discography. J Bone Jt Surg. 
1968;50(4):720–6.

 37. Simmons J, Aprill C, Dwyer A, Brodsky A.  A reassessment of 
Holt’s data on: the question of lumbar discography. – PubMed – 
NCBI. Clin Orthop Relat Res. 1988;237:120–4.

A. Calodney and A. T. Vest



179

 38. Walsh TR, Weinstein JN, Spratt KF, Lehmann TR, Aprill C, Sayre 
H. Lumbar discography in normal subjects. A controlled, prospec-
tive study. J Bone Joint Surg Am. 1990;72(7):1081–8.

 39. Cuellar JM, Stauff MP, Herzog RJ, Carrino JA, Baker GA, 
Carragee EJ.  Does provocative discography cause clinically 
important injury to the lumbar intervertebral disc? A 10-year 
matched cohort study. Spine J. 2016;16:273–80.

 40. Bogduk N, Aprill C, Derby R. Lumbar discogenic pain: state-of- 
the-art review. Pain Med. 2013;14:813–36.

 41. Carragee EJ, Don AS, Hurwitz EL, Cuellar JM, Carrino JA, 
Carrino J, et  al. 2009 ISSLS prize winner: does discography 
cause accelerated progression of degeneration changes in the lum-
bar disc: a 10 year matched cohort study. Spine (Phila Pa 1976). 
2009;34(21):2338–45.

 42. Wolfer L, Wolfer LR, Derby R, Lee J-E, Lee S-H.  Systematic 
review systematic review of lumbar provocation discography 
in asymptomatic subjects with a meta-analysis of false-positive 
rates. Pain Physician. 2008;11(4):513–38.

 43. Carragee EJ, Lincoln T, Parmar VS, Alamin T. A gold standard eval-
uation of the discogenic pain diagnosis as determined by provoca-
tive discography. Spine (Phila Pa 1976). 2006;31(18):2115–23.

 44. Derby R, Kim B-J, Chen Y, Seo K-S, Lee S-H.  The relation 
between annular disruption on computed tomography scan 
and pressure-controlled diskography. Arch Phys Med Rehabil. 
2005;86(8):1534–8.

 45. Carragee EJ, Alamin TF.  Discography. A review. Spine J. 
2001;1(5):364–72.

 46. Massie W. A critical evaluation of discography. J Bone Jt Surg. 
1967;49:1243–4.

 47. Derby R, Kine G, Schwarzer A.  Pain provocation in normal 
nucleograms during discography. Prevalence and relationship 
of intradiscal pressure. Sci Newsl Int Spine Inject Soc Newsl. 
1993;1:8–17.

 48. Derby R, Kim B-J, Lee S-H, Chen Y, Seo K-S, Aprill 
C. Comparison of discographic findings in asymptomatic subject 
discs and the negative discs of chronic LBP patients: can discog-
raphy distinguish asymptomatic discs among morphologically 
abnormal discs? Spine J. 2005;5(4):389–94.

 49. Bogduk N.  In: Bogduk N, editor. Practice guidelines for spinal 
diagnostic and treatment procedures. 2nd ed. International Spine 
Intervention Society: San Francisco; 2013. 685 p.

 50. Manchikanti L, Glaser SE, Wolfer L, Derby R, Cohen 
SP. Systematic review of lumbar discography as a diagnostic test 
for chronic low back pain. Pain Physician. 2009;12:541–59.

 51. Manchikanti L, Soin A, Benyamin RM, Singh V, Falco FJ, 
Calodney AK, et al. An update of the systematic appraisal of the 
accuracy and utility of discography in chronic spinal pain. Pain 
Physician. 2018;21:91–110.

 52. Adams MA, Roughley PJ. What is intervertebral disc degenera-
tion, and what causes it? Spine (Phila Pa 1976). 31(18):2151–61.

 53. Raj PP.  Intervertebral disc: anatomy, physiology, pathophysiol-
ogy, treatment. Pain Pract. 2008;8(1):18–44.

 54. Pennicooke B, Moriguchi Y, Hussain I, Bonssar L, Härtl 
R.  Biological treatment approaches for degenerative disc dis-
ease: a review of clinical trials and future directions. Cureus. 
2016;8(11):e892.

 55. Sivan SS, Hayes AJ, Wachtel E, Caterson B, Merkher Y, Maroudas 
A, et al. Biochemical composition and turnover of the extracel-
lular matrix of the normal and degenerate intervertebral disc. Eur 
Spine J. 2014;23(Suppl 3):S344–53.

 56. Kim S-M, Lee S-H, Lee B-R, Hwang J-W. Analysis of the cor-
relation among age, disc morphology, positive discography and 
prognosis in patients with chronic low Back pain. Ann Rehabil 
Med. 2015;39(3):340–6.

 57. Deer TR, Mekhail N, Provenzano D, Pope J, Krames E, Leong 
M, et  al. The appropriate use of neurostimulation of the spinal 

cord and peripheral nervous system for the treatment of chronic 
pain and ischemic diseases: the neuromodulation appropriateness 
consensus committee. Neuromodulation. 2014;17(6):515–50; dis-
cussion 550

 58. Edgar MA. The nerve supply of the lumbar intervertebral disc. J 
Bone Jt Surg. 2007;89-B(9):1135–9.

 59. Freemont AJ, Peacock TE, Goupille P, Hoyland JA, O’Brien J, 
Jayson MIV. Nerve ingrowth into diseased intervertebral disc in 
chronic back pain. Lancet. 1997;350:178–81.

 60. Vanharanta H, Sachs BL, Spivey MA, Guyer RD, Hochschuler 
SH, Rashbaum RF, Johnson RG, Ohnmeiss DMV. The relation-
ship of pain provocation to lumbar disc deterioration as seen by 
CT discography. Spine (Phila Pa 1976). 1987;12(3):295–8.

 61. Burke J, Watson R, McCormack D, Dowling F, Walsh M, 
Fitzpatrick J.  Intervertebral discs which cause low back pain 
secrete high levels of proinflammatory mediators. J Bone Jt Surg 
[Br]. 2002;84:196–201.

 62. Peng B, Wu W, Hou S, Li P, Zhang C, Yang Y.  The patho-
genesis of discogenic low back pain. J Bone Joint Surg Br. 
2005;87-B(1):62–7.

 63. Coppes MH, Marani E, Thomeer RTGG.  Innervation of painful 
lumbar discs. Spine (Phila Pa 1976). 1997;22(20):2342–9.

 64. Ivie CS, Gianoli D, Pino CA. Provocative discography as predic-
tor of discogenic pain and therapeutic outcome. Tech Reg Anesth 
Pain Manag. 2011;15:12–9.

 65. Guyer RD, Ohnmeiss DD, Guyer RD, Ohnmeiss DD. Lumbar dis-
cography. Spine J. 2003;3:11S–27S.

 66. Resnick D, Malone D, Ryken T.  Guidelines for the use of dis-
cography for the diagnosis of painful degenerative lumbar disc 
disease. Neurosurg Focus. 2002;13(2):E12.

 67. Fraser RD, Osti OL, Vernon-Roberts B. Discitis after discography. 
J Bone Joint Surg Br. 1987;69(1):26–35.

 68. Osti OL, Vernon-Roberts B, Fraser RD. Volvo Award in experi-
mental studies. Annulus tears and intervertebral disc degeneration. 
An experimental study using an animal model. Spine (Phila Pa 
1976). 1990;15(8):762–7.

 69. Pobiel RS, Schellhas KP, Pollei SR, Johnson BA, Golden MJ, 
Eklund JA. Diskography: infectious complications from a series 
of 12,634 cases. Am J Neuroradiol. 2006;27:1930–2.

 70. Arrington JA, Murtagh FR, Silbiger ML, Rechtine GR, Nokes 
SR.  Magnetic resonance imaging of postdiscogram discitis and 
osteomyelitis in the lumbar spine: case report. J Fla Med Assoc. 
1986;73(3):192–4.

 71. Guyer RD, Collier R, Stith WJ, Ohnmeiss DD, Hochschuler SH, 
Rashbaum RF, et  al. Discitis after discography. Spine (Phila Pa 
1976). 1988;13(12):1352–4.

 72. Guyer RD, Ohnmeiss DD. Lumbar discography. Position statement 
from the North American Spine Society Diagnostic and Therapeutic 
Committee. Spine (Phila Pa 1976). 1995;20(18):2048–59.

 73. Klessig HT, Showsh SA, Sekorski A. The use of Intradiscal anti-
biotics for discography: an in vitro study of gentamicin, cefazolin, 
and clindamycin. Spine (Phila Pa 1976). 2003;28(15):1735–8.

 74. Grogan J, Hemminghytt S, Williams A, et  al. Another strat-
egy recommended by Balderstone et  al. J Spinal Disord Tech. 
2004;17:248–50.

 75. Kim D, Wadley R. Variability in techniques and patient safety pro-
tocols in discography. J Spinal Disord Tech. 2010;23(6):431–8.

 76. Schellhas K, Pollei S, Dorwart R. Thoracic discography. A safe and 
reliable technique. Spine (Phila Pa 1976). 1994;19(18):2103–9.

 77. Sharma SK, Jones JO, Zeballos PP, Irwin SA, Martin TW. The 
prevention of discitis during discography. PMID:19643677. 
https://doi.org/10.1016/j.spinee.2009.06.001.

 78. Pauza K.  Nomenclature and terminology for spine specialists 
(appropriate words meant to replace the most commonly misused 
words of the spine specialists). PASSOR Educational Guidelines 
Task Force. 2005;

16 Discography

https://doi.org/10.1016/j.spinee.2009.06.001


180

 79. Khot A, Bowditch M, Powell J, Sharp D. The use of intradiscal 
steroid therapy for lumbar spinal discogenic pain. Spine (Phila Pa 
1976). 2004;29(8):833–6.

 80. Derby R, Lee SHH, Lee JE, Lee SHH. Comparison of pressure- 
controlled provocation discography using automated versus man-
ual syringe pump manometry in patients with chronic low back 
pain. Pain Med. 2011;12:18–26.

 81. Zhou Y, Abdi S.  A review of the literature. Clin J Pain. 
2006;22(5):468–81.

 82. Bogduk N.  Lumbar disc stimulation (provocation discography). 
In: Bogduk N, editor. Practice guidelines for spinal diagnostic and 
treatment procedures. ISIS; 2004. p. 20–46.

 83. Cavanaugh JM, Kallakuri S, Özaktay AC. Innervation of the rab-
bit lumbar intervertebral disc and posterior longitudinal ligament. 
Spine (Phila Pa 1976). 1995;20(19):2080–5.

 84. O’Neill C, Kurgansky M. Subgroups of positive discs on discog-
raphy. Spine (Phila Pa 1976). 2004;29(19):2134–9.

 85. Ohnmeiss DD, Guyer RD, Mason SL. The relation between cervi-
cal discographic pain responses and radiographic images. Clin J 
Pain. 2000;16(1):1–5.

 86. Carragee EJ, Chen Y, Tanner CM, Hayward C, Rossi M, 
Hagle C.  Can discography cause long-term Back symptoms 
in previously asymptomatic subjects? Spine (Phila Pa 1976). 
2000;25(14):1803–8.

 87. Carragee EJ, Alamin TF, Miller J, Grafe M. Provocative discog-
raphy in volunteer subjects with mild persistent low back pain. 
Spine J. 2002;2(1):25–34.

 88. Carragee EJ, Tanner CM, Yang B, Brito JL, Truong T.  False- 
positive findings on lumbar discography. Reliability of subjective 
concordance assessment during provocative disc injection. Spine 
(Phila Pa 1976). 1999;24(23):2542–7.

 89. Wood KB, Schellhas KP, Garvey TA, Aeppli D. Thoracic discog-
raphy in healthy individuals. A controlled prospective study of 
magnetic resonance imaging and discography in asymptomatic 
and symptomatic individuals. Spine (Phila Pa 1976). 1999;24(15, 
1548):–55.

 90. Veres SP, Robertson PA, Broom ND.  ISSLS prize winner: how 
loading rate influences disc failure mechanics: a microstruc-
tural assessment of internal disruption. Spine (Phila Pa 1976). 
2010;35(21):1897–908.

 91. Ohtori S, Inoue G, Orita S, Eguchi Y, Ochiai N, Kishida S, et al. 
No acceleration of intervertebral disc degeneration after a single 
injection of bupivacaine in young age group with follow-up of 5 
years. Asian Spine J. 2013;7(3):212–7.

 92. Flanagan MN, Chung BU.  Roentgenographic changes in 188 
patients 10–20 years after discography and chemonucleolysis. 
Spine (Phila Pa 1976). 1986;11(5):444–8.

 93. McCormick ZL, Lehman VT, Plastaras CT, Walega DR, 
Huddleston P, Moussallem C, et al. Low-pressure lumbar provo-
cation discography according to spine intervention society/inter-
national association for the study of pain standards does not cause 
acceleration of disc degeneration in patients with symptomatic 
low back pain: a 7 year matched cohort study. Spine (Phila Pa 
1976). 2019;1

 94. Elliott DM, Yerramalli CS, Beckstein JC, Boxberger JI, 
Johannessen W, Vresilovic EJ. The effect of relative needle diam-
eter in puncture and sham injection animal models of degenera-
tion. Spine (Phila Pa 1976). 2008;33(6):588–96.

 95. Peh WCG.  Provocative discography: current status. Biomed 
Imaging Interv J. 2005;1(1):e2.

 96. Zeidman S, Thompson K, Ducker T.  Complications of cervi-
cal discography analysis of 4400 diagnostic disc injections. 
Neurosurgery. 1995;37(3):414–7.

 97. Kapoor SG, Huff J, Cohen SP. Systematic review of the incidence 
of discitis after cervical discography. Spine J. 2010;10(8):739–45.

 98. Willems PC, Jacobs W, Duinkerke ES, De Kleuver M. Lumbar 
discography: should we use prophylactic antibiotics? A study of 
435 consecutive discograms and a systematic review of the litera-
ture. J Spinal Disord Tech. 2004;17(3):243–7.

 99. Bogduk N. Degenerative joint disease of the spine. Radiol Clin N 
Am. 2012;50(4):613–28.

 100. Hansson TH, Keller TS, Spengler DM. Mechanical behavior of 
the human lumbar spine. II. Fatigue strength during dynamic com-
pressive loading. J Orthop Res. 1987;5(4):479–87.

 101. Videman T, Nummi P, Battié MC, Gill K. Digital assessment of 
MRI for lumbar disc desiccation\a comparison of digital ver-
sus subjective assessments and digital intensity profiles versus 
discogram and macroanatomic findings. Spine (Phila Pa 1976). 
1994;19(Supplement):192–8.

 102. Lei D, Rege A, Koti M, Smith FW, Wardlaw D.  Painful disc 
lesion: can modern biplanar magnetic resonance imaging replace 
discography? J Spinal Disord Tech. 2008;21(6):430–5.

 103. O’Neill C, Kurgansky M, Kaiser J, Lau W. Accuracy of MRI for 
diagnosis of discogenic pain. Pain Phys. 11(3):311–26.

 104. Modic MT, Steinberg PM, Ross JS, Masaryk TJ, Carter 
JR. Degenerative disk disease: assessment of changes in vertebral 
body marrow with MR imaging. Radiology. 1988;166(1):193–9.

 105. Toyone T, Takahashi K, Kitahara H, Yamagata M, Murakami M, 
Moriya H. Vertebral bone marrow changes in degenerative lumbar 
disc disease. An MRI study of 74 patients with low back pain. J 
Bone Joint Surg Br. 1994;76(5):757–64.

 106. Maus TP, Aprill CN.  Lumbar diskogenic pain, provocation 
diskography, and imaging correlates. Radiol Clin North Am. 
2012:681–704.

 107. Zucherman J, Derby R, Hsu K, Picetti G, Kaiser J, Schofferman J, 
et al. Normal magnetic resonance imaging with abnormal discog-
raphy. Spine (Phila Pa 1976). 1988;13(12):1355–9.

 108. Bendtsen M, Bunger C, Colombier P, Le Visage C, Roberts S, 
Sakai D, et al. Biological challenges for regeneration of the degen-
erated disc using cellular therapies. Acta Orthop. 2016.

 109. Masuda K, Lotz JC.  New challenges for intervertebral disc 
treatment using regenerative medicine. Tissue Eng Part B Rev. 
2010;16(1):147–58.

 110. Sivan S, Merkher Y, Wachtel E, Ehrlich S, Maroudas A. Correlation 
of swelling pressure and intrafibrillar water in young and aged 
human intervertebral discs. J Orthop Res. 2006;24(6):1292–8.

 111. Kletsas D. Senescent cells in the intervertebral disc: numbers and 
mechanisms. Spine J. 2009;9(8):677–8.

 112. Yoshikawa T, Ueda Y, Miyazaki K, Koizumi M, Takakura Y. Disc 
regeneration therapy using marrow mesenchymal cell transplanta-
tion. Spine (Phila Pa 1976). 2010;35(11):E475–80.

 113. Svanvik T, Henriksson HB, Karlsson C, Hagman M, Lindahl A, 
Brisby H. Human disk cells from degenerated disks and mesen-
chymal stem cells in co-culture result in increased matrix produc-
tion. Cells Tissues Organs. 2010;191(1):2–11.

 114. Hohaus C, Ganey TM, Minkus Y, Meisel HJ.  Cell transplanta-
tion in lumbar spine disc degeneration disease. Eur Spine J. 
2008;17(S4):492–503.

 115. Wang Z, Perez-Terzic CM, Smith J, Mauck WD, Shelerud RA, 
Maus TP, et al. Efficacy of intervertebral disc regeneration with 
stem cells – a systematic review and meta-analysis of animal con-
trolled trials. Gene. 2015;564(1):1–8.

 116. Buirski G, Silberstein M. The symptomatic Lumbar disc in patients 
with low-back pain. Spine (Phila Pa 1976). 1993;18(13):1808–11.

 117. Milette PC, Fontaine S, Lepanto L, Cardinal É, Breton 
G. Differentiating lumbar disc protrusions, disc bulges, and discs 
with normal contour but abnormal signal intensity. Spine (Phila Pa 
1976). 1999;24(1):44–53.

 118. Manchikanti L, Singh V, Pampati V, Fellows B, Beyer C, Damron 
K, et al. Provocative discography in low back pain patients with or 

A. Calodney and A. T. Vest



181

without somatization disorder: a randomized prospective evalua-
tion. Pain Physician. 2001;4(3):227–39.

 119. Carragee EJ, Tanner CM, Khurana S, Hayward C, Welsh J, Date 
E, et al. The rates of false-positive lumbar discography in select 
patients without low back symptoms. Spine (Phila Pa 1976). 
2000;25(11):1373–80; discussion 1381

 120. Gornet MG, Peacock J, Claude J, Schranck FW, Copay AG, 
Eastlack RK, et al. Magnetic resonance spectroscopy (MRS) can 
identify painful lumbar discs and may facilitate improved clinical 
outcomes of lumbar surgeries for discogenic pain. Eur Spine J. 
2019;28(4):674–87.

 121. Manchikanti L, Boswell MV, Singh V, Benyamin RM, Fellows B, 
Abdi S, et al. Comprehensive evidence-based guidelines for inter-
ventional techniques in the management of chronic spinal pain. 
Pain Phys. 12(4):699–802.

 122. Falco FJE, Manchikanti L, Datta S, Sehgal N, Geffert S, Onyewu 
O, et  al. An update of the systematic assessment of the diag-
nostic accuracy of lumbar facet joint nerve blocks. Pain Phys. 
15(6):E869–907.

 123. Simopoulos TT, Manchikanti L, Singh V, Gupta S, Hameed H, 
Diwan S, et al. A systematic evaluation of prevalence and diag-
nostic accuracy of sacroiliac joint interventions. Pain Phys. 
15(3):E305–44.

 124. Hancock MJ, Maher CG, Latimer J, Spindler MF, McAuley JH, 
Laslett M, et  al. Systematic review of tests to identify the disc, 

SIJ or facet joint as the source of low back pain. Eur Spine J. 
2007;16(10):1539–50.

 125. Lorio M, Clerk-Lamalice O, Beall DP, Julien T. International soci-
ety for the advancement of spine surgery guideline—intraosseous 
ablation of the basivertebral nerve for the relief of chronic low 
back pain. Int J Spine Surg. 2020;

 126. Melnik I, Derby R, Baker RM. Provocative discography. In: Deer 
TR, Leong MS, editors. Comprehensive treatment of chronic pain 
by medical, interventional, and integrative approaches. New York: 
Springer Nature; 2013. p. 461–77.

 127. Calodney A, Griffin D. Discography. In: Mathis JM, Golovac S, 
editors. Image guided spine interventions. New York: In, Springer 
Science+Business Media; 2010.

 128. Bogduk N.  Practice guidelines for spinal diagnostic and treat-
ment procedures. 2nd ed. San Francisco: International Spine 
Intervention Society; 2013.

 129. Bugden N.  Degenerative joint disease of the spine. Pain Med. 
2013;14(6):813–36.

 130. Maus TP. SIS presentation on modic changes. Int Spine Intervent 
Soc. 2015.

 131. Richardson SM, Kalamegam G, Pushparaj PN, et al. Mesenchymal 
stem cells in regenerative medicine: focus on articular cartilage 
and intervertebral disc regeneration. Methods. 2016;99:69–80.

16 Discography



183

Ultrasound-Guided Injections: 
Preprocedure Planning

Steve M. Aydin and George C. Chang Chien

 Introduction

Ultrasound has become more popular in musculoskeletal 
medicine; its use for regenerative techniques is easy to incor-
porate. Ultrasound is beneficial in both diagnostic purposes 
and image-guidance for procedures. Its use has the ability to 
demonstrate different tissue types such as ligament, tendon, 
bone, and muscle, as well as nerve and vascular tissues [1]. 
The demonstration of pathology, such as swelling, effusion, 
tears, or inflammation, can be seen with experienced ultra-
sound sonography. Identifying the pathologic tissues is often 
difficult with physical examination and even advanced imag-
ing such as MRI. Millimeter scale resolution combined with 
dynamic testing is critical advantages and is of special use in 
the evaluation of pain for regenerative techniques. We will 
discuss in this chapter the thought process equipment prepa-
ration for ultrasound-guided regenerative medicine proce-
dures (USGRMP) [2].

 Equipment

When planning on any procedure, the risk and benefit of the 
treatment should always be considered and discussed with 
the patient. After informed consent and the risk and benefits 
have been discussed with the patient, one will need to pre-
pare to do the injection. A thorough understanding of the 
functions of your ultrasound machine and how to optimize 
the image will allow for ease of use.

Preparing the equipment for the proper image and identi-
fication of the pathology of which is being addressed is para-
mount. What is most important is maximizing and visualizing 

the area of interest. Having a formal understanding of differ-
ent frequencies, the proper depths, different probes are 
important. Based on the type of tissue, location, depth, and 
type of injury, different settings on the machine can be 
utilized.

Proper ergonomics will simplify procedure process. 
This will include proximity of the machine, screen placed 
within appropriate line of sight, and easy access to con-
trols for  maximizing proper imaging. This should also be 
done in a fashion in which the patient can be protected 
from cross-contamination and/or infection. A “Patient 
sandwich” wherein the patient is positioned in between the 
proceduralist and the ultrasound machine is a convenient 
way to optimize ergonomics and line of sight for the physi-
cian performing the procedure, but will likely require an 
additional set of hands in the room to operate the machine. 
If additional help is unavailable, an alternative to the 
“patient sandwich” is the “triangle,” wherein the machine 
is within reach of the physician, and the physician, patient, 
and ultrasound machine make up the 3 points of the trian-
gle. To maintain sterility, a foot pedal, voice-command, or 
control buttons on the ultrasound probe can be utilized to 
adjust the machine once sterile gloves are donned 
(Figs. 17.1 and 17.2).

Set up for the proper imaging will require an initial 
evaluation and screening with the ultrasound. The proper 
probe should be utilized, and image should be demon-
strated before the technique or injection therapy is con-
ducted. For example, an ultrasound evaluation of the joint, 
tendons, and ligaments should be done prior to the injec-
tion, to identify the area of pathology should be marked. 
Once this is demonstrated with the proper probe placement 
and location, injection therapy should be prepared so that 
limited needle trauma will be done and proper access with 
appropriate length and location of the needle or injection 
therapy can be done.

Preparing in this fashion will allow for ease of injection 
therapy and limit discomfort to the individual undergoing 
the treatment options. This will also limit the amount of 
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Fig. 17.1 Patient between physician and the ultrasound machine 
which allows for direct line of site to the image. Note the sterile probe 
cover. This ultrasound device is equipped with a probe with program-
mable buttons for basic commonly used functions

Fig. 17.2 The physician, the patient, and the ultrasound machine make 
a “triangle.” The ultrasound device is within arms’ length for the physi-
cian to make further adjustments if necessary. In this set up, a larger 
monitor also allows for improved visualization and re-demonstration of 
the “patient sandwich”

struggle the practitioner may have performing the therapy 
and allow for efficient injection and therapy treatment. The 
goal of these treatments is to induce regenerative healing 
option with the product that is being injected and limit the 
risk of increased pain and trauma to the peripheral regions. 
With less preparation, difficulty can develop during the 
injection therapy, which in turn can result in inefficient 
treatment and or higher risk of complication and/or 
infection.

Typically, the target of interest is placed in the center of 
the screen. Utilizing the depth control of the machine, the 
area surrounding the target of interest should be viewed to 
identify vasculature, nerves, bones, cysts, etc. The target 
does not need to be in the center of the screen for the proce-
dure, as they may result in excessive unnecessary distance 
traversed with the needle. An ultrasound gel bridge may be 
useful in instances to create a trajectory that minimizes nee-
dle length utilized.

 Ultrasound-Guided Injection Supplies

Aside from syringes, needles, and gloves, a sterile probe 
cover is often useful to maintain sterility and reduce risk for 
infection. If a sterile gel bridge is utilized, it would best be 
performed utilizing a sterile probe cover to reduce contami-
nating the injection site. Further tools to assist in the 
USGRMP include needle guides which maintain the needle 
in the middle of the probe.

 Consent, Risk, and Benefits

In any type of medical procedure, informed consent is 
obtained from the patient. This is the presentation of the 
risks, benefits, and outcomes of the procedure that the patient 
will be undergoing. As a treating individual, you will have 
the responsibility of presenting the benefits, the potential 
negative outcomes, and the potential complications that can 
occur with undergoing this treatment. This explanation is not 
limited to risk and benefits but will also include the  procedural 
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process and expectations following the procedure in the 
short and long term.

The patient will be given a consent form which will out-
line the risks and benefits, along with an opportunity to read 
and review and then sign providing informed consent.

A typical consent form will include diagnosis, nature, 
and purpose of the treatment, as well as the risk and 
expected benefits from the procedure. The site of treatment 
will also be placed on the consent. Furthermore, it will 
include other options such as conservative treatments 
which may have been foregone or already done. Many 
times, it will have a description of the procedure and the 
type of procedure that is going to be done. In some cases, 
there will be sections of initialing certain areas along with 
a signature on the consent form. This shows a specific 
understanding of certain risks that can be present during 
the procedure and outcome. Finally, it should include a 
section where signatures by the patient and the provider 
will be noted and signed with the date.

Once the informed consent has been completed, with both 
parties having signed it, then the procedure may then be 
started.

Depending on your state medical board recommenda-
tions, your consent should acknowledge that these proce-
dures may be considered investigational in your state and 
your patients should be made aware.

 Clean, Aseptic, and Surgical Aseptic 
Techniques

The type of procedure being done should familiar to the cli-
nician, and they should be aware of the type of technique to 
be used to limit infection and cross-contamination. In most 
cases, “clean aseptic” and “surgical aseptic” techniques are 
used in the medical field to limit cross-contamination and 
infection. By definition, aseptic surgical technique is a pro-
cess of which strict precautions are taken to limit microor-
ganisms contamination in an operating room. The goal of 
this is to maintain aseptic environment and minimize the 
introduction of infectious processes and pathogens. Aseptic 
technique aims to prevent microorganisms on hands and sur-
faces from being introduced into a specific area. While clean 
technique aims to reduce contamination of microorganisms 
that are pathogenic [2–5].

With “surgical aseptic technique,” sterile gloves and 
gowns are used, cleaning solutions for surfaces, and work 
spaces are all maintained in sterile environments. “Aseptic 
technique” utilizes sterile gloves for key parts and sites and 
limits cross-contamination of other sterile products that are 
in the field [6].

When utilizing “clean technique,” this involves limiting 
and minimizing the transmission of microorganisms from 

environment or healthcare provider to person receiving treat-
ment. This involves appropriate hand hygiene as well as 
clean gloves. Efforts are made to prevent contamination of 
supplies and materials while the procedure is done.

 Procedure Set Up

In preparing for the procedure, setup is crucial for efficiency 
and limiting risk of cross-contamination and infection. 
Preparation of the blood products such as platelet-rich 
plasma is done, and it should be done with aseptic technique 
given that the preparation will eventually result in the prod-
uct that is going to be injected. Sterile technique will main-
tain sterile product from initial draw to time of injection [7].

Based on the location and the type of injection and the 
comfort level of the individual providing the treatment, clean 
or sterile technique may be utilized. In many case of periph-
eral injections, clean technique may be utilized. This would 
allow for proper preparation of the ultrasound equipment as 
well as the blood product going to be injected. Most com-
monly, clean technique will be used for peripheral joint, liga-
ment, and tendon injection therapies. However, sterile 
technique may be utilized in specific cases and may be based 
on practitioner preference.

Positioning of the individual should be done to allow for 
ease of procedure for the practitioner. This would include 
positioning of the patient, proper placement of the ultrasound 
machine, as well as clean or sterile fields for medication and 
injection products. In many cases, local anesthetic, gloves, 
syringes, needles, and extension tubing are present and ready 
on a sterile field. When ultrasound guidance is used, the ultra-
sound probe may be prepared with sterile gel and a sterile 
cover to prevent cross-contamination while using imaging for 
placement and needle guidance. Dependent on the image 
needs for the injection therapy, a larger or smaller sterile field 
for the injection site may be needed. For example, if the 
region of pathology is identified and the ultrasound probe was 
placed and maintained, a small sterile region may be prepared 
for needle access, and then under needle guidance with ultra-
sound, the needle can be brought into the field under sterile 
conditions to the proper visualized area of pathology. This 
would allow for minimal movement of the ultrasound probe 
and potential cross-contamination. On the other hand, in 
cases where a larger field is needed or prepared, and the ultra-
sound probe needs to be removed to identify regions of 
pathology in multiple areas, this may not be possible and a 
larger sterile field on the skin will need to be prepped [8, 9].

In general, proper setup will result in efficient injection 
therapy as well as limit cross-contamination and potential 
bad outcomes. There are different ways and options to con-
duct these interventions, and a level of comfort by the practi-
tioner will determine what is most effective and efficient.
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 Conclusion

Pre-procedural planning by scanning the affected area prior 
to the procedure, and setting up your tray, and patient posi-
tioning in a routine standardized format will allow for effi-
cient use of your time and reduced discomfort for your 
patients. Following your state medical board’s regulations 
outlining regenerative medicine is a necessary part to main-
taining compliance of your practice with state and federal 
regulating bodies.
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Effects of Local Anesthetics 
and Contrast Agents on Regenerative 
Medicine Procedures

Allan Zhang and George C. Chang Chien

 Introduction

Regenerative medicine (RM) is an emerging area of medical 
practice with the goal of restoring or establishing normal 
function by replacing, engineering, or regenerating human 
cells, tissues, or organs that have been lost or injured due to 
age, disease, or congenital defects. RM injections include the 
use of platelet-rich plasma (PRP), hypertonic dextrose, and 
mesenchymal stem cells. When used in the treatment of mus-
culoskeletal conditions, RM therapies focus on promoting 
the body’s innate healing capacity. Level 1 evidence supports 
the use of RM in the treatment of osteoarthritis and tendi-
nopathy [1–8]. Emerging evidence indicates that there may 
be a positive response in the treatment of intervertebral disk 
degeneration (IDD) and ligamentous pathology. Studies on 
RM injectates such as PRP have demonstrated upregulation 
of anabolic genes, transcription of new proteins, and down 
regulation of markers of catabolism and apoptosis [1, 6]. 
Importantly, RM therapies reflect a shift away from the use 
of conventional destructive techniques, such as corticoste-
roid injections, local anesthetic injections, and neurolysis 
which are currently the mainstay treatment for many painful 
nonsurgical musculoskeletal conditions.

Local anesthetics, corticosteroids, and contrast agents are 
routinely used during interventional orthopedic and pain 
management procedures for both diagnostic and therapeutic 
purposes. A growing body of literature suggests that these 
routinely used injectates promote catabolic processes includ-
ing apoptosis which are thought to accelerate the disease 
process. It is therefore paramount to understand the effect of 
these agents on RM injectates and on target tissues including 
tenocytes, chondrocytes, nucleus pulposus, and ligamentous 

tissue. Numerous studies have shown time- and dose- 
dependent chondrotoxicity of both local anesthetics and con-
trast agents on human and animal soft tissues.

This chapter evaluates the current literature on the effects 
of local anesthetics contrast agents with an attempt to estab-
lish a cohesive recommendation regarding their usage in 
regenerative medicine procedures.

 Local Anesthetics

Degenerative musculoskeletal conditions such are osteoar-
thritis, tendinopathy, and degenerative disk disease are 
widely prevalent and associated with debilitating symptoms 
that affect all age groups. The general stepwise treatment of 
these conditions involves conservative medical management 
and may eventually progress to surgical interventions such as 
total joint replacement. Intra-articular and peri-tendinous 
injections of local anesthetics and corticosteroids are popular 
procedures but have demonstrated toxic effects on tissues 
exposed to them. Current data suggest that these accelerate 
the disease processes of osteoarthritis and tendinopathy.

Piper et  al. described the chondrotoxic effects of local 
anesthetics in 2008 by exposing human femoral head articu-
lar cartilage explants and cultured chondrocytes to 0.5% 
ropivacaine, 0.5% bupivacaine, and normal saline for 
30 minutes [16]. Chondrocyte viability was measured after 
24  hrs. The results demonstrated statistically significant 
reduction in cell viability of both femoral head articular car-
tilage explants and cultured chondrocytes when exposed to 
both ropivacaine and bupivacaine. Subsequent studies by 
other investigators further expanded on this subject to include 
additional anesthetic agents such as lidocaine and mepiva-
caine. The results of these studies further corroborated with 
the findings that local anesthetics are chondrotoxic in dose-, 
time-, and type-dependent fashion, with bupivacaine being 
the most chondrotoxic. The effects of local anesthetics have 
also been investigated with other cell types including teno-
cytes and collagen fibers from intervertebral disks. Scherb 
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et al. in 2009 treated harvested human tendon tissues with 
increasing concentrations of bupivacaine [9]. Tenocyte pro-
liferation and extracellular production were significantly 
lower when compared with the saline control group. The 
study by Zhang el al in 2016 demonstrated similar findings 
as incubation with bupivacaine resulted in substantial reduc-
tion in cell viability of both fibroblasts and tenocytes [10]. 
Furthermore, the study by Iwasaki et al. showed significant 
human nucleus pulposus cell apoptosis when treated with 
increasing concentrations of bupivacaine and lidocaine [11].

Interestingly, ropivacaine exhibited less cytotoxicity when 
compared with its counterparts. Ropivacaine, like lidocaine, 
bupivacaine, and mepivacaine, is an amid-type local anes-
thetic that exerts its anesthetic effect by inhibiting the opening 
of voltage-gated sodium channels on cell membranes and 
blocking the propagation of action potentials generated by 
pain neurons [12, 13]. Unlike lidocaine and bupivacaine, 
however, ropivacaine demonstrated no significant decrease in 
cell viability regardless of dose or duration in the study by 
Dregella et al. [14]. In the study by Zhang el al in 2016, ropi-
vacaine again demonstrated no statistically significant reduc-
tion in all three experimented cell lines of dermal fibroblasts, 
human mesenchymal stem cells, and tenocytes [10]. This was 
also seen in the studies by Grishko et al. and Piper et al. [15, 
16]. At higher concentrations of ropivacaine, such as 0.5% 
and greater, however, Breu et al. and Rao et al. did show sig-
nificant chondrocyte death albeit to a lesser extent than both 
lidocaine and bupivacaine [17, 18] .

 Contrast Agents

Chondrotoxic effects are also present with the use of radio-
contrast media. By incubating human mesenchymal stem 
cells (hMSCs) to varying concentrations of ionic and non-
ionic contrast media, Kim et al. demonstrated that contrast 
media exerted chondrotoxic effects in a dose- and type- 
dependent manner with ionic contrasts being most detrimen-
tal [19, 20]. The nonionic agents Iopromide (Ultravist™), 
Iodixanol (Visipaque™), and Iopamidol (Isovue™) demon-
strated mild dose-dependent chondrotoxicity to hMSCs and 
nucleus pulposus cells as well as bovine intervertebral disk 
cells. The nonionic agents Iotrolan (Isovist™) and Iohexol 
(Omnipaque™), however, showed no chondrotoxic effects 
as evidenced by the studies of Iwasaki et al. and Chee et al. 
[11, 21]. The difference in chondrotoxic effect between these 
two groups of nonionic contrasts is unclear. While osmolar-
ity has been implicated as a potential culprit in toxicity 
among ionic agents, among the nonionic agents, iohexol is 
the highest in osmolarity and yet demonstrated no toxicity in 
the study by Chee et al. [21]. Conversely, all ionic contrast 
media demonstrated chondrotoxicity in studies on both 
human and animal cells. The ionic agents are hyperosmolar 

when compared with their nonionic counterparts. This dif-
ference in osmolarity has been shown to induce DNA frag-
mentation in canine renal cells [20]. Furthermore, the 
chemotoxic effect of carboxyl groups, which are found only 
in ionic contrast media, could be a factor affecting chondro-
cyte viability. Nonionic contrasts have no carboxyl groups 
and have a higher number of hydroxyl groups than ionic con-
trasts, resulting in less protein binding [20]. Additionally, all 
gadolinium-based agents demonstrated dose-dependent 
chondrotoxicity.

 Discussion

Local anesthetics have demonstrated detrimental effects on 
regenerative medicine injectates including plasma-rich 
platelets (PRP) and its constituents as well as mesenchymal 
stem cells (MSCs) utilized in cell therapy. PRP is an autolo-
gous preparation of patient’s whole blood which has been 
filtered, allowing for extraction of supra-physiological con-
centration of patient’s platelets. Proteins released by plate-
lets function as catalysts for cell proliferation, growth factor 
release, tissue repair, and regeneration. MSCs, similarly, 
can also be utilized in a multitude of different ways in regen-
erative medicine therapy. They have been shown to effec-
tively treat degenerative joint diseases as well as enhance 
recovery of ligamentous and tendinous injury. The benefi-
cial effects of these injectates depend on the viability of the 
cells. As such, any agents that can reduce the cell viability 
can decrease the effectiveness of these injectates. Based on 
the collection of studies reviewed here, MSCs experienced 
cellular apoptosis and/or necrosis after exposure to local 
anesthetics in dose-, time-, and type-dependent model. 
Likewise, local anesthetics inhibit platelet aggregation and 
functionality and have the potential to compromise the ther-
apeutic effect of PRP.

Contrast agents are considered necessary for some proce-
dures to confirm appropriate and accurate needle placement. 
The use of contrast agents can be avoided by basing accurate 
needle placement on radiographic imaging or utilizing alter-
native image guidance such as ultrasound. Based on our 
review, contrast agents exerted chondrotoxic effects in a 
dose- and type-dependent manner with ionic contrasts being 
most detrimental. Nonionic contrast media mild dose- 
dependent chondrotoxicity and were the least harmful of 
those studied.

 Conclusion

All investigated local anesthetics demonstrated chondrotox-
icity to some extent. For clinical considerations, local anes-
thetics should be avoided when possible or utilized with the 
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lowest effective concentration and dose. Ropivacaine and 
mepivacaine were found to be the least chondrotoxic local 
anesthetics in multiple studies. These agents also have the 
potential to reduce the effectiveness of regenerative medi-
cine injectates including stem cell therapy and PRP.  In 
regards to radiocontrast, all ionic agents demonstrated cyto-
toxicity to nucleus pulposus cells. This has clinical relevance 
as diskograms for localizing lower back pain often require 
multiples injections of radiocontrast. Among the nonionic 
agents, Iotrolan (Isovist™) and Iohexol (Omnipaque™) 
were shown to be the least toxic. The intra-articular injection 
of gadolinium-based agents for MRI arthrography should be 
avoided for the agents described above. While this is true, 
newer gadolinium agents need to be further delineated before 
more recommendations can be suggested.
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Medicolegal Aspects of Regenerative 
Medicine

Matthew B. Murphy and Theodore T. Sand

 Introduction

The focus of this chapter is on the regulatory and ethical 
aspects of physicians in the USA acquiring, manipulating, 
and using materials as regenerative therapeutic agents in 
treating musculoskeletal conditions. In this respect, materi-
als or processes that are considered by the Food and Drug 
Administration (FDA) as drugs or biological drugs will not 
be included in this review. However, the framework for 
assessing whether or not a particular patient- or donor- 
derived material is or is not a drug or biological drug will be 
covered. Challenges facing the physician as they encounter 
materials and/or processes for providing regenerative thera-
pies will be discussed, along with mechanisms to report cli-
nicians or corporations that may be marketing noncompliant 
biologic products.

 Regulatory Framework for Regenerative 
Medicine

The FDA has a mandate from Congress to protect the health 
and welfare of Americans, with several key laws that have 
been in place for decades. In particular, two rules govern 
much of the field of regenerative medicine: Public Health 
Service Act and 21 CFR 1271.

 Public Health Service Act (PHSA), Sections 361 
and 351

The PHSA was enacted in 1944  in Title 42 U.S.C. Public 
Health and Social Welfare. This is the key statue that grants 

the FDA the authority to protect citizens from the introduc-
tion, transmission, or spread of communicable diseases in 
matters related to healthcare. In particular, Section 361 of the 
PHSA [1] has been used by the FDA to ensure the safety of 
biological materials used as regenerative therapeutic treat-
ments. Section 351 of the PHSA sets out what constitutes 
“biological products” [1], which are regulated as drugs.

 21 CFR 1271 Human Cells, Tissues, and Cellular 
and Tissue-Based Products (HCT/Ps)

The FDA established a comprehensive framework for deal-
ing with human biological tissues in 21 CFR 1271, which 
was published in the Federal Register in January 19, 2001 
[2]. The final rule became effective in 2005.

 1271.3 “How Does FDA Define Important Terms 
in This Part?”
Critical definitions of terminology used in 1271 were pub-
lished in 1271.3 [3], including what materials are consid-
ered to be HCT/Ps (human cells, tissues, and cellular and 
tissue- based products) and what materials are excluded 
from being considered HCT/Ps. For example, the definition 
of an HCT/P is:

(d) Human cells, tissues, or cellular or tissue-based products 
(HCT/Ps) means articles containing or consisting of human cells 
or tissues that are intended for implantation, transplantation, 
infusion, or transfer into a human recipient. [4]

However, of particular interest to the autologous regener-
ative medical community is the exclusion of whole blood 
and bone marrow from being governed by 1271:

The following articles are not considered HCT/Ps:

 (1) Vascularized human organs for transplantation;
 (2) Whole blood or blood components or blood derivative products 

subject to listing under parts 607 and 207 of this chapter, 
respectively;
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 (3) Secreted or extracted human products, such as milk, collagen, and 
cell factors; except that semen is considered an HCT/P;

 (4) Minimally manipulated bone marrow for homologous use and not 
combined with another article (except for water, crystalloids, or a 
sterilizing, preserving, or storage agent, if the addition of the agent 
does not raise new clinical safety concerns with respect to the bone 
marrow); …. [4]

The implications of what is and is not considered by the 
FDA to be an HCT/P will be reviewed below.

 1271.10 (a and b) “Are My HCT/Ps Regulated 
Solely Under Section 361 of the PHS Act 
and the Regulations in This Part, and If So What 
Must I Do?”
Section 1271.10(a) establishes the criteria that need to be 
met in order that an HCT/P is considered to be a Section 361 
material. There are four criteria that need to be met:

 1. The HCT/P is minimally manipulated.
 2. The HCT/P is used in a homologous manner.
 3. The HCT/P is not adulterated by materials other than fluids like buf-

fers or water, and
 4. The HCT/P is used either in the donor (autologous therapy) or in the 

donor’s first- or second-degree relatives, or the HCT/P does not 
depend on the metabolic activity of living cells. [5]

Section 1271.10(b) indicates that if an establishment 
meets the requirements of 1271.10(a), their HCT/P is a 
Section 361 HCT/P and the establishment needs to follow 
the rules outlined in the relevant other sections of 1271 [6]. 
If the HCT/P does not meet the requirements in 1271.10(a), 
the material is a Section 351 (PHSA) biological drug and 
will require registration of both the manufacturer and the 
material with the FDA, submitting an application for and 
receiving approval of a Biologics License Application and 
completion of relevant premarket studies (e.g., Investigational 
New Drug; IND).

 1271.15 “Are There Exceptions 
from the Requirements of This Part?”
When the FDA began to establish the framework for dealing 
with human tissues that became 21 CFR 1271, it had to sort 
out how to address the issue of physicians who had for 
decades routinely used a patient’s tissue during the course of 
a surgical procedure. This was a problem, since the FDA is 
not allowed to regulate a physician’s practice of medicine. 
However, this exception was not included in 1271 as a mech-
anism to administer Section 351 HCT/Ps without proper 
FDA approval.

In order to allow for a physician’s practice of medicine, the 
FDA indicated in 1271.15(b) [7] that a physician would be able 
to invoke an exception from the requirements of 1271 (includ-
ing registering with the FDA as an HCT/P manufacturer, fol-
lowing all requirements of Current Good Tissue Practices, 

product labeling, reporting, and establishment inspections) if 
the physician removed an HCT/P from the patient and returned 
it to the same patient during the same surgical procedure. For 
example, a vascular surgeon removes a segment of a patient’s 
saphenous vein, trims it to alter its size and shape, and inserts it 
as a vascular graft elsewhere in the patient’s body. In this exam-
ple, the FDA would consider the saphenous vein to be an 
HCT/P, but acknowledges through 1271.15(b) that the surgeon 
does not need to register with the FDA.

 Minimal Manipulation and Homologous 
Use—Practical Considerations

Qualification for sole regulation as a Section 361 product has 
always required minimal manipulation and homologous use 
of the HCT/P among other requirements. As indicated in 
1271.3 [3], the following are the FDA’s definitions of mini-
mal manipulation and homologous use:

(f) Minimal manipulation means: (1) For structural tissue, pro-
cessing that does not alter the original relevant characteristics of 
the tissue relating to the tissue’s utility for reconstruction, repair, 
or replacement; and (2) For cells or nonstructural tissues, pro-
cessing that does not alter the relevant biological characteristics 
of cells or tissues.
(c) Homologous use means the repair, reconstruction, replace-
ment, or supplementation of a recipient’s cells or tissues with an 
HCT/P that performs the same basic function or functions in the 
recipient as in the donor.

Within their 2017 Final Guidance document entitled 
“Regulatory Considerations of Human Cells, Tissues and 
Cellular and Tissue-Based Products: Minimal Manipulation 
and Homologous Use” (MM/HU) , FDA provided explicit 
direction and examples of both requirements to offer clarity 
to clinicians and industry on the current definition of each [8]. 
Minimal manipulation of the tissue applies to extraction, han-
dling, ex vivo processing, and delivery of the HCT/P to the 
patient. As part of its explanation of HCT/Ps and the regula-
tion thereof, FDA has classified human-derived biological 
materials as either structural or nonstructural (cellular) tis-
sues. Structural HCT/Ps provide a physical function in their 
native environment, including connecting, covering, support-
ing, cushioning, or separating other tissues. Nonstructural or 
cellular tissues have no physical function per se, but may have 
a paracrine, hormonal, or metabolic purpose in the body.

Examples of nonstructural tissues are blood, bone mar-
row, umbilical cord blood, pancreatic, parathyroid, and 
lymph node tissues. Examples of structural tissues are adi-
pose, tenon, cartilage, umbilical cord, placental membranes, 
skin, etc. However, as indicated in section “Regulatory 
Framework for Regenerative Medicine” above, peripheral 
blood and bone marrow are not considered to be HCT/Ps by 
definition, as long as bone marrow is minimally manipulated 
and used homologously.
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If any “manufacturing” processes change the original rel-
evant characteristics of the tissue (e.g., strength, consistency, 
flexibility, compressibility, cushioning, or response to shear 
and friction of structural tissues) , the process would be con-
sidered more than minimal manipulation and trigger Section 
351 status for the HCT/P. Changes to the size or shape of the 
tissue by cutting, milling, or grinding, so long as the original 
relevant characteristics remain unchanged, constitute mini-
mal manipulation, and are allowable under 1271.10(a).

FDA has provided examples of minimal and above mini-
mal manipulation with regard to structural tissues in the 
MM/HU Guidance. For example, crushed bone or washed 
and centrifuged adipose is considered minimally manipu-
lated, because their physical and structural characteristics are 
essentially the same, while micronizing cartilage or decom-
posing amniotic tissues into a slurry are more than minimal 
manipulation because their physical characteristics were 
substantially altered. According to the final guidance, pro-
cessing techniques of nonstructural tissues, such as hemato-
poietic mobilization, apheresis of the enriched blood 
(including centrifugation), and the readministration of cells 
in order to repopulate bone marrow do not exceed minimal 
manipulation. Centrifugation and filtration processes are 
explained to be only minimal manipulation so long as the 
biological characteristics of the cells are not affected or 
altered. An interesting example of overlap is the centrifuga-
tion or washing of a structural tissue (e.g., adipose) yielding 
a structural connective tissue and a fluid containing cells. In 
this situation, the tissue maintains its relevant characteristics 
and is minimally manipulated, while the cells and fluid sepa-
rated from the tissue are not considered to be structural in 
nature and are therefore more than minimally manipulated. 
The isolated cells also do not meet the homologous use of 
“cushioning and supporting” that the FDA has associated 
with adipose tissue.

In order to qualify for regulation solely under Section 
361, cell and tissue products also must be used in a manner 
homologous to their original role at the harvest site. 
Homology applies to both form and function according to 
1271.10 [5]. Of particular importance is the phrase from the 
definition for homologous use shown above that HCT/Ps 
should “…perform the same basic function or functions in 
the recipient as in the donor.” The Agency further indicates 
HCT/Ps in the donor might have a variety of “…biological/
physiological…” functions, but just one of which needs to be 
active in the recipient for it to be considered homologous 
use. However, a basic function of the HCT/P present in the 
recipient that is not found in the donor site is a nonhomolo-
gus use. For example, using mechanically disrupted adipose 
to treat musculoskeletal pathologies associated with pain is 
considered nonhomologous, since reducing pain is not rec-
ognized by the FDA to be a basic function of adipose tissue 
in the donor.

FDA has offered several examples of homologous func-
tions including autologous bone, tendon, or blood vessel 
transplants, allograft heart valve transplants, and allograft 
neonatal membranes (i.e., placental) used as protective 
dressings. FDA also provided examples of nonhomolo-
gous function, such as using any form of adipose tissue to 
treat intraarticular osteoarthritis or amniotic membranes 
implanted for the purpose of growing bone. If the use of 
the cell or tissue product “as reflected by the labeling, 
advertising, and other indications of the manufacturer’s 
objective intent” is not considered homologous relative to 
its original function, the product is regulated under Section 
351 of the PHSA and would require approval as a drug or 
device prior to marketing and clinical use. From a regula-
tory and legal perspective, it is imperative to note that a 
physician may be considered the “manufacturer” if the tis-
sue is processed in a manner that changes the original rel-
evant characteristics of “such HCT/P” or the HCT/P is 
utilized in a nonhomologous manner. As such, the physi-
cian must comply with all the rules and regulations applied 
to other tissue product manufacturers, except where the 
Same Surgical Procedure Exception applies.

 Same Surgical Procedure Exception—The 
Gotcha Section of 1271?

There are two facets to Section 1271.15(b) that are important 
in understanding how the Same Surgical Procedure Exception 
is applied. The first point is that the FDA created the excep-
tion to cover physicians who had been using a patient’s tissue 
during the same surgical procedure as a routine practice of 
medicine, since the FDA cannot regulate a physician’s prac-
tice of medicine. The second point is that the basis for grant-
ing an exception when a physician removes a patient’s 
HCT/P and returns it during the same surgical procedure 
with minimal processing of the HCT/P comes from the 
FDA’s belief that this type of activity presents no greater risk 
of infection than the surgery itself [9].

While stepping back from regulating a physician’s prac-
tice of medicine, the FDA has explained that there are limits 
to what a physician can do with the HCT/P after it has been 
removed from the patient in order to manage the risk of 
infection. Consider the following statement from the Same 
Surgical Procedure Exception Guidance that the FDA issued 
on November 16, 2017 [9]:

In sum, FDA’s view is that autologous cells or tissues that are 
removed from an individual and implanted into the same indi-
vidual without intervening processing steps beyond rinsing, 
cleansing, sizing, or shaping raise no additional risks of con-
tamination and communicable disease transmission beyond that 
typically associated with surgery. FDA considers the same 
 surgical procedure exception to be a narrow exception to regula-
tion under Part 1271.

19 Medicolegal Aspects of Regenerative Medicine



194

What is especially problematic for physicians working with 
HCT/Ps is the part of that statement that confines what the phy-
sician can do physically to or with the HCT/P, namely limiting 
their actions to “…rinsing, cleansing, sizing, or shaping…”. 
Referring to the previous example of the vascular surgeon tak-
ing a saphenous vein for a vascular graft, the surgeon will cut 
out the saphenous vein segment from the donor’s leg, trim it up 
to fit in the new site, and stitch it in place, all of which should 
be acceptable to the FDA based on their list of appropriate pro-
cessing actions, so the vascular surgeon can invoke the excep-
tion and does not need to register with the FDA.

In order to further emphasize that 1271.15(b) is not an 
open invitation for physicians to do whatever they want and 
think they are compliant with 1271.15(b) requirements, the 
FDA stated the following in the Guidance [9] to clarify how 
1271.15(b) can be satisfied:

 (a). Remove and implant the HCT/Ps into the same individual from 
whom they were removed (autologous use).

 (b). Implant the HCT/Ps within the same surgical procedure.
 (c). The HCT/Ps remain “such HCT/Ps”; they are in their original 

form.

While it is not a problem for a physician to meet the 
requirements indicated in Items (a) and (b), the requirement 
that the HCT/P remain “such HCT/P” so that it is “in [its] 
original form…” is a serious limitation.

Let us review a couple of examples to illustrate just how 
restrictive 1271.15(b) is. Consider a process in which a 
patient’s adipose tissue is removed, rinsed, and cleansed with 
an enzyme preparation, which digests the adipose tissue and 
releases single cells (aka SVF, stromal vascular fraction). In 
addition to other concerns the FDA would have with this 
type of “cellular” HCT/P, a physician using the SVF prepara-
tion would not be able to invoke the exception outlined in 
1271.15(b), because the single-cell preparation produced in 
this process is not at all in its “original form”, which was the 
adipose tissue removed during a lipoaspiration procedure 
from the patient. The other example also involves lipoaspira-
tion, but in this case mechanically released cells present in 
the fluid of the lipoaspiration are collected by centrifugation 
and used to treat the patient. A physician might argue that 
nothing has been done to the cells after being separated from 
the adipose tissue in the lipoaspirate, so this must be an 
acceptable (i.e., 361) HCT/P. However, the fact that the cells 
were obtained in a lipoaspiration, in which the original form 
is adipose tissue, means that the cell-based HCT/P does not 
meet the “such HCT/P” standard, and the physician would 
not be able to invoke the exception.

There is one other aspect to the Same Surgical Procedure 
Guidance [9] [that might create confusion among healthcare 
professionals. The FDA states that a physician should con-
sider whether the HCT/P and the processing of it meet the 
criteria laid out in the Same Surgical Procedure Guidance, 
before considering the elements outlined in 1271.10(a). 

Furthermore, the FDA indicates that if the physician meets 
the requirements of “such HCT/P” and the other two ele-
ments listed above, there is no need for the physician to con-
sider the other sections of 1271, since they do not apply to a 
physician who can invoke the exception in 1271.15(b).

Thus, the FDA has appeared to simplify the process for a 
physician to determine if they can invoke the same surgical 
procedure exception when working with autologous HCT/Ps: 
just determine that the HCT/P returned to the patient is “such 
HCT/P”, meaning that it is in its original form. However, it is 
important not to lose sight of the fact that very little process-
ing of the HCT/P can be performed and still have it satisfy the 
FDA’s standard of it being in its original form. The rules for 
considering if a physician can invoke the Same Surgical 
Procedure Exception are summarized in Table 19.1.

On the other hand, consider a physician who is working 
with a donor-derived HCT/P, implanted during a surgical 
procedure. Does the physician have to register? Clearly, the 
donor-derived material is not autologous in origin, so 
1271.15(b) would not apply. Assuming that the physician 
does not make the donor-derived HCT/P in the clinic, the 
physician would just be using a product that a manufacturer 
is selling, which becomes the practice of medicine. However, 
it is important that the physician knows or is assured that the 
donor-derived HCT/P meets all of the criteria outlined in 
1271.10(a). If the product does not meet all of those criteria, 
the physician is working with a drug, which probably has not 
been cleared through a premarket process like an IND.  In 
which case, the physician is treating patients with unap-
proved drugs or biological drugs.

In summary, 1271.15(b) provides a physician with a way 
to avoid registering with the FDA when working with autolo-
gous tissue preparations for regenerative purposes. However, 

Table 19.1 Summary of conditions for invoking the same surgical 
procedure exception and what happens if a physician cannot

What the physician should know about the Same Surgical Procedure 
Exception:
1. The exception applies only to patient-derived HCT/Ps (i.e., 
adipose tissue) that are returned to the patient.
2. Implanting of autologous HCT/Ps should occur within the same 
surgical procedure.
3. The processing of the HCT/P material should be limited to 
rinsing, cleansing, sizing, and shaping, so that it remains “such 
HCT/P”—in its original form.
What happens if the physician cannot invoke the exception:
1. The physician (or their facility) will need to register with the FDA 
as a manufacturer of HCT/Ps.
2. The facility will need to register their HCT/Ps and to update the 
list as needed.
3. The facility will need to implement a quality control system in 
order to demonstrate that the manufacturing of the HCT/P meets 
requirements for minimizing exposure to infectious agents.
4. The facility will need to develop, maintain, and use documents 
that meet the current standard for Good Tissue Practices (CGTP).

Key: HCT/P human cells, tissues and cellular and tissue-based prod-
ucts, FDA United States Food and Drug Administration, CGTP current 
good tissue practices
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it is important that any processing of the recovered HCT/P 
prior to implantation is limited to rinsing, cleansing, sizing, 
and shaping procedures. Consequently, meeting the “such 
HCT/P” requirement in 1271.15(b) may prove to be daunt-
ing when working with materials like adipose tissue that are 
HCT/Ps.

 Handicapping Regenerative Medical 
Materials and Processes

Table 19.2 provides an assessment of various types of bio-
logical tissues/fluids that are commercially available in the 
USA with respect to their 351/361 status and if they are con-

Table 19.2 Assessment of materials frequently used as regenerative therapeutics

Tissue source Product forms Clinical application
HCT/P; 
351/361 Notes

Bone marrow aspirate 
(BMA)

Uncentrifuged BMA or 
concentrated bone 
marrow (BMC)

Orthopedic indications No Excluded by definition from 1271

Whole blood PRP, PPP Orthopedic indications No Excluded by definition from 1271
Adipose tissue Autologous 

microfractured fat
Lipofilling/body contouring Yes; 361 Limited to cushioning and supporting in 

subcutaneous tissues
Adipose tissue Autologous lipoaspirate Lipofilling/body contouring Yes; 361 Limited to cushioning and supporting in 

subcutaneous tissues like the face and hand
Adipose tissue Enzymatic digestion 

(SVF)
Depends on the instructions 
for use provided by the 
manufacturer

Yes; 351 Digestion of fat tissue to obtain cells is above 
minimal manipulation and nonhomologous 
use

Amniotic fluid (no cells) Amniotic fluid Depends on the instructions 
for use provided by the 
manufacturer

No Amniotic fluid without cells is considered to 
be a secretion and is excluded from 1271 by 
definition

Amniotic fluid (with 
viable cells)

Cryopreserved vials of 
fluid

Depends on the indications 
for use of the IND

Yes; 351 Materials containing donor-derived viable 
cells do not meet the criterion in 1271.10(a)
(4)

Placental tissue (dried/
lyophilized)

Sheets Wound healing, covering, or 
barrier

Yes; 361 The placental-derived tissues must not 
contain viable cells

Placental tissue (dried/
lyophilized)

Micronized particles that 
are flowable or 
injectable

Will depend on the IDE 
indications for use

Yes; 351 Micronization of placental tissue alters the 
physical state of the tissue and rises above 
minimal manipulation

Cord blood Whole-cell enriched Recapitulation of a patient’s 
ablated bone marrow

Yes; 351 Whole cord blood and its components are 351 
biological drugs

Cord blood Plasma only Depends on the IND 
indications for use

Yes; 351 Any component of cord blood is regulated as 
a 351 biological drug

Umbilical cord tissue Micronized Depends on the IND 
indications for use

Yes; 351 Umbilical cord is considered a structural 
tissue and micronization alters the structural 
nature of the tissue

Demineralized bone 
matrix

Granular Depends on the indications 
for use in the 510(k)

Yes; 361 DBM is handled separately from 1271

Tendon/ligament 
(autologous)

Intact segments Tendon or ligament 
replacement or repair

Yes; 361 Considered the practice of medicine; meets 
the 1271.15(b) exception requirements with 
limited processing

Tendon/ligament (donor) Intact segments Tendon or ligament 
replacement or repair

Yes; 361 Considered the practice of medicine when 
working with commercial sources

Exosomes (obtained from 
cultured cells)

Fluid No data to support use and 
no IND-cleared product

Yes; 351 Exosomes are collected from culture fluid of 
various cell types like MSCs—which makes 
them a 351 material

Cultured cells (autologous 
or donor)

Cryopreserved fluid Will be defined by the IND 
indications for use

Yes; 351 Cultured cells, whether autologous or 
allo-derived, rise above minimal 
manipulation—351 material

Bone marrow aspirate, 
adipose, or neonatal

Any Intravenous or intrathecal 
injection

Yes; 351 Nonhomologous applications

Allogeneic products 
containing viable cells 
with metabolic activity

Any Any Yes; 351 HCT/Ps with viable cells with a systemic or 
metabolic effect must be used on the donor or 
first- or second-degree blood relative for 361 
status

Key: 351 Section 351 of the Public Health Service Act, 361 Section 361 of the Public Health Service Act, 510(k) An FDA category of clearance 
for devices, 1271 21 CFR (Code of Federal Regulations) 1271, BMA bone marrow aspirate, BMC bone marrow concentrate, DBM demineralized 
bone matrix, HCT/P human cells, tissues and cellular and tissue-based products, IDE investigational device exemption, IND investigational new 
drug, MSC mesenchymal stem (or stromal) cell, PPP platelet-poor plasma, PRP platelet-rich plasma, SVF stromal vascular fraction
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Examples

Is the biologic an HCT/P
per 21 CFR 1271.3?

• Minimally manipulated
blood products

• Minimally manipulated
and homologously used
BMA products

Does the HCT/P meet ALL the
requirements to be regulated solely

by Section 361 and 21 CFR 1271.10?

•  Minimally manipulated
•  Homologous use
•  No metabolically active donor cells

HCT/P is regulated as Section 351
product requiring an IND, Biologic

License Application (BLA), and New
Drug Application (NDA), similar to

drugs

Yes

No

Yes

No

Does the Same Surgical
Procedure Exemption apply?

21 CFR 1271.15

The “manufacturer” must
register with FDA

No

The “manufacturer” (i.e.
the physician) is not

required to register with
FDA

Yes

PRP, BMA, or BMC used to
treat musculoskeletal injuries
are not HCT/Ps and do not
require FDA approval per
Section 351 of the Public

Health Service Act  

• Non-homologous or more than 
minimally manipulated adipose

• More than minimally manipulated 
birth products

• Birth or cadaveric products 
containing viable cells 

• Intravenous infusion of BMA, cord 
blood, or adipose cells

• Hospital labs processing 
donor cord blood and 
tissues for re-implantation

• Tissue bank facilities that 
prepare decellularized 
birth or cadaveric 
products

Physicians performing
autologous tissue grafts
(e.g. tendon-ligament,

venous bypass, aesthetic
fat transfer)

Fig. 19.1 Flowchart of FDA regulation of human biologics under 21 CFR 1271 and Sections 351 and 361 of the Public Health Service Act

sidered by the FDA to be an HCT/P. Some materials, like 
adipose tissue, are both 351- and 361-category HCT/Ps 
depending on the handling and intended treatment. For 
example, enzymatic digestion of autologous adipose tissue 
rises above minimal manipulation, and the product is consid-
ered to be a biological drug [8]. However, adipose tissue pro-
cessed so that it remains “such HCT/P” can be used for 
lipofilling in a wide variety of treatment sites (e.g., subcuta-
neous tissues on the hand and face) [8].

Some of the materials listed in Table 19.2 are obtained 
from donors. The manufacturers of those materials must 
meet the requirements laid out in 1271.10(a) for the materi-
als to be FDA compliant. One important element in the clas-
sification of donor-derived biological tissues depends on the 
manufacturer’s advertising, which will have an impact on 
how physicians might use the material to treat patients. For 
example, placental tissue-derived sheet products when used 
as a covering in wound care are an acceptable 361-category 
product. However, if the manufacturer advertises that the 
identical product can reduce pain, the FDA considers this 
indication for use to be nonhomologous and the product for 
reducing pain is a 351-category product. Physicians need to 
be aware of these distinctions, since sales representatives 
might not be the best source of information for questions 
about compliance with FDA regulations. A flowchart of FDA 
regulation of human biologic products is provided in 
Fig. 19.1.

 Emerging Options in the New Regulatory 
Environment

Therapeutic materials available to physicians are considered 
by the FDA to be the practice of medicine (e.g., PRP and 
BMC), are offered for sale by manufacturers who have met 
the requirements set out in 21 CFR 1271, or are physician- 
made at point of care while still satisfying the “such HCT/P” 
requirement of the same surgical procedure exception (see 
section “Same Surgical Procedure Exception—The Gotcha 
Section of 1271?” above). Thus, a physician should not be 
working with donor-derived materials that have not been 
established by the manufacturer to fall within the Section 
361 product category. Examples of products that do not meet 
the 361 requirements include materials in which viable cells 
are present, contain components of cord blood, or incorpo-
rate micronized tissues (e.g., injectable tissue).

However, there has been a recent effort at the FDA to make 
a wider variety of regenerative materials available on an expe-
dited basis for treating patients. The initiative involves a pro-
gram that was introduced in 2017 in a draft guidance entitled 
“Expedited Programs for Regenerative Medicine Therapies 
for Serious Conditions” [10]. The draft guidance describes a 
new category of therapy known as “regenerative medicine 
advanced therapy” or RMAT. RMATs are therapies that meet 
the criteria spelled out in the draft guidance and are eligible 
for expedited review and other special considerations. An 
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RMAT designation for a regenerative product will be based in 
part on preliminary clinical data in which the specific mate-
rial/product is used to treat serious medical conditions. The 
FDA acknowledges that this preliminary data might not come 
from Level 1 clinical studies (i.e., double-blind, placebo-con-
trol formatted clinical studies). The FDA also has indicated in 
a recent publication [11] that RMAT-designated products 
would be eligible for participation by multisite participants 
under one investigational umbrella from which the outcomes 
data would be aggregated for review by the FDA as a part of 
the Investigational New Drug application for the RMAT.

Make no mistake, however, that a material given RMAT 
designation still will need to meet the standards established for 
INDs in terms of efficacy and safety. This means that an RMAT 
will be treated like any drug in an IND, which implies that the 
regulatory process will take years and will be associated with a 
significant cost. Of course, the FDA has indicated that they will 
interact with manufacturers/physician groups in order to assist 
in making the process as efficient as possible [10, 11].

What kinds of products might end up as RMATs? Most of 
the products the FDA has cited with a Warning or Untitled 
Letter probably could be considered as RMAT candidates. For 
example, MiMedx has an injectable (e.g., micronized) placen-
tal membrane-derived product already designated as an RMAT 
[12], after receiving an Untitled Letter on their product back in 
2013 [13]. Cultured allo-cells or autologous cultured cells also 
would seem to be good candidates for the RMAT designation. 
Enzymatic digestion of adipose tissue probably is one of the 
best candidates for the RMAT process, given its wide-spread, 
but non-FDA compliant use, while mechanically microfrac-
tured adipose tissue would be a close second when used to 
treat musculoskeletal conditions, since this indication for use 
currently is not cleared for microfractured adipose tissue.

The fact that the FDA has provided options for expedited 
review of products or materials it currently considers to be bio-
logical drugs (e.g., single-cell suspensions obtained from adi-
pose tissue by enzymatic digestion), but which still are widely 
used in the regenerative medical community, suggests that the 
Agency would not be changing its mind on the regulatory sta-
tus of materials identified in Table 19.2 as “351” category bio-
logics. On the contrary, the FDA has begun to deal with the 
“bad actors” that continue to use materials that are not appro-
priately cleared [14], by seeking to shut down clinics or stop 
the distribution of unapproved products. Their actions should 
be received by physicians as caveat emptor—be cautious about 
the materials they use for practicing regenerative medicine.

 Ethical Considerations

Physicians contemplating the world of regenerative medi-
cine are confronted by a wide variety of donor-derived thera-
peutic agents and in-clinic processing options. Frequently, a 

physician will turn to their colleagues, sales representatives, 
or company personnel for guidance as to what is compliant 
with the FDA.  Unfortunately, even their own colleagues 
could be misinformed, and clearly company personnel will 
have a bias for selling the physician whatever they get a com-
mission on. What are a physician’s options for identifying 
what is and what is not compliant?

The FDA has weighed in on what they consider to be 
unethical practitioners of regenerative medicine. For exam-
ple, in a press release issued in conjunction with the final 
Guidances on Same Surgical Procedure Exception and MM/
HU November 16, 2017, the FDA commissioner made the 
following statement [14]:

But the rapid growth and promise of this field have increasingly 
sowed the ground for the entry of some unscrupulous actors, 
who have opportunistically seized on the clinical potential of 
regenerative medicine to make deceptive claims to patients 
about unproven and, in some cases, dangerous products. By 
exploiting the lack of consumer understanding of this area, as 
well as the fear and uncertainties posed by the diseases these bad 
actors claim to treat, they are jeopardizing the legitimacy and 
advancement of the entire field.

The commissioner went on to state that those who are 
exploiting patients will be held accountable. Thus, the 
FDA intends to do what it can to address the “bad actors”, 
since they are behaving in an unethical manner. The fol-
lowing statement appeared in the Minimal Manipulation 
and Homologous Use Guidance [8] concerning the danger 
to the public of physicians willing to skirt ethical obliga-
tions and appropriate medical practices to generate 
revenue:

FDA intends to focus enforcement actions on products with 
higher risk, including based on the route and site of adminis-
tration. For example, actions related to products with routes of 
administration associated with a higher risk (e.g., those 
administered by intravenous injection or infusion, aerosol 
inhalation, intraocular injection, or injection or infusion into 
the central nervous system) will be prioritized over those asso-
ciated with a lower risk (e.g., those administered by intrader-
mal, subcutaneous, or intraarticular injection). HCT/Ps that 
are intended for nonhomologous use, particularly those 
intended to be used for the prevention or treatment of serious 
and/or life-threatening diseases and conditions, are also more 
likely to raise significant safety concerns than HCT/Ps 
intended for homologous use because there is less basis on 
which to predict the product’s behavior in the recipient, and 
use of these unapproved products may cause users to delay or 
discontinue medical treatments that have been found safe and 
effective through the New Drug Application or BLA approval 
processes.

Clearly, the FDA has provided detailed information on 
what types and routes of treatment they believe reflect a 
lower risk to the patient. Physicians adhering to these general 
guidelines are unlikely to run afoul of the FDA’s efforts to 
curtail the “bad actors.”
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 Options for Physicians to Assess FDA 
Compliance and Utility of Therapeutic Agents 
and Processes

One of the most important steps a physician can take in try-
ing to maintain an ethical position on providing regenerative 
medical therapies is to understand the basic mechanism of 
the therapeutic agent. This type of information might be 
obtained from sales representatives or company officials, but 
the value of that information needs to be handicapped. For 
example, there are dozens of amniotic fluid-derived prepara-
tions available in the marketplace, but the authors are not 
aware of published clinical evidence supporting the use of 
those products for treating any orthopedic condition. 
Nonetheless, a starting point is to obtain research publica-
tions on the product or process.

There are several forums on the Internet that a physician 
can join and follow in order to receive information on the 
regulatory status of commercial products (e.g., Biologic 
Orthopedic Society on LinkedIn). These forums also provide 
insight into how other physicians practice medicine with the 
wide variety of products and processes available in the 
regenerative medical field.

 Steps to Take to Ensure FDA Compliance 
with Regenerative Products and Processes

Assuming a physician has found a donor-derived product 
that has some clinical support for a specific indication for 
use, the physician is confronted by the need to determine if 
the product is compliant with the standards explained in this 
chapter. The FDA is a willing source of information on the 
regulatory status of products and processes, so a physician 
should request that the company provide a letter attesting to 
the regulatory status of the product, kit, or process. The letter 
should contain a statement that the product and its indica-
tions for use have been reviewed by the FDA and that the 
product is a 361-category product not requiring an IND 
before marketing.

More likely, in response to a physician’s request for docu-
mentation, companies will point to the registration of their 
company and their product as “evidence” of FDA compli-
ance. They might even point out that their company had been 
audited. This is just a smoke screen. Any company offering 
for sale in the US products derived from human donors has 
to be registered and follow minimal standards for screening 
donors, handling the material, packaging and storage of the 
product. Furthermore, when the FDA audits a company, their 
focus is on the documentation associated with the product 
and the manufacturing conditions, but not its regulatory sta-
tus. However, during an audit, the FDA might become aware 

of certain facts about the composition or advertised use of 
the product that raises issues of compliance with 1271. In 
this situation, the FDA might issue a Warning Letter in which 
deficiencies in the acquisition, processing, storage, and sale 
of the product were observed, and if appropriate, stating that 
the material is not a 361-category material. If there is not a 
problem with the product itself, but the FDA believes the 
product does not meet the requirements of a 361-category 
material, the FDA will issue an Untitled Letter.

Physicians might not find too many companies willing to 
provide a letter clearly stating the regulatory status of their 
product or process. However, if a physician is interested 
enough in the material, but is uncomfortable proceeding 
without a more detailed assessment of the product, the Tissue 
Reference Group (TRG) can be contacted in order to receive 
an informal opinion from the FDA on a product or process 
for a specific indication for use. The TRG can be contacted 
by the following link:

ht tps : / /www.fda.gov/BiologicsBloodVaccines /
TissueTissueProducts/RegulationofTissues/ucm152857.
htm.

 Resources for Physicians in Dealing 
with the Challenging Regenerative Medicine 
Marketplace

While physicians might wish to limit their practice of regen-
erative medicine to those products/processes that are con-
sidered to be 1271- or FDA compliant, the field is filled with 
“bad actors,” as indicated by Commissioner Gottlieb [14]. 
So, what is an ethical physician to do when competing with 
unethical physicians and clinics? For physicians who believe 
clinicians are misleading the public by providing outra-
geous treatment claims or for companies making false 
claims about the regulatory compliance of their products, 
the following link provides information for submitting a 
complaint to the FDA:

ht tps : / /www.fda.gov/BiologicsBloodVaccines /
DevelopmentApprovalProcess/AdvertisingLabeling 
PromotionalMaterials/ucm118859.htm

On the other hand, if a physician or clinic thinks it might 
want to treat patients with an HCT/P for which there is 
uncertainty about the appropriate regulatory path, the fol-
lowing link will provide information on how to obtain pre-
liminary information on the HCT/P prior to submitting a 
“Request for Designation” (the mechanism by which a man-
ufacturer asks the FDA to provide a formal statement as to 
how the HCT/P will be regulated by the Agency):

ht tps : / /www.fda.gov/BiologicsBloodVaccines /
TissueTissueProducts/RegulationofTissues/ucm152857.
htm.
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 Conclusion

While the field of regenerative medicine is being embraced 
by a wide range of physicians and surgeons, there is a 
need for these healthcare providers to understand not just 
the mechanics of practicing regenerative medicine, but to 
understand the regulatory elements and framework that 
govern the use of regenerative therapeutic agents in the 
USA. The physician has a variety of materials to consider, 
ranging from a patient’s own tissues to donor-derived 
cells, fluids, and tissues. The regulation of each of these 
materials will depend on how the materials are obtained, 
processed, and used to treat the patient and for a specific 
indication for use.

21 CFR 1271 was promulgated to legally establish the 
FDA’s authority to regulate human tissue-derived materi-
als, and its role is vital in protecting the public from non-
compliant regenerative products. It is important that 
physicians know what they are using, the rationale for the 
material’s use, and the regulatory requirements for the 
material. In particular, physicians should challenge com-
pany representatives to provide definitive statements as to 
the regulatory status of the products they wish to sell to 
the physician. If such documentation is not provided, the 
physician runs the risk of using an unapproved drug or 
biological drug, thereby exposing their patients to poten-
tial safety issues. Furthermore, physicians should not be 
shy about complaining to the FDA when they encounter 
physicians or clinical facilities that satisfy the emerging 
concept of “bad actors” who seek to exploit a naïve public 
to pay for noncompliant therapies that lack even minimal 
clinical efficacy data.
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Anti-Platelet and Anticoagulation 
Medications

George C. Chang Chien and Raj Panchal

 Introduction

Regenerative medicine encompasses a branch of medicine 
that deals with replacing or restoring injured human cells, 
tissues, and organs in an attempt to improve function, pain, 
and healing in patients. It relies on the body’s own reparative 
mechanisms to heal previously damaged tissues. The regen-
erative milieu incorporates progenitor cells, signaling mole-
cules, and structural “scaffolding.” Progenitor cells 
(mesenchymal, hematopoietic) are capable of differentiating 
into a variety of cells (osteoblasts, chondrocytes, myocytes) 
in the presence of appropriate signaling molecules. These 
cells also respond to signaling molecules during injury to 
coordinate the healing cascade. Signaling molecules include 
various growth factors (e.g., beta transforming growth factor, 
insulin-like growth factor, and platelet-derived growth fac-
tor) that will promote specific cell differentiation or tissue 
remodeling. The scaffolding refers to the carrier environ-
ments that provide the framework for cell proliferation and 
growth (e.g., collagen, extracellular matrix, fat).

Currently, regenerative therapies include a wide array of 
available treatments including bone marrow and adipose- 
derived stem cells and platelet-rich plasma (PRP). The foun-
dation for PRP involves isolating the plasma portion of blood 
with higher concentrations of platelets, in an attempt to bring 
forth the effects of various growth factors stored in platelets. 
These growth factors play formative roles in hemostasis and 
the healing cascade. When considering anticoagulation and 
its relation to regenerative medicine, PRP is of particular 
importance due to the role platelets play within these 
pathways.

The steps of hemostasis mentioned below involve an intri-
cate array of enzymes, proteins, and activation pathways, 
many of which serve as targets of action for different antico-
agulants and inhibitors of platelet function. Similarly, the 
healing cascade allows various points of entry for medica-
tions to impair this normal series of events. These may 
include nonsteroidal anti-inflammatory drugs (NSAIDs), 
clopidogrel, heparin, warfarin, enoxaparin, selective sero-
tonin reuptake inhibitors (SSRIs), and other medications that 
can affect serotonin function (e.g., tramadol, tricyclic antide-
pressants, selective serotonin norepinephrine reuptake inhib-
itors). For this reason, it is widespread belief that such 
medications will likely affect the efficacy of autologous 
PRP. As a result, practitioners currently encourage the dis-
continuation of NSAIDs 1 week prior to PRP treatment and 
anywhere from 2 to 6 weeks posttreatment. Thorough clini-
cal studies on the effects of SSRI use before and after PRP 
injections have not yet been performed. Formalized recom-
mendations on the aforementioned medications are still 
inconclusive, but will be discussed in greater detail later in 
the chapter.

Before delving into various medications, specifically anti-
coagulants, and how they may impact the efficacy of PRP 
and other regenerative therapies, we must first understand 
the steps and pathways of hemostasis, the healing cascade, 
and the role platelets play within the process.

 Coagulation and Hemostasis

Normal hemostasis consists of three primary steps: vasocon-
striction, platelet plug formation, and coagulation. 
Vasoconstriction takes place via two primary mechanisms. A 
localized sympathetic response from nociceptors will ini-
tially cause reflex vasospasm in vascular smooth muscle 
cells in order to minimize blood loss at the site of injury. 
Secondly, vasoconstriction can take place when damage to 
the endothelial walls disrupts the balance of release between 
endothelin (vasoconstrictor) and nitric oxide, prostacyclin, 
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and CD39 (vasodilators). This imbalance will result in 
release of unopposed endothelin and thus further vasocon-
striction [1].

The next step in hemostasis involves the formation of a 
platelet plug. This can be further broken down into platelet 
adhesion, activation, and degranulation. Pertinent platelet 
anatomy in this step includes surface glycoproteins 
GP1B/5/9 and GP2B3A as well as alpha and dense gran-
ules carried within the platelets. During endothelial cell 
damage, subendothelial collagen becomes exposed and 
binds von Willebrand factor (vWF). vWF then subsequently 
binds to GP1B/5/9 from circulating platelets, initiating 
platelet adhesion. This leads to platelet activation and 
degranulation of the alpha and dense granules. The alpha 
granules contain various growth factors that serve as the 
foundation of PRP as well as cytokines, coagulation fac-
tors, fibrinolytic factors, and antibacterial proteins. These 
cytokines and growth factors act in an autocrine or para-
crine fashion to modulate cell signaling and stimulate the 
healing cascade; bound and activated platelets degranulate 
to release platelet chemotactic agents to attract more plate-
lets to the site of injury.

Alpha granules are the most abundant granules and there 
are about 50–80 alpha granules per platelet. Dense granules 
are also released and contain serotonin (vasoconstrictor), 
platelet activator and aggregator adenosine diphosphate 
(ADP), and calcium ions (needed for secondary hemostasis). 
During this step, thromboxane A2 (TXA2) is also released 
which serves as another vasoconstrictor and increases 
expression of GP2B3A. GP2B3A, a platelet surface glyco-
protein, also becomes activated and contributes to platelet 
aggregation by binding fibrinogen, which is then able to also 
bind GP2B3A from other platelets and form a platelet plug. 
Formation of the platelet plug also marks the completion of 
events collectively identified as primary hemostasis [1].

Secondary hemostasis involves clot formation via the 
coagulation cascade. Calcium released from the previous 
step activates various coagulation factors and initiates the 
coagulation cascade. This results in the formation of fibrin 
from fibrinogen in the presence of thrombin and eventual 
creation of a fibrin mesh and clot formation [1].

 The Healing Cascade

The healing cascade lays the framework for regenerative 
medicine and occurs over the course of weeks, with final tis-
sue remodeling taking potentially many months before resto-
ration of full tissue strength and integrity. Healing involves 
many of the same activating signals and growth factors 
released by platelets during degranulation. The process of 
wound healing can be subdivided into inflammation, prolif-
eration, and maturation stages [2].

Differing models of the cascade may separate out the pro-
cess of hemostasis (coagulation) as occurring to prior to the 
inflammation stage, while others include it. Despite the taxo-
nomical variance, the entire process occurs as part of the 
spectrum of healing. After the formation of a fibrin mesh and 
a clot, cytokines and growth factors previously released dur-
ing platelet degranulation stimulate the complement cascade 
and recruit leukocytes (primarily neutrophils), macrophages, 
and fibroblasts to the injured area. Local histamine release 
leads to increased capillary permeability via vasodilation and 
leakage, allowing migration of mesenchymal stem cells 
(MSCs) to the site. Neutrophils then lead the process of 
decontamination through bacterial lysis and scavenging of 
cellular debris. Monocytes previously activated by platelet 
growth factors also migrate to the area and may differentiate 
into macrophages. These macrophages play various impor-
tant roles: bacterial phagocytosis, cytokine and collagenase 
secretion for tissue remodeling, and secretion of growth fac-
tors that contribute toward angiogenesis and formation of 
granulation tissue [2]. Among the factors secreted by macro-
phages are many that are associated with bone repair, such as 
interleukins (ILs), tumor necrosis factor alpha (TNF- 
α[alpha]), transforming growth factor beta (TGF-β[beta]), 
platelet-derived growth factor (PDGF), endothelial growth 
factor (EGF), and vascular endothelial growth factor 
(VEGF). [3]

The proliferation stage then begins with epithelialization 
by migratory epithelial progenitor cells as well as epithelial 
cells from the wound periphery. Angiogenesis takes place 
under the signals from previously released platelet growth 
factors. Fibroblasts drive the production of granulation tissue 
and collagen deposition around 4  days after an injury. 
Mesenchymal stem cells are integral in coordinating the 
healing response, but can also be activated to begin differen-
tiation down chondrogenic, osteogenic, or angiogenic 
pathways.

During the final maturation or remodeling stage, a wound 
contracts as collagen continues to be deposited by fibro-
blasts, granulation tissue compresses into smaller and newly 
formed scar tissue, and the strength of this new wound 
increases. This process is also driven by various growth fac-
tors that were present for the previous steps. Overall, while it 
is easier to comprehend all these steps linearly, in reality 
many of them overlap and occur simultaneously providing 
an onslaught of regeneration and remodeling [2].

 Platelets: Function, Preparation, Activation

The power of PRP stems from the ability to harness bioactive 
factors stored in platelet alpha granules once they are acti-
vated. These include growth factors such as insulin-like 
growth factor (IGF), platelet-derived growth factor (PDGF), 
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beta transforming growth factor (TGF beta), vascular endo-
thelial growth factor (VEGF), and numerous interleukins. 
The effects of these include enhancing DNA synthesis, pro-
moting chemotaxis, angiogenesis, and mitogenesis for fibro-
blasts, chondroblasts and osteoblasts. Platelets also contain 
dense granules which contain adenosine diphosphate (ADP), 
adenosine triphosphate (ATP), ionized calcium, and sero-
tonin which are which is necessary for several steps of the 
coagulation cascade.

The preparation of PRP involves isolating the plasma 
component of whole blood, with a concentration of platelets 
3–6 times above baseline. However, the concentration will 
vary depending on the method of procuring PRP. During the 
process of plasma isolation, white blood cells and other 
blood components will also be obtained and exact concentra-
tion of these components can greatly influence outcomes and 
success of PRP administrations [4].

Obtaining patient’s blood will be the first step of harvest-
ing PRP. Generally, about 25–50 cc of venous blood will be 
obtained in order to yield about 3–6 cc of PRP depending on 
the platelet count of the individual, device used, and tech-
nique employed. Retrieval of blood will generally be fol-
lowed by one or two rounds of centrifugation. The goal of 
centrifugation is to separate the whole blood into a layer of 
plasma, buffy coat, and red blood cells. The most superficial 
layer, the platelet-poor plasma (PPP), is typically removed 
and may be saved to obtain other bioactive proteins such as 
alpha-2 macroglobulin. The buffy coat contains the platelet- 
rich plasma, as well as leukocytes. Further processing 
through a second centrifugation process may then be possi-
ble to help remove leukocytes from the serum.

An anticoagulant is required in order to prevent early 
coagulation. The type of anticoagulant used can influence 
time to activation, yield of platelets, and the volume of 
growth factors released. Commonly used anticoagulants 
include sodium citrate and acid citrate dextrose (ACD-A). 
EDTA has been demonstrated to have potential to damage 
the platelet membrane. ACD-A generally has a more acidic 
composition than sodium citrate and has a lower citrate ion 
concentration, yielding impaired platelet aggregation 
in  vitro. PRP obtained in sodium citrate has been demon-
strated in one in vitro study to produce higher platelet recov-
ery after centrifugation step and minimal change in MSC 
gene expression [5].

As aforementioned, the step of platelet activation involves 
degranulation of platelets and the subsequent release of 
growth factors from alpha granules. Platelets are generally 
activated by one of many ways. Thrombin, collagen, calcium 
chloride, or even light have been shown to serve as potent 
activators of platelets. There is no empirical data supporting 
the use of one mechanism of activation or the other, and 
practitioners today differ greatly in their mechanism of 
choice. A caveat to exogenous, preinjection platelet activa-

tion is the need for injection prior to clotting of the platelets. 
Some practitioners may intentionally wait for the clotting to 
begin to utilize the platelets as part of a fibrin clot.

A 2016 study performed by Cavallo et  al. [6] revealed 
how the release of different growth factors in leukocyte-rich 
PRP is influenced by the activating agent used. They com-
pared CaCl alone, thrombin alone, their combination, and 
autologous collagen type 1. The tests were performed in vitro 
and across the board demonstrated lower release of growth 
factors and inflammatory mediators when collagen was used 
compared to the other agents [6]. Another finding was that 
thrombin, collagen, and CaCl/Thrombin had a rapid release 
of growth factors that remained stable for up to 24  hours, 
whereas the release of growth factors with CaCl was more 
gradual initially, however reaching a similar level of growth 
factor release at 24 hours. In addition, the activators in this 
study all demonstrated different levels of clot formation. The 
collagen group did not demonstrate platelet aggregation over 
a 24  hour period, while the CaCl and thrombin groups 
showed clot formation within 15–30 mins [6].

Another less common and novel form of activation is low- 
level light irradiation (photoactivation). Minimal literature 
currently exists for this method, but practitioners are increas-
ingly more aware of its benefits. A 2016 double-blind, ran-
domized controlled pilot study by Paterson et al. [7] revealed 
preliminary evidence of the feasibility and safety of photoac-
tivated platelet-rich plasma in knee osteoarthritis, warranting 
larger studies.

 Medications that May Interfere with Platelet 
Success

Many medications have been shown to interfere with plate-
let function, whether directly or indirectly. Formalized rec-
ommendations on the continuation or discontinuation of 
medications when administering PRP are currently based 
on limited literature. Research is scant on this topic consid-
ering the difficulty of executing a well-designed study that 
accounts for drug-drug interactions, individual platelet lev-
els, comorbidities, age, etc. In spite of this, it is important 
to understand the existing literature as well as mechanisms 
of how various medications may influence and impair nor-
mal platelet function. In the following section, we will dis-
cuss many medications, review their mechanisms of action, 
and examine how they may influence PRP integrity and 
efficacy.

 NSAIDS

Nonsteroidal anti-inflammatory drugs (NSAIDs) are generally 
the first class of medications that come to mind when consid-
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ering medications that may influence PRP efficacy. NSAIDs 
act by impairing the function of the enzymes cyclooxygenase 
1 and 2 (COX1 and COX2), two enzymes involved in convert-
ing arachidonic acid into prostaglandin H2 and eventually 
prostacyclin and TXA2. TXA2 has been shown to play a role 
in platelet aggregation by promoting vasoconstriction and 
increasing expression of GP2b/3a. Classic NSAIDs such as 
aspirin, ibuprofen, and naproxen are all inhibitors of both 
COX-1 and COX-2, whereas newer NSAIDS such as cele-
coxib are selective inhibitors of COX- 2. NSAIDs have thus 
been shown to impair platelet aggregation and reduce the PRP 
quality of bioactive factors delivered to an injured area [8].

Nonselective NSAIDs also affect prostaglandin synthesis 
through their inhibition of COX1 and COX2. Their adverse 
effects are well known and well documented, including ero-
sion of the gastric and colonic mucosa, elevated blood pres-
sure, and increased risk for bleeding. During bony fractures, 
it is believed that injured bone becomes hypoxic, and this 
drives the production of prostaglandin E2 from osteoblasts. 
Studies have even shown increased local COX enzyme 
expression during these hypoxic events, suggesting increased 
yield of prostaglandins. Prostaglandins promote bone regen-
eration by means of angiogenesis, chemotaxis, and vasodila-
tion, among other roles. Specifically, PGE2 has been found 
to have the highest expression in bones. They contribute 
toward limiting bony resorption as well as the development 
of osteoblasts. NSAIDs may disrupt this balance of enzymes 
and impair bone regeneration, potentially shifting the equi-
librium toward bony resorption [9]. A systematic review of 
the existing literature on this topic performed by Pountos 
et al. [10] found no definitive evidence to withhold NSAIDs 
in patients with bone fractures; however, they caution that 
most of the available research has been performed on ani-
mals and not human subjects, and thus, NSAIDs should still 
be considered a risk factor for impairment of bone healing. 
There is also evidence that shows that NSAIDs negatively 
affect the structural healing of injured tendons via prosta-
glandin E2 (PGE2), which is essential for early tendon heal-
ing through control of vascular flow [11].

 Clopidogrel

Clopidogrel is a prodrug that is biotransformed in vivo and 
works by acting as an ADP receptor irreversible inhibitor. As 
you may recall, ADP is an important metabolite in normal 
platelet function that binds to one of three different ADP 
receptors (P2Y1, P2Y12, P2X1) on the platelet surface and 
contributes toward platelet activation and aggregation [12]. 
Clopidogrel specifically binds the P2Y12 ADP receptor, pre-
venting activation of GP2B/3A and eventual cross-linking by 
fibrin. Other medications in this class with similar mecha-
nisms include prasugrel and ticagrelor.

By altering platelet activation and aggregation, clopido-
grel affects primary hemostasis and normal platelet function.

 Medications that Affect Serotonin

There are a number of commonly prescribed medications that 
will alter serotonin pathways and, in turn, potentially interfere 
with platelet function. Medications in this category include 
SSRIs, SNRIs, tricyclic antidepressants, tramadol, migraine 
abortive medications such as ergotamine, and triptans.

In recent years, SSRIs have been increasingly discussed as 
another class of medications that may influence PRP success. 
They work by inhibiting the function of presynaptic serotonin 
transporters (SERTs) which serve as monoamine transporter 
proteins and reuptake serotonin from synaptic spaces and 
back into various cells, including platelets. The net effect of 
SSRIs ultimately allows for more serotonin to bind with post-
synaptic receptors. Serotonin is released from dense granules 
after platelets are activated and promotes platelet aggregation 
and vasoconstriction. In the presence of SSRIs, it is believed 
there is a higher plasma concentration of serotonin and 
decreased intraplatelet concentration of serotonin due to less 
reuptake, overall leading to decreased serotonin release dur-
ing platelet degranulation and less amplified platelet aggrega-
tion. Retrospective studies on the issue have yielded results 
indicating an increased abnormal bleeding risk in patients on 
SSRIs, specifically upper GI bleeding [13].

By altering normal serotonin function, these medications 
affect primary hemostasis and normal platelet activation and 
aggregation.

 Anticoagulants

Many of the medications that classify as anticoagulants act 
upon the pathways of secondary hemostasis, specifically the 
coagulation cascade rather than primary hemostasis or plate-
let plug formation. Warfarin works by acting as a competi-
tive inhibitor of VKORC-1 an enzyme that aids in the 
creation of vitamin K, which is necessary for the synthesis of 
factors 2,7,9,10, Protein C, and Protein S. Rivaroxaban and 
apixaban are newer anticoagulants that act as direct, selec-
tive, and reversible inhibitors of both free and clot-bound 
factor Xa. Heparin binds by activating antithrombin III, 
which then inactivates thrombin and factor Xa, effectively 
diminishing conversion of fibrinogen to fibrin. Enoxaparin 
works similarly to Heparin; however, it has a stronger anti-
factor Xa effect and less inhibition of thrombin, as thrombin 
inhibition is heparin size-dependent. Argatroban is a  selective 
and reversible direct thrombin inhibitor. Abciximab affects 
primary hemostasis and is a chimeric human monoclonal 
antibody that acts as a platelet 2b/3a receptor inhibitor.
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Similar to the effect NSAIDs have on fracture healing, it 
has been widely believed anticoagulants demonstrate a simi-
lar effect. A systematic review by Lindner et al. [14] demon-
strated that in a small number of in vivo animal model studies 
heparin and LMWH were found to reduce trabecular bone 
volume in a dose-dependent manner; however, the effects of 
heparin are far greater than LMWH. The studies also revealed 
warfarin to have similar effect on trabecular bone volume. 
Histologic analysis suggested heparin impaired osteoblastic 
bone formation and increased osteoblastic bone resorption, 
and LMWH inhibits osteogenesis. Warfarin’s effects were 
found to be from inhibition of Vitamin K reductase and 
Vitamin K epoxide reductase, two enzymes found in osteo-
blasts. The study also revealed LMWH inhibited VEGF 
directed angiogenesis. Overall, they concluded that the nega-
tive effects of warfarin, heparin, and aspirin on bone healing 
were unequivocal. While there was enough evidence to sug-
gest the same for LMWH, it was to a lesser degree, and thus, 
they recommended utilizing this for thromboprophylaxis in a 
patient with a healing fracture [14].

Evidence suggests that anticoagulant medications have 
direct effects on wound healing, but their effects on the coag-
ulation cascade do not directly impair platelet aggregation 
and activation.

 Discussion

Clinicians currently vary in their standard of practice regard-
ing which medications to hold prior to PRP administration 
and after, as well as the length of time to hold these medica-
tions for. Research into this topic is very limited, and often, 
patients’ more serious comorbidities are rightly given prior-
ity prior to withholding medications that could have grave 
consequences. These risks should not be taken lightly and 
should always be taken into consideration prior to adminis-
tering PRP or deciding to hold a medication for PRP 
treatment.

The information provided in this chapter thus far has laid 
the groundwork to understanding the following recommen-
dations. A review article in the September 2016 issue of Pain 
Physician Journal by Ramsook and Danesh [15] has previ-
ously set forth guidelines regarding which medications to 
hold and for how long, both prior to and after PRP adminis-
tration. The guidelines proposed assume that the antithrom-
botic medications included in the article affect platelet 
degranulation and thus PRP success. Their proposed length 
of time to hold the medications is based on the medication 
half-lives as well as the lifespan of a platelet. However, the 
primary dilemma with this method is that there is not enough 
empirical data to suggest that many of the medications they 
recommend holding actually affect the outcomes of success 
when administering PRP.

In regard to NSAIDs, a pilot study by Schippinger et al. 
[8] revealed inhibition of platelet aggregation with no differ-
ence in platelet count when obtaining platelets from patients 
taking NSAIDs after orthopedic surgeries vs. obtaining 
platelets from age-matched healthy controls. They deduced 
platelet aggregation is an important step in the function of 
platelets by localizing platelets to a site of injury and leading 
to increased degranulation at the site. If this step is impaired, 
they concluded that overall platelet quality and release of 
growth factors would suffer. The study examined patients 
taking either dexibuprofen or diclofenac, two nonselective 
reversible inhibitors of COX-1 and COX-2. A 2017 study by 
Ludwig et al. [16] concluded that COX-2 selective inhibitors 
do not affect platelet activation or growth factor release in 
dogs, warranting further studies to examine whether a simi-
lar outcome would be seen in humans. The study did, how-
ever, cite a few previous abstracts on humans that showed 
COX-2 selective NSAIDs such as celecoxib did not signifi-
cantly affect platelet aggregation or hemostasis.

Another study sought to quantify and compare normative 
catabolic and anabolic factor concentrations in leukocyte- 
rich platelet-rich plasma (LR-PRP) at various time points, 
including baseline, 1 week after initiating naproxen use, and 
after a 1-week washout period. The anabolic factors vascular 
endothelial growth factor, fibroblast growth factor 2, platelet- 
derived growth factor AB (PDGF-AB), and platelet-derived 
growth factor AA (PDGF-AA) and the catabolic factors 
interleukin (IL) 1β[beta], IL-6, IL-8, and tumor necrosis fac-
tor α[alpha] in LR-PRP were measured at 3 time points: 
baseline, after 1 week of naproxen use, and after a 1-week 
washout period. These authors found that naproxen dimin-
ished PDGF-AA (44% decrease in median) and PDGF-AB 
(47% decrease). However, a 1-week washout period was suf-
ficient for the recovery of PDGF-AA, PDGF-AB, and IL-6 
to return to baseline levels. Tumor necrosis factor α[alpha], 
IL-1β[beta], IL-8, vascular endothelial growth factor, and 
fibroblast growth factor 2 did not show differences between 
the 3 time points of data collection.

A case report by di Matteo et  al. [17] described a 
53-year- old active male runner with a medical history sig-
nificant for a rare metabolic disorder status post multiple 
aortocoronary bypass surgeries who had been taking aspi-
rin 160 mg daily for 9 years. The runner had been experi-
encing chronic left knee pain forcing him to stop training 
for 3 months and failed conservative treatments, eventually 
opting for three rounds of PRP injections, each 1 week 
apart. In this case, aspirin was not withheld, and 14 days 
after the last injection, the patient had no swelling, was 
pain-free, and returned to training [17]. He was eventually 
able to run a half marathon 35 days after the last injection. 
While this is only a case report, it forces clinicians to reex-
amine previously accepted profiles of patients who can be 
successfully treated with PRP.
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Ex vivo studies have been performed on patients taking 
SSRIs in order to monitor their effects on platelet quality; 
however, scanty research exists examining in vivo studies. A 
2008 study by McCloskey et al. [18] examined differences in 
platelet aggregation and ATP release in subjects taking either 
an SSRI or bupropion for at least 6 weeks. In the presence of 
agonists such as arachidonic acid and collagen, the study 
found statistically significant decreases in both platelet 
aggregation and ATP release in the SSRI group. This does 
not necessarily provide enough information to safely recom-
mend withholding SSRIs prior to PRP administration, espe-
cially in patients suffering from depression, but it does 
legitimize the possibility for a larger in vivo study.

With regards to various antithrombotic agents, it is essen-
tial to consider the patient holistically when determining 
candidacy for a PRP injection. If someone is taking a medi-
cation such as clopidogrel, warfarin, heparin, or enoxaparin, 
the patient is most likely treating a more critical disease pro-
cess. The risk of withholding any of the previously men-
tioned antithrombotic agents for a defined time period will 
far outweigh the benefit of administering an injection of PRP 
to treat a musculoskeletal condition. In addition, the mecha-
nisms of action of these medications do not directly overlap 
with the understood mechanism of action of PRP, making it 
largely inconsequential to continue these medications when 
injecting PRP to treat a patient. There is minimal data regard-
ing performing studies examining this relationship and the 
benefits vs. risks of withholding an antithrombotic agent 
when administering PRP.

While the majority of this chapter focuses on PRP and the 
medications that may influence its success, another major 
application of regenerative medicine involves mesenchymal 
stem cells. As a growing number of physicians utilize the 
benefits of harvesting and injecting bone marrow MSCs 
(BMMSCs) in their patients to stimulate cell proliferation 
and tissue regrowth, the effects of NSAIDs should be taken 
into consideration before its usage as well. One 2008 study 
by Chang et  al. [19] showed that in  vitro testing in mice 
found that MSCs treated with dexamethasone, nonselective 
NSAIDs, and COX-2 selective NSAIDs all suppressed cell 
proliferation and arrested cell cycle kinetics in the G0/G1 
phase. Subsequent addition of prostaglandin E1 and E2 did 
not reverse the effects, hinting at an alternative mechanism 

of action than being prostaglandin mediated. More recent 
animal studies, however, have yielded different results. A 
2017 study by Zhang [20] that suggested that MSCs pre-
treated with aspirin and injected in rats with periodontitis 
had the effect of reducing inflammation while promoting 
periodontal bone and tissue regeneration. Another study by 
Geetasala in 2017 [21] showed that BMMSCs injected into 
mice wounds in the presence of celecoxib demonstrated a 
higher percentage of wound closure, decreased inflamma-
tion, and increased cellular proliferation and differentiation 
vs. BMMSCs injected without celecoxib. These studies leave 
much to be desired. They cannot be fully compared side by 
side given the various differences among them; however, 
they yield overall contradictory results. Given the minimal 
evidence thus far and lack of human studies examining the 
impact of anti-inflammatory and anticoagulant medications 
on the effect and function of BMMSCs, further large-scale 
human studies are necessary before medication withholding 
decisions can be confidently made.

 Conclusion

The effects of various medications on platelet function are 
well-documented and established. These medications not 
only impair normal platelet function, but can negatively 
affect the quantity and quality of the growth factor profile 
released from the platelets. General pharmacodynamic 
guidelines suggest that it takes over 5 half-life periods for a 
compound to be completely eliminated from the system. 
Additionally, variance in metabolism and excretion can 
affect medication half-life duration in different individuals. 
Please refer to Table  20.1 for a summarization of various 
medications mentioned in this chapter and their understood 
effects on platelet function.

Current recommendations for holding medication prior to 
regenerative medicine procedures should focus not only on 
the medication half-life, but on the medication mechanism of 
action, and direct effects on platelet function, and growth 
factor release. Prior to the regenerative medicine interven-
tion, a well-thought-out risk/benefit analysis should be per-
formed to determine the safety of discontinuing any 
medication.
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Table 20.1 Effects of various medications on platelet function

Medication Half-life Mechanism Comments
Aspirin 15 minutes—9 hours. 

Based on dose.
Irreversible inhibitor of COX-1 and 
COX-2

Aspirin irreversibly inhibits platelet function and 
can effectively last the entire lifespan of the platelet 
(8–9 days) while it stays in circulation.
We recommend the discontinuation of NSAIDs at 
least 1 week prior to PRP administration and 
anywhere from 2–6 weeks after.
NSAIDs should not be held if the patient is taking 
them for life-saving indications such as stroke or 
cardiac prophylaxis.

Ibuprofen 2–4 hours Nonselective, reversible inhibitor of 
COX-1 and COX-2

Naproxen 12–17 hours Nonselective, reversible inhibitor of 
COX-1 and COX-2

Celecoxib Selective reversible inhibitor of COX-2 No evidence that celecoxib has effect on platelet 
function

Clopidogrel 7–8 hours Irreversible inhibitor of ADP receptor Clopidogrel should not be held if the patient is 
taking them for life-saving indications such as stroke 
or cardiac prophylaxis.

Warfarin 20–60 hours Competitive inhibitor of VKORC-1 
(enzyme involved in creation of vitamin 
K, which is necessary for synthesis of 
factors 2,7,9,10, protein C, S)

Effects are on secondary hemostasis.
Unclear effects on PRP intervention.

Enoxaparin 4.5–7 hours Binds to antithrombin 3 and acts as 
irreversible factor Xa inactivator

Effects are on secondary hemostasis.
Unclear effects on PRP intervention.

Abciximab 10–30 mins Chimeric human monoclonal antibody; 
platelet 2b/3a receptor inhibitor

Effects are on secondary hemostasis.
Unclear effects on PRP intervention.

Apixaban 8–15 hours Direct, selective, and reversible inhibitor 
of free and clot-bound factor Xa

Effects are on secondary hemostasis.
Unclear effects on PRP intervention.

Rivaroxaban 5–9 hours Direct, selective, reversible free and 
bound factor Xa inhibitor

Effects are on secondary hemostasis.
Unclear effects on PRP intervention.

Heparin 1.5 hours Antithrombin III inhibitor Effects are on secondary hemostasis.
Unclear effects on PRP intervention.

Argatroban 40–50 mins Direct, selective, reversible thrombin 
inhibitor

Effects are on secondary hemostasis.
Unclear effects on PRP intervention.

Fluoxetine 1–3 days (acute), 
4–6 days (chronic)

Selective serotonin reuptake inhibitor Will affect normal platelet function.
Risk/benefit for discontinuation should be clearly 
discussed with the patient and the prescriber of the 
antidepressant medication.

Sertraline 23–26 hours Selective serotonin reuptake inhibitor
Paroxetine 21 hours Selective serotonin reuptake inhibitor
Duloxetine
Venlafaxine

Selective serotonin norepinephrine 
reuptake inhibitor

Tricyclic 
antidepressants
Amitriptyline
Nortriptyline
Desipramine

Serotonin norepinephrine reuptake 
inhibitor
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Patient Factors Affecting Regenerative 
Medicine Outcomes

Roya S. Moheimani, Jason Kajbaf, 
and George C. Chang Chien

 Introduction

Lifestyle changes such as exercise, smoking, or heavy alco-
hol consumption are known to affect quality of life. However, 
many of these choices and how they affect platelet function 
and thus platelet-rich plasma (PRP) injections are yet to be 
elucidated. What is known, on the other hand, is that healthy 
lifestyles, the details of which will be discussed later in this 
chapter, promote tissue regeneration and platelet function. 
Although there may be a genetic predisposition to factors 
such as depression or anxiety, type 2 diabetes mellitus, and 
obesity, these factors will often negatively affect platelet 
function, which is why these morbidities are often avoided in 
large PRP injection trials. The following chapter will further 
detail the effects of these and other lifestyle habits and 
comorbidities on platelet function.

 Factors

Exercise

A joint statement from the American College of Sports 
Medicine and the American Heart Association recommends 
all adults aged 18 to 65  years of age partake in moderate 
intensity aerobic exercise of at least 30 minutes for a mini-
mum of 5 days a week [1]. This is a general recommendation 
for the reduction of chronic disease and disabilities. 
Additionally, this is recommended as a means to prevent 

unhealthy weight gain. It was noted that there is a dose–
response relationship between physical activity and overall 
health. Furthermore, exercise has been found to modulate 
platelet function [2].
There is evidence that regular exercise suppresses platelet 
adhesiveness and aggregation; on the other hand, the oppo-
site is seen in deconditioned individuals. Platelet aggregation 
is more likely in sedentary individuals, which causes an 
upregulation in monocytes and further differentiation into 
macrophages [3], which in turn promotes degradation of the 
extracellular matrix and upregulation of other catabolic 
inflammatory cytokines. In cases of tendon and ligament 
strains and sprains, respectively, this upregulation and accu-
mulation of macrophages have been found to hinder tissue 
repair, which may lead to more chronic injuries [4]. 
Therefore, when platelets are introduced to these structures, 
via platelet-rich plasma (PRP) injections, their potential ben-
efits may be affected either positively or negatively by one’s 
level of physical activity. In cases of acute, strenuous exer-
cises, platelets are typically activated; however, in cases of 
regular moderate physical activity, platelet activation is 
inhibited. This was then replicated by another study compar-
ing high-intensity interval training (HIIT) to moderate con-
tinuous exercise, where participants performing HIIT were 
found to have a higher likelihood of exercise-induced throm-
bosis when compared to the moderate continuous exercise 
group. Furthermore, specifically in cases of platelet-rich 
plasma injections, Van Ark et al. performed a study that dem-
onstrated with a combination of endurance training and 
physical therapy there are improved effects of platelet-rich 
plasma injections for patients with patellar tendinopathy [5].

 Type 2 Diabetes Mellitus

Comorbidities, such as type 2 diabetes mellitus and obesity, 
have been shown to affect overall wound healing and tissue 
regeneration [5]. As the number of comorbidities increase, 
this effect is further compounded. Type 2 diabetes mellitus 
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additionally has been shown to affect pro-inflammatory cyto-
kines and cause platelet aggregation and dysfunction [6, 7]. 
Specifically, thromboxane production has been found to be 
higher in patients with type 2 diabetes mellitus, which in turn 
leads to increased platelet aggregation. Furthermore, in those 
with type 2 diabetes mellitus, there are changes in the number 
of leukocyte populations and their activation state, leading to 
increased apoptosis and tissue fibrosis. Furthermore, type 2 
diabetes mellitus, similar to the effects of a lack of exercise 
discussed earlier, is associated with platelet dysfunction in 
the form of increased aggregation. This dysfunction is medi-
ated by insulin resistance seen in diabetes, which leads to 
increased insulin levels that ultimately lead to the sensitiza-
tion and dysfunction of platelets. Interestingly, it has been 
noted that PRP has growing popularity to help with poorly 
healing wounds in diabetic patients, such as diabetic foot 
ulcers. This suggests that perhaps not only is the poor circula-
tion in type 2 diabetes mellitus leading to poor wound healing 
but also it is compounded by the platelet dysfunction [8]. It 
should be noted that type 2 diabetes mellitus is often selected 
as an exclusionary criteria in many PRP studies and named as 
a comorbidity that would affect results and hinder healing [9].

 Obesity

There is a lot of overlap noted in the pathogenesis of increased 
platelet dysfunction and increased expression of inflamma-
tory cascade for both type 2 diabetes and obesity [10]. Of 
note, there is dysfunction of platelets in obesity that is attrib-
uted to increased insulin sensitivity but also from the overall 
increase in chronic inflammation from higher amounts of adi-
pose tissue [11]. Overall, obesity leads to increased platelet 
aggregation but also paradoxically dysfunctional in the 
inflammatory cascade. This stems from the conclusion that 
adipose tissue acts as an endocrine organ, thus affecting the 
overall cellular milieu of cytokines [12]. In obesity, there is a 
tendency for increased macrophage activity, which as stated 
earlier hinders tendon and ligament healing.

 Depression and Anxiety

There appears to be similarities in terms of platelet dysfunc-
tion in patients with depression and anxiety to those with dia-
betes and obesity. Anxiety and depression follow the same 
pattern of increased expression of the inflammatory cascade 
[13, 14]. Patients with depression have long been noted to 
have higher levels of pro-inflammatory cytokines, acute phase 
proteins, chemokines, and cellular adhesion molecules. This 
has also been reproduced in socially defeated rats with 
increased anxiety. The inflammatory cascade as a result of 
depression and anxiety, similar to the comorbidities discussed 
above, thus leads to platelet dysfunction [15]. Furthermore, 

given that nearly all of the human body’s serotonin is stored 
in platelets, there have been many studies that have demon-
strated that depression leads to alterations in platelet aggrega-
tion. This is why those with depression who forgo treatment 
for their depression with selective serotonin reuptake inhibi-
tors (SSRIs) after a myocardial infarction have increased 
rates of adverse cardiovascular events [16]. This notion is 
supported by the finding that platelets from patients with 
depression have increased serotonin receptors as well as 
increased sensitivity to serotonin; thus when exposed to sero-
tonin, they may have a more exaggerated response [17]. This 
is the case of patients on selective serotonin reuptake inhibi-
tors (SSRIs), which will be discussed in the next section.

 Medications

Serotonin is a key neurotransmitter that plays a pivotal role in 
the central and peripheral nervous system, cardiovascular 
system, gastroenterology system, and genitourinary system 
[17] and has also been found to be a key mediator of platelet 
function. As serotonin is released from platelet granules, it 
induces platelet aggregation and facilitates local vasocon-
striction. Selective serotonin reuptake inhibitors (SSRIs), 
serotonin and norepinephrine reuptake inhibitors (SNRIs), 
and tricyclic antidepressants (TCAs) are all agents used to 
treat mood disorders, and all interact with endogenous sero-
tonin levels [18], and as such have been associated with plate-
let dysfunction, such as decreased platelet aggregability [16].
Nonsteroidal anti-inflammatory drugs (NSAIDs) are consis-
tently held in PRP studies over the concern for their interfer-
ence with platelet function [19]. NSAIDs work by inhibiting 
platelet cyclooxygenase, decreasing thromboxane A2, among 
other pathways [20]. Thromboxane A2 is key to platelet aggre-
gation; thus, NSAIDs depress platelet aggregability, thereby 
affecting platelet function (Fig. 21.1). Furthermore, a study by 
Jayaram et al. specifically explored the effects of aspirin on the 
release of various growth factors in PRP solutions. The PRP 
concentrations of VEGF, PDGF, and TGF-beta1 obtained 
from healthy individuals were compared to the levels of these 
growth factors after a 14-day course of aspirin. They demon-
strated that aspirin and likely other COX inhibitors signifi-
cantly reduced the release of these growth factors [20]. Thus, 
when it is medically safe to do so, it is recommended that 
NSAIDs be held when performing a PRP injection, as they 
reduce the release of platelet growth factors and thus may 
mitigate the results of PRP injections.

 Nutrition

As stated previously, insulin has been associated with sensi-
tization and disorderly platelet function [7]. This dysfunc-
tion was not reproduced after a single carbohydrate-rich 
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Fig. 21.1 Direct effects of 
aspirin on platelet function 
are depicted here. Via 
decreasing thromboxane A2 
(TXA2) and acetylating 
fibrinogen, among pathways, 
aspirin and other NSAIDs 
prevent platelet activation and 
thus prevent the release of 
platelet contents, such as 
vascular endothelial growth 
factor

meal; however, with long-term consumption of a carbohy-
drate-rich diet, there is an increase in inflammation and pro-
duction of cytokines that promote platelet aggregation [21]. 
Again, this is attributed to prolonged exposure of platelets 
to elevated insulin levels. The increased propensity of plate-
let aggregation is hypothesized to explain why diets elevated 
in refined sugar leads to increased cardiovascular disease, 
especially when saturated fats are substituted with refined 
carbohydrates [22]. Refined carbohydrates include fructose 
containing sugars and high fructose corn syrup, which is 
found in ultra-processed foods.

Diets that strongly avoid processed carbohydrates include 
the ketogenic diet, in which the goal is to obtain a state of 
ketosis, or a metabolic state in which the body’s carbohy-
drate stores are depleted to the point where ketones are pro-
duced to power cellular metabolism. One consequence 
noted, however, is easy bruising, which was seen in up to 
30% of participants in a study by Berry-Kravis et al. [23]. It 
is hypothesized that the diet itself causes platelet depression 
with probleeding tendency, but also preexisting genetic fac-
tors may play a role. This change was attributed to platelet 
membrane lipid composition.

Furthermore, flavonoids, which are found in many foods 
such as chocolate, tea, red wine, and beer, have been demon-
strated to inhibit platelet activation and aggregation [24]. 
This has been repeatedly proven with various assays that 
have shown flavonoids’ tendency to bind to thromboxane A2 
receptors on platelets, thereby inhibiting its downstream sig-
naling cascade and thus platelet activation.

Caffeine found in tea, coffee, and energy drinks, like the 
flavonoids discussed above, has been shown to decrease 
platelet aggregation. Numerous studies have revealed that 
platelet aggregation that is induced by collagen, ADP, and 

arachadonic acid in controlled studies is in fact inhibited 
after caffeine ingestion [24].

Garlic is touted to have significant cardiovascular ben-
efits and thus recommended to introduce in diets to help 
with coronary artery disease and one mechanism by which 
garlic has been suggested to help is via its inhibitory 
effects on platelet aggregation [25]. A study by Rahman 
et  al. revealed that ADP-induced platelet aggregation is 
significantly inhibited after garlic consumption [26]. 
Another study demonstrated that garlic also inhibits plate-
let aggregation in response to adrenaline [25]. Lastly, 
these results were also evident in another study by Bordia 
et al., where patients were given garlic three times per day 
for a one-month period and were subsequently found to 
have reduced platelet aggregation to both ADP and epi-
nephrine [27].

Omega-3 polyunsaturated fatty acids (Omega-3 PUFA) 
are also known to have significant cardiovascular benefits by 
various mechanisms, including reduced platelet aggregation. 
Omega-3 PUFA are a known component of cell membrane 
phospholipids and thereby cell membrane function [28]. An 
interesting study performed on Inuits in 1979 revealed sig-
nificantly longer bleeding times, which was attributed to a 
reduction of platelet aggregation as a result of higher con-
sumption of Omega-3 PUFA found in fish [29] . Furthermore, 
a multitude of recent studies have repeatedly confirmed this 
early study and found that multiple platelet stimulating fac-
tors are inhibited with Omega-3 PUFA consumption [28].
Numerous other nutrients and dietary modifications have 
also been shown to affect platelet function and in similar 
mechanisms as described above. Turmeric, onions,  tomatoes, 
and ginger, for instance, have all shown to inhibit platelet 
aggregation [25].
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 Smoking

Smoking tobacco cigarettes has largely been attributed as 
one of the most preventable risk factors to cardiac disease 
and mortality [30]. Among numerous other pathways, one 
mechanism by which cigarettes cause their known adverse 
effects is attributed in part to its affect on platelets and 
inflammation [31, 32]. Cigarette smoking has been shown to 
increase a multitude of cytokines, C-reactive protein, and 
prothrombotic factors. Additionally, smoking both chroni-
cally and acutely decreases inflammatory cell adhesion and 
fibrinolytic factors. This, coupled with decreased levels of 
nitrous oxide, leads to platelet activation and endothelium 
rigidity. Additionally, it has been shown that increased sym-
pathetic nerve activity seen with cigarette smoking leads to 
platelet activation through unopposed increase epinephrine 
platelet activation. These findings have largely been paral-
leled in secondhand tobacco cigarette smoke exposure as 
well [31].
Furthermore, electronic cigarettes (e-cigarettes) have 
recently grown in popularity and are used in place of or in 
conjunction with tobacco cigarette smoking [33]. Although 
they have been touted as a safer alternative, there is growing 
evidence of the cardiovascular implications of both acute and 
chronic risk with e-cigarettes [34, 35]. Studies in mice have 
further suggested that there are prothrombotic changes pro-
moting platelet aggregation in e-cigarette smoke, similar to 
that seen with regular cigarettes [36]. Additionally, there are 
studies demonstrating increased inflammation, paralleling 
studies in chronic tobacco cigarettes, for chronic e-cigarette 
users. This is an area of active research as e-cigarettes were 
recently introduced in the past 20 years.

 Alcohol

Wine has been implicated as a cardioprotective beverage 
[37]. The cardioprotective element stems from two major 
hypotheses: the anti-inflammatory and the antithrombotic 
effects of alcohol. There is evidence that the consumption of 
red wine or red grapes decreases platelet aggregation, which 
is attributed to the high concentration of flavonoids and poly-
phenols [37]. Polyphenols are thought to act both on plate-
lets directly and through an anti-inflammatory mechanism as 
well. This is why countries with heavy red wine consump-
tion, such as France, have been found to have lower inci-
dence of ischemic heart disease, despite the consumption of 
a high carbohydrate and saturated fat diet [24]. Overall, the 
consumption of moderate alcohol is thought to be anti- 
inflammatory, whereas consumption of high amounts of 
alcohol is pro-inflammatory and can lead to alcoholic cir-
rhosis and thrombocytopenia [37, 38]. Therefore, excessive 

alcohol consumption may affect the contents of a PRP injec-
tion and thus its results.

 Conclusion

Ultimately, the lifestyle habits and various comorbidities dis-
cussed above are known to affect platelet function, either in 
positive or negative ways. Furthermore, although little 
remains known how much these affect the quality of results 
following PRP injections, it is recommended to counsel all 
patients to make healthy lifestyle choices to optimize poten-
tial outcomes of the PRP injections.
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 Introduction

The tendon serves as the connection between muscle and 
bone allowing energy transfer for tensile strength and 
motion. Tendinopathy may be acute, subacute, or chronic, 
and its clinical presentation is characterized by localized 
pain and weakened, degenerative tendon tissue. 
Characteristic findings on pathologic examination include 
hypervascularity, loss of normal fibrillar architecture, 
hypercellularity, and degenerative changes in the collage-
nous matrix. Tendinopathy is often described as tendinitis. 
The suffix “-itis” suggests the presence of inflammatory 
process; however, the actual inflammation is minimally 
present in tendinopathy with chronic overuse as evidenced 
in histopathological findings in a wide variety of biopsied 
tendons [1–5].

Overuse, repetitive strain, or mechanical overload to ten-
dons are considered as primary trigger of symptomatic tendi-
nopathy, as implied by the names such as “jumper’s knee” 
and “tennis elbow.” Tendons are subject to microtrauma and 
may result in progressive collagenolytic tendon injury. 
Abnormal cytokine expression and the development of pain 
responsive C-fibers contribute to the clinical presentations of 
chronic tendon pain [6].

Ligaments are bands of durable, flexible fibrous connec-
tive tissue connecting bones or cartilage and stabilizing a 
mobile joint. Extra-capsular and intra-capsular ligaments 
join together to provide joint stability. Ligaments are visco-

elastic. They gradually strain when under tension and return 
to their original shape when the tension is removed. 
However, they cannot retain their original shape when 
extended past a certain point or for a prolonged period of 
time [7]. If the ligaments lengthen too much, then the joint 
will be weakened, becoming prone to future dislocations. 
Tears of ligaments, either partial or complete, can lead to 
instability of the adjacent joint. Instability of a joint over 
time can lead to eventual degeneration of cartilage and may 
progress to osteoarthritis.

Recent advances in regenerative interventional techniques 
are proving to be efficacious in the treatment of these com-
mon musculoskeletal disorders. This chapter will provide a 
literature review on the most common indications for regen-
erative therapy and provide an evidence-based review 
grouped into tissue type and anatomical locations.

 Elbow

The most widely studied indication for regenerative medi-
cine and tendinopathy is for the treatment of lateral epicon-
dylitis which afflicts the common extensor tendon of the 
elbow. Lateral epicondylitis or “tennis elbow” is a painful 
condition presenting with pain at the lateral side of the elbow 
joint that increases during gripping, squeezing, supination, 
and resisted wrist flexion. The common extensor tendon of 
the elbow is one of the most common tendons treated with 
ultrasound-guided tendon needle fenestration with positive 
outcomes in multiple studies [8–21] (Table 22.1) (Fig. 22.1).

Diagnostic ultrasound and/or MRI prior to procedure may 
be useful to identify the targeted tissue; however, the diagno-
sis is commonly made on based on clinical presentation. 
Areas of injury are typically found near the insertion point of 
the tendons and ligaments. Real-time ultrasound guidance is 
recommended to target the tissue and assure accuracy of the 
procedure. Low volume injection (0.1 ml each needle pass, 
total volume 0.5–2 ml) into the pathologic areas is advised 
while fenestrating the tendon with a needle. Depending on 

22

G. C. Chang Chien (*) 
GCC Institute, Department of Musculoskeletal Medicine and 
Medical Aesthetics, Newport Beach, CA, USA 

A. Zhang 
University of Connecticut, Department of Radiology,  
Farmington, CT, USA 

K. B. Chapman 
Pain Medicine, Northwell Health Systems, Department of Pain 
Medicine, New York, NY, USA

© Springer Nature Switzerland AG 2023
C. W Hunter et al. (eds.), Regenerative Medicine, https://doi.org/10.1007/978-3-030-75517-1_22

https://doi.org/10.1007/978-3-030-75517-1_22


218

Table 22.1 Regenerative medicine applications in the elbow

Author Indication Study design Study methods Outcome measures Results Adverse events
Mishra 
et al. [8]

Lateral 
epicondylitis

Double-blind, 
prospective, 
multicenter 
RCT

Leukocyte- 
enriched PRP 
N = 112
Active control 
N = 113
Follow-up 
periods

VAS pain score, 
tennis elbow 
questionnaire
Follow-up periods 
4, 8, 12, 24 weeks

At 12 weeks, PRP group 
reported 55.1% improvement in 
pain scores vs. control 47.4%
At 24 weeks, PRP group 71.5% 
improvement in pain scores vs. 
Control group 56.1% 
(P = 0.019).
At 24 weeks, PRP group 
reported 29.1% significant 
elbow tenderness vs. control 
group 54.0%

No significant 
complications 
occurred in either 
group

Gosens 
et al. [9]

Lateral 
epicondylitis

Double-blind, 
RCT

PRP group 
N = 51
Control group 
N = 49

VAS pain score, 
DASH score
Follow-up periods 
4, 8, 12, 26, 52, 
104 weeks

PRP group significantly 
improved during the entire 
duration of the study 
(P < 0.002)
PRP group demonstrated 
sustained benefits while 
corticosteroid group returned to 
baseline levels

No complications 
were seen 
concerning the use 
of PRP, except for 
the initial worsening 
of pain which 
usually lasted for 
1–2 weeks

Krogh 
et al. [10]

Lateral 
epicondylitis

Double-blind, 
RCT

PRP group 
N = 20
Glucocorticoid 
group N = 20
Control group 
N = 20

PRTEE 
questionnaire
Follow-up periods 
3 months

Pain reduction at 3 months was 
observed in all three groups, 
with no statistically significant 
difference between the groups

No serious adverse 
events reported

Thanasas 
et al. [11]

Lateral elbow 
epicondylitis

RCT PRP group 
N = 14 
autologous blood 
group N = 14

VAS pain score, 
Liverpool elbow 
score
Follow-up periods 
6 weeks, 3 and 
6 months

The VAS score improvement 
was larger in PRP group at 
every follow-up periods 
interval, but the difference was 
statistically significant only at 
6 weeks

No adverse events 
reported

Creaney 
et al. [12]

Resistant 
elbow 
tendinopathy

Double-blind, 
RCT

PRP group 
N = 80
Autologous blood 
injection group 
N = 70

PRTEE
Follow-up periods 
1, 3, 6 months

At 6 months, the authors 
observed a 66% success rate in 
the PRP group versus 72% in 
the ABI group

No adverse events 
reported

Peerbooms 
et al. [13]

Lateral 
epicondylitis

Double-blind, 
RCT

PRP group 
N = 51
Corticosteroid 
group N = 49

VAS pain score, 
DASH score

24 of the 49 patients (49%) in 
the corticosteroid group and 37 
of the 51 patients (73%) in the 
PRP group were successful
DASH scores, 25 of the 49 
patients (51%) in the 
corticosteroid group and 37 of 
the 51 patients (73%) in the 
PRP group were successful
The corticosteroid group was 
better initially and then 
declined, whereas the PRP 
group progressively improved

No adverse 
complications 
reported

Chaudhury 
et al. [14]

Lateral 
epicondylitis

Prospective 
pilot study

PRP only N = 6 Grayscale images 
of the injected 
elbow
Follow-up periods 
1 and 6 months

Five patients demonstrated 
improved tendon morphology 
using ultrasound imaging 
6 months after PRP injection

No adverse events 
reported

G. C. Chang Chien et al.
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Table 22.1 (continued)

Author Indication Study design Study methods Outcome measures Results Adverse events
Mautner 
et al. [15]

Lateral 
epicondylitis

Retrospective 
cross-sectional 
survey

PRP group 
N = 93

VAS score, 
assessment of 
functional pain, 
overall satisfaction

93% of patients who received 
an injection at the lateral 
epicondyle, 100% of patients 
who received an injection at the 
Achilles tendon, and 59% of 
patients who received an 
injection at the patellar tendon 
reported moderate to complete 
resolution of symptoms (50% 
improvement)
More than 80% of patients who 
received an injection at the 
rotator cuff, hamstring, gluteus 
medius, or common flexor 
tendon at the medial epicondyle 
reported the same or greater 
improvement

No adverse events 
reported

Mautner 
et al. [15]

Medial 
epicondylitis

Retrospective 
cross-sectional 
survey

PRP group 
N = 82

VAS score, 
assessment of 
functional pain, 
overall satisfaction

Same as above No adverse events 
reported

Merolla 
et al. [16]

Chronic lateral 
epicondylitis

Prospective 
comparative 
study

PRP group 
N = 51
Other group 
(arthroscopic 
release N = 50)

VAS score, 
PRTEE, Calibrated 
hand dynamometer 
for grip strength

Both patient groups 
experienced significant 
improvement in all measures. 
Between-group comparisons 
showed a significantly higher 
value in the PRP group only for 
grip strength at week 8

No adverse events 
reported

Dines et al. 
[17]

Ulnar 
collateral 
ligament 
insufficiency

Retrospective 
study

PRP group 
N = 44

Mean time to 
return to play

15 (34%) had an excellent 
outcome, 17 had a good 
outcome, 2 had a fair outcome, 
and 10 had a poor outcome
After injection, 4 (67%) of the 
6 professional players returned 
to professional play

No injection-related 
complications

Podesta 
et al. [18]

Ulnar 
collateral 
ligament tear

Case series PRP group 
N = 34

KJOC, DASH 
score
Follow-up periods 
11–117 weeks. 
(average of 
70 weeks)

30 of 34 athletes (88%) had 
returned to the same level of 
play without any complaints
The average KJOC score 
improved from 46 to 93. The 
average DASH score improved 
from 21 to 1. Sports module of 
the DASH questionnaire 
improved from 69 to 3
One player had persistent UCL 
insufficiency and underwent 
ligament reconstruction at 
31 weeks after injection

No adverse events 
reported

Varshney 
et al. [19]

Epicondylar 
tendinitis

Randomized 
study

PRP group
N = 33
Control (local 
steroid) group 
N = 50

VAS, modified 
MAYO
Follow-up periods 
1, 2, 6 months

Six months after treatment with 
PRP, patients with elbow 
epicondylitis had a significant 
improvement in their VAS and 
MAYO in contrast to steroid, 
whereas no statistical 
difference was found between 
the two groups at 1 and 
2 months after intervention

No adverse events 
reported

(continued)
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Table 22.1 (continued)

Author Indication Study design Study methods Outcome measures Results Adverse events
Singh et al. 
[20]

Tennis elbow Prospective 
study

Bone marrow 
aspirate group 
N = 30

PRTEE score
Follow-up periods 
2, 6, 12 weeks

Baseline pre-injection mean 
PRTEE score was 72.8 ± 6.97 
which decreased to a mean 
PRTEE score of 40.93 ± 5.94 
after 2 weeks of injection
The mean PRTEE score at 
6-week and 12-week follow-up 
periods was 24.46 ± 4.58 and 
14.86 ± 3.48, respectively, 
showing a highly significant 
decrease from baseline scores

No adverse events 
reported

Lee et al. 
[21]

Lateral 
epicondylosis

Pilot study Allogeneic 
adipose-derived 
mesenchymal 
stem cells group 
N = 12

VAS, modified 
MAYO, longitudinal 
and transverse 
ultrasound images 
of tendon defect 
areas
Follow-up periods 
6, 12, 26, and 
52 weeks

From baseline through 
52 weeks of periodic follow-up 
periods, VAS scores 
progressively decreased from 
66.8 ± 14.5 mm to 
14.8 ± 13.1 mm and elbow 
performance scores improved 
from 64.0 ± 13.5 to 90.6 ± 5.8
Tendon defects also 
significantly decreased through 
this period

No adverse events 
reported

VAS visual analogue scale, PRTEE patient-rated tennis elbow evaluation, DASH disability arm shoulder hand, MAYO Mayo Elbow performance 
score, KJOC Kerlan-Jobe Orthopaedic Clinic Shoulder and Elbow, RCT randomized controlled trial

a b

Fig. 22.1 Ultrasound-guided fenestration of the common extensor ten-
don insertion. Note the needle entering through a gel bridge (dark/
anechoic region in the upper right corner), and the needle reaching the 

enthesopathy (arrow) at the top of the lateral epicondyle (LE). LE lat-
eral epicondyle, R radial head. www.RegenMedDoctor.org

Table 22.2 Tendon fenestration

Indication
Typical  
pathologic area

Needle 
gauge Volume

Lateral 
epicondylopathy

Common extensor 
tendon insertion

18-25G ml per site
Total volume 
1–2 ml

Medial
Epicondylopathy

Common flexor 
tendon

18-25G 0.1 ml per site
Total volume 
1–2 ml

Triceps 
tendinopathy

Triceps tendon 
insertion

18-25G 0.1 ml per site
Total volume 
1–3 ml

Radial collateral 
ligament

Insertion at the 
lateral epicondyle

25G ml per site
Total volume 
0.5–1 ml

Ulnar collateral 
ligament

Insertion at the 
medial epicondyle

25G ml per site.
Total volume 
0.5–1 ml

the baseline pathology, fenestration can be performed with 
18–25G needle (Table 22.2).

Alternatively, injectate can also be placed peri-tendon and 
peri-ligament, a technique in which the injectate is not 
injected directly into the target tissues, but around them. This 
will create less trauma to the tissues and should be consid-
ered when the target tissues have significant injury (e.g., 
greater than 50% tendon rupture).

There is evidence to support tendon fenestration alone 
providing benefits in the treatment of tendinopathy.  
Thus, current dogma supports injection with low volume 
into the pathologic tissues. There is no explicit evidence at 
this time comparing intratendinous versus peri-tendinous 
injection.

G. C. Chang Chien et al.
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 Shoulder

Rotator Cuff and Biceps Tendinopathy Rotor cuff con-
sists of four muscles and their tendons: the supraspinatus, 
infraspinatus, teres minor, and subscapularis. It is an essen-
tial structure in stabilizing the shoulder during its wide range 
of motions. Rotator cuff tendinopathy has been attributed to 
many factors including hypoperfusion, degeneration, micro-
trauma, chronic impingement syndrome, and overuse. Left 
untreated, rotator cuff tendinopathy can progress to partial- 
or full-thickness rotator cuff tears. Clinical presentation of 

rotator cuff tendinopathy and/or tear depends on which of 
the 4 muscles is affected, the most common being the supra-
spinatus. Biceps tendinopathy may also arise due to overuse 
via traction, friction, and glenohumeral rotation, which leads 
to microtrauma. Regenerative medicine has been incorpo-
rated into managing both surgical and nonsurgical shoulder 
pain secondary to rotator cuff and LHB tendinopathy and/or 
tear [34–40]. Utilizing regenerative medicine principles, 
platelet-rich plasma (PRP), or other platelet derivatives as 
well as mesenchymal stem cells (MSCs) have been applied 
in managing shoulder pain (Table 22.3).

Table 22.3 Clinical Evidence: Sample studies of regenerative medicine therapies for shoulder pathology in humans

Injectate Author/Year Indication Study design Study methods Outcome measures Results
Platelet 
rich 
plasma

Verhaegen 
et al., 2016 
[41]

Calcific tendinosis PRCT PRP N = 20
Control group, no 
PRP N = 20
6 weeks, 3 and 
6 months, and 1 year

Constant score, simple 
shoulder test, and 
QuickDASH

All patients improved 
significantly after surgery 
(P < 0.05). There was no 
difference in clinical 
outcome or rotator cuff 
healing between groups. We 
observed a high rate of 
persistent rotator cuff defects 
after 1 year in both groups

Rha et al. 
2013 [42]

Supraspinatus 
tendinosis, or tear 
less than 1.0 cm

Single-center, 
PCDBRCT

PRP compared to dry 
needling
N = 19
N = 20
Two dry needling 
procedures, two PRP 
injections applied to 
the affected shoulder 
at 4-week intervals 
using ultrasound 
guidance

Shoulder Pain and 
Disability Index, passive 
range of motion of the 
shoulder, physician global 
rating scale at the 
6-month follow-up 
periods, adverse effects, 
and ultrasound 
measurement

PRP superior to dry needling 
from 6 weeks to 6 months 
after injection (P < 0.05)
At 6 months the mean 
Shoulder Pain and Disability 
Index was 17.7 ± 3.7 in the 
PRP group versus 
29.5 ± 3.8 in the dry 
needling group (P < 0.05)

Tahririan 
et al., 2016 
[43]

<1 cm partial 
tearing of the 
bursal side of 
rotator cuff

Open label 
case series

17 patients CSS, before and 3 months 
after PRP injection

CSS before and after 
intervention was 
37.05 ± 11.03 and 
61.76 ± 14.75, respectively 
(P < 0.001)

Sengodan 
et al., 2017 
[44]

Symptomatic 
partial rotator cuff 
tears

Case series PRP = 20 CSS, UCLA shoulder
Baseline, 8, and 12 weeks

Statistically significant 
improvements in 17 
patients in VAS pain score, 
constant shoulder score and 
UCLA shoulder score. 
Healing on radiological 
evaluation with 
ultrasonogram 8 weeks

Shams 
et al., 2016 
[36]

Symptomatic 
partial rotator cuff 
tear

PRCT 40 patients 
randomized to PRP 
vs. corticosteroid 
SASD injection

ASES, CMS, SST, VAS. 
6, 12, 24 weeks
MRI at baseline, and 
6 months

Statistically significant 
difference between PRP 
group and corticosteroid 
group 12 weeks after 
injection, regarding VAS, 
ASES, CMS, and SST in 
favor of the PRP group. MRI 
showed an overall slight 
nonsignificant improvement 
in grades of tendinopathy/
tear in both groups

(continued)
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Table 22.3 (continued)

Injectate Author/Year Indication Study design Study methods Outcome measures Results
Lädermann 
et al., 2016 
[45]

Symptomatic 
partial rotator cuff 
tear

Prospective 
case series

25 patients, injection 
into the supraspinatus 
tear

Primary outcome was tear 
size change on MRI 
arthrogram before and 
6 months. Constant score, 
SANE score, VAS

Tear volume diminution was 
statistically significant 
(P = 0.007), and a >50% tear 
volume diminution was 
observed in 15 patients. A 
statistically significant 
improvement of constant 
score (P < 0.001), SANE 
score (P = 0.001), and VAS 
(P < 0.001) was observed. In 
21 patients, constant score 
improvement reached the 
minimal clinical important 
difference of 10.4 points

Kesikburun 
et al., 2013 
[46]

Rotator cuff tear PCDBRCT PRP (n = 20), saline 
(n = 20). Ultrasound- 
guided injection into 
the subacromial space

WORC, SPADI, VAS.
3, 6, 12, and 24, and 
52 weeks

No significant difference 
between the groups in 
WORC, SPADI, and VAS 
scores at 1-year follow-up 
periods (P = 0.174, 
P = 0.314, and P = 0.904, 
respectively). Similar results 
were found at other 
assessment points

Nejati et al., 
2017 [47]

Rotator cuff 
impingement 
syndrome

PRCT Sixty-two patients 
were randomly placed 
into 2 groups, 
receiving either PRP 
or exercise therapy

Pain, shoulder (ROM), 
muscle force, 
functionality, and MRI 
findings
1-, 3-, and 6-month 
follow-up periods

Both treatment options 
significantly reduced pain 
and increased shoulder ROM 
compared with baseline 
measurements
Exercise therapy superior to 
PRP

Gumina 
et al., 2012 
[48]

Arthroscopic 
rotator cuff repair, 
large full-thickness 
posterosuperior 
rotator cuff tears

PRCT 80 patients 
randomized to 
treatment either with 
or without a 
platelet-leukocyte 
membrane inserted 
between the rotator 
cuff tendon and its 
footprint

Constant scores and the 
repair integrity assessed 
by MRI according to the 
Sugaya classification. The 
secondary outcome was 
the difference between 
the preoperative and 
postoperative Simple 
Shoulder Test (SST) 
scores

At a mean of 13 months of 
follow-up periods, rotator 
cuff re-tears were observed 
only in the group of patients 
in whom the membrane had 
not been used, and a thin but 
intact tendon was observed 
more frequently in this group 
as well. The use of the 
membrane was associated 
with significantly better 
repair integrity (p = 0.04)

Wang et al., 
2015 [49]

Arthroscopic 
supraspinatus 
repair

PRCT 60 patients underwent 
arthroscopic 
supraspinatus tendon 
repair. Half the 
patients received 2 
ultrasound-guided 
injections of PRP to 
the repair site at 
postoperative days 7 
and 14

Structural healing 
assessed with MRI at 
16 weeks, and graded 
according to the Sugaya 
classification
Oxford Shoulder Score; 
Quick Disability of the 
Arm, Shoulder and Hand; 
VAS; and Short Form-12 
quality-of-life score both 
preoperatively and at 
postoperative weeks 6, 
12, and 16. Isokinetic 
strength and active range 
of motion were measured 
at 16 weeks

PRP treatment did not 
improve early functional 
recovery, range of motion, or 
strength or influence pain 
scores at any time point after 
arthroscopic supraspinatus 
repair. No difference in 
structural integrity of the 
supraspinatus repair on MRI 
at 16 weeks postoperatively 
(P = 0.35)

G. C. Chang Chien et al.
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Table 22.3 (continued)

Injectate Author/Year Indication Study design Study methods Outcome measures Results
Sanli et al., 
2014 [50]

Distal biceps 
tendinopathy

Prospective 
case series

12 patients MRI 
confirmed diagnosis
Single US-guided 
injection of PRP

VAS, rest and activity 
pain scores, subjective 
satisfaction scale, elbow 
functional assessment 
(EFA) isometric biceps 
strength
Median follow-up periods 
of 47 months 
(36–52 months)

All patients showed 
significant improvement in 
pain (p < 0.002) and 
functional outcome 
(p < 0.004). Median resting 
VAS score improved from 6 
(3–8) to 0.5 (0–2) and the 
activity VAS score improved 
from 8 (6–9) to 2.5 (0–4). 
EFA improved from 63 to 90. 
Isometric muscular strength 
also showed significant 
improvement. All patients 
were satisfied with the 
clinical and functional 
outcomes at final follow-up 
periods

Barker 
et al., 2015 
[51]

Distal biceps 
tendinopathy

Prospective 
case series

Six patients with 
clinical and 
radiological evidence 
of distal biceps 
tendinopathy 
underwent 
ultrasound-guided 
PRP injection

VAS, Mayo elbow 
performance score

The Mayo elbow 
performance score improved 
from 68.3 (range 65 to 85) 
(fair function) to 95 (range 
85 to 100) (excellent 
function). The VAS at rest 
improved from a mean of 
2.25 (range 2 to 5) pre-
injection to 0. The VAS with 
movement improved from a 
mean of 7.25 (range 5 to 8) 
pre-injection to 1.3 (range 0 
to 2)

Bone 
marrow 
stem 
cells

Kim et al., 
2017 [37]

Symptomatic 
partial rotator cuff 
diagnosed with 
ultrasound
>3 months

Prospective 
single blind

12 patients.
2 ml of BMACs was 
mixed with 1 ml of 
PRP

ASES, VAS, manual 
motor testing. Rotator 
cuff tear size on 
ultrasound

The ASES was 39.4 ± 13.0 at 
baseline to 52.9 ± 22.9 at 
3 weeks and 71.8 ± 19.7 at 
3 months after the injection 
(p < 0.01)
The initial torn area of the 
rotator cuff tendon was 
30.2 ± 24.5 mm2, and this 
area was reduced to 
22.5 ± 18.9 mm2 at 3 months, 
but the change was not 
significant (p > 0.05)

Bone 
marrow 
stem 
cells

Hernigiou 
et al., 2014 
[52]

Arthroscopic 
single row rotator 
cuff repair

Prospective 
case series

45 patients compared 
to 45 match controls

Tendon healing, re-tear 
rate

45 shoulders (100%) in the 
BMAC group demonstrated 
tendon healing by 6 months, 
compared to only 30 
shoulders (67%) in the 
control group at the same 
time point. At 10 years, the 
integrity of the repair was 
maintained in 39 (87%) 
shoulders in the BMAC 
group compared to only 20 
(44%) shoulders in the 
control group

Centeno 
et al., 2015 
[53]

Osteoarthritis and 
rotator cuff tears

Retrospective 
case series

115 shoulders in 102 
patients injected with 
BMC injectate, 
containing PRP and 
platelet lysate

DASH, NPS, subjective 
improvement rating
1 month, 3 months, 
6 months, and 12 months 
and then annually

Average DASH score 
decreased from 36.1 to 17.1 
(P < 0.001). Average numeric 
pain scale value decreased 
from 4.3 to 2.4 (P < 0.001). 
Average subjective 
improvement of 48.8%

PDBRCT prospective double-blind randomized controlled trial, PRCT prospective randomized controlled trial, WORC Western Ontario Rotator 
Cuff Index, SPADI Shoulder Pain and Disability Index, VAS visual analog scale, ASES American Shoulder and Elbow Surgeons Standardized 
Shoulder Assessment Form (ASES), CMS Constant–Murley Score, SST The Simple Shoulder Test, DASH disability of the arm, shoulder, and hand 
score, NPS numeric pain scale
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a

b

c

Fig. 22.2 Abnormal supraspinatus. (a) Long axis image of the supra-
spinatus with large deposit of calcium. (b) The same calcium deposit 
when viewed in short axis to the supraspinatus. (c) A different shoulder 
with long axis view of the supraspinatus demonstrating full-thickness 
rupture of the tendon with retraction of the muscle. Yellow dotted line 
depicts the edge of the retracted tendon

a

b

c

Fig. 22.3 Supraspinatus fenestration in long axis. (a) Long axis image 
of the supraspinatus with large deposit of calcium (Calc). AC acromion. 
Dashed arrow: outline of the needle. (b) Fenestration of the calcium 
deposit. (c) Fenestration of the calcium deposit after redirection of the 
needle

Fenestration of the rotator cuff tendons has also been per-
formed with promising results in the treatment of tendi-
nopathy. Like other fenestration techniques as described 
in the aforementioned section under elbow, ultrasound 
guidance should be utilized to improve accuracy. The pro-
cedure involves repeated fenestrations of the affected ten-
don using ultrasound guidance. Fenestrating the injured 
tendon causes inflammation and localized bleeding, and 
encourages fibroblastic proliferation. These factors pro-
mote ordered collagen formation and ultimately healing 
of the tendon. Complications include bleeding, infections, 
and worsening of tendinopathy and/or rupture. An exam-

ple of supraspinatus fenestration is shown in Figs.  22.2 
and 22.3.

 Hip

 Greater Trochanteric Pain Syndrome

Greater trochanteric pain syndrome (GTPS), also formerly 
known as trochanter bursitis, is one of the most causes of hip 
pain. GTPS is an overuse tendinopathy of the gluteus medius 
and minimus tendons at their connection to the greater tro-
chanter. Patients typically present with lateral hip pain adja-
cent to the greater trochanter. There are increased levels of 
pain with ambulation, prolonged standing, and rising from a 
chair. The pain is reproduced by applying direct pressure on 

G. C. Chang Chien et al.
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the greater trochanter of the affected side. PRP has shown 
clinically significant treatment response in patients present-
ing with GTPS (Table 22.4).

 Hamstring Tendinopathy

The main symptom of proximal hamstring tendinopathy is 
pain in the lower gluteal region, occasionally radiating along 
the hamstring to the posterior thigh. The pain mainly mani-
fests during activities such as running and jumping or pro-
longed sitting. Patients can present with palpable tenderness 
and pain over the ischial tuberosity, and pain may be elicited 

with resisted knee flexion. Traditional treatment methods 
include reduction or pause of sports activity, ice for symp-
tomatic relief during the initial phase, nonsteroidal anti- 
inflammatory drugs (NSAIDs), soft tissue mobilization, 
physiotherapy, and continuous home exercise program 
focusing on progressive eccentric hamstring strengthening 
[22]. Eccentric exercise programs with musculotendinous 
junction strengthening can promote intratendinous collagen 
fiber cross-linkage to enable remodeling [22, 23]. Injection 
with PRP has been demonstrated to facilitate healing and 
return to play in some athletes, but some studies demonstrate 
no advantage of PRP to rehabilitation exercises alone [24–
33] (Table 22.4).

Table 22.4 Clinical evidence: sample studies of regenerative medicine therapies for hip pathology in humans

Injectate
Author/
year Indication Study design Study methods Outcome measures Results/conclusions

Platelet 
rich 
plasma

Lee 
et al./2016 
[32]

Gluteus Medius 
tendinopathy

Prospective case 
series

Ultrasound-guided 
intratendinous PRP 
injections for 
recalcitrant gluteus 
medius tendinosis 
and/or partial tears 
of the tendon
21 patients were 
included in the study

The modified Harris 
hip
Score mHHS, 
HOS- ADL, HOS-
sport, iHOT-33.
a mean follow-up 
periods of 
19.7 months 
(12.1–32.3 months)

The mean improvements from 
pre-injection to post-injection 
follow-up periods were 56.73 
to 74.17 for mHHS, 68.93 to 
84.14 for HOS-ADL, 45.54 to 
66.72 for HOS-sport, and 
34.06 to 66.33 for iHOT-33. 
All mean outcome measure 
improvements were clinically 
and statistically significant 
(P < 0.001)

Platelet 
rich 
plasma

Jacobson 
et al./2016 
[33]

Greater trochanteric 
pain syndrome, 
Gluteus Medius 
tendinopathy

Prospective 
randomized 
single blinded 
trial

Ultrasound-guided 
intratendinous PRP 
injections (N = 15), 
vs ultrasound-guided 
tendon fenestration 
(N = 15)

Mean pain score at 
1 week, and 2 weeks 
post procedure

Both ultrasound-guided tendon 
fenestration and PRP injection 
are effective for treatment of 
gluteal tendinosis, with no 
significant difference between 
the treatments (P > 0.99)

Platelet 
rich 
plasma

Davenport 
et al./2015 
[26]

To compare the 
therapeutic efficacy 
of autologous PRP 
or AWB for chronic 
hamstring 
tendinopathy

Prospective 
double-blind 
randomized 
controlled trial

Ultrasound-guided 
injection into the 
proximal hamstring 
tendon

mHHS, HOS-ADL, 
iHOT-33 at 2, 6, and 
12 weeks and 
6 months after 
injection
Diagnostic ultrasound 
was used to compare 
pre-injection and 
6-month 
post-injection

Both PRP and WB groups 
showed improvements in all 
outcome measures at 
6 months. Significant 
between-group differences 
were observed at any time 
point. Ultrasound imaging 
showed no significant 
differences between PRP and 
WB group tendon appearances

Platelet 
rich 
plasma

A Hamid 
et al./2014 
[27]

To evaluate 
therapeutic efficacy 
of autologous PRP 
in grade 2 
hamstring muscle 
injuries

Prospective 
randomized 
controlled trial

Twenty-eight 
patients diagnosed 
with an acute 
hamstring injury 
were randomly 
allocated to 
autologous PRP 
therapy combined 
with a rehabilitation 
program or a 
rehabilitation 
program only

Return to play The mean time to return to 
play was 26.7 ± 7.0 days and 
42.5 ± 20.6 days for the PRP 
and control groups, 
respectively (t (22) = 2.50, 
P = 0.02)
A single autologous PRP 
injection combined with a 
rehabilitation program was 
significantly more effective in 
treating hamstring injuries than 
a rehabilitation program alone

(continued)
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Table 22.4 (continued)

Injectate
Author/
year Indication Study design Study methods Outcome measures Results/conclusions

Platelet 
rich 
plasma

Hamilton 
et al./2015 
[28]

To evaluate the 
efficacy of a single 
platelet-rich plasma 
(PRP) injection in 
reducing the return 
to sport duration in 
male athletes, 
following an acute 
hamstring injury

Prospective 
randomized, 
three-arm 
(double-blind for 
the injection 
arms), parallel- 
group trial

90 professional 
athletes with MRI 
positive hamstring 
injuries were 
randomized to 
injection with 
PRP-intervention, 
platelet-poor plasma 
(PPP-control) or no 
injection
Outcome measures: 
return to play, 
re-injury rate after 2 
and 6 months

Return to sports There is no benefit of a single 
PRP injection over intensive 
rehabilitation in athletes who 
have sustained acute, MRI 
positive hamstring injuries

Platelet 
rich 
plasma

Fader 
et al./2015 
[29]

To evaluate the 
efficacy of 
ultrasound-guided 
platelet-rich plasma 
injections in 
treating chronic 
proximal hamstring 
tendinopathies

Retrospective 18 consecutive 
patients received a 
single injection of 
platelet-rich plasma 
via ultrasound 
guidance by a single 
radiologist

Outcome measures 
included a 
questionnaire 
evaluating previous 
treatments, visual 
analog scale (VAS) 
for pain, subjective 
improvement, history 
of injury, and return to 
activity

The average VAS pre- injection 
was 4.6 (0–8). Six months 
after the injection, 10/18 
patients had 80% or greater 
improvement in their 
VAS. Overall, the average 
improvement was 63% 
(5–100)

Platelet 
rich 
plasma

Reurink 
et al./2015 
[30]

To evaluate the 
efficacy of a single 
platelet-rich plasma 
(PRP) injection in 
reducing the return 
to sport duration in 
male athletes, 
following an acute 
hamstring injury

Multicenter, 
prospective, 
randomized, 
double-blind, 
placebo- 
controlled trial

The primary outcome 
measure was the time 
needed to return to 
play during 6 months 
of follow-up periods. 
Not previously 
reported secondary 
outcome scores 
included re-injury at 
1 year, alteration in 
clinical and MRI 
parameters, subjective 
patient satisfaction 
and the hamstring 
outcome score

At 1-year post-injection, we 
found no benefit of 
intramuscular PRP compared 
with placebo injections in 
patients with acute hamstring 
injuries in the time to return to 
play, re-injury rate and 
alterations of subjective, 
clinical or MRI measures

Platelet 
rich 
plasma

Zanon 
et al./2016 
[31]

To evaluate the 
efficacy of a single 
platelet-rich plasma 
(PRP) injection 
acute grade 2 
hamstring injuries

Twenty-five 
hamstring 
injuries sustained 
by professional 
football players 
during a 
31-month 
observation 
period

Intralesional 
injection

Sport participation 
absence (SPA), in 
days, was considered 
to correspond to the 
healing time, re-injury 
rate, and tissue 
healing on MRI

The mean SPA for the treated 
muscle injuries was 
36.76 ± 19.02 days. The 
re-injury rate was 12%. Tissue 
healing, evaluated on MRI, 
was characterized by the 
presence of excellent repair 
tissue and a small scar. 
PRP-treated lesions did not 
heal more quickly than 
untreated lesions described in 
the literature, but they showed 
a smaller scar and excellent 
repair tissue

VAS visual analogue score, OA osteoarthritis, PRP platelet-rich plasma, HA hyaluronic acid, WOMAC Western Ontario and McMaster Universities 
Osteoarthritis Index, mHHS Modified Harris Hip Score, HOS-ADL Hip Outcome Score-Activities of Daily Living subscale, HOS-Sport Hip 
Outcome Score-Sport-Specific subscale, iHOT-33 International HipOutcome Tool-33, MSCs mesenchymal stem cells, AWB autologous whole 
blood
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 Knee and Ankle

Patellar and Achilles tendinopathies are common overuse 
injuries associated with physical activities such as running 
and jumping. Presenting symptoms include pain, tenderness, 
and restricted range of motion. Treatment of patellar and 
Achilles tendinopathies include conservative, injectional, or 
potentially surgical intervention. Conservative management 

includes rest, immobilization, and NSAIDs. The use of ultra-
sound, low-level laser therapy, and corticosteroid injections 
has also shown positive responses in patients. More recently, 
the injection of PRP has become increasingly utilized to treat 
patellar and Achilles tendinopathies. While many results and 
trials have demonstrated statistically significant improve-
ment in patellar tendinopathy, the results for Achilles tendi-
nopathy remain somewhat mixed (Table 22.5) [53–66].

Table 22.5 Platelet-rich plasma studies in the treatment of Patellar and Achilles Tendinopathy

Injectate Authors Indication
Study 
design Study methods Outcome measures Results

PRP Charousset 
et al. [54]

Patellar 
tendinopathy

Case 
series

PRP injections 3x/wk, 
follow-up periods at 
4 wk, 3, 6, 12, 18, and 
24 mo

VISA-P; Lysholm 
score; pain VAS; MRI 
assessment of tendon

Significantly improved symptoms and 
function in athletes with chronic patellar 
tendinopathy

PRP Dragoo 
et al. [55]

Patellar 
tendinopathy

RCT PRP injections vs dry 
needling x10; follow-up 
periods at 3, 6, 9, 12 wk 
and 6 mo

VISA-P; TAS; 
Lysholm score; pain 
VAS

PRP injection with dry needling 
accelerates the recovery from patellar 
tendinopathy relative to dry needling alone

PRP Ventrano 
et al. [56]

Patellar 
tendinopathy

RCT PRP injection ×2 in wks 
vs. focused ultrasound 
shock wave; follow-up 
periods at 2 and 6 mo

VISA-P; pain VAS; 
modified Blazina 
scale

Therapeutic injections of PRP lead to 
better clinical results compared with US 
shock wave in the treatment of jumper’s 
knee in athletes

PRP Filardo 
et al. [57]

Patellar 
tendinopathy

Case 
series

PRP injection x3 in two 
wks span; follow-up 
periods at 2 and 6 
months

VISA-P; TAS; 
EQVAS; Blazina 
scale; satisfaction; 
return to sports; US in 
26 patients

Multiple injections of PRP provided a 
good clinical outcome for the treatment of 
chronic recalcitrant patellar tendinopathy. 
Patients affected by bilateral pathology 
and presenting a long history of pain 
obtained significantly poorer results.

PRP Gosens 
et al. [58]

Patellar 
tendinopathy

Cohort PRP injection x5; latest 
follow-up periods, mean 
18.4 mo

VISA-P; VAS [33] for 
pain during ADL, 
work, and sport

Patients with patellar tendinopathy showed 
a statistically significant improvement.

PRP Ferrero 
et al. [59]

Patellar 
tendinopathy

Case 
series

PRP injections x2, wks 
apart; follow-up periods 
at 20 days and 6 mo

VISA-P; US 
measured tendon 
thickness

PRP injection in patellar and Achilles 
tendinopathy results in a significant and 
lasting improvement of clinical symptoms 
and leads to recovery of the tendon matrix

PRP Kon et al. 
[60]

Patellar 
tendinopathy

Case 
series

PRP injection x3, 15 d 
apart; follow-up periods 
at 6 mo

TAS; EQ-VAS; 
patient reported 
functional recovery 
and satisfaction

Statistically significant improvements in 
all scores

PRP Volpi et al. 
[61]

Patellar 
tendinopathy

Case 
series

PRP injection x1; latest 
follow-up periods, mean 
120 d

VISA-P; MRI 
appearances

All patients demonstrated improvement on 
the VISA score; mixed MRI appearance

PRP De Vos 
et al. [62]

Achilles 
tendinopathy

RCT PRP injection x1 vs. 
saline injection; 
follow-up periods at 6 
mo

VISA -A PRP injection did not result in greater 
improvement in pain and activity

PRP De Jonge 
et al. [63]

Achilles 
tendinopathy

RCT PRP injection x1 vs. 
saline injection; 
follow-up periods at 
12 mo

VISA-A No clinical and ultrasonographic 
superiority of platelet-rich plasma injection 
over a placebo injection in chronic Achilles 
tendinopathy at 1 year combined with an 
eccentric training program

PRP Kearney 
et al. [64]

Achilles 
tendinopathy

RCT PRP injection x1 vs. 
eccentric exercise; 
follow-up periods at 
12 mo

VISA-A, VAS No statically significant difference
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Injectate Authors Indication
Study 
design Study methods Outcome measures Results

PRP Krogh et al. 
[65]

Achilles 
tendinopathy

RCT PRP injection vs. saline 
injection; follow-up 
periods at 6 mo

VISA-A, TT PRP injection did not result in an 
improved VISA-A score over a 3-month 
period in patients with chronic AT 
compared with placebo

PRP Boesen 
et al. [66]

Achilles 
tendinopathy

RCT PRP injection x4 vs. 
saline injection x4; 
follow-up periods in 
6 mo

VISA-A, VAS, TT Treatment with PRP in combination with 
eccentric training in chronic AT seems 
more effective in reducing pain, improving 
activity level, and reducing tendon 
thickness and intratendinous vascularity 
than eccentric training alone

ADL, activities of daily living; EQ-VAS, EuroQol general quality of life Visual Analog Scale; TAS, Tegner Activity Scale; TT, tendon thickness; 
VAS, visual analog scale; VISA-A, Victoria Institute of Sports Assessment Questionnaire (Achilles); VISA-P, Victoria Institute of Sport Assessment 
Questionnaire (patella)

Table 22.5 (continued)

 Conclusion

Regenerative medicine modalities have demonstrated 
promising results in the treatment of tendinopathies and 
should be considered in the treatment algorithm for conser-
vative  management. Proficiency in ultrasound and ultra-
sound-guided interventions should significantly increase 
the diagnostic and procedural accuracy of the managing 
physician.
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23Joints

Naveen S. Khokhar and Michael J. DePalma

 Introduction

Osteoarthritis (OA) affects an estimated 10% of males and 
18% of women over the age of 60 and is the most common 
joint disease worldwide [1]. In 2005, 27 million US adults 
were estimated to have clinical OA affecting quality of life 
[2]. The annual total direct per patient average cost for treat-
ment of OA in the United States varied from $1442 to 
$23,335 [3].

OA can be defined as structural or functional dysfunction 
of a synovial joint including articular joint damage, subchon-
dral bone alteration, synovial inflammatory response, and 
bone/cartilage overgrowth [4]. Cardinal symptoms suggest-
ing diagnosis of OA include activity-related pain, reduced 
function, short duration stiffness, joint instability, and 
reduced range of motion [4]. Risk factors for OA can be 
divided into person-level (sociodemographic, genetic, obe-
sity, nutrition) and joint-level (joint shape/load/alignment, 
muscle strength, occupation, injury/trauma) [3, 5, 6] risk fac-
tors. Ultimately, OA is a progressive condition with no 
means to reverse it or replace the lost tissue through conven-
tional medical means. Regenerative medicine, on the other 

hand, is aimed replacing the cartilaginous lining of these 
joints which can rejuvenate the joint leading to an alleviation 
of pain and improved function.

Traditionally, an arthritic joint could only be treated 
through either palliative means (i.e., corticosteroid injections 
to suppress the pain) or surgery that typically involves an 
artificial joint replacement. The introduction of viscosupple-
mentation filled an immediate gap in treatment as it repre-
sented the ability to rejuvenate part of the joint by artificially 
increasing the hyaluronic acid within the joint; however, this 
treatment does nothing to address any of the other deficien-
cies within the joint and requires the treatment to be repeated 
regularly. Using regenerative treatments to restore and regen-
erate the joint, itself, is the next logical progression in the 
treatment of arthritic joints.

 Indications

The goal of regenerative therapies is to reverse inflammation 
and transition the joint to an anabolic state to allow for joint 
remodeling and healing [10]. Three commonly used regen-
erative injectates or orthobiologic agents are prolotherapy, 
platelet-rich plasma (PRP), and cell therapies [7, 11].

Prolotherapy
Prolotherapy typically involves injecting hypertonic dex-
trose to stimulate local irritation, inflammation, and anabolic 
tissue healing [12]. Dextrose acts as an osmotic agent caus-
ing cell dehydration and local trauma leading to connective 
tissue proliferation [11].

Platelet-Rich Plasma (PRP)
Platelet-rich plasma (PRP) consists of an autologous concen-
tration of platelets isolated with centrifugation from whole 
blood [11]. The rationale behind use of PRP is that growth 
factors and bioactive proteins to induce healing, chondro-
genesis, and stem cell proliferation as well as reduce proin-
flammatory mediators such as cytokines? [7]. The efficacy of 

In reviewing the pathophysiology of osteoarthritis and the basic science 
for regenerative therapies, treatment options appear promising for intra- 
articular osteoarthritis of the knee and glenohumeral joint. Evidence for 
treatment of knee osteoarthritis is more robust than for treatment of 
glenohumeral osteoarthritis. Therefore, when considering treatment 
options for the glenohumeral joint, sound judgment will be needed in 
patient selection and understanding the goals of treatment with regen-
erative modalities. Further, more long-term outcome studies are needed 
in the evaluation of these treatments and in understanding the efficacy 
of regenerative treatment options in the future. Regarding cell therapies, 
our review focused on BMAC; however, there is a growing body of 
evidence utilizing stem cell therapies internationally. It is important to 
consider outcome data regarding these therapies as well as have an 
understanding of the regulatory processes for these treatments looking 
forward should these become more accessible in the future.
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PRP to treat OA lies in its ability to inhibit catabolic pro-
cesses such as MMP’s inhibition of matrix formation [7].

Cellular Therapy and Allografts
Regarding cell-derived therapies, it is important to consider 
regulatory guidelines established by the FDA.  Therapies 
that are more than minimally manipulated fall under the 
regulation of section 351 of the Public Health Service (PHS) 
act and require a Biologic License Application to demon-
strate safety and efficacy of the product [13]. This would 
include mesenchymal stem cells (MSC) undergoing culture 
expansion [13]. Partly for this reason, bone marrow aspirate 
concentrate (BMAC) is an increasingly popular treatment 
utilizing progenitor cells through a single-stage procedure 
which is considered minimally manipulated and under the 
scope of section 361 of the PHS [7]. Section 361 applies to 
cell/tissue therapies that are minimally manipulated, 
intended for homologous use, and not combined with other 
tissues or products except water, crystalloids, or agents for 
sterilization, preservation, or storage [13]. Therapies under 
section 361 can be administered without premarket clear-
ance from the FDA [13]. Harvested bone marrow undergoes 
centrifugation to separate mononucleated cells; however, 
stem and progenitor cells account for only 0.001–0.01% of 
the total number of cells in BMAC [7]. BMAC contains 
MSCs and bone marrow–derived platelets that contain 
growth factors, chemokines, and cytokines which may con-
tribute to chondrogenesis, collagen synthesis, and suppres-
sion of IL-1β [15].

Orthobiologics have been utilized to treat OA throughout 
the body; however, based on the available evidence, we are 
only able to make recommendations for use in the shoulder 
and knee.

 Shoulder

Although the basic science supports the rationale for use of 
prolotherapy, PRP, and BMAC for glenohumeral osteoarthri-
tis, there is limited available evidence at this time to support 
their effectiveness and safety [7]. The paucity of studies on 
regenerative therapies for glenohumeral osteoarthritis was 
demonstrated by Robinson et al. who in a systemic review 
for non-operative orthobiologic treatments for rotator cuff 
disorders and glenohumeral OA found that no studies on gle-
nohumeral OA met inclusion criteria [11]. Centeno et  al. 
evaluated autologous BMAC in the treatment of shoulder 
rotator cuff tears and osteoarthritis in a case series [17]. In 
total, 34 out of 115 patients were diagnosed with osteoarthri-
tis alone, and within this subgroup there was significant 
improvement (p < 0.05) in numeric pain scale (NPS), dis-
abilities of the arm, shoulder, and hand (DASH), and subjec-
tive improvement rating scale [17].

 Knee

The bulk of the evidence on intra-articular orthobiologics 
pertains to the knee. There have been a number of studies on 
PRP and BMAC for the treatment of knee OA.  A single 
injection of PRP has consistently demonstrated to be at least 
as good or better than an entire series of hyaluronic acid with 
respect to pain and patient-reported function. Unfortunately, 
morphological improvements such as cartilage regeneration 
within the joint have not been consistently demonstrated 
with PRP.  As a result, stem cells and allografts have gain 
increased attention due to their potential ability to theoreti-
cally “regrow” the joint lining and regenerate the vital por-
tions of the knee.

Prolotherapy
Hauser et al. utilized a modification of Sackett’s description 
of levels of evidence to determine the level of evidence for 
treatment using dextrose prolotherapy [18]. Level 1 evidence 
used RCTs with PEDro scores ≥6, whereas level 5 evidence 
used observational reports, single-subject case reports, or 
clinical consensus [18]. In reviewing studies for treatment of 
knee OA, they determined there is level 1 evidence that dex-
trose prolotherapy significant sustained improvement and 
level 4 evidence of significant improvement in OA related 
pain, stiffness, and function [18]. Rabago et al. reported that 
prolotherapy for knee OA appears safe with no adverse 
events reported, though the studies were not powered to 
detect rare events [12].

Platelet-Rich Plasma (PRP)
In a small randomized, double-blind, clinical trial includ-
ing 42 patients, intra-articular injection of prolotherapy 
was compared to PRP. Significant improvement was noted 
within both the prolotherapy and PRP groups in the 
Western Ontario and McMaster Universities Osteoarthritis 
Index (WOMAC) scores, functional limitation and pain 
scores [19]. In a meta-analysis of 26 randomized con-
trolled studies comparing PRP to hyaluronic acid in the 
treatment of knee OA, WOMAC total, WOMAC physical 
function, and VAS scores were found to be better in the 
PRP group at 3, 6, and 12  months, and WOMAC pain, 
WOMAC stiffness, EQ-VAS, and IKDC scores better in 
the PRP group at 6 and 12 months [20]. Further, there is 
level 1 evidence that PRP was more effective in the treat-
ment of knee OA than hyaluronic acid, and there was no 
statistical difference in adverse events [20]. Kavadar et al. 
performed a randomized prospective study to evaluate the 
effectiveness of PRP and effects of different numbers of 
PRP applications in the treatment of moderate knee osteo-
arthritis and found PRP to be effective for functional status 
and pain with a minimum of two injections deemed appro-
priate [21]. Further, a meta-analysis comparing the effect 
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of leukocyte concentration in PRP for knee OA found no 
difference in leukocyte-poor or leukocyte-rich in patient 
reported outcomes [22].

Bone Marrow Aspirate Concentrate (BMAC)
The American Society of Interventional Pain Physicians 
(ASIPP) published a position policy statement regarding 
the use of BMAC concluding that there is level 2 evidence 
for treatment of knee osteoarthritis and level 3 evidence 
for focal cartilage injuries [23]. Chahla et al. published a 
systematic review of BMAC for treatment of chondral 
injuries and osteoarthritis of the knee including 11 studies 
(3 for osteoarthritis and 8 for chondral injuries), all of 
which reported good or excellent overall outcomes [24]. 
In a systematic review and critical analysis of animal and 
clinical studies regarding BMAC for focal chondral 
lesions, Cavinatto et al. concluded inconsistent outcomes 
in animal studies and improved clinical outcomes in the 
clinical studies, though these had poor methodologic 
quality [25]. In a systematic review of BMAC for knee 
osteoarthritis including 8 studies and 299 knees, Keeling 
et al. found BMAC to be effective in improving pain and 
patient-reported outcomes; however, it did not demon-
strate clinical superiority to other biologic therapies in 
comparative studies including PRP [26]. In another sys-
tematic review including preclinical and clinical studies 
utilizing 22 studies and 4626 patients, Cavallo et al. noted 
promising results with regard to effectiveness and safety; 
however, the studies had significant heterogeneity, few 
patients, short-term follow-up, and overall poor method-
ology [27].

Allogeneic Grafts
Allogeneic drugs/grafts have the advantage of being “off- the- 
shelf” treatments that do not require harvesting and process-
ing like blood or tissue products. At the time of this textbook, 
there are no allogeneic grafts that are currently FDA-approved 
for the treatment of knee OA; however, there is one product in 
a phase III clinical trial called INVOSSA™ (Kolon 
TissueGene™, South Korea). This product is seeking a dis-
ease-modifying osteoarthritis drug (DMOAD) designation 
and utilizes a combination of allogeneic cell and gene ther-
apy. The graft is composed of injectable genetically engi-
neered chondrocytes virally transduced with TGF-β1 
(GEC- TGF- β1), also known as juvenile chondrocytes, to 
replace lost cartilage, deliver growth factors to damaged car-
tilage to stimulate growth, and utilize gene therapy to sup-
press inflammation. In a phase II study, the product 
demonstrated its ability to slow progression of cartilage dam-
age, and was noted to have statistically significant improve-
ments in both VAS and WOMAC out to 2 years [39–41]. A 
double-blind, randomized controlled trial is currently under-
way in the United States.

Ultimately, choice of regenerative therapy requires care-
ful patient selection and understanding the goals of treat-
ment. Further, cost and access to treatment should also be 
evaluated when selecting a treatment plan. Evidence for 
treatment of knee osteoarthritis is growing, and consider-
ation of treatment options should be further assessed as more 
outcome studies are published.

 Microanatomy and Biochemistry

 Pathophysiology of Osteoarthritis

Osteoarthritis is a complex multifactorial process and patho-
genesis involves roles played by the articular cartilage, sub-
chondral bone, and synovium [7].

Cartilage
The formation and breakdown of the cartilaginous matrix are 
regulated by an equilibrium between anabolic and catabolic 
influences [8]. Type II collagen is the main structural protein 
and aggrecans are the most common proteoglycan in articular 
cartilage [7]. Together, type II collagen and aggrecans contrib-
ute to the structural meshwork and hydration of articular carti-
lage providing tensile strength and compressive resistance [1].

Cartilage destruction has been found to be influenced by 
various proteases including matrix metalloproteinases 
(MMPs) which degrade type II cartilage and aggrecanases 
[7]. Aggrecans diminish in parallel to severity of OA, and 
although new aggrecans are involved in cartilage repair in 
early OA, it is lost in synovial fluid in later stages [9]. 
Chondrocytes regulate cartilage architecture and biochemi-
cal composition, and when activated, they produce cyto-
kines, including interleukin (IL) 1β, IL-6, and tumor necrosis 
factor (TNF) α, as well as MMPs and aggrecan-degrading 
enzymes [1]. IL-1, TNF-α, and IL-6 have all been implicated 
in the development of osteoarthritis, and patients with osteo-
arthritis have been found to exhibit elevated levels of trans-
forming growth factor beta (TGF-β) in synovial fluid which 
can lead to osteophyte production [7]. It is important to make 
note of the changing role of TGF-β in the young healthy joint 
and osteoarthritic joint [14] as TFF-β also has anabolic roles 
[10]. Further, the formation and accumulation of advanced 
glycation end products (AGEs) have been suggested for pre-
disposing to the development of cartilage damage [9].

Anti-inflammatory and anabolic molecules within the 
joint include insulin-like growth factor-1 (IGF-1), TGF-β, 
fibroblast growth factor 18 (FGF-18), IL-4, IL-10, and 
platelet- derived growth factor (PDGF) [10].

Subchondral Bone
Subchondral cortical bone forms an interface between carti-
lage and trabecular bone with features of osteoarthritis includ-
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ing vascular penetration, osteophyte formation, and 
subchondral cysts [1]. Advanced imaging such as MRI allow 
for identification of bone marrow lesions which have been 
shown to localize to areas of severe cartilage damage [1]. 
Mechanical stimulation of osteoblasts has been shown to lead 
to expression of inflammatory cytokines and degradative 
enzymes [1].

Synovium
The role of inflammation in OA associated with low-grade 
synovitis is of growing interest with symptoms and progres-
sion of cartilage degeneration associated with synovitis [9]. 
Synoviocytes also release inflammatory mediators and deg-
radative enzymes [1].

 Basic Concerns and Contraindications

Despite the fact that PRP, BMAC, and allogeneic grafts have 
shown promise in preclinical and clinical studies, they are all 
considered off-label and/or investigational in the United 
States. PRP, in particular, has level 1 evidence to show its 
efficacy in knee OA – despite this fact, it is not covered by a 
single insurance carrier in the United States. As such, the 
authors recommend conventional therapies that are FDA- 
approved for joint pain and be utilized prior to the offering of 
these regenerative therapies. PRP can be utilized for knee 
OA with a Kellgren-Lawrence grade of 3 or less.

Contraindications for using intra-articular orthobiologics 
are relatively on par with performing any other intra-articular 
injection  – the one major exception is whether or not the 
patient has cancer (current or in remission) and/or is in treat-
ment. The obvious issues stem from the ability of regenera-
tive therapies to stimulate growth and the potential 
introduction of stem cells. With respect to the latter, chemo-
therapy and/or radiation therapy could impact these cells and 
cause them die off, thus negating the treatment, altogether.

• Systemic infection or local infection
• Coagulopathy or inability to hold anticoagulation
• Current or prior diagnosis of cancer, especially hemato-

logic or lymphatic
• Prolonged NSAID use or contraindications to hold
• Oral steroid or other immunosuppressants
• Patient refusal

 Preoperative Considerations

These vary to a large degree depending on the regenerative 
therapy actually being delivered. For example, NSAIDs are a 
bigger concern for PRP than for BMAC. Basic preoperative 
considerations for prolotherapy, PRP, and BMAC are dis-
cussed in greater detail in Chaps. 2, 3 and 4, respectively. 

Basic preoperative considerations include the following:

• Informed consent and education regarding treatment.
• Holding NSAIDs or oral steroids prior to procedure  – 

time depends on therapy being utilized.
• Time needed for extraction or harvesting of injectate and 

centrifugation process if relevant.
• Harvest site location (PRP, BMAC, MSCs etc.) and vol-

ume to extract in preparation for injectate.
• Concentration or volume of injectate.
• Holding of anticoagulation due to entering a large joint to 

prevent hemarthrosis.
• Use/concentration of local anesthetic and effects on injec-

tate as may be toxic to MSCs [16] or PRP.
• Aspiration of joint and evaluation of aspirate prior to 

injection of injectate.
• Type of image guidance and required scheduling.
• Patient positioning and setup.
• Treatment protocol and number of injections depending 

on injectate.
• Post-procedure monitoring and care.
• Post-procedure instructions including avoiding NSAIDs 

and oral steroids.

 Radiographic Guidance

Needle visualization with image guidance to ensure intra- 
articular placement for accurate distribution of injectate is rec-
ommended. This can be done with ultrasound or fluoroscopic 
guidance depending on the practitioner’s expertise and com-
fort. Toxicity of contrast medium to regenerative therapies 
in  vivo needs further evaluation when considering options. 
Cytotoxicity to mesenchymal stem cells has been suggested 
with iodinated contrast dye [36, 37]. However, this was not 
suggested at an early time point in vitro with PRP [38].

In a literature review, Berkoff et al. found that all forms of 
imaging guidance (including ultrasound, air arthrography, 
fluoroscopy, magnetic resonance arthrography, or magnetic 
resonance imaging) improved the accuracy of intra-articular 
injections of the knee (96.7% versus 81.0%, P < 0.001) and 
shoulder (97.3% versus 65.4%, P < 0.001). Further, ultrasound 
guidance of knee injections (95.8% versus 77.8%, P < 0.001) 
and shoulder injections (88.8% versus 61.1%, P  <  0.001) 
resulted in better accuracy than did anatomical guidance [28]. 
Daley et  al. also found improved accuracy in glenohumeral 
joint (95% vs 79% p < 0.001) and knee injections (99% vs 
79% p < 0.001) with all image guidance  compared to blind 
injection [29]. A recent systematic review of level 1 evidence 
of randomized controlled trials comparing ultrasound-guided 
and blind knee injections found >95% accuracy for ultrasound 
guidance vs 77.3–95.74% accuracy for blind approaches [30].

Imaging modality may also be a consideration depending 
on targeted joint and provider comfort. Amber et  al. 
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published a systematic review with meta-analysis compar-
ing the accuracy of ultrasound-guided and fluoroscopically 
guided glenohumeral joint injection noting 93% (95% CI, 
86–98%) and 80% (95% CI, 63–93%) accuracy with ultra-
sound and fluoroscopic guidance, respectively; however, 
differences were not statistically significant [31].

 Equipment and Techniques

The overall technique for injecting a biologic into the shoul-
der or knee is virtually the same as any other conventional 
injection into them for any other purpose with some minor 
differences that are outlined below. As such, there are a num-
ber of techniques that are well described in textbooks and the 
literature. The authors advocate the techniques below when 
injecting biologics into either of these two joints based on 
the available literature regarding each target (acquisition and 
processing of injectate have been omitted as they are 
addressed in other chapters within this text):

 Knee
Ultrasound-guided suprapatellar approach [32]:

Equipment

• 25-gauge needle and 2–3 cc local anesthetic
• 18- to 22-gauge, 1.5- to 2-inch needle depending on effu-

sion and injectate
• 2, 10–25 cc syringe for aspirate if needed
• Injectate
• Sterile tray with prep and drape
• High-frequency linear array transducer
• Sterile ultrasound probe cover

Patient Positioning

• Consider the most comfort position for the patient, either 
sitting upright or in a supine position with the target knee 
extended.

• Consider scanning landmarks with ultrasound and mark-
ing targets with a skin marker prior to sterile preparation.

Sterile Technique

• Patient skin is prepped and draped in standard sterile fash-
ion with chlorhexidine. Povidone-iodine is used in the 
setting of a chlorhexidine allergy.

Procedure

• Maintain a sterile field and use sterile gel. Apply sterile 
ultrasound probe cover.

• Place transducer proximal to the patella to visualize the 
distal quadriceps in short axis.

• Visualize suprapatellar synovial pouch which is the target 
for this procedure.

• Place skin weal with local anesthetic if indicated proxi-
mal to transducer.

• Progress needle with a lateral to medial approach in-plane 
with transducer until needle is visualized at target.

• When needle is confirmed at target, distribute injectate.
• After withdrawing needle, apply pressure if needed and 

place bandage/dressing.

 Shoulder
Ultrasound-guided posterior approach [35]:

Equipment

• 25-gauge needle and 3–5 cc local anesthetic
• 18- to 22-gauge, 3.5- to 5-inch needle depending on effu-

sion and injectate
• 2, 10–25 cc syringe for aspirate if needed
• Injectate
• Sterile tray with prep and drape
• Medium- to high-frequency curvilinear array transducer
• Sterile ultrasound probe cover

Patient Positioning

• Consider the most comfort position for the patient, either 
sitting upright or in a lateral recumbent position with the 
target shoulder accessible.

• Consider scanning landmarks with ultrasound and mark-
ing targets with a skin marker prior to sterile preparation.

Sterile Technique

• Patient skin is prepped and draped in standard sterile fash-
ion with chlorhexidine or povidone-iodine.

Procedure

• Maintain a sterile field and use sterile gel. Apply sterile 
ultrasound probe cover.

• Place transducer over the posterior aspect of the glenohu-
meral joint parallel to the infraspinatus tendon.

• Visualize the posterior glenohumeral joint with target 
between humeral head and glenoid labrum which is the 
target for this procedure.

• Place skin weal with local anesthetic if indicated proxi-
mal to transducer.

• Progress needle with a lateral to medial approach in-plane 
with transducer until needle is visualized at target.

• When needle is confirmed at target, distribute injectate.
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• After withdrawing needle, apply pressure if needed and 
place bandage/dressing.

Fluoroscopic-guided anterior approach [33, 34]:
Equipment

• 25-gauge needle and 3–5 cc local anesthetic
• 18- to 22-gauge, 3.5- to 5-inch needle depending on effu-

sion and injectate
• 2, 10 to 25 cc syringe for aspirate if needed
• Injectate
• Sterile tray with prep and drape.
• C-arm, fluoroscopy suite
• Sterile ultrasound probe cover

Patient Positioning

• Position patient in the prone position.
• Slight external rotation of shoulder with arm at patient’s 

side with palm upward.

Sterile Technique

• Patient skin is prepped and draped in standard sterile fash-
ion with chlorhexidine or povidone-iodine.

Procedure

• Obtain AP view of the shoulder.
• Target is the superomedial humeral head.
• Place skin weal with local anesthetic and anesthetize 

track if indicated.
• Advance needle to target with fluoroscopic guidance.
• When at target, administer contrast with live fluoroscopy 

to confirm intra-articular placement.
• When needle is confirmed at target, distribute injectate.
• After withdrawing needle, apply pressure if needed and 

place bandage/dressing.

 Post-procedure Considerations

Regenerative therapies have the propensity to cause inflam-
mation – whether that be inflammation specifically orches-
trated to induce healing (i.e., prolotherapy and PRP) or 
inflammation resulting as a side effect/by-product of the 
treatment (i.e., BMAC and allogeneic graft). Regardless of 
the intention, it is an expected consequence when utilizing 
this particular treatment. Consequently, one should antici-
pate joint inflammation and potentially swelling in the post-
operative period. Moreover, inform the patient that their joint 

may swell for a short period of time afterward to alleviate 
concern.

As mentioned previously, NSAIDs are contraindicated 
prior to and following the injection of orthobiologics, as 
NSAIDs are believed to reduce the effectiveness of these 
agents by limiting the initial inflammatory phase that 
results immediately after treatment, reducing localized 
debridement of the injected tissue, decreasing local colla-
gen creation, and the subsequent repair of the target tissue. 
Baby aspirin (81  mg) for cardiac prevention is generally 
not contraindicated, as removing the therapy may have 
unintended consequences that are greater than the potential 
benefit that may occur from the treatment of the joint. 
Furthermore, the dose is considered significantly low 
enough that it would only minorly impair the effectiveness 
of the biologic therapy. Due to the half-life of most NSAIDs, 
it is recommended that patients refrain from NSAIDs for 
approximately 2 weeks prior to the initial injection and for 
3–4  weeks after the final treatment. Corticosteroids have 
even longer half-lives and are therefore recommended to be 
avoided for at least 1 month prior and for at least 1 month 
orally after, and in the case of topical steroids, application 
on or near the site of treatment should be avoided for as 
long as possible.

 Potential Complications and Pitfalls

Intra-articular injections, in general, are typically well- 
tolerated procedures and have a low likelihood for compli-
cation. Aside from inflammation, joint swelling, and 
localized irritation at the procedure site, post-procedural 
discomfort should be transient and self-limiting. Infection 
from an intra-articular injection is unlikely; however, treat-
ments like PRP and BMAC are theoretically more prone 
introducing a transmissible agent and creating potential 
infections due to the number of times the injectate is trans-
ferred from one receptacle to another. Further, these medi-
ums are rich with growth factors making them a potential 
medium for culturing a pathogen. Consequently, infection 
should be considered if the inflammation is progressive or 
fails to resolve after 5–7  days. Following are the other 
causes for concern:

• Excessive irritation of site or post-injection soreness
• Soft-tissue or intra-articular infection
• Excessive bleeding, hematoma, or hemarthrosis
• Inadvertent soft tissue or nerve injury
• Allergic reaction to injectate
• Theoretical risk of implantation or seeding of undiag-

nosed malignancy from harvest site
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Axial Spine and Sacroiliac Joint

Annu Navani, and Joshua Chrystal

 Introduction

The field of regenerative medicine has attracted increasing 
researchers’ and practitioners’ interest in the treatment of 
various spinal and orthopedic conditions. A natural trend 
toward minimally invasive and nonsurgical treatment 
options has grown in popularity, not only among practitio-
ners but also among patients, who are becoming more 
aware of these options and are increasingly requesting 
such treatments in clinical settings. The utilization of both 
autologous and allograft biological material to help facili-
tate healing has been described for decades; however, it 
has undergone increasing research and scrutiny in more 
recent years.

This has driven a focused analysis of the mechanisms of 
action and potential applications of these various treatments, 
which has produced a plethora of information on best prac-
tices regarding the use of various biological treatments in 
spinal and orthopedic conditions, alike.

In this chapter, we will focus on two main types of bio-
logical treatments called platelet-rich plasma (PRP) and 
mesenchymal stem cells (MSCs). The essence of platelet-
rich plasma (PRP) is to boost the repair processes in dam-
aged tissue by delivering a concentrated dose of autologous 
growth factors, thereby activating local mesenchymal stem 
cells (MSCs) at the site of injury. Some of the specific 
growth factors released, such as platelet-derived growth fac-
tor, transforming growth factor-beta 1, insulin-like growth 
factor- 1, vascular endothelial growth factor, fibroblastic 
growth factor, and epidermal growth factors, have been 
shown to control the mechanism of tissue repair and restora-
tion [1]. Through carefully orchestrated chemotaxis, angio-

genesis, cellular migration, proliferation, and differentiation 
and extracellular matrix production, regeneration is facili-
tated [1].

As with PRP therapy, there is evidence supporting the use 
of MSCs in musculoskeletal, orthopedic, and spinal condi-
tions. MSCs are self-renewing and relatively undifferenti-
ated. However, upon induction by certain growth factors, 
these cells can differentiate into osteoblasts, chondroblasts, 
and adipocytes [1]. They have demonstrated an ability to 
secrete growth factors and induce cell proliferation, angio-
genesis, anti-inflammatory effects, antiapoptotic effects, and 
immunomodulation. The utilization and exploitation of these 
properties have shown promise in regenerating the tissue of 
degenerated intravertebral disks (IVDs) by increasing pro-
teoglycan synthesis and type II collagen production and pro-
viding pain relief [1].

 Indications

Low back pain affects large portions of the population and is 
associated with major social and economic costs. For exam-
ple, the related healthcare utilization costs related to chronic 
low back pain are estimated to be $96 million per year in the 
United States [2]. Discogenic low back pain is the most com-
mon cause of chronic low back pain, accounting for 39% of 
cases. Other common causes of low back pain, such as zyg-
apophysial joint pain, myofascial pain, sacroiliac (SI) joint 
pain, and others, have lower prevalence rates [3]. In this 
chapter, we will discuss the use of biologics to treat some of 
the most common pathologies and sources of pain in the 
spine, including the following:

• Intervertebral disk (IVD)
• Facet joints
• Sacroiliac (SI) joints

There are many sources of pain generation throughout the 
axial spine. This chapter will focus on three of the most com-
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mon areas of pain generation (IVDs, facet joints, and SI 
joints) and the ability to treat these areas utilizing biologics.

Biomechanical changes can initiate pathological pro-
cesses, leading to biochemical changes and maladaptation in 
the healing process. Many factors contribute to pain and 
long-standing injuries, including repetitive trauma, aberrant 
biomechanical adaptations and changes, health status, and 
psychosocial factors, to name a few. In modern societies, 
dietary, nutritional, and environmental factors may interfere 
with the body’s ability to fully heal and contribute to an 
inability to reduce chronic inflammation, leading to various 
disease processes and chronic pain. Regenerative therapies 
help focus healing by introducing new biochemical signaling 
initiators to restart or capacitate the body’s ability to com-
plete healing utilizing its own internal mechanisms.

 Intervertebral Disks

It is estimated that discogenic pathology, with or without 
internal derangement, contributes to approximately 16.9–
39% of chronic low back pain without radiculopathy [1]. 
Damage to the IVD ranges from disk degeneration to disk 
extrusion and sequestration. Current interventional treat-
ments focus on targeting the symptoms without addressing 
the underlying cause of the pathology, and their palliative 
effects are transient. In contrast, newer therapies focus on 
alleviating pain through the restoration of the IVD structure 
and function.

The IVDs are essential for the health and well-being of 
the spine. They provide structural support, shock absorption, 
and a biomechanical pivot point to allow proper range of 
motion of the vertebral motor unit. The nucleus pulposus at 
the center of the disk is composed mainly of water and is, 
therefore, non-compressible. Various mechanisms of injury 
may cause the nucleus pulposus to push off-center, resulting 
in a deformed disk. Should the disk be deformed in a way 
that effaces or compresses either the central spinal canal or 
the nerve roots exiting the neuroforamen, myelopathy- or 
radiculopathy-type symptoms may occur.

The outer third of the IVD is a ring that is rich in nerve 
fibers, called the annulus. It surrounds the disk and holds the 
nucleus pulposus in place. Any tear off in the annulus is a 
potential pain generator and may be treated utilizing biologi-
cal therapies such as PRP and MSCs. Recent guidelines that 
focused on the use of biologics to treat LBP support the use 
of PRP and MSC in the treatment of IVD disease, based on 
level 3 evidence [1].

 Evidence
PRP and MSC injections have been utilized with increasing 
frequency in disk-related disorders of the spine, particularly 

degenerative disk disease. However, MSCs are used more 
commonly for IVD degeneration and disk repair.

Intradiscal Platelet Rich Plasma (PRP)
A summary of six studies focusing on the use of PRP to 
treat IVD degeneration is shown in Table  24.1 [1, 4–8]. 
The  number of patients included in these studies ranged 
from 8 to 86. Length of follow-up ranged from 8 weeks to 
2  years. The largest of the studies included 47 and 86 
patients, and the rest were significantly smaller. All the 
studies reported that intradiscal PRP injection was safe 
and effective in relieving pain and increasing function. 
However, because most of the studies were small observa-
tional reports or case series, more evidence is needed 
regarding the safety and efficacy of PRP injection therapy 
in managing discogenic pain.

Navani et  al. [9] studied 20 patients, of which 15 were 
available for follow-up for 18  months post-PRP injection 
therapy. At the end of the 18-month period, no patients expe-
rienced adverse events, except for the initial post-injection 
flare-up pain, which lasted for 2–4 weeks. At the 6-month 
follow-up, 94% of patients reported >50% pain relief on the 
visual analog scale (VAS) and 100% had improvements in 
SF-36 scores. At 18 months, 93% of patients showed con-
tinuous improvement in their SF-36 scores.

In a prospective trial of eight humans, Levi et al. [7] dem-
onstrated that IVD degeneration of up to 5 levels could be 
clinically and radiographically improved with a single PRP 
injection at each level. Monfett et al. [5] demonstrated safety 
and statistically significant improvement in pain and func-
tion through the 24-month follow-up period after intradiscal 
PRP in 29 patients. Tuakli-Wosornu et al. [4] also reported 
significant improvement in 47 patients with discogenic pain 
who received a single intradiscal injection of PRP and were 
followed for 1 year.

Kirchner and Anitua [8], in an observational retrospective 
pilot study of 86 patients with a history of chronic low back 
pain and degenerative disk disease of the lumbar spine, 
showed a statistically significant improvement in VAS scores 
at 1, 3, and 6 months after PRP treatment. VAS score analy-
sis over time showed that, at the end point of the study 
(6  months), 91% of patients had an excellent score, 8.1% 
experienced moderate improvement, and 1.2% were in the 
inefficient score. Fluoroscopy-guided injections of plasma- 
rich growth factors (PRGF) into the IVDs and facet joints of 
patients with chronic low back pain resulted in significant 
pain reduction, as assessed using the VAS.

Akeda et al. [6], in a preliminary clinical trial that included 
14 patients, demonstrated that average pretreatment VAS 
scores significantly decreased at 1  month following PRP 
treatment, which was sustained throughout the full 6-month 
observation. This study showed that intradiscal injection of 
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Table 24.1 Studies of PRP therapy for IVD degeneration

Study Conclusions
Tuakli-Wosornu 
et al. [4], 2016
Chronic lumbar 
discogenic pain
Prospective, 
double-blind, 
randomized 
controlled study, 
n = 47

Intradiscal injections of PRP × 1 showed 
significant improvement at 8-week follow-up, 
with maintained improvement compared to 
controls at 1-year follow-up

Monfett et al. [5], 
2016
Chronic lumbar 
discogenic pain, 
lumbar disk 
degeneration
Prospective trial, 
n = 29

Intradiscal PRP injections showed continuous 
safety and improvements in pain and function at 
2 years postprocedure

Akeda et al. [6], 
2017
Chronic lumbar 
discogenic pain
Preliminary 
clinical trial, 
n = 14

Intradiscal injection of autologous PRP 
releasate in patients with low back pain was 
determined to be safe, with no adverse events 
observed during follow-up
The results showed reduction in mean pain 
scores at 1 month, which was sustained 
throughout the 6-month and 12-month 
follow-up periods

Levi et al. [7], 
2016
Chronic lumbar 
discogenic pain
Prospective trial, 
n = 8

Single or multiple levels (up to 5) of discogenic 
pain injected with PRP showed encouraging 
improvement, with more patients developing 
improvement over time. Cohort up to 6 months

Kirchner and 
Anitua [8], 2016
Chronic lumbar 
disk degeneration
Observational 
retrospective pilot 
study, n = 86

Fluoroscopy-guided infiltrations of IVDs and 
facet joints with PRGF-Endoret in patients with 
chronic low back pain were associated with 
significant pain reduction, as assessed by VAS.
The study reported a reduction of VAS scores 
over time. After 6 months of follow-up, 91% of 
patients had an excellent score, 8.1% 
experienced moderate improvement, and 1.2% 
did not respond to the treatment

Navani et al. [9], 
2018
Chronic lumbar 
discogenic pain
Prospective case 
series n = 20

At 18 months, 15 patients were available for 
follow-up, compared to 18 patients at 6 months: 
>50% relief in VAS in 93% of patients 
(n = 14/15) at 18 months and in 94% of patients 
(n = 17/18) at 6 months. Improvement in SF-36 
scores in 93% of patients (n = 14/15) at 
18 months, compared to 100% (n = 18/18) at 
6 months

PRP platelet-rich plasma, PRGF plasma rich in growth factors, VAS 
visual analog scale, SF-36 36-item short form survey

autologous PRP releasate in patients with low back pain was 
safe and there were no adverse events observed during 
follow-up.

Intradiscal Stem Cells and Allogeneic Grafts
There are more preclinical and clinical studies of MSC ther-
apy than there are of PRP therapy for disk-related disorders 

of the spine [10–16]. There are also guidelines focusing on 
the use of MSCs for intervertebral disk disease [1].

Table 24.2 summarizes the studies published to date that 
focus on the use of MSC therapy to treat IVD disease [1]. Wu 
et al. [19] conducted a systematic review and a single-arm 
meta-analysis that included six studies meeting their selec-
tion criteria.

The authors reported that the pooled mean difference in 
pain score from baseline to follow-up points of 44.2 points 
decreased and the pooled mean difference in Oswestry 
Disability Index (ODI) from baseline to follow-up points 
was 32.2 points. There were no adverse effects, and they 
concluded that cell-based therapy is appropriate for 
patients with discogenic low back pain and is associated 
with improved pain relief and disability scores. However, 
they recommended that more stringently designed, ran-
domized, double-blind clinical trials with appropriately 
determined sample sizes are needed to confirm their 
findings.

Wu et al. [19] reported that three of the studies in their 
review used stem cells and another three studies used chon-
drocytes. They also reported that five studies used expanded 
cells and one used unexpanded cells. In these studies, lumbar 
disks were infiltrated with cells ranging in dosage from 1 to 
23 ± five million. Patients had a mean follow-up of 22 months 
among the six trials.

The pooled mean difference in pain score from baseline to 
follow-up points was 44.2 points decreased and ODI 32.2 
points decreased. No related adverse effects were reported 
by the included studies. Subgroup analysis was used to 
explore whether cell-preprocessing conditions (i.e., expanded 
vs. nonexpanded) were associated with a difference in pain 
scores [19]. Subsequent meta-regression analysis to deter-
mine factors related to improvement in pain scores after 
stem-cell therapy demonstrated that stem cells were more 
effective than chondrocytes in reducing pain.

Mochida et  al. [15] used the Japanese Orthopedic 
Association scoring system to demonstrate that patients expe-
rienced improvement from 14.2 ± 4.8 points preoperatively to 
27.2  ±  1.6 points 3  years following transplantation of acti-
vated nucleus pulposus cells [15]. Furthermore, patients who 
were working prior to the treatment were able to return to 
their original job after an average of 5.8  weeks following 
treatment.

In the study by Coric et al. [12], the mean SF-36 physical 
component summary scores improved significantly from base-
line after treatment with MSCs. The study also demonstrated a 
positive effect on high-intensity zones that were consistent with 
posterior annular tears. High-intensity zones present at baseline 
were either absent or improved in 89% of the patients within 
6 months following treatment with MSCs [12].
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Table 24.2 Studies of stem-cell therapy for IVD degeneration

Study details Population
Cell or solution dose 
and delivery pathway Results Conclusion

Noriega et al., 2017 [10]
Sample size = 24
Follow-up = 12 months
RCT

24 patients with chronic LBP 
with lumbar disk 
degeneration and 
unresponsive to conservative 
treatments were randomized 
into two groups
Patient mean age 
(yrs) ± SE = 38 ± 2 s

The intervention 
group received 
allogeneic bone 
marrow MSCs by 
intradiscal injection of 
25 × 10, 6 cells per 
segment under local 
anesthesia

Compared to controls, 
MSC-treated patients 
displayed a rapid and 
significant improvement in all 
algofunctional indices
Both lumbar pain and 
disability were significantly 
reduced at 3 months, and 
improvement was maintained 
at 6 and 12 months. Overall, 
there was an average 28% 
improvement in pain and 
disability one-year after the 
intervention
Only 5 of the 12 outcomes 
(40%) in patients receiving 
MSCs were described as 
perfect treatment with 100% 
improvement

28% improvement 
observed in all patients
40% of patients had 
perfect result
Positive result

Pettine et al., 2015, 2016, 
2017 [11]
Sample size = 26
Follow-up = 3 years
Prospective, open-label, 
nonrandomized, 2-arm 
study

26 patients presented with 
symptomatic moderate to 
severe discogenic LBP.
Patient age = 18–61 years 
(median 40)

2–3 mL of bone 
marrow concentrate 
was injected in lumbar 
disk (1.66_106/mL)

The average ODI and VAS 
scores were reduced to 22.8 
and 24.4, respectively, at 
3 months. After 36 months, 6 
patients proceeded to surgery
After 36 months, 20 of the 26 
patients reported average ODI 
and VAS improvement to 
17.5 ± 32 and 21.9 ± 4.4, 
respectively
One-year MRI indicated 40% 
of patients improved one 
modified Pfirrmann Grade and 
no patient worsened 
radiographically

At 36-month follow-up, 6 
of 26 patients progressed 
to surgery. The remaining 
20 patients (77%) reported 
significant ODI and VAS 
improvements
Authors concluded that 
there were no adverse 
effects, and the study 
provided evidence of 
safety and feasibility of 
intradiscal bone marrow 
concentrate therapy

Coric et al., 2013 [12]
Sample size = 15
Follow-up = 1 year
Prospective cohort

15 patients with single-level, 
symptomatic lumbar 
degenerative disk disease 
from L-3 to S-1 and 
medically refractory LBP
Patient age 
(yrs) = 19–47 years (median 
40)

Mean 1.3 mL 
(1–2 mL, 107/mL) 
cells solution was 
injected in the center 
of the disk space

The mean ODI, NRS, and 
Short-form-36 physical 
component summary scores 
all improved significantly 
from baseline
Ten of the 13 patients (77%) 
exhibited improvements on 
MRI. Of these, the HIZ was 
either absent or improved in 8 
patients (89%) by 6 months
Of the ten patients who 
exhibited radiological 
improvement at 6 months, 8 
experienced continued or 
sustained improvement at the 
12-month follow-up
Only 3 patients (20%) 
underwent total disk 
replacement by the 12-month 
follow-up due to persistent, 
but not worse than baseline, 
LBP

The results of this 
prospective cohort are 
promising, with 77% of 
patients improving
   Positive result
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Table 24.2 (continued)

Study details Population
Cell or solution dose 
and delivery pathway Results Conclusion

Orozco et al., 2011 [13]
Sample size = 10
Follow-up = 1 year
Pilot phase 1 trial

Ten patients with 
degenerative disk disease and 
persistent LBP (>6 months; 
decrease of disk 
height > 50%)
Patient age (yrs) = 35_7 
(mean_SD)

23 ± 5 × 106 
autologous expanded 
BMSCs were injected 
into the NP area

Patients exhibited rapid 
improvement of pain and 
disability (85% of maximum 
in 3 months) that approached 
71% of optimal efficacy
This study confirmed 
feasibility and safety with 
identification of strong 
indications of clinical efficacy

Authors concluded that 
MSC therapy may be a 
valid alternative treatment 
for chronic back pain 
caused by degenerative 
disk disease
They also concluded that 
advantages over current 
gold standards include 
simpler and more 
conservative intervention 
without surgery, 
preservation of normal 
biomechanics, and the 
same or better pain relief

Kumar et al., 2017 [14]
Sample size = 10
Follow-up = 1 year
Phase 1 study

Ten patients with chronic 
LBP lasting for more than 
3 months with a minimum 
intensity of 4/10 on a VAS 
and disability level ≥ 30% on 
the ODI
Patient age (yrs) = between 
19 and 70

A single intradiscal 
injection at a dose of 
2 × 107 cells/disk 
(N = 5) or 4 × 107 
cells/disk (N = 5)

VAS, ODI, and SF-36 scores 
significantly improved in 
groups receiving either low or 
high cell doses and did not 
differ significantly between 
the two groups
   At 12-month follow-up, 7 

patients reported 50% or 
greater improvement in 
VAS

   Six patients achieved 
treatment success, with pain 
reduction of 50% or greater 
and improvement on ODI

Among six patients who 
achieved significant 
improvement in VAS, ODI, 
and SF-36, three patients were 
determined to have increased 
water content based on an 
increased apparent diffusion 
coefficient on diffusion MRI

60% significant 
improvement, with no 
adverse effect
Authors concluded that 
combined implantation of 
AT-MSCs and hyaluronic 
acid derivative in chronic 
discogenic LBP is safe 
and tolerable
Positive result

Mochida et al. [15]
Sample size = 9
Follow-up = 3 years
Prospective clinical study

Nine patients with Pfirrmann 
grade III disk degeneration 
and posterior lumbar 
intervertebral fusion.
Patient age = 20–29 years

One million activated 
autologous NP cells 
were injected into the 
degenerated disk 7 d 
after fusion surgery

Clinical outcomes based on 
JOA scoring system for LBP 
showed significant 
improvement from 14.2 ± 4.8 
points preoperatively to 
27.2 ± 1.6 points at 3 years 
after transplantation of the 
activated NP cells (maximum 
possible score of 29 points)
The JOA scoring system also 
showed improvement in LBP 
subscale from 1.2 ± 0.5 points 
preoperatively to 2.7 ± 0.2 
points at 3 years after the 
transplantation, with 
maximum possible score of 3 
points for no pain
No adverse effects were 
observed during the 3-year 
follow-up period

Significant improvement 
in function and pain 
scores was reported
This study confirmed the 
safety of activated NP cell 
transplantation, and the 
findings suggest the 
minimal efficacy of this 
treatment to slow the 
further degeneration of 
human IVDs

(continued)
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Table 24.2 (continued)

Study details Population
Cell or solution dose 
and delivery pathway Results Conclusion

Meisel et al., 2006 [16]
Sample size = 12
Follow-up = 2 years

Patients with discogenic pain 
after repeat discograms. 
Patients were treated with 
cell therapy at least 3 months 
after the endoscopy
Patient age = 18–75 years

Cells were injected 
into disk 
approximately 
12 weeks following 
discectomy. The cell 
dose was not 
mentioned

The median total ODI score 
was 2 in the autologous disk 
chondrocyte transplantation 
(ADCT) group compared with 
6 in the control group. 
Decreases in the ODI in 
ADCT-treated patients 
correlated with the reduction 
of LBP
Decreases in disk height over 
time were found only in the 
control group, and of potential 
significance, IVDs in adjacent 
segments appeared to retain 
hydration when compared to 
those adjacent to levels that 
had undergone discectomy 
without cell intervention

Significant improvement
Positive result

Beall et al., 2021 [17], 
sample size = 218, 
follow-up = 12 months

Patients with ≥6 months of 
low back pain associated with 
DDD, Pfirrmann levels 3 to 6, 
and type 1 or 2 Modic 
changes at 1–2 levels from 
L1-S1; Patient age = 18 to 
60 yrs

1 ml of cells (~6x106) 
mixed with the 
reconstituted 
micronized nucleus 
allograft, control 
groups = saline or 
conservative medical 
management

Clinically meaningful 
improvements in mean VASP 
& ODI scores were achieved 
and reported in the allograft 
and saline groups at 
12 months. A responder 
analysis demonstrated a 
clinically meaningful 
reduction in ODI of > = 15 
points at 12 months that was 
statistically significant; 76.5% 
of patients randomized to 
allograft were responders 
(P = 0.03) compared to 56.7% 
in the saline group. 
Additionally, a responder 
group characterized by a 20 
point reduction in pain at 
12 months achieved a 
statistically significant 
reduction in pain compared to 
the saline group (P = 0.022)

Intradiscal injections of 
MPCs mixed with 
reconstituted micronized 
disc nucleus is a safe and 
effective treatment for 
DDD in patients with 1 to 
2 affected levels

Amirdelfan et al., 2021 
[18], sample size = 100, 
follow-up = 3 years

Patients with ≥6 months of 
low back pain associated with 
DDD and Pfirrmann levels 3 
to 6 at 1 level from L1-S1; 
patient age = ≥18 yrs

2 study groups 
(18x106 MPCs in HA 
and 6x106 MPCs in 
HA) and 2 control 
groups (HA alone and 
saline alone)

Significant differences 
between the control and MPC 
groups for improvement in 
VAS and ODI; correcting for 
post-treatment interventions, 
the proportion of subjects with 
VAS ≥30% and ≥ 50% 
improvement from baseline, 
absolute VAS score ≤ 20, and 
ODI reduction ≥10 and ≥ 15 
points from baseline showed 
MPC therapy superior to 
controls at various time points 
through 36 months

Intradiscal injection of 
MPCs mixed with HA is 
safe, effective and durable, 
with improvements shown 
out to 36 months in 
patients with single level 
DDD

RCT randomized controlled trial, BMSCs bone marrow-derived stem cells, MSCs medicinal signaling cells or mesenchymal stem cells, JOA 
Japanese Orthopedic Association, MRI magnetic resonance imaging, NP nucleus pulposus, DDD degenerative disk disease, BMC bone marrow 
concentrate, LBP low back pain, NRS numerical rating scale, ODI Oswestry Disability Index, VAS visual analog scale, SD standard deviation, SF- 
12 12-item short-form survey, HIZ high intensity zone, AT-MSCs adipose tissue-derived mesenchymal stem cells
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In 2020, Beall et al. published level-I data on the use of 
allogeneic grafts for the treatment of degenerative disc 
 disease (DDD) using a combination of MSCs mixed with 
micronized nucleus pulposus as the vehicle (“viable struc-
tural allograft,” or VIA Disc Matrix™) [20]. The allograft 
consisted of 1 ml of cells (~6x106) mixed with the nucleus 
allograft which is reconstituted with normal saline (1:0.75:1) 
resulting in 1.5 to 1.9  ml of injectate. This study was an 
extension of the VAST trial (NCT03709901) which meant to 
establish preliminary safety and efficacy of this particular 
allogeneic graft. The authors reported on 24 subjects who 
demonstrated DDD at 1 or 2 vertebral levels from L1 to S1 
with a modified Pfirrmann levels 3 to 6 and type 1 or type 2 
Modic changes on MRI. Patients were included who had low 
back pain for ≥6 months, moderate to severe disability (ODI 
40%) and VAS of at least 40 mm) that was chronic during the 
screening Phase and demonstrated. Patients were random-
ized 3.5:5:1:1 to receive allograft at up to 2 levels, saline as 
placebo or conventional/conservative medical management. 
At 6 and 12 months, the subjects showed improvements in 
VAS (54.8 at baseline, 55.25 at 6  months, and 62.26 at 
12 months) and ODI (53.7, 18.5, and 28.7) with only tran-
sient adverse events that resolved in all cohorts.

The results of the full VAST study were published in 
2021 – a prospective, multicenter, blinded, randomized con-
trolled trial of 218 subjects [17]. The 3 cohorts were as fol-
lows: allograft, saline placebo, and conservative medical 
management; the latter was allowed to crossover to the 
allograft group at 3 months. There were clinically meaning-
ful improvements in VAS and ODI in both the allograft and 
saline groups at 12 months. A responder analysis showed a 
clinically meaningful reduction in ODI of ≥15 points at 
12 months, which was statistically significant; 76.5% of the 
allograft subjects were responders (p  =  0.03) compared to 
56.7% in the saline group.

In the same year, Amirdelfan et al. published on the use of 
adult allogeneic mesenchymal precursor cells (MPCs), this 
time mixed with hyaluronic acid (HA) as the vehicle [18]. 
Similar to the initial publication on the VAST study, this was 
a preliminary, safety and efficacy study. This study was a 
multicenter, randomized controlled trial with a total of 100 
subjects enrolled and followed out to 36  months. Patients 
also had low back pain associated with DDD for ≥6 months 
with modified Pfirrmann levels 3 to 6 from L1-S1 – the major 
difference here was the subjects could only have 1 affected 
level, as opposed to 2 in the VAST trial. Another major dif-
ference was there were 4 cohorts in this study: 2 study groups 
(18x106 MPCs in HA and 6x106 MPCs in HA) and 2 control 
groups (HA alone and saline alone); cohorts were random-
ized 3:3:2:2. There were significant difference between the 
study and control groups in VAS and ODI; additionally, there 
were no reports of allograft rejection.

Fibrin
Refer to Chap. 6 for a more in-depth discussion of intradiscal 
fibrin and the supporting evidence

 Facet Joints

The facet or zygapophyseal joints are synovial-type articular 
structures that, along with posterior ligamentous structures, 
provide structure and allow dynamic movement of the spine. 
In the case of low back pain, controlled studies have shown 
that the facet joints are the sole sources of pain generation in 
16–41% of patients with chronic, non-discogenic, and non- 
radicular LBP [1, 21].

As discussed earlier, these structures can undergo changes 
associated with various disease states, trauma, and biome-
chanical factors. These joints are under an immense amount 
of stress, especially in the presence of adjacent discogenic 
pathology due to the changes in biomechanical stress caus-
ing those forces to move posteriorly onto these joints and 
posterior ligaments of the spine. Any trauma to the spine, 
especially of a shearing nature, may cause fluid to develop 
within the joint, itself. This will often be a source of pain and 
can be best seen on a T2-weighted MRI image in the axial 
plane. Traditionally, corticosteroids have been used to 
decrease the swelling or effusion within the facet joint. Intra- 
articular injections of PRP and MSCs have also been demon-
strated to be effective, providing an anabolic, as opposed to 
catabolic, means of treating and healing the source of the 
swelling or effusion.

The facet joints are innervated by the recurrent meningeal 
nerve. Sensation to these joints is provided by the medial 
branch. Advances in various technologies, such as radiofre-
quency ablation, have resulted in a method of treatment that 
will block pain signals from being transmitted into the cen-
tral nervous system, often providing excellent relief of pain 
for those patients diagnosed with facetogenic pain genera-
tors. This method, however, simply blocks the pain signals 
and does not address or heal the source of the problem. 
However, such techniques are very effective and can allow 
patients to be more active and undergo more aggressive con-
servative treatments, such as chiropractic or physical ther-
apy, to address the structural support and allow internal 
mechanisms of healing more time to work. However, patho-
logical processes will ensue, should these aberrant stresses 
continue. As discussed earlier, the stress put on the bone will 
cause bone to grow (Wolff’s Law) [22].

Facet hypertrophy is very common in the aging or trau-
matic/pathological spine. This hypertrophy can become path-
ological or pain generating when one or both of the following 
occur: (1) the facet joint stretches the surrounding capsule 
and triggers a ligamentous or sclerotogenous type of referred 
pain and (2) the facet joint grows, pushing the superior adja-
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cent vertebral segment posteriorly, creating a retrolisthesis. 
Should the facet joint grow and form osteophytes, these areas, 
themselves, can cause pain. Even worse, they could grow into 
the neuroforamen, encroaching the exiting nerve root, and 
contribute to the development of radiculopathy.

 Evidence
Targeted use of biologics in the treatment of facet pathology 
is very promising. Both PRP and MSCs have been studied 
for the treatment of facet-mediated pain, although PRP are 
somewhat preferred due to the idea that stem cells could 
potentially lead to increased regional osteophyte formation 
and/or enhance growth of the facet joint theoretically caus-
ing it to hypertrophy.

Intra-Articular PRP
Recent guidelines that focused on the use of biologics to 
treat LBP support the use of PRP in the treatment of facet 
joint pathology, based on level 4 evidence [1]. The rationale 
of using PRP within the facet joints is the same as that of the 
knee or the hip – repair relining of the joint and restore bio-
chemical equilibrium of the synovial fluid. The challenge of 
using PRP within the facet as opposed to a more conven-
tional joint like the knee or hip is the fact that the facet is 

considerably smaller and therefore it is much more difficult 
to evaluate what the proper volume of injectate should be 
such that enough is present to actually make a difference and 
not too much that could make the capsule to rupture. PRP is 
not known to promote osteophyte formation or pathological 
bone growth. This is an important distinction over the use of 
stem cells within the facet joints as the latter has been known 
to lead to osteophyte growth when cells leak out of the target 
and track back along the needle path.

To date, three studies have performed facet injections and 
treatments with PRP and are summarized in Table 24.3 [1]. 
These studies had follow-up periods ranging from 1 to 
6 months, with sample sizes of 46, 19, and 86. Wu et al. com-
pared traditional corticosteroid treatments with PRP treat-
ments. While both had benefits, when compared to 
corticosteroids, PRP was associated with longer pain relief 
and reduction of symptoms up to the 6-month follow-up 
visit. Furthermore, 81% of subjects in the PRP group reported 
>50% improvement in their symptoms at 3 and 6  months, 
while peak relief was reported by 85% of subjects. Relief 
was limited to 1  month with the corticosteroid/local anes-
thetic group [23].

In a smaller study, Wu et al. injected PRP into the facets 
of 19 subjects. At the 3-month follow-up visit, 79% of sub-

Table 24.3 Studies of PRP therapy for lumbar facet syndrome

Study details Methods Results Conclusion
Wu et al., 2017 [23]
Sample size = 46
Follow-up = 6 months
Prospective randomized 
trial
Chronic facet joint pain

46 patients with lumbar facet 
syndrome were randomized to receive 
either intra-articular injections of PRP 
or local anesthetic/corticosteroid
Outcomes were assessed with VAS, 
ODI, and RMDQ

Back pain improved in both groups 
immediately and at one-month follow-up
At 3 months, back pain relief was 
superior in PRP injection group 
compared to steroid group
Functional status improvement was 
observed in both groups; however, at 
3 months, there was significant 
improvement in PRP group compared to 
steroid group
Highest objective success rate with over 
50% pain relief in 81% was found at 3 
and 6 months after treatment, whereas 
highest success rate in 85% of the 
patients in the steroid group dissipated 
after 1 month

There was significant 
improvement in both groups in 
short-term. However, 
improvement was long-lasting 
for 6 months in PRP group
Positive study
Limited by a small number of 
patients

Wu et al., 2016 [24]
Sample size = 19
Follow-up = 3 months
Prospective clinical 
evaluation
Chronic facet joint pain

19 patients with lumbar facet 
syndrome given intra-articular 
injections of PRP
Outcomes were assessed with VAS, 
ODI, and RMDQ

79% of the patients reported satisfactory 
improvement with good or excellent at 
3-month follow-up after injection of PRP
ODI and RMDQ were also significantly 
improved. There were no adverse events. 
A positive small study of intra-articular 
injection of autologous PRP

Positive results in a study with 
a small number of patients and 
relatively short follow-up of 
3 months

Kirchner and Anitua, 2016 
[25]
Sample size = 86
Follow-up = 6 months
Observational 
retrospective pilot study, 
n = 86 humans
Facet joint syndrome

One intradiscal, one intra-articular 
facet, and one transforaminal epidural 
injection of PRGF under fluoroscopic 
guidance-control was carried out in 86 
patients with chronic LBP

VAS showed a statistically significant 
decrease at 1, 3, and 6 months after the 
treatment (P < 0.0001), except for the 
pain reduction between the third and 
sixth month whose signification was 
lower (P < 0.05)

Positive study with multiple 
drawbacks with multiple 
injections in each setting with 
injection into disk, facet joint, 
and epidural space
Extremely positive results in a 
low-quality observational 
study

VAS visual analog scale, ODI Oswestry Disability Index, RMDQ Roland Morris Disability Questionnaire, PRP platelet-rich plasma, PRGF 
platelet- rich growth factor, LBP low back pain

A. Navani and J. Chrystal



247

jects reported “good” or “excellent” results, with significant 
improvements in both ODI and RMDQ scores [24].

Finally, Kirchner and Anitua [25] injected platelet-rich 
growth factors into a single facet and the adjacent intradiscal 
and epidural space in 86 subjects. While the results were 
extremely promising and demonstrated a significant reduc-
tion in VAS scores through the 6-month follow-up visit, the 
study had several limitations. For example, the injections tar-
geted a number of different sites, thereby reducing the speci-
ficity of the treatment outcomes. There is, therefore, a need 
for additional high-quality, larger-scale studies of the effec-
tiveness of PRP, especially with respect to stem cells.

Intra-Articular Stem Cells
There were no well-controlled studies of the effectiveness 
of MSCs in the treatment of facet joint pathology; however, 
given the parameters and what we know about the mecha-
nisms of healing utilizing MSCs, positive conclusions can 
be inferred from their use, and further studies demonstrating 
the effectiveness of MSCs in facetogenic pathology are 
needed [1].

 Sacroiliac (SI) Joints

The SI joint has been relatively ignored as a major source of 
low back pain until recent decades, when there was a dra-
matic uptick in SI joint-mediated pain treatments and thera-
pies. The limits of this joint normally do not exceed 
approximately 4% of total motion. According to previous 
studies, SI joints account for approximately 15–30% of the 
non-radicular type of LBP [26].

Similarly, studies focused on diagnostic blocks of the SI 
joint have implicated this joint to be directly involved in LBP 
in approximately 10–25% of cases without disk herniation, 
discogenic pain, or radiculopathy [1, 26].

The SI joints act as major pelvic shock absorbers and con-
nect the posterior pelvic ring. The joints are supported by a 
dense fibrous network of ligaments that provide stability to 
the region and account for the relatively low rates of SI dis-
locations [27]. These ligaments, like all others in the body, 
can become sources of pain generation. As a ligament (or 
tendon) inserts into the bone (the enthesis), it becomes con-
fluent with the periosteum of the bone, which is rich in nerve 
fibers. An avulsion fracture is characterized by an injury to a 
bone at a location where a ligament or tendon attaches to the 
bone and pulls off a piece of the bone.

Factors such as traumatic injury, repetitive stress, aging, 
and arthritic conditions can cause so-called “microavul-
sions.” These are microscopic tears in the enthesis of the 
ligament or tendon and also at the insertion point of the 
enthesis into the periosteum of the bone, thereby causing 
aberrant nerve transmission and chronic pain in the area.

Additionally, SI joint pathology, especially when accom-
panied by increased motion from ligamentous loosening 
(e.g., due to trauma, childbirth, and/or added stress caused 
by degenerative conditions), has been linked to increased fir-
ing and spasms of the lumbar trunk muscles [27]. This study 
demonstrated significantly increased SI joint motion in 
patients with degenerative lumbar spine disorders. The 
increase in motion was most dramatic for those patients who 
had spinal deformities. It is well established that, after inter-
vertebral body fusion surgeries, the vertebral levels above 
and below the fusion take on added stress due to the fixa-
tions, which cause reduced movement and reduced shock 
absorption in that area. Given that most lumbar pathology 
and, therefore, fusion surgeries occur in the L4-L5 and L5-S1 
regions, the added stress and subsequent compensatory 
motion often occurs within the SI joints. As this increased 
aberrant motion persists, pain can ensue. There has been a 
recent increase in SI joint fixation/fusion surgeries and 
debate about the subsequent effect on the biomechanics of 
the spine. However, there have been positive reports from 
both surgeons and patients about significant pain relief fol-
lowing SI fusion, independent of any improvement follow-
ing prior lumbar intervertebral interbody fusion surgeries.

 Evidence
Recent guidelines that focused on the use of biologics to 
treat LBP support the use of PRP in the treatment of SI joint 
pathology, based on level 4 evidence, as is noted in Table 24.1 
[1]. There were no well-controlled studies that demonstrated 
the effectiveness of MSCs for this treatment; however, given 
the parameters and what we know about the mechanisms of 
healing utilizing MSCs, positive conclusions can be inferred 
from their use, and further studies demonstrating MRC 
effectiveness in the treatment of SI joint pathology are 
needed.

Intra-articular PRP
PRP has been extensively studied in spine and orthopedics in 
the context of IVD degeneration, spinal fusion, and osteoar-
thritis and cartilage repair of major joints. Despite its exten-
sive use in major joints, there have been few reports of its use 
in SI joints. There is extensive literature on prolotherapy 
over the SI ligaments, including a recent case study by Ko 
et al. focusing on four patients with a series of 2 PRP injec-
tions via prolotherapy technique at the Hackett points A-C 
under ultrasound guidance [28]. Ko et al. followed their sub-
jects for 4 years after SI joint PRP infiltration for stability, 
pain reduction, and quality of life using the SF-36, ODI, 
McGill pain questionnaire, and NRS and demonstrated posi-
tive outcomes [28].

The study reported statistically significant pain reduction 
and improvement in quality of life at both 12-month and 
4-year follow-up visits. The PRP, however, was injected at 
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the ligament bone junction at the Hackett points A-C and not 
directly into the joint, further supporting the notion of liga-
mentous pain generators surrounding the SI joint. Intra- 
articular treatments for SI joint-mediated pain have been 
limited to diagnostic infiltrations of local anesthetic or use of 
corticosteroids to reduce inflammatory SI joint-mediated 
pain. Intra-articular PRP and MSC therapies have been per-
formed in clinical settings; however, they have not under-
gone rigorous study. To our knowledge, there are no 
published reports about the use of bone marrow aspirate 
concentrate (BMAC) for SI joint-mediated pain. Preliminary 
reports of the safety and efficacy of BMAC intra-articular SI 
joint injections appear promising.

The PRP study results appear to be an assuring option for 
SIJ-mediated pain.

There have been few studies published, and a summary of 
the results is presented in Table 24.4. The studies had sample 
sizes ranging from 4 to 40, with follow-up periods ranging 
from 1 to 12 months. Singla et al. [29] compared traditional 
corticosteroid and local anesthetic SI joint intra-articular 
infiltration with leukocyte-poor PRP activated by calcium 
chloride SI joint intra-articular infiltration. At the 3-month 
follow-up visit, 90% of patients in the PRP group reported 

significant pain relief, whereas only 25% of patients in the 
corticosteroid/local anesthetic group reported satisfactory 
results.

Navani and Gupta performed SI joint PRP infiltrations for 
ten subjects. All subjects experienced pain relief and low 
VAS scores through the 6-month follow-up visit, during 
which time no additional interventions were required [30].

The use of biologics to treat chronic SI joint pain at vari-
ous points in the disease process has improved patients’ pain 
and function for as long as 8 years. We recognize that these 
studies have shortcomings, including small sample sizes. 
Larger, well-designed, randomized clinical trials are needed 
to understand the full effect of PRP and stem-cell therapies 
for SI joint-mediated pain.

 Microanatomy and Biochemistry

The source and quality of the biological material used in 
regenerative medicine treatments can be just as important as 
the targeted applications of such materials. A tissue donation 
sample from a source, which is then readministered to the 
same source, is referred to as an autologous sample. 

Table 24.4 Studies of PRP therapy for SI joint-mediated pain

Study details Methods Results Conclusion
Ko et al., 2017 [28]
Sample size = 4
Follow-up = 2 yrs.
Case series

SI joint injection with PRP under ultrasound 
guidance
Outcomes were assessed with SF-36, McGill Pain 
Questionnaire, NRS, and ODI

At 12-month follow-up, there 
was marked improvement in 
joint stability, a statistically 
significant reduction in pain, and 
improvement in quality of life
The clinical benefits of PRP 
were still significant at the 
2-year follow-up visit

PRP therapy showed 
long-lasting, positive 
results in this short 
case series of four 
patients

Singla et al. 2017 [29]
Sample size = 40
Follow-up = 3 months
Prospective, randomized 
double-blinded end point 
study
Chronic low back pain with SI 
joint pathology

Patients were randomized into two groups, with one 
group receiving 1.5 mL of methylprednisolone 
40 mg/mL and 1.5 mL of 2% lidocaine with 0.5 mL 
of saline and the other group receiving 3 mL of 
leukocyte-free PRP with 0.5 mL of calcium chloride 
with ultrasound-guided SI joint injection
Outcomes were assessed with VAS scores, ODI, and 
SF-12

At 3-month follow-up, 90% of 
the patients reported satisfactory 
relief with PRP, whereas 25% of 
the patients reported satisfactory 
relief with steroids
PRP therapy was strongly 
associated with a VAS reduction 
of greater than 50% from 
baseline

Positive prospective, 
randomized study
Small number of 
patients

Navani and Gupta, 2015 [30]
Sample size = 10 (4 males and 
6 females) with SI joint pain 
of greater than 6 months 
duration
Age Distribution= 5 patients 
below 40 and 5 patients over 
40
SI joint pain

PRP injection into the SI joint under fluoroscopic 
guidance

All patients showed 
improvement at the 3-month 
follow-up visit and maintained 
low pain levels that did not 
require any additional treatment 
up to the 6-month follow-up 
visit
SF-36 demonstrated 
improvement in both physical 
component summary scores and 
mental component summary 
scores in all patients
No adverse events

A positive case 
series of ten patients

PRP platelet-rich plasma, SF-36 36-item short form health survey, VAS visual analog scale, ODI oswestry disability index, SF-12 12-item short 
form health survey, NRS numeric rating scale
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Readministration may occur after manipulating the cells to 
enhance concentrations and promote the maturation of vari-
ous cell lineages and/or healing properties; however, local 
laws and regulations govern this type of cellular manipula-
tion. In the United States, cells may be only minimally 
manipulated. This is usually limited to centrifugation and 
point-of-care utilization. For our purposes, a good example 
of an autologous process includes collecting blood, bone 
marrow, or adipose tissue from a patient, after concentrating 
the collected material via minimal manipulation (e.g., cen-
trifugation) and injecting that solution back into the same 
donor. Autologous sourcing is most popular, due to the ease 
of point-of-care administration. It also circumvents the risk 
of graft-versus-host disease (GvHD) or graft rejection due to 
immunological incompatibility.

Allogeneic or allograft samples, on the other hand, refer 
to tissue derived from one source and used to treat another 
member of the same species. These tissues usually need to be 
processed to clean and remove the surface proteins from the 
donation to reduce the chance of GvHD, as the major cause 
for graft rejection is human leukocyte antigen (HLA) mis-
matching. The final type of sample source is known as xeno-
geneic. This is when tissue is taken from one species and, 
after processing, is transplanted into a different species. All 
tissue donated by non-autologous sources will need to 
undergo some form of manipulation and processing before it 
is safe (or at least safer) for use in humans.

PRP has become one of the most commonly used autolo-
gous types of treatments in regenerative medicine. It repre-
sents the easiest and most accessible point-of-care type of 
biological material used in clinical settings. The sample is 
collected via a simple blood draw. Following centrifugation 
and sometimes additional minimal manipulation, all of the 
platelets and various growth factors within the blood plasma 
are concentrated and reinjected into the areas of pathology in 
an attempt to trigger, refocus, and thereby promote internal 
healing mechanisms.

In contrast, MSCs can be harvested from an allographic/
allogenic source, since they possess unique characteristics 
that prevent immunological reactions. For example, because 
such cells are young and relatively undifferentiated, they 
lack the surface antigens that may trigger HLA mismatching. 
They also lack major histocompatibility complex-2 expres-
sion, as well as the immunological suppression activity 
mediated by prostaglandin E2 [31]. Therefore, theoretically, 
these stem cells can be harvested from a number of different 
sources and allow compatibility across hosts.

 Basic Concerns and Contraindications

Although PRP and MSC therapies show promise in preclini-
cal and clinical studies, they are considered off label and 
investigational. While fibrin, itself, is an FDA-approved 

product, it is not approved for use intradiscally and is there-
fore considered off label when used in this fashion. As such, 
the authors recommend conventional therapies that are FDA- 
approved for low back pain of disc, facet and SI joint origin 
be recommended and utilized prior to offering regenerative 
therapies.

 Axial Biomechanics

Before discussing the application of biologics, it is important 
to understand the underlying mechanisms of various spinal 
pathologies associated with pain generation. The biome-
chanics of the axial spine can portend degenerative and other 
pathological processes. The development of lordotic curves 
in both the cervical and lumbar spines has allowed humans to 
become bipedal and stand upright, which facilitated hunting, 
gathering, and climbing and has contributed to our ability to 
survive and thrive. However, due to an aging population, 
modern lifestyles, and, of course, gravity, we develop aber-
rant, asymmetrical postures that are further complicated and 
exacerbated by muscular imbalances, congenital anomalies, 
previous trauma, repetitive trauma, and various disease pro-
cesses. The activities such as sitting in a chair, using a com-
puter or tablet, looking down while reading, etc., all 
contribute to imbalances that lead to aberrant postural adap-
tations. The average person has rounded shoulders, an ante-
rior head carriage, and straightening of the lordotic curves or 
over-accentuation of these curves. Each of these factors dis-
places the biomechanical stresses that are translated through 
the spine. The IVDs act as “shock absorbers” and attempt to 
dampen and combat the effects of gravity.

Surrounding the spine is a great network of ligaments that 
help to support the structure and provide stability. When we 
are young and have healthy and full IVD’s, those ligaments 
are taught and very stable. As degenerative processes ensue, 
e.g., due to biomechanical changes, trauma, and aging, there 
may be a loss of disk height. This creates a scenario where 
those (noncontractile) ligaments become less taught, allow-
ing for added intersegmental movement and a translation of 
the biomechanical stresses to move more posteriorly. 
Typically, this is met with challenge by the body. Muscle 
spasms occur in the posterior elements and paraspinal mus-
cles in an, albeit futile, attempt to hold and stabilize the 
affected areas. Ultimately, Wolff’s law dictates that, when 
added stress is placed on bone, the bone will undergo adap-
tive changes in an effort to increase its density [22]. This is 
the reason why it is so important for aging patients to per-
form weight-bearing exercises to help prevent osteoporosis.

Unfortunately, this process can also become pathological. 
As the biomechanical stresses are translated posteriorly, 
other areas of the spine begin to assume added stress. For 
instance, both the facet joints and ligamentum flavum can 
become hypertrophic. Furthermore, as the body attempts sta-

24 Axial Spine and Sacroiliac Joint



250

bilization, bone will start to grow osteophytes, which are 
also known as bone spurs. These osteophytes can cause pain 
and expand into tight places, such as the neuroforamen. 
Hypertrophic growth of the ligamentum flavum can cause 
central canal stenosis and bony overgrowth in the areas sur-
rounding the facet joints and can contribute to central and 
neuroforaminal stenosis. Additionally, hypertrophic growth 
of the facet joints can increase friction and stretching-type 
stresses on surrounding tissues and nerves, such as the 
medial branches. This will cause irritation, which may lead 
to swelling and/or continuous/spontaneous firing of these 
sensory nerves, causing pain.

 Preoperative Considerations

The success of the injection therapy depends on these 5 key 
variables:

• Patient selection
• Indication
• Provider skill level
• Technique of the procedure
• Quality of product

It is imperative to include the patient as a partner in treat-
ment planning process making sure the patient understands 
the risks and benefits of the treatments and has realistic 
expectations from the procedure.

 Diagnostic Injections

Establishing a diagnosis of facet-mediated pain and sacroili-
itis is relatively straightforward and well-described in multi-
ple textbooks. Physical exam and diagnostic injections are 
the preferred means of ascertaining a facet joint or SI joint is 
a pain generator. If diagnostic injections with sodium- 
channel blockers are utilized, one should wait a minimum of 
10–14 days before utilizing a regenerative product as these 
medications can be cytotoxic and cause damage to the injec-
tate (particularly platelets). If corticosteroids are used in the 
diagnostic injection and PRP is the chosen treatment, one 
should wait a minimum of 14 days. Similarly, a discogram 
can be utilized to determine whether discogenic pain is pres-
ent and which disc is the culprit.

Practitioners may be concerned about whether or not to 
perform discography prior to these procedures. This is, of 
course, a clinical decision and may provide diagnostic ben-
efits; however, there are drawbacks to be considered. First, 
the procedure, itself, is unpleasant for the patient. If given 
enough clinical evidence from examination and diagnostic 
imaging (typically, a T2-weighted MRI image in the axial 

plane is easiest to visualize), demonstrating a contained 
annular tear can be adequate information to proceed with 
the treatment. Next, the disk is able to receive only a small 
amount of volume. By adding fluid or gas from a discogram, 
we are further limiting the volume of biological substrate 
that can be utilized point of care, thereby perhaps limiting 
the full effectiveness of the procedure. Therefore, signifi-
cant time must be permitted to pass if a discogram is utilized 
to allow the volume from this procedure to dissipate and 
permit the disc the ability to accept the intended volume of 
the treatment, itself. This would necessitate two separate 
procedures and, therefore, cause the patient extra pain, as 
well as increase the likelihood of any adverse events. 
Additionally, the insertion of a large-bore needle into the 
disk can cause perforation and the release of intradiscal con-
tents. The containment of the disk material with some sur-
viving structural annular fibers is important to keep all 
amount of biological substrate contained within the disk to 
promote healing. If there is a full-thickness tear in the annu-
lus, whether from the initial trauma/pathology or from the 
introduction of a large-bore needle into the disk, it may 
allow any medication, biological or otherwise, to simply 
spill out the disk and may not provide adequate time for 
directed healing within the targeted area.

 General Considerations

The following risk factors in patients need to be specifically 
evaluated and addressed prior to the procedure for meaning-
ful response:

• Dependence, addiction
• Medical or psychiatric issues
• Non-compliance
• Comorbidities
• Multiple nonspecific generators of pain
• Immunocompromised patients

The following are generally accepted precautions prior to 
the spine injection therapies with PRP or MSCs:

• NPO for 6–8 hours preprocedure depending on the risk 
factors.

• No use of non-steroidal anti-inflammatory drugs 
(NSAIDs) minimum of 1 week before the procedure.

• No corticosteroids for 10 days prior to the procedure.
• No anticoagulation 7–10  days prior to the procedure 

depending on the half-life of the anti-coagulant.
• Have a ride back home after the spine procedure.

The following are generally accepted contraindications 
for the biologic therapy:
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• Patient refusal
• Hematologic blood dyscrasias
• Platelet dysfunction
• Generalized or local infection
• Septicemia or fever
• Malignancy, particularly with hematologic or bony 

involvement
• Allergy to bovine products if bovine thrombus is to be 

used

 Radiographic Guidance

These injections should be performed under direct visualiza-
tion with the aid of fluoroscopy or CT scan. Ultrasound can 
be utilized for the SI joint; however, this technique is not 
widely utilized.

 Equipment

The required equipment depends on both the biologic being 
used and the target being treated. The target-related equip-
ment is essentially the same as what would be used for a 
typical injection – in other words, an SI injection or intra- 
articular injection with PRP or MSCs would not be any dif-
ferent than one with corticosteroid. The only differences 
would be that one must maintain sterile technique through-
out and the minimum gauge of the needles should be 22 g. 
Primer anticoagulant solution EDTA is typically utilized 
within the commercially available kits for acquiring both 
PRP and MSCs from patient tissue; however, some recom-
mend predraw priming of equipment with heparin in case of 
bone marrow–related draw. Traditional or premanufactured 
kits can both be used successfully as long as sterility and 
concentration are kept forefront in preparation of the final 
biologic injectate.

Once the practitioner has decided upon which biologic 
they will employ for treatment, the next consideration 
becomes acquisition. While fibrin is available “off-the- 
shelf,” PRP is not and must be acquired from the patient. 
MSCs and allogeneic grafts are somewhat of a hybrid as they 
can be acquired from the patient in the same fashion as PRP 
and will eventually be available for purchase on a patient-by- 
patient basis.

 PRP

While PRP, itself, cannot be purchased, the kits for acquiring 
it can be. Refer to Chap. 3 for a more in-depth discussion on 
how it is created from whole blood, how it works, and how it 
should be handled.

 MSCs and Allogeneic Grafts

There are a number of different sources available for 
MSCs – the most common sources are bone marrow aspi-
rate, aka BMAC, and adipose, aka stromal vascular fraction 
(refer to Chaps. 4 and 5 for a more detailed discussion of 
BMAC and adipose-acquired MSCs, respectively). The 
choice of the particular source type becomes a very impor-
tant consideration, since every step toward differentiation 
leads the cell down a path to ultimately become part of a 
particular tissue type. For example, embryonic stem cells 
will further differentiate to the ectoderm, mesoderm, and 
endoderm lineages, which then further differentiate into 
specific cell types, such as neuronal, connective, or organ 
tissue. Because stem cells are immature by definition, early 
sourcing focused on using embryological samples. 
Embryonic stem cells represent true pluripotent cells that 
are capable of differentiating across all cell lines. While this 
represents a significant source of these undifferentiated 
cells, political, ethical, and religious concerns present chal-
lenges for research and clinical use of these types of cells. 
On the other hand, umbilical cord stem cells represent an 
excellent source of multipotent stem cells that have the 
potential to differentiate into more than one type of cell, but 
not all cell lines. Stem cells derived from cord blood are rich 
in hematopoietic stem cells (HSCs) and can differentiate and 
give rise to all blood cell types, whereas cord tissue is rich 
in MSCs, which can differentiate and give rise to a number 
of cell lines, such as connective tissue, bone, cartilage, mus-
cle, and ligament [32]. Placental donations represent another 
viable source of stem cells. Placental tissue is rich in both 
hematopoietic stem cells (HSCs) and mesenchymal stem 
cells (MSCs) . The latter can be isolated from placental vil-
lous tissue, amniotic fluid, and fetal membranes [33].

Although the current use of biologics in clinical settings 
may be restricted by the human limitations of cellular dif-
ferentiation, laboratory scientists have demonstrated the 
ability to take somatic cell types and “dedifferentiate” them 
into a type of pluripotent cell known as induced pluripotent 
stem cells (iPSCs) via a process called transfection. This is a 
very exciting development that can potentially yield an 
unlimited supply of these building blocks, which can then be 
used to help repair unlimited tissue types. However, this 
requires a great deal of “manipulation” and, as stated above, 
there are various local laws that govern the extent to which 
cells may be manipulated prior to their use in clinical set-
tings. More importantly, unlike the other viable sources of 
stem cells, transfection has been associated with oncogenic 
properties (e.g., the formation of teratomas and other tumor 
types in  vivo) [34]. Research is underway to address this 
limitation.

Clinically, however, all of the abovementioned sources of 
MSCs represent challenges to the practicing physician in 
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terms of both accessibility and point-of-care utilization. In 
current practice, most physicians are taking advantage of 
easily accessible methods to harvest and concentrate these 
cells, such as lipo-aspiration and bone marrow aspiration 
techniques. While such sources contain a relatively lower 
ratio of stem cells to fully differentiated cells, these tech-
niques represent a true point-of-care method for collecting 
and concentrating viable autologous stem cells. Due to 
MSC’s specific ability to differentiate into these cell types 
and because of practical considerations, such as ease of 
extraction and point-of-care treatment, these are the autolo-
gous types of stem cell therapies that are most often utilized 
in clinical settings.

* At the time of this publication, there are no FDA- 
approved sources for MSCs or allogeneic grafts that are 
readily available for “off-the-shelf” purchase for intradiscal 
therapy; however, there are a number of products in clinical 
trials (i.e., Discgenics™, Mesoblast™, Vivex™) that are 
aimed at that very utility.

 Fibrin

Refer to Chap. 6.

 Technique

The overall technique for injecting a biologic into these tar-
gets is virtually the same as any other conventional injection 
into them for any other purpose. There are some subtle dif-
ferences and important points to keep in mind:

 Facets

• Strict sterile technique throughout – the technique is oth-
erwise the same as any other intra-articular facet 
injection.

• Volume: 0.3–0.5 cc per joint.
• Do not allow any sodium-channel blocker (i.e., lidocaine 

or bupivacaine) to enter the joint. If any is used within the 
spinal needle, make sure to flush it with preservative-free 
normal saline before the tip makes entry within the joint 
capsule.

• Try to avoid using any contrast to perform a confirmatory 
arthrogram as this will limit the amount of volume the 
joint can accommodate.

• Once the injection is complete, wait 45–60 seconds – with 
the needle still in place, unscrew the syringe from the luer 
lock, place the stylet back within the needle, and then 
slowly withdraw it.

• Replace the stylet within the needle prior to removing it 
from the facet joint. This will limit the amount of injectate 
that escapes out once the needle is removed

 Sacroiliac Joint

• Strict sterile technique throughout.
• Volume: 3–5 cc per joint.
• The injection should be performed at 2 points – the infe-

rior one-third as well as the middle-most aspect of the 
joint. The middle aspect of the SIJ may not allow as much 
of the biologic to be injected here as the inferior portion, 
however attempt to deliver at least 25% of the total vol-
ume here.

• Do not allow any sodium-channel blocker (i.e., lidocaine 
or bupivacaine) to enter the joint. If any is used within the 
spinal needle, make sure to flush it with preservative-free 
normal saline before the tip enters the joint.

• As with the facet injections, try to limit the use of con-
trast. However, as the SIJ is much larger, a small amount 
of up to 0.3 cc of contrast may be used.

 Intervertebral Discs

• Do not mix antibiotic with the injectate as one would do 
in a discogram – the technique is otherwise the same as 
any other with respect to needle trajectory, target, and 
fluoroscopic view.

• Volume: maximum of 1.8 cc per lumbar disk.
• Do not allow any sodium-channel blocker (i.e., lidocaine 

or bupivacaine) to enter the joint. If any is used within the 
spinal needle, make sure to flush it with preservative-free 
normal saline before the tip makes entry within disk  – 
some lidocaine may be used just outside the annulus to 
limit the discomfort that is typically encountered when a 
needle punctures the disk.

• Do not use any contrast  – so long as the needle tip is 
within the middle most aspect of the disc in anterior- 
posterior and lateral views, there should be little doubt as 
to whether or not it is within the nucleus pulposus.

• A manometer should be used to ensure that injection pres-
sure is steady and does not exceed 100 psi at any point. 
Should the injection pressure reach or exceed 80  psi, 
reduce pressure on the syringe or pause injection alto-
gether until the psi drops below 80 psi.

• Injection should take place over at least 10 seconds.
• Once the injection is complete, wait 60 seconds – with the 

needle still in place, unscrew the syringe from the luer 
lock, place the stylet back within the needle, and then 
slowly withdraw it.
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• Replace the stylet within the needle prior to removing it 
from the facet joint. This will limit the amount of injectate 
that escapes out once the needle is removed.

• When using intradiscal PRP, sterility should be the abso-
lute priority. PRP is handled extensively throughout the 
process of its creation from the venous blood draw, centri-
fuging, and then ultimately drawing it up from the recep-
tacle provided within the kit after it is spun down. During 
this process, there are number of times that a pathogen 
may be introduced. As stated above, intradiscal antibiot-
ics are to be avoided; therefore, one must ensure that ste-
rility is maintained as much as possible each time the 
product changes hands.

 Post-procedure Considerations

As mentioned previously, non-steroidal anti-inflammatory 
drugs (NSAIDs) are contraindicated prior to and following 
these injections, as the effects of these NSAIDs are thought 
to reduce the effectiveness of the biologics, by limiting the 
initial inflammatory phase after the injection, reducing local-
ized debridement, and decreasing local collagen synthesis 
and subsequent repair of the affected tissues. Baby aspirin 
used for cardiac prevention is generally not considered con-
traindicated, as removing the therapy may have unrelated 
consequences and the dose is considered significantly low 
enough to marginally impair or at least limit any detriments 
to the effectiveness of the biologic therapy. Due to the half- 
life of these medications, it is recommended that the patient 
refrain from NSAIDs for 2 weeks prior to the treatment and 
for 3–4  weeks after the treatment for maximum benefits. 
Corticosteroids, having even longer half-lives, are recom-
mended to be avoided for at least 1 month prior to biologic 
injections and avoided for at least 1 month systemically and 
as long as possible for any local injections near the area of 
treatment.

Consideration to rehabilitate the affected area prior to 
(prehab) and after the initial soreness from the injection 
wears off should be taken. Similarly, in orthopedic surgical 
cases, prehab and rehabilitation of the affected area will 
result in reduced post-op symptoms, faster recovery, and 
eventual realignment of muscular fibers that have undergone 
tendinopathic morphic changes. These additional steps aim 
for eventual stabilization of the affected area, reduced pain, 
to help prevent future injury and to help recover faster from 
future injury. Stabilization of the affected areas after the 
procedures can be considered and is especially important 
when dealing with unstable joints and lax ligaments. This 
laxity can be addressed by stabilization of the area for 
3–6  weeks post-op. Typically in the lumbar spine, this is 

accomplished by using lumbar, thoraco-lumbar, and/or pel-
vic stabilizing durable medical equipment, depending on 
the patient’s condition and treatment area. As with other 
durable medical equipment, the patient is advised to wear 
the bracing when out and about, performing weight-bearing 
activity and typically avoiding bracing to sleep (can be dif-
ferent for orthopedic joint treatments) or while stationary 
around the house. Depending on the amount of laxity pres-
ent, physical activity, and fitness levels of the individual 
patient, bracing may be unnecessary all together. Use of this 
type of bracing is typically best serving for 3–6 weeks post-
op and combined with rehabilitation to realign muscle fibers 
and add additional stabilization to the area. Addressing 
shortened muscles such as glutes, psoas, hamstrings, para-
spinals, etc., and strengthening weak areas such as core 
muscles can help balance forces through the affected joints, 
minimize future flares, as well as hasten repair of tissue and 
resolution of symptoms.

Finally, consideration toward the patient’s nutritional sta-
tus may be addressed. As one of the major goals of the bio-
logical injections is collagen synthesis and tissue repair, 
enhancing the body’s ability to synthesize and create the col-
lagen molecule may be beneficial. Vitamin C is a rate- 
limiting co-enzyme for collagen synthesis. An oral dose of 
approximately 3 grams daily, in divided doses, is typically 
tolerated well. If the patient is sensitive, or has gastrointesti-
nal issues, a buffered vitamin C can be used to minimize any 
GI discomfort. Amino acids such as proline, protein supple-
ments containing various free amino acids, and/or collagen 
products may also be used to theoretically enhance the avail-
ability of chemical constituents necessary for tissue repair.

 Potential Complications and Pitfalls

The complications from lumbar biologic injections in hands 
of skilled and diligent interventionist are rare. The most 
common complications can be categorized in a twofold fash-
ion: complications related to the placement of the needle and 
complications related to the administration of various drugs 
including biologics.

Most problems, such as local swelling, pain at the site of 
the needle insertion, and pain in the low back, are short-
lived and self-limited. More serious complications may 
include thromboembolism, dural puncture, spinal cord 
trauma, subdural injection, neural trauma, injection into the 
intervertebral foramen, and hematoma formation; infectious 
complications include discitis, epidural abscess, and 
 bacterial meningitis; and side effects related are to the 
administration of steroids, local anesthetics, biologics and 
other drugs.
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 Conclusion

The use of biologics for spine and orthopedic conditions has 
been one of the most intriguing innovations in recent times. 
Regenerative injection therapies are of interest to a wide 
range of stakeholders, including patients, physicians, 
researchers, the pharmaceutical industry, and medical device 
companies. These therapies are being utilized at an exponen-
tial rate, which is expected to continue with increased efforts 
toward precision, personalization and uniform utilization, 
and conformity.

The absence of technical and ethical oversight for the use 
of biologics has led to nonuniformity in clinical practice and, 
therefore, outcomes. Additional research is needed to better 
standardize the utilization of these biological substances. 
The newest guidelines put forth by the American Society of 
Interventional Pain Physicians (ASIPP) are a significant step 
toward this lofty goal and increase the likelihood that bio-
logical regenerative medicine injection therapy will become 
the standard of care.
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Adipose-Derived Regenerative Cellular 
Therapy of Chronic Wounds

Joel A. Aronowitz and Bridget Winterhalter

 Introduction

Wounds are among the most timeless of medical conditions. A 
wound by definition is a defect in the integrity of the integu-
ment and represents a fundamental threat to health. It is there-
fore unsurprising that healing is a basic process that is 
frustrated only by significant negative local or systemic fac-
tors. As a consequence of one or more of these factors, either 
singularly or in combination, some wounds fail to heal in a 
timely fashion. The term chronic wound refers to an integu-
mentary defect that does not heal in the expected way or within 
3 months using conventional wound treatments. A chronic 
wound is characterized by the persistent loss of skin integrity 
with exposure and often loss of underlying soft tissue over an 
extended period of time. A chronic wound is typically defined 
as failure of the healing process to restore skin integrity after 
3  months with conventional wound care. Chronic wounds 
negatively affect the quality of life and complicate the health 
of approximately six million people in the United States [1]. 
These chronic wounds are most often the result of the inter-
play of systemic factors such as diabetes and obesity with 
local factors such as arterial insufficiency, chronic edema, 
venous congestion, and trophic changes [1, 2].

Diabetes is a chronic disease that affects roughly one- third 
of the adult population in the United States [3]. Patients with 
diabetes are especially vulnerable to the development of lower 
extremity chronic wounds. The current treatments available 
for diabetic chronic wounds usually involve systemic glucose 
control, ensuring adequate extremity perfusion, debridement 
of nonviable tissue, off-loading, control of infection, local 
wound care, and patient education administered by a multidis-
ciplinary team [4]. It has been reported that about fifteen per-
cent of diabetic patients will develop a foot ulcer in their 

lifetime, and approximately fifteen to twenty percent of these 
ulcers will result in lower extremity amputation [5]. These 
amputations result from complications of diabetes that make it 
difficult for wounds to heal, such as neuropathy, impaired 
immunity, and vascular deficits.

Similarly, venous disease accounts for a large percentage 
of lower extremity chronic wounds. Venous hypertension 
secondary to various causes results in distension and inconti-
nence of low compliance vessel walls and ultimately leads to 
trophic changes and ultimately skin breakdown. Standard 
treatment for venous ulcers typically includes the use of 
mechanical compression and limb elevation to reverse tissue 
edema and improve venous blood flow. Arterial ulcers, which 
are less common, are a result of impaired circulation which 
affects healing and leads to ulceration. Care for chronic 
wounds caused by arterial insufficiency is centered on rees-
tablishing blood flow and minimizing further loss of tissue 
perfusion. Failure to treat venous or arterial ulcers can also 
lead to lower extremity amputation.

Wound healing is a complex multifactorial process involv-
ing the interaction of inflammation, wound contraction, 
granulation tissue formation, re-epithelialization, and angio-
genesis [6]. These stages of wound healing are regulated by 
platelets and immune cells, such as monocytes and neutro-
phils, which secrete chemokines and cytokines that attract 
and instruct other locally present cell types in the skin [7]. 
Unfortunately, most of the available treatments mentioned 
are limited in effectiveness and are often not sufficient to 
guarantee adequate healing [6]. The standard rate of healing 
is low for chronic wounds, only 24% or 30% of diabetic foot 
ulcers will heal at weeks 12 or 20 respectively [8]. Untreated 
chronic wounds run the risk of infection, further tissue and 
bone damage, and pain that collectively may result in the 
need for amputation as mentioned earlier. As a result, there is 
a growing need to develop improved techniques in chronic 
wound management, specifically techniques based on the 
concept of converting a chronic wound into an acute wound.
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The skin consists of multiple layers starting from the out-
side with the epidermis, dermis, and a subcutaneous layer (a 
layer of adipose tissue containing adipocytes embedded in 
the stromal vascular fraction (SVF)) [9]. The epidermis is 
organized into hair follicles containing the interfollicular 
epidermis as well as sebaceous glands. The interfollicular 
epidermis is maintained by hair follicle stem cells and asso-
ciated progenitor cells, which are also responsible for hair 
growth [10]. After physical damage to the epidermis, hair 
follicle stem cells migrate to the wound area to regenerate 
this damaged tissue [11]. Besides hair follicle stem cells and 
associated progenitor cells, the epidermis consists mainly of 
keratinocyte in various stages of differentiation. The dermis 
comprises vasculature and nerves, as well as specialized 
extracellular matrix. Elastin and collagen are pivotal, which 
provide elasticity and tear-resistance to the dermis [12]. 
Lastly, the subcutaneous layer comprises adipocytes and 
SVF. The SVF consists of all non-parenchymal (adipocyte) 
cell types, such as fibroblasts, immune cells, endothelial 
cells, pericytes, and adipose tissue-derived stromal cells 
(ASCs) [13].

Amniotic tissue has been used in wound care for over 
100 years and experienced a resurgence in recent years due 
to the ready accessibility for “off-the-shelf” purchase. 
Amniotic tissue has a number of qualities that make it ideal 
for wound healing:

• Contains an impressive number of cytokines and essential 
growth factors in concentrated quantities – all of which 
increase the rate wound healing and enchances it

• Has analgesic properties when applied to the wound itself
• Acts as a biological barrier which can prevent work to 

prevent infection
• Can reduce inflammation and scar tissue
• Works as a scaffold/matrix for cell growth and 

proliferation

Currently, “amnio” can be purchased in ready-to-use, 
thin, dehydrated, sterile sheets that can be applied directly 
over a wound like a dressing which makes the application 
relatively straightforward.

Adipose-derived stem cells are of emerging interest in the 
application of wound healing due to their prolonged self- 
renewal capacity and their ability to proliferate and induce 
differentiation into various cell types [6, 14]. Recent studies 
have suggested that human adipose-derived stem cells 
(ASCs) may play a supportive role in wound healing by con-
verting chronic wounds into acute wounds through the for-
mation of vascular structures via direct and indirect 
mechanisms [14]. ASCs promote wound healing by increas-
ing vessel density, granulation tissue thickness, and collagen 
deposition while simultaneously improving the cosmetic 

appearance of the resulting scar [15]. Additionally, ASCs 
secrete nearly all of the growth factors that are involved in 
normal wound healing, including vascular endothelial 
growth factor (VEGF), hepatocyte growth factor (HGF), 
PDGF, and TGFb1, which promote angiogenesis and accel-
erate wound healing [15]. ASCs are an advantageous 
resource because they can be found in abundant quantities, 
they can be harvested with a minimally invasive procedure, 
they can be differentiated along multiple cell lineage path-
ways, they are immunocompatible, and they can be safely 
and effectively transplanted into an autologous or allogeneic 
host [16].

 Commonly Used Treatments

Currently, the treatment of chronic wounds is directed at 
correcting precipitating and perpetuating factors and opti-
mizing the wound bed [17]. Many wounds heal when basic 
principles of wound healing are implemented, but unfortu-
nately some wounds do not heal; therefore, innovative 
approaches are needed. Popular general therapeutic modali-
ties can be seen in debridement, compression, pressure-
relieving devices and surfaces, negative pressure, electrical 
stimulation, hyperbaric oxygen therapy, antimicrobials, and 
dressings [18].

Debridement, one of the most commonly used techniques, 
eliminates foreign material and non-viable tissues from a 
wound bed to allow healthy tissues to be exposed and stimu-
late healing [18]. Compression therapy, often achieved with 
compression bandages, is the mainstay of treatment for stasis 
leg ulcer. However, there is no data to recommend one type 
of compression over another and require patient adherence 
[18]. Hyperbaric oxygen therapy, by exposure to 100% oxy-
gen at a pressure > 1 atmosphere, has been used in the treat-
ment of chronic wounds. Its efficacy may involve improved 
neovascularization, reduced proinflammatory cytokines, and 
increased production of growth factors and collagen [18]. 
There has been increasing acceptance of wound dressings 
that promote moist wound healing. Dressings include the 
following: transparent films, hydrocolloids, foams, alginates, 
gels, and collagen-based products. Presently, there is not 
enough evidence favoring a specific wound dressing. Skin 
substitutes are often a combination of sophisticated matrix 
products and cell therapy, ranging from purely synthetic 
compounds to both cellular and acellular constructs derived 
from human and animal sources [18]. The use of skin substi-
tutes has improved prognosis and reduced morbidity in the 
treatment of chronic wounds.

Allografts from human placenta (aka amniotic tissue) 
have several angiogenic growth factors capable of stimulat-
ing angiogenesis and amplifying the angiogenic response 
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from human endothelial cells in vitro. Randomized clinical 
trials have shown some substitutes to be effective for healing 
chronic wounds [19]. Despite huge advances in medical care 
and nutrition, which have resulted in commendable change 
in the outcome of wound management, new therapies in this 
area are required to optimize outcomes for patients. Adipose 
stromal cells, with their unique properties to self-renew and 
undergo differentiation, are emerging as promising candi-
date for cell-based therapy for treatment of chronic wounds.

 Indications

The most common wound type for which regenerative ther-
apy is used (particularly amniotic tissue) is burns. Other 
wound types include the following:

• Chronic wounds
• Pressure ulcers
• Diabetic foot ulcers
• Venous leg ulcers

 Evidence

Dongen et al. discuss the most recent research, including two 
clinical trials directed at safety of revascularization after 
critical limb ischemia. In both studies, cultured ASCs were 
injected intramuscularly to treat patients with non-healing 
ischemic ulcers. In Lee et al.’s study, ASCs were used in fif-
teen patients with critical limb ischemia [28]. The ASCs 
were derived from the abdominal subcutaneous adipose tis-
sue and injected at a total of 3 × 10^8 cells/ml at 60 points 
into the lower extremity muscles. Clinical improvement 
occurred in 66.7% of the patients. Clinical outcomes included 
lower pain scores, improved claudication walking distances, 
and no changes in the ankle brachial index (ABI) due to for-
mation of numerous collaterals [28].

In the second trial by Bura et al., only seven patients were 
treated, of whom four patients underwent amputation within 
5 months after injection of ASCs [29]. They isolated ASCs 
from the abdominal fat and cultured them for 2 weeks, which 
yielded more than 200 million cells with almost total homo-
geneity and no karyotype abnormalities [30]. The investiga-
tors later injected ASCs intramuscularly into the ischemic 
leg of patients with no complications. Three non-amputated 
patients reported a decrease of pain 6 months postoperative. 
Although the results from these non-controlled, small-scaled 
studies are promising for part of the treated patients, the ther-
apeutic effect needs to be corroborated in randomized, 
placebo- controlled large trials. This is critical, if alone to dis-
tinguish responders from non-responders and to determine 

optimal dosing, frequency of dosing, and to identify param-
eters that dictate efficient and effective wound healing in adi-
pose tissue [9].

In both studies, a large proportion of patients did not 
respond after administration of cultured ASCs [9]. This lack 
of effect of ASCs might relate to disturbed migration and/or 
disposal of ASCs via the circulation and lymph system 
within the first 24 h after injection [31]. Other factors that 
influence the therapeutic impact of ASCs are donor charac-
teristics (e.g., age or comorbidity such as diabetes mellitus), 
as well as the induction of senescence of ASCs after enzy-
matic isolation and culture [32, 33]. The two studies on the 
therapeutic benefit of ASCs on critical limb ischemia, how-
ever, showed that age or comorbidity did not influence the 
therapeutic impact of ASCs [28, 29].

A third study by Marino et al. examined 20 patients with 
peripheral arterial disease, treating 10 patient’s leg ulcers 
with ASC transplantation, while the other 10 patients 
remained as controls. The authors isolated ASCs from the 
abdominal wall fat and used an advanced Celution system 
for cell expansion. Then, a 10-mm syringe was used to 
inject the ASCs at the edges of the ulcer. Compared to the 
untreated controls, wounds that were treated with stem 
cells showed marked reductions in the ulcers’ diameter, 
depth, and associated pain, with no recorded adverse 
events. Complete ulcer healing occurred in six of the ten 
ASCs-treated patients [34].

 Microanatomy and Biochemistry

 Adipose-Derived Tissue

Cultured ASCs secrete a plethora of angiogenic, anti-fibrotic, 
and anti-apoptotic growth factors [9]. There are several 
potential mechanisms by which stem cells could signifi-
cantly contribute to wound healing, but the exact mechanism 
is still under investigation [18]. ASCs are mesenchymal stro-
mal cells that are present in SVF of adipose tissue, attached 
around vessels as precursor cells (i.e., pericytes and periad-
ventitial cells) [20, 21]. In vitro, ASCs have the ability to 
differentiate into multiple lineages under ectodermal, endo-
dermal, and mesenchymal lineages [9]. Different studies 
propose that mesenchymal stem cells’ mechanism of action 
include immune modulation, differentiation into epidermal 
and dermal cells to replace the damaged skin, and paracrine 
signaling pathways [18].

Adipose-derived stromal cells have recently been dem-
onstrated to hold several immunomodulatory effects on host 
immune cells in both wound and transplant biology con-
texts, secreting a plethora of angiogenic, anti-fibrotic, and 
anti- apoptotic growth factors [9]. To release immunosup-
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pressive factors, ASCs can downregulate the immune 
response, making them immune privileged and more ideal 
for allogeneic transplantation [18]. Another consideration in 
wound repair is scarring caused by deposition of excessive 
extracellular matrix. The anti-inflammatory effects of ASCs 
may decrease fibrosis and therefore reduce scar formation 
[22]. It is possible that ASCs can sense that degree of inflam-
mation in the microenvironment and respond by releasing 
growth factors, cytokines, and other mediators to reduce 
inflammation using real-time biochemical cues. If effective, 
reducing  inflammation to a better level to allow healing to 
proceed should also result in improved tensile strength and 
scar quality, thereby reducing wound recurrence [23]. ASCs 
injected directly into excisional wounds were shown to dif-
ferentiate into a number of skin cell types and therefore 
repopulate the wound bed [23]. In tissues with a high rate of 
cell turnover, such as skin, differentiation or transdifferen-
tiation rather than cell fusion is the principal mechanism 
[24]. However, the transdifferentiation ability of adipose-
derived mesenchymal cells has been questioned. They are 
also rapidly mobilized in response to hypoxia, which is 
commonly found in acute and chronic wounds, with poor 
vascularization. MSC differentiation into epidermal cells 
and their migratory capacity contribute to the cell repopula-
tion of the wound bed [18].

In addition, paracrine effects of ASCs in several skin cells 
have been studied for initiating the tissue regeneration pro-
cess [25, 26]. In one animal study, the use of ASCs seeded on 
an acellular dermal matrix found that it enhanced wound 
healing, promoted angiogenesis, and contributed to newly 
formed vasculature in murine mouse models [27]. Finally, 
using these cells in treatment of wound reduces inflamma-
tion, accelerates wound healing, promotes granulation tis-
sue, and increases angiogenesis [16].

 Amniotic Tissue

The amniotic membrane consists of 2 distinct layers:

• Amnion – innermost layer of the placenta
• Chorion – maternal side

The amnion consists of a thick basement layer and an 
avascular stromal matrix. It surrounds the fetus, separating it 
from the mother, and protects it during development. The 
amnion is separated from the chorion by a jelly-like layer. It 
has a layer of epithelial cells which can be easily removed by 
basic cell scraping. The cells of amnion are pluripotent 
which makes it particularly useful for tissue transplantation 
and surface reconstructive surgery (i.e., ocular and genitouri-
nary surgeries). Amniotic tissue has the following 
properties:

• Anti-bacterial and anti-viral – expression of β-defensins, 
elafin, and cystatin E

• Anti-inflammatory – suppressing inflammatory cytokines 
(i.e., IL-1α and β) and expression of migration inhibitory 
factor (MIF), IL-1 receptor antagonist, PGE2, TGF-β, 
HGF, and TNF-α

• Promotes epithelialization
• Supports cellular adhesion
• Promotes angiogenesis – secretion of VEGF, IL-8, angio-

genin, interferon-γ, IL-6, bFGF, EGF, and PDGF from 
amniotic mesenchymal cells

• Secretes growth factors – EGF, KGF, and HGF
• Pro-apoptotic properties toward inflammatory cells  – 

secretion of IL-1, IL-2 receptor antagonist, IL-10, and 
endostatin (all of which inhibit tumor growth as well)

 Basic Concerns and Contraindications

As with most regenerative therapies, conventional therapies 
for wound repair should be attempted first.

 Preoperative Considerations

 Adipose-Derived Tissue – Enzymatic Versus 
Mechanical Isolation

In general, the most efficient methods can isolate about 
500,000-1,000,000 cells per gram of lipoaspirate tissue with 
a > 80% viability [35]. The number of viable cells required 
for treatment of a particular condition is unknown because 
there is insufficient data to establish a reliable dose vs effec-
tive relationship. Because no additional adverse effects are 
reported with the use of autologous ASCs in fat grafting, the 
largest number of cells isolated at the point of care without 
expansion in culture is typically used.

In clinical practice, adipose-derived stem cells are often 
not administered as a pure isolate, but rather as one constitu-
ent of stromal vascular fraction (SVF), a heterogenous mix-
ture of cells resulting from the mechanical or enzymatic 
processing of aspirated adipose tissue. SVF contains a vari-
ety of cells, including macrophages, various blood cells, 
pericytes, fibroblasts, smooth muscle cells, vascular endo-
thelial progenitors, and adipose-derived stem cells [36]. SVF 
is one component of the heterogenous mixture of adipose 
tissue fragments, stromal tissue, blood, and tumescent fluid 
which constitutes lipoaspirate. The ASC content of SVF var-
ies substantially depending on the method employed.

Enzymatic methods of isolating SVF cells from adipose 
tissue at the point of care are based on a commonly used 
laboratory method of obtaining cells. The methods used to 
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manually process adipose tissue using collagenase follow the 
same basic steps, but vary slightly in technique and reagents 
used. Lipoaspirate is washed 2–3 times using an aqueous salt 
solution such as lactated Ringer’s solution, phosphate- 
buffered saline, Hank’s balanced salt solution. It is important 
to select a buffer which is both suitable for optimal enzy-
matic activity and preserving the viability of the cell popula-
tion. Proteolytic enzymes such as collagenase, dipase, 
Clostridium histiolyticum neutral protease (CHNP), thermo-
lysin, clostripain, and trypsin all include calcium ions as an 
activator of catalytic activity [37]. Therefore, it is important 
to have an adequate concentration of calcium in the buffer 
used.

The washed lipoaspirate is then incubated with the enzy-
matic solution of variable concentration and composition, 
depending on the method and tissue dissociation enzyme 
product used. Enzymatic digestion is typically carried out in 
a heated shaker to provide constant agitation at 37 degrees C 
for 30 minutes to 2 hours. The digested adipose tissue is then 
centrifuged, separating the processed lipoaspirate into three 
main layers: the oil/adipose tissue layer, the aqueous layer, 
and the pellet. The SVF is contained within the pellet, allow-
ing the other layers to be discarded. The pellet is washed to 
remove any residual enzyme and filtered to remove tissue 
fragments and detritus. Collagenase-based enzymatic meth-
ods can be up to 1000 times more effective in recovering 
SVF cells than mechanical methods [35]. Enzymatic meth-
ods are more efficient in isolating SVF cells because of the 
disruption of the collagen-based extracellular matrix (ECM) 
which binds together adipocytes and other cells of adipose 
tissue. Mixtures of enzymes have been shown to yield more 
nucleated cells than using only one enzyme, a quality attrib-
uted to the synergistic effect of the proteolytic enzymes in 
the breakdown of ECM [38]; however, collagenase is still 
frequently used as the sole proteolytic enzyme in methods 
using products such as Collagenase NB6.

One topic which is debated across the literature is the 
effect that enzymatic digestion has on the resulting phenotype 
of the cellular population as well as on the other cellular prop-
erties such as proliferation rate and differentiation capacity. 
In 2014, Busser et al. compared the phenotypic characteriza-
tion and cellular functions of resulting SVF cells isolated by 
two different methods: enzymatic digestion with collagenase 
and explant culture [39]. They noted similar phenotypes and 
functions of the ASCs obtained with both methods in terms of 
surface marker characterization, trilineage differentiation, 
hematopoiesis supporting activities, population doubling-
time, and CFU-F formation. Similar findings were observed 
by Gittel et al. in 2013 when they compared the characteris-
tics of cells from equine adipose tissue isolated enzymatically 
versus by explant culture [40]. Overall, it appears that the use 
of collagenase as the primary proteolytic enzyme with an 
incubation time of 2 hours or less does not alter the pheno-

typic or functional characteristics of adipose derived stem 
cells (ADSC) populations of SVF when compared to cells 
isolated using non-enzymatic methods [37].

According to Aronowitz et al., published yields of viable, 
nucleated SVF cells achieved using manual, collagenase- 
based digestions range from 100,000 nucleated cells/cc to 
1,300,000 nucleated cells/cc of lipoaspirate processed. 
Equipment like the PNC Multi-Station (PNC International, 
Gyeonggi-do, Republic of Korea) is commercially available 
for use in the manual preparation of SVF. The PNC Multi- 
Station contains a centrifuge and heated shaker inside of a 
sterile biohood, which allows the processing to be conducted 
in sterile conditions.

Mechanical methods for SVF isolation report signifi-
cantly lower yields of nucleated cells/cc of lipoaspirate pro-
cessed. Cell yields are reported from 10,000 nucleated cells/
cc of lipoaspirate to 240,000 nucleated cells/cc of lipoaspi-
rate [41]. Mechanical methods seek alternative non- 
enzymatic means of removing SVF cells from the adipose 
tissue and tend to be focused around washing and vibrating 
lipoaspirate, followed by centrifugation in order to concen-
trate the SVF cells. The composition of the cell populations 
recovered through simple centrifugation and other non- 
enzymatic methods has been shown to contain a greater fre-
quency of peripheral blood mononuclear cells and a 
substantially lower number of progenitor cells [42].

Although enzymatic methods consistently yield higher 
cell counts with a higher frequency of progenitor cells, 
mechanical methods offer some distinct advantages. 
Mechanical methods tend to offer a faster processing time, 
some less than 15 minutes, because they do not require addi-
tional time for enzymatic digestion to occur, which some-
times can take up to 120  minute. In addition to time, 
mechanical methods can be fairly expensive, with costs of 
$2–$5 per gram of tissue processed using GMP grade 
enzymes [43].

 Equipment

 Amniotic Tissue

The only equipment needed when using amniotic tissue for 
wound care are sterile forceps to handle and place the graft 
on the wound, materials for dressing to place over the graft, 
and Steri-Strips to potentially secure the graft in place if 
movement is a concern.

 Adipose-Derived Tissue

Refer to Chap. 5 for an in-depth discussion on obtaining and 
processing SVF from adipose.
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 Technique

 Amniotic Tissue

The technique for applying amnio depends on the disease 
process, wound type, and manufacturer recommendations. 
The initial steps that one would follow prior to initiating 
treatment are the same as those that would be implemented 
for any wound treatment and not specific to amniotic tissue 
(i.e., documentation of wound size, depth, presence of 
necrotic tissue, assessment of circulatory status, barriers to 
healing, nutritional status, etc.). Next the wound should be 
clear of any necrotic tissue (i.e., debridement) and have no 
signs of infection. Most amniotic tissue is available in small 
ready-to-use sheets that can be trimmed to fit the wound. It 
can be placed on the wound wet or dry and the stromal col-
lagen layer MUST be facing the wound surface. Thereafter, 
steps should be taken to ensure that the AmnioGraft® is held 
in place  – one can use Steri-Strips and/or a dressing. The 
graft should then be left in place for at least 7–10 days before 
it is disturbed. A second graft can be placed after 14 days if 
needed.

 Adipose-Derived Tissue

The mode of delivery for adipose-derived MSCs will differ 
depending on the disease process and wound. Progress has 
been made with ASCs alone, ASCs with scaffolds, as well as 
skin graft models. The routes of delivery of ADSCs alone 
into the wound vary between topical administration over the 
wound bed, intradermal injection around the wound, and 
intrafascial and intramuscular injection [30]. Amos and col-
leagues reported that the formulation of ASCs delivery can 
affect their therapeutic potential. For example, ASCs deliv-
ery as multicellular aggregates caused a significant increase 
in wound closure rate, compared to wounds treated with an 
equal number of ASCs, delivered by suspension [44].

Scaffolds are engineered materials designed to cause 
desirable cellular interactions and contribute to forming new 
functional tissues [45]. Biosynthetic scaffolds have been 
used in wound healing and skin regeneration either alone or 
in combination with cells [46]. Adding a scaffold to ASCs 
provides the wound tissue with an extracellular matrix-like 
architecture, which structurally supports these cells, guiding 
their growth in three-dimensional manner in the wound 
space and recreating the exact size of the wound defect [45, 
46]. This method also facilitates revascularization and inte-
gration of the implanted cells in the area [30]. Several bio-
synthetic materials have been used in experimental studies 
with a special focus over those derived from the ECM, owing 
to easier handling and enhanced resistance to infection [47]. 

The various supporting scaffolds used in ASC wound healing 
and those that have shown promising results are decellular-
ized silk fibroin scaffold, PLGA scaffold, and atelocollagen 
matrix silicon membrane [30].

Skin substitutes are currently being used as scaffolds to 
ensure optimal delivery of stem cells into the wound defect 
[48]. In comparison to control mice, hyperglycemic mice, 
treated with ASCs, showed a significant improvement in 
graft intake [49]. Trottier et al. reported their ability to con-
struct a trilayer human skin substitute from keratinocytes, 
dermal fibroblasts, and ASCs without using a scaffold. The 
resulting substitute was grafted into athymic mice and was 
able to create a well-differentiated epidermis in 21 days [50].

 Potential Complications and Pitfalls

Despite the rapid progress in evaluating the efficacy of mes-
enchymal cells from adipose tissue in wound healing and the 
growing research reporting the promising outcomes in 
chronic wound care, there remain issues that must be 
addressed, most importantly, concerns with the risk of malig-
nant transformation and cancer induction. In a study by Yu 
et  al., subcutaneous injection of ASCs with tumor cells in 
nude mice stimulated tumor outgrowth [51]. In another study 
by Rubio et  al., spontaneous transformation of stem cells 
into malignant phenotypes was reported [52]. However, the 
authors later retracted their article due to suspicion of con-
tamination and inability to replicate the transformation 
events [30]. Contrary, all conducted clinical trials to date 
confirmed the safety of ASCs treatment in diabetic ulcer 
patients; however, they were limited by small sample size 
and short follow-up period [28, 29, 34]. Studies exploring 
the long-term safety of ASCs-derived therapeutics are 
necessary.

Most SVF cell isolation protocols follow the same basic 
steps which involve washing the lipoaspirate to remove 
excess blood and tumescent solution, enzymatic digestion to 
dissociate the tissue, followed by centrifugation and addi-
tional washing to collect the SVF cells, but there is signifi-
cant variation in how these methods are executed across 
different isolation methods. In obtaining a protocol that is 
standardized, it will allow for more research with larger pop-
ulations. These processes of obtaining cells can be complex 
and must be done correctly to ensure a safe application of 
ASCs.

There still remains questions in the mechanism of action 
for ASCs. There appears to be more investigations to define 
the interactions between adipose-derived cells and the other 
cell types present in the wound. Further identification of the 
ASC-derived factors responsible for tissue responses to 
injury are crucial for the understanding of how ASCs are 
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affected by the wound environment. Determining whether 
ASC production of cytokines and growth factors is regulated 
during wound healing will explore whether ASC supernatant 
can be used to enhance healing [18]. Without knowing the 
full mechanism of action, it is difficult to determine the 
degree of cell survival following implantation, which may 
adversely affect long-term treatment.

Orteo-Vinas reports other considerations such as the fol-
lowing: (1) cost-effectiveness of acquisition, testing, storage, 
and subsequent use in humans; (2) easy accomplishment of 
stem cell delivery without the use of sophisticated laboratory 
techniques; (3) the treatment must be such that it can be used 
in the clinic, and not just within the confines of a laboratory- 
associated clinical research team; (4) having competent lab-
oratory personnel; and (5) the availability of off-the-shelf 
stem cell product for immediate use in cases involving burns 
and/or trauma [18].

 Conclusion

The administration of ASCs is promising as new therapy for 
the treatment of non-healing dermal wounds. Currently com-
mon treatments include debridement, compression, pressure- 
relieving devices and surfaces, negative pressure, electrical 
stimulation, hyperbaric oxygen therapy, antimicrobials, and 
various dressings. Although the mechanism is not fully 
understood, it is well known and understood that cultured 
ASCs secrete a plethora of angiogenic, anti-fibrotic, and 
anti-apoptotic growth factors. There are currently a few stud-
ies that explore the topic of ASCs in wounds, and they 
appeared promising and safe, but population sizes remain 
small. Mechanical techniques, such as simple washing or 
centrifugation of lipoaspirate, are effective in isolating ASCs. 
Mechanical methods are appealing because they are simple, 
quick, and generally not associated with expensive equip-
ment or disposables. While more expensive than mechanical 
options, enzymatic methods for the isolation of stromal vas-
cular fraction cells from adipose tissue yield more nucleated 
cells with a higher number of progenitor cells.
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 Overview

Adipose-derived stem cells (ADSCs) are small stellate- 
shaped pluripotential cells, which reside in large numbers on 
the walls of small vasculature. It is estimated that each gram 
of adipose tissue contains approximately three million of 
these mesenchymal cells. Although the HLA surface protein 
expression of these cells is heterogenous, including CD 34, 
the sine qua non of definitive identification is their tendency 
to adhere and form colonies in vitro [1, 2]. This tendency is 
reported in a standard laboratory test known as Colony 
Forming Units (CFU). Adipose cells expressing this ability 
are further categorized by a range of tests including mRNA 
arrays, flow cytometry, and transcriptomic analyses [1, 2]. 
Interest in these cells has resulted in publications from a 
wide range of researchers from cell biologists to practicing 
clinicians. This profusion of scientific papers often produces 
a confusing terminology as authors frequently suggest 
updated nomenclature to reflect an evolving understanding 
of the behavior of these complex cells. In the final analysis, 
ADSCs may be properly classified as mesenchymal, connec-
tive tissue pluripotential messenger cells found most abun-
dantly in peripheral adipose tissue. They possess the potential 
to repeatedly divide 25–28 times to produce daughter stem 
cells. The somatic daughter cells may differentiate to virtu-
ally any connective tissue cell type, recruit circulating cells 
such as the macrophage, and direct the differentiation of 
these and locally resident cells. The term messenger is 

appended to ADSCs because they are well known to direct 
the behavior of other cells through a protean range of para-
crine effects.

A large body of preclinical research elucidates the cellu-
lar characteristics and behavior of these pluripotential cells, 
which are found concentrated in the stroma of adipose tissue 
and support the concept of utilizing these cells for cosmetic 
purposes to replace senescent volume loss and reverse other 
esthetic changes in the skin and subcutaneous tissue observed 
with age such as attenuation of dermal thickness, loss of sub-
cutaneous adipose tissue, loss of dermal elasticity, and pig-
ment changes.

Based on the preclinical literature, clinicians applied 
autologous adipose-derived stem cells in the treatment of a 
wide variety of esthetic purposes. The ease of accessibility of 
autologous cells from adipose tissue, their regenerative prop-
erties, and a proven clinical safety profile suggest that ADSCs 
offer the possibility of a unique treatment modality for many 
age-related and elective cosmetic treatments [3]. These 
applications include restoration of volume loss and redistri-
bution due to aging, improvement of thin and fragile skin, 
and reversal of unsightly pigmentary changes associated 
with age and sun exposure. Most of these reports pertain to 
treatment of facial senescent changes, but there are many 
applications related to other areas of the body as well.

A brief summary of age-associated and environmental 
exposure-induced changes in the skin and subcutaneous 
layer is necessary to understand stem cell applications in 
treatment.

Age-related changes to the skin include a loss of skin 
elasticity, wrinkling, decreased amount of hair follicles, and 
a reduction in sweat and sebaceous glands. Overall, the epi-
dermis regenerates at a slower rate with age, influenced in 
part by slowed collagen synthesis [4]. Skin thickness is 
decreased due to loss of vascularization and cell prolifera-
tion, particularly of keratinocytes and collagen [5, 6]. 
Changes in the structure and adhesion levels of subcutaneous 
white adipose tissue reduce skin elasticity [7]. As the number 
of adipose-derived stem cells decreases, the number of 
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 adipocytes in a given area of the face decreases, reducing 
skin stiffness and increasing wrinkles [7].

Environmental factors such as tobacco smoking, infrared 
radiation, and ultraviolet exposure can accelerate the skin 
aging process and further contribute to wrinkles and loss of 
epidermal thickness [4, 8]. Environmental damage to the 
skin, including photoaging, tends to occur more often in 
males than in females [9]. Ultraviolet exposure in particular 
alters skin pigmentation and texture as well [8].

Beyond aging, the skin can undergo esthetic changes such 
as vitiligo, a skin condition in which loss of melanocytes 
leads to skin discoloration [10]. Although it only affects 
about 1% of the population, it serves as a good example of a 
disorder that drives patients to seek cosmetic treatments to 
preserve their appearance [11]. Traditionally, vitiligo is 
treated with melanocyte transplantation [10].

With respect to the subcutaneous fat layer, the aging 
face exhibits a change in the distribution of adipose tissue 
with age. Three-dimensional modeling of young and old 
facial shapes shows an increase in the mobility of facial tis-
sues with age, specifically toward the lower anterior por-
tion of the face [12]. Overall migration of facial fat to the 
inferior portion of the face contributes to a more masculine, 
square face, and more prominent fat pads below the eyelid 
[13, 14]. The nasolabial fold also becomes more defined, 
and loss of subcutaneous fat in the orbital area leads to a 
deeper orbital rim that makes the eyes appear sunken [14]. 
There has been an increase in efforts to identify more ways 
to address the facial volume loss a patient might experience 
as they age [15].

Historically, tissue volume concerns have been addressed 
with fat grafting. This technique is not only used for facial 
procedures but can also be useful for breast reconstruction 
purposes in breast cancer patients following mastectomy 
[16]. However, traditional autologous fat grafting is limited 
by unpredictable rates of reabsorption, causing patients to 
undergo multiple fat grafting procedures in order to maintain 
the desired result [17–19]. Furthermore, there is an apparent 
lack of consensus regarding good clinical practices related to 
autologous fat transfer procedures that further contribute to 
the large variation in results [17].

Traditional treatments for aging and environment-induced 
changes to the skin include topical treatments, such as reti-
noid creams. These creams are meant to increase collagen 
synthesis and counteract the degradation of skin cells that 
causes a loss of skin thickness and an increase in skin discol-
oration [20, 21]. Chemical peeling is another common treat-
ment for dermatological concerns such as photoaging to 
stimulate keratinocyte regeneration [22]. However, chemical 
peels run the risk of a wide range of complications, including 
but not limited to hyperpigmentation, skin irritation, and 
scarring [23]. Preclinical and clinical research in recent years 
suggests that the efficacy of these treatments rest, at least in 
part, from initiation of natural tissue regeneration mecha-

nisms through the controlled application of a chemical, 
mechanical, or thermal trauma. ADSCs are rapidly attracted 
to the zone of injury, and adipose derived stem cell’s normal 
regenerative activities are likely key to the desired effects of 
traditional cosmetic treatments such as dermabrasion, laser 
therapy, intense pulsed light, and chemical peels with caus-
tics or acids. The idea of activating the regenerative and anti-
aging effects of pluripotential cells without the negative 
effects of an inciting trauma is fundamental to the use of cos-
metic cellular therapies.

The use of mesenchymal stem cells (MSCs) as a supple-
ment and/or substitute for existing esthetic treatments is 
promising. MSCs possess the benefit of high availability 
from autologous sources, ease of isolation, and ease of 
in vitro expansion. Adipose tissue and bone marrow are two 
major sources of MSCs, both of which have similar proper-
ties to each other [24]. However, adipose tissue has proven to 
be a more favorable source of mesenchymal stem cells, as 
there are a higher percentage of MSCs present in adipose 
tissue in comparison with bone marrow. MSCs make up 
approximately 1% of adipose tissue, while they make up 
only about 0.001% of bone marrow [25]. Adipose-derived 
stem cells (ADSCs) are isolated from Stromal Vascular 
Fraction (SVF), a heterogeneous population of cells isolated 
from adipose tissue using a simple and safe protocol [3, 26]. 
The umbilical cord is also a viable source of MSCs [27]. 
These cells, though not autologously sourced like adipose 
stem cells, do appear to enjoy the same immunologic toler-
ance of all mesenchymal stem cells, and clinical experience 
shows they can be administered with a high safety profile. 
The clinical safety of these cells depends on the integrity of 
the tissue bank that sources and prepares the cells, and thus, 
FDA tissue bank accreditation is essential.

 Applications of Adipose Stem Cells 
for Esthetic Therapies

 Tissue Volume

Traditional fat grafting techniques aiming to restore volume 
to the face struggle with the limitation of a lack of volume 
retention following the procedure [17–19]. This limitation 
may be attributed to the hypoxic conditions the adipose graft 
experiences following transplantation. The process of revas-
cularization of an adipose tissue graft can be inefficient, caus-
ing the graft to suffer hypoxic conditions beyond its upper 
limit, which is around 24 hours. The signaling pathway that 
connects hypoxia to apoptosis of adipose cells is also not 
clearly defined [28]. The use of mesenchymal stem cells 
(MSCs) in conjunction with autologous fat grafting might 
address this issue [29]. Studies have identified that fat grafts 
enriched with adipose-derived stem cells might  mitigate that 
drawback of fat grafting. In one such study comparing tradi-
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Fig. 26.1 Sixty-four-year-old man before and 1 year post-op CAL bilateral cheeks with 30 cc enhanced fat graft per side

Fig. 26.2 Forty-eight-year-old woman, 4 months post-op CAL fat graft to buttock

tional fat grafts with those supplemented with ADSCs, no 
patients who received stem cell therapy had to return for 
another grafting procedure to preserve volume [19].

ADSCs can be used in conjunction with lipoaspirated 
fat in a method referred to as cell-assisted lipotransfer 

(CAL) [30]. This can be a safe and effective option for 
patients interested in an increase in facial volume 
(Fig. 26.1), as well as patients interested in breast recon-
struction or buttock augmentation (Figs.  26.2, 26.3, and 
26.4) [28–30].
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Fig. 26.3 Thirty-year-old woman, 6 months post-op, CAL fat graft to buttock for steroid injection defect

Fig. 26.4 Thirty-six-year-old woman receiving CAL Fat Transfer to breast, 1 year post-op
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Fig. 26.5 STYLE Trial, adipose stem cells injected into scalp for early-stage androgenic alopecia, pre-op, and 6 months and 12 months post-op

 Dermatological Applications (*Pigmentation, 
Thickness, Elasticity, and Vitiligo)

The uses of ADSCs extend beyond preservation of tissue 
volume to esthetic therapies related to the skin. ADSCs have 
been suggested to kickstart the re-epithelialization process, 
stimulating keratinocyte production and organizing these 
newly formed cells [31, 32]. ADSCs can also promote col-
lagen synthesis to further counteract the loss of dermal thick-
ness that occurs due to aging [6].

ADSCs reduce cell death related to UVB ray exposure, 
indicating they could play a role in reducing wrinkles 
caused by photoaging [33]. The antioxidative effects of 
ADSCs could combat the oxidative stress that might lead 
to skin discoloration. Proteomic analysis of cultured 
ADSCs shows a wide range of antioxidant proteins in the 
culture, such as SOD2, PEDF, and HGF [8]. Since antioxi-
dants can influence melanin production, ADSCs can be a 
useful skin whitening agent to counteract skin discolor-
ation [8].

With respect to vitiligo, one study of nude mice found that 
a skin graft containing both melanocytes and ADSCs was 
significantly more effective than a graft of melanocytes 
alone, as shown by a higher increase in overall melanocytes 
[10]. These findings can be reconciled with the aforemen-
tioned skin-whitening potential of ADSCs. While ADSCs 
reduce the number of Trp-1-positive mature melanocytes, 
they can increase the number of Trp-2 positive precursor 
cells that are later differentiated into melanocytes. Preparing 
melanocyte grafts supplemented with ADSCs requires a par-
ticular balance of ADSCs and melanocytes in order to com-
bat the effects of vitiligo [34].

 Hair (Kerastem STYLE Trial)

Hair loss and the decrease in subcutaneous scalp tissue occur 
simultaneously, highlighting the relationship of hair loss to 
adipose tissue [35]. Conveniently, ADSCs show promise for 
the treatment of early androgenetic alopecia. Results from an 
FDA-approved Phase II clinical trial determined that injec-
tion of fat supplemented with a low dose of ADSCs into the 
scalp led to an increase in the amount of hair in subjects 
exhibiting the early stages of hair loss (Fig. 26.5) [36].

 Improvement of Wound Healing and Scarring

ADSCs show promise for a wide array of applications in the 
field of wound care. Wound care entails regular treatment of 
acute and chronic wounds, often involving skin grafts. MSCs 
are particularly useful for this purpose due to their 
 immunoprivileged status as well as their ability to signal cell 
proliferation [37].

One application of ADSCs in wound care is the treatment 
of wound patients suffering from Diabetes Mellitus (DM). 
Wound healing in these patients is challenging due to a lack 
of re-epithelialization of tissue as a result of deficient cellular 
proliferation, similar to the lack of proliferation that causes 
wrinkles in aging patients. Wounds treated with ADSCs have 
shown an increased level of some of the growth factors nec-
essary for cellular proliferation, such as transforming growth 
factor-Beta1 (TGF-β1) and transforming growth factor- 
Beta3 (TGF-β3) [38]. TGF-β1 is implicated in cellular 
migration to a wound site, while TGF-β3 enhances collagen 
organization, indicating that ADSCs might accelerate wound 
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healing through these mechanisms [8, 38]. Moreover, ADSCs 
that are introduced systemically seem to migrate to an injury 
site to promote growth in that area [25]. Studies have also 
suggested the effectiveness of ADSCs in treatment for 
fibrotic scars that might arise after a wound has healed [39].

 Benefits of Using Adipose Stem Cells 
for Esthetic Purposes

The benefits of using adipose-derived stem cells for esthetic 
therapies are vast. An autologous and abundant sample can 
be extracted from a patient’s abdominal area [38]. ADSCs 
possess the most promise for isolation in a safe and mini-
mally invasive manner [3, 40]. SVF extraction yields a higher 
amount of mesenchymal stem cells compared to bone mar-
row and can also be expanded in vitro in order to increase the 
amount of cells available for transplantation into patients 
[26, 38]. Adipose-derived stem cells are also immunoprivi-
leged, lacking the class II major histocompatibility complex 
(MHC-II) [25]. This makes ADSCs ideal candidates for fat 
grafting procedures, minimizing the adverse immune 
response of the patient [25].

 Current Limitations and Future Directions 
for Adipose Stem Cell Treatments

Although ADSCs show a great deal of promise for esthetic 
therapies, limitations exist that merit consideration. While 
SVF can be isolated easily from a patient, the resulting sam-
ple is heterogeneous, containing fibroblasts, pericytes, 
smooth muscle cells, preadipocytes, endothelial cells, and 
immune cells [40]. Isolation of ADSCs requires further effort 
and runs the risk of an ADSC culture that is not exclusively 
made up of ADSCs.

Another limitation of these therapies lies in the possible 
tumorigenic effects of ADSCs. One study suggests that cer-
tain signaling molecules such as CXCL1 that can be derived 
from ADSCs might increase the risk of breast cancer recur-
rence [41]. Obesity also seems to play a role, altering the 
properties of ADSCs [42]. One study identified that leptin 
secreted from obesity-altered ADSCs might stimulate breast 
cancer growth through estrogen-dependent pathways [42, 
43]. Potential cross-contamination of stem cell samples must 
also be taken into account and underscores the importance of 
clearly defined and closely followed protocols for cell extrac-
tion and maintenance [44]. Further consideration should be 
given to these risks before implementing ADSC-related 
esthetic treatments.

At the time of this publication, clinical trials are currently 
conducted to explore some of the benefits of ADSCs for 
esthetic purposes. One such study sponsored by the Medical 

University of Warsaw [45] aims to explore the use of ADSC 
injections to treat scars. Another study, also sponsored by the 
Medical University of Warsaw [46], aims to explore the 
effectiveness of using ADSCs to treat chronic wounds related 
to diabetic foot syndrome.

 Conclusions

Adipose-derived stem cells possess a great deal of promise 
for applications in esthetic therapies ranging from antiaging 
treatments to tissue reconstruction and wound care. They 
have the potential to address issues of fat graft volume reten-
tion, skin elasticity, skin pigmentation, and skin thickness. 
Moreover, ADSCs can supplement wound care procedures to 
provide more effective treatment. Although further research 
is necessary to solidify the safety and efficacy of these treat-
ments, current findings suggest that ADSCs may play a piv-
otal role in esthetic therapies in the near future.
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