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Abstract

Concern that misinformation from direct-to-consumer marketing of
largely unproven “biologic” treatments such as platelet-rich plasma
and cell-based therapies may erode the public trust and the
responsible investment needed to bring legitimate biological
therapies to patients have resulted in calls to action from
professional organizations and governing bodies. In response to
substantial patient demand for biologic treatment of orthopaedic
conditions, the American Academy of Orthopaedic Surgeons
convened a collaborative symposium and established a
consensus framework for improving and accelerating the clinical
evaluation, use, and optimization of biologic therapies for
musculoskeletal diseases. The economic and disease burden of
musculoskeletal conditions is high. Of the various conditions
discussed, knee osteoarthritis was identified as a “serious
condition” associated with substantial and progressive morbidity
and emerged as the condition with the most urgent need for clinical
trial development. It was also recognized that stem cells have
unique characteristics that are not met by minimally manipulated
mixed cell preparations. The work group recommended
that minimally manipulated cell products be referred to as cell
therapy and that the untested and uncharacterized nature of these
treatments be clearly communicated within the profession, to
patients, and to the public. Minimum standards for product
characterization and clinical research should also be followed. A
framework for developing clinical trials related to knee OA was
agreed upon. In addition to recommendations for development of
high-quality multicenter clinical trials, another important
recommendation was that physicians and institutions offering
biologic therapies commit to establishing high-quality patient
registries and biorepository-linked registries that can be used for
postmarket surveillance and quality assessments.

Theclinical use of biologics suchas
platelet-rich plasma (PRP) and

cell-based therapies to treat ortho-
paedic complications has greatly out-

paced the evidence. This phenomenon
is due in part to the prevalence and
seriousness of musculoskeletal con-
ditions, in part due to the lack of
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satisfactory conventional treatment
options, and in part due to widespread
direct-to-consumer marketing of
treatments that fall outside tradi-
tional regulatory pathways. To ad-
dress these concerns, on February 15,
2018, through February 17, 2018,
the American Academy of Ortho-
paedic Surgeons (AAOS) convened
thought leaders from clinical medi-
cine, research, and government at
Stanford University for a “think
tank” symposium on “Optimizing

Clinical Use of Biologics in Ortho-
paedic Surgery.”1 Participants included
academic and private practitioners,
basic and clinical scientists from
academia, patients, representatives
from the AAOS, the National In-
stitutes of Health (NIH), the
American Orthopaedic Society for
Sports Medicine, the Arthroscopy
Association of North America, the
International Cartilage Regenera-
tion and Joint Preservation Society,
and keynote speakers from the

National Institutes of Standards and
Technology, the Stanford Center for
Innovative Study Design, and the
FDA. The goals of the symposium
were (1) to establish a clear, col-
lective impact agenda for improving
the clinical evaluation, use, and
optimization of biologics in ortho-
paedics and (2) to develop a guidance
document on clinically meaningful
end points and outcome metrics to
accelerate the evaluation of biologics
for common orthopaedic conditions.

From Stanford University, Stanford, CA (Dr. Chu, Dr. Bhutani, Dr. Lu, Dr. Mishra, and Dr. Maloney), the Hospital for Special Surgery, New York,
NY (Dr. Rodeo and Dr. Potter), Colorado State University, Fort Collins, CO (Dr. Goodrich), the University of Texas Health Science Center,
University of Texas, Houston, TX (Dr. Huard), the University of Pittsburgh, Pittsburgh, PA (Dr. Irrgang and Dr. Tuan), the Steadman Clinic, Vail,
CO (Dr. LaPrade), the Brigham and Women’s Hospital, Boston, MA (Dr. Lattermann), Santa Monica Orthopaedic and Sports Medicine, Santa
Monica, CA (Dr. Mandelbaum), Columbia University, New York City, NY (Dr. Mao), Northwell Orthopaedic Partners, Sleepy Hollow, NY
(Dr. McIntyre), the Cleveland Clinic, Cleveland, OH (Dr. Muschler, Dr. Piuzzi, and Dr. Spindler), theMayo Clinic, Phoenix, AZ (Dr. Tokish), Ortho
Virginia, Richmond, VA (Dr. Zaslav).

February 15-17, 2018 at Stanford University, Stanford California.
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Musculoskeletal Diseases
Include Serious Conditions
for Which Conventional
Treatments Are Lacking

Musculoskeletal pain and dysfunction
attributable to trauma, obesity, and
aging are a leading cause of physician
visits, chronic pain, and disability in the
United States.2 The economic burden
ofmusculoskeletal diseases approaches
$1 trillion annually in the United
States, comprising approximately
7.4% of the gross domestic prod-
uct.3 Although the disease burden
is high, treatment options remain
limited. Progression of serious
conditions such as osteoarthritis
(OA) that eventually fail conven-
tional nonsurgical therapies lead
to chronic pain, disability, and
difficulty with self-care and activ-
ities of daily living. These circum-
stances make patients vulnerable to
unsubstantiated claims in direct-
to-consumer advertising.4,5

Misrepresentation of
Uncharacterized and
Unproven Minimally
Manipulated Products as
Stem Cells May Erode
Public Trust and
Compromise Development
of LegitimateCell Therapies

Public awareness of biologics thought
to have regenerative potential has
been accelerated by highly publicized
use in professional athletes6 and by
the national debate on embryonic
stem (ES) cells. These circumstances,
along with misrepresentation of un-
characterized, minimally manipu-
lated cell preparations as “stem
cells,” have led to a widespread
clinical use of unproven biologic
therapies.4,5

For decades, PRP served primarily
as an intermediary in the manual
preparation of life-saving platelet

concentrates. Blood products have
long been used clinically for a variety
of needs where anticoagulated whole
blood is centrifuged to separate it into
plasma and packed red cell fractions.
Manual preparation of a platelet
concentrate involves collection of the
PRP lying just above the white blood
cell layer, followed by a second spin
to permit further concentration
of the platelets. Consequently, cen-
trifuges have been an important
fixture in hospitals and blood banks
for decades.
This clinical history has set the stage

formore recent widespread clinical use
of PRP as a biologic therapy for
musculoskeletal conditions. Fur-
thermore, use of centrifuge-like devices
and other mechanical methods to
prepare minimally manipulated
autologous cell preparations has
been extended to fat, placenta, and
many other tissues. These un-
characterized cell products have
been marketed as stem cells and
used to treat a long list of clinical
conditions ranging from hair loss to
retinopathy and, most commonly,
orthopaedic applications.4 The high
prevalence of painful and disabling
orthopaedic conditions such as knee
OA has also resulted in an exponen-
tial increase in the marketing of
unproven biologics to relieve chronic
pain.4,5

Concerns over misinformation
from direct-to-consumer marketing
of unproven treatments have led to
recent calls to action from profes-
sional organizations including the
National Academy of Sciences, the
International Society for Cellular
Therapy (ISCT), the American Asso-
ciation for the Advancement of Sci-
ence, and the AAOS.7-9 Each of these
groups recognizes the potential value
of cell therapies and the risk that
the current environment may erode
the public trust and responsible
investment that are needed to bring
legitimate cellular and biological
therapies to patients. This sympo-

sium directly addresses recent calls to
action, particularly the need for clear
standards in the nomenclature
for cellular therapies and biologics,
standards for measuring and re-
porting the composition of these
therapies and their clinical outcomes,
and the establishment of registries
and clinical trial networks to accel-
erate rigorous assessment and opti-
mization of regenerative therapies
for musculoskeletal diseases. The
consensus outcomes are summarized
below.

Section I: Pathways to
Improve Accountability for
Biologics Currently in
General Clinical Use

Recommendation 1: Define
Terminology to Clearly
Distinguish Uncharacterized
Minimally Manipulated
Autologous Cell Products
From Rigorously
Characterized, Culture-
expanded and Purified Stem
Cell and Progenitor Cell
Populations
Stem cells have unique characteristics
that are not met by minimally manip-
ulatedcell-based therapiesbeingwidely
marketed in theUnitedStates (Table 1).
The use of the term stem cells to de-
scribe minimally manipulated cell
preparations is problematic and has
created substantial confusion for
patients, physicians, and the general
public. As defined by the NIH,10

“Stem cells differ from other kinds of
cells in the body. All stem cells have
three general properties: they are
capable of dividing and renewing
themselves for long periods; they are
unspecialized; and they can give rise
to specialized cell types.” Prime ex-
amples of stem cells are the ES cells
derived from early embryos or blas-
tocysts with the ability to generate
progeny that can differentiate into
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any tissue type. Use of ES cells is
limited by ethical controversies and
safety concerns.
Virtually all current cell therapies

offered in the United States for
musculoskeletal conditions involve the
transplantation of adult cells obtained
through harvest and minimal manipu-
lation of native tissues (eg, blood, bone
marrow, fat). These tissues contain
stem and progenitor cells. The con-
centration of these cells can be
increased at the point of care using
density separation or other means to
improve efficacy in some settings.11

However, stem and progenitor cells
are the least abundant cell type in these
preparations. Depending on the tissue
of origin, only one in one thousand to

one in one million cells harvested from
healthy tissues are stem or progenitor
cells that are capable of differentiating
into one or more connective tissues
such as bone, cartilage, and fat.12-14

For adipose tissue, the potential stem
and progenitor cells are thought to be
pericytes embedded in the basement
membrane of capillaries where enzy-
matic digestion is needed to release
these cells.15 The efficacy of cell ther-
apies is also dependent on cell source,
processing technique, and setting. For
example, bone marrow can be pro-
cessed to increase the concentration of
progenitors and improve bone or
cartilage repair.7,11,16 However, bone
marrow concentration has not con-
sistently been shown to improve repair

of osteochondral defects.17 Connec-
tive tissue progenitor cells are the
heterogenous population of tissue-
resident cells that can be activated to
proliferate and to generate progeny
that can be shown in vitro to differ-
entiate into one or more connective
tissues.12-14,16,18 Formany indications,
laboratory manipulation and cul-
ture expansion are needed to iso-
late and adequately enrich these cell
populations.
Contributing to the confusion re-

garding stem cells, the substantial lit-
erature exists using the terminology of
culture-expanded cells known as mes-
enchymal stem cell or mesenchymal
stromal cell, both abbreviated as
“MSC.”7,19,20 To improve clarity, the

Table 1

Characteristics of Stem Cells, Culture-Expanded Connective Tissue Cells and Minimally Manipulated Cell Preparations

Cell Type Definition Examples

Stem cells10 Three minimum characteristics: (1)
capable of division and self-renewal
for long periods of time, (2)
unspecialized, and (3) can give rise
to specialized cell types

ES cells, induced pluripotent stem cells

Culture-expanded connective tissue
cells

Culture-expanded tissue-derived cells MSCs, muscle-derived cells, adipose-
derived cells, cartilage-derived cells

Plastic adherent —

Tend to differentiate or undergo
senescence with prolonged culture

—

Biological attributes and function
dependent on and vary with tissue
source and culture conditions

—

Bioactivity varies between donors and
batch, even with standardized
processing

—

Expansion makes cell banking and
allograft sourcing an option

—

Requires prospective FDA-approved
clinical trials

—

Minimally manipulated autologous cell
preparations

Cleared for homologous use Bone marrow concentrate, adipose
stromal or stromal vascular fraction,
placenta tissue fragments

Processing must not alter the relevant
biological characteristics of cells or
tissues

—

Mixed cell populations, with variable
composition

—

Stem or progenitor cells may be
present at lower prevalence

—

Biological attributes and function
highly variable

—

ES = embryonic stem, MSC = mesenchymal stromal cell
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ISCT definedMSC to be mesenchymal
“stromal” cells having the attributes
of being plastic-adherent culture-
expanded cells without hematopoi-
etic cell markers that express specific
cell surface markers (ie, CD73, CD90,
and CD105) and that show the ability
to differentiate into osteoblasts, adi-
pocytes, and chondrocytes in vitro.7

Although there have been decades of
promising in vitro and animal research
exploring the capacity of culture-
expanded MSC meeting these criteria
to secrete immunomodulatory factors
or contribute to new tissue formation,
no MSC therapies have yet been
cleared by the FDA for human clin-
ical application to musculoskeletal
diseases.

Recommendations
The consensus opinion is that the
term stem cell has been overused to
encompass uncharacterized mini-
mallymanipulated cell preparations,
as well as tissue-derived culture-
expanded cell populations. It is rec-
ommended that the use of minimally
manipulated cell products and tissue-
derived culture-expanded cells be
referred to as cell therapy and that the
untested and uncharacterized nature
of these treatments be clearly under-
stood by practitioners and clearly
communicated within the profession,
to patients, and to the public.

Future Directions
Expert opinion and consensus work
groups can be convened to improve
precision of terminology surround-
ing cell therapy. Establishment of
standards and criteria for describing
therapeutic cell populations will be
needed for clear scientific and clinical
communications.

Recommendation 2:
Standardize Reporting
Requirements
Examination of both minimally ma-
nipulated and culture-expanded prep-

arations have identified the inherent
variability of these products as amajor
hurdle to proper characterization
and evaluation of their biological and
clinical effects. Unlike conventional
pharmaceuticals where a known con-
centration of a bioactive substance is
administered to achieve a targeted
biological effect, most biologics are
complex mixtures of variable compo-
sition that are not easily assayed. This
phenomenon is particularly evident
for blood products such as PRP and
forminimallymanipulated autologous
cell preparations where standards are
lacking andwhere the biological status
of the donor and the preparation
methods vary widely.
As the most studied biologic used in

orthopaedics, PRP composition is
known to vary widely when blood
from the same individual is obtained at
different times of day or is prepared
using systems from different manu-
facturers.21-23 Furthermore, growth
factor and cytokine concentrations
vary by donor age, health status, and
sex.23,24 Similarly, progenitor and
MSC populations isolated from a
given donor also differ widely from
one preparation to another and vary
by age, sex, tissue source, harvest, and
processing methods.12-16,19,21,22,25-28

It is therefore necessary for scientific
communications to become more rig-
orous and standardized in reporting
these variables.9,12,13,16

Recommendations
It is recommended that Minimum
Information for studies reporting Bio-
logics (MIBO) checklists be used as a
guide for study design and reporting29

(Tables 2 and 3). For PRP and cell-
based therapies, the MIBO include
specific items that reached a consensus
among a panel of experts through the
Delphi process.29 These proposed
minimum requirements would facil-
itate clinical and experimental in-
vestigations into the mechanisms of
action and efficacy in a broad range

of diseases for PRP and cell-based
therapies. Regarding MSC, the ISCT
standard can be used to communi-
cate whether the cells used meet the
ISCT published standard.7

Future Directions
Characterization of minimally pre-
pared biologics using transcriptomic,
proteomic, and metabolomic tech-
nologies, coupled with bioinformatic
analysis, is needed for further refine-
ment of standards. Furthermore,
most of the several hundred platelet-
harbored proteins and polypeptides
have not been intensively studied in
terms of their biologic activity.
Experimental analysis of previously
understudied and undiscovered
platelet proteins may lead to discov-
ery of new target proteins with spe-
cific functional roles. In addition,
such studies may in fact show that
certain “deleterious” components in
PRP may be removed or neutralized
to enhance the therapeutic benefit of
PRP. For cell-based therapies, addi-
tional laboratory work to define
progenitor subpopulations can be
used to refine the description and
understanding of the cell pop-
ulations used. Refined use of
nomenclature to distinguish between
native stem and progenitor pop-
ulations and culture-expanded cell
populations will provide critically
needed improvement to scientific
and public communication.

Recommendation 3:
Establish Registries for
Postmarket Monitoring and
Quality Assessments of
Biologic Therapies
Registries provide opportunities to
collect standardized data on clinical
status and clinical outcomes for a
variety of different interventions
performed in the clinical setting to
treat the same disease or condition.
Data from joint replacement and
other clinical registries also contribute
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Table 2

Minimum Reporting Standards for Clinical Studies Evaluating PRPa

Section or Topic Item Number Checklist Item

Study design 1 Study conducted in accordance with CONSORT (ie, RCT),
STROBE (ie, cohort, case-control, or cross-sectional), or
PRISMA (ie, meta-analysis) guidelines

2 Relevant institutional and ethical approval

Recipient details 3 Recipient demographics (including age and sex)

4 Comorbidities (including underlying diabetes, blood
dyscrasia, inflammatory condition, preexisting joint
pathology, and smoking status)

5 Current anti-inflammatory or antiplatelet medications

Injury details 6 Diagnosis (including relevant grading system and
chronicity)

7 Results of any preoperative imaging

8 Previous surgical or biologic treatments for current injury

Intervention 9 Intervention described sufficiently to enable replication

10 Surgical findings

Whole blood processing 11 Whole blood storage environment (including concentration
and volume of anticoagulant, temperature, and light
exposure)

Whole blood characteristics 12 Whole blood platelet, differential leukocyte, and red cell
analysis of all samples

PRP processing 13 PRP processing described sufficiently to enable replication
(including commercial kit details and spin protocol)

14 Platelet recovery rate of protocol

15 PRP storage temperature and light exposure

16 Time between blood drawing, PRP processing, activation,
and delivery

PRP characteristics 17 PRP format (eg, liquid, gel, membrane)

18 PRP platelet, differential leukocyte, and red cell analysis of
all samples

Activation 19 Activation described sufficiently to enable replication
(including volume and concentration of the activating
agent)

Delivery 20 Point of delivery (intraoperative and/or postoperative or
serial)

21 PRP delivery described sufficiently to enable replication
(including volume delivered, concomitant use of
stem cells or cytokines, and details of carrier or
scaffold)

Postoperative care 22 Rehabilitation protocol sufficiently described to enable
replication (including immobilization and physical
therapy)

23 Outcome assessments include functional outcomes and
recording of complications (including infection and need
for further surgery); if performed, radiographic outcomes,
physical examination findings, return to activities, and
satisfaction

CONSORT = Consolidated Standards of Reporting Trials, PRISMA = Preferred Reporting Items for Systematic Reviews and Meta-Analyses,
PRP = platelet-rich plasma, RCT = randomized controlled trial, STROBE = STrengthening the Reporting of OBservational studies in
Epidemiology
a This checklist could be used to guide authors, reviewers, and editors to ensure that submitted manuscripts report sufficient experimental detail to
enable results to be evaluated and experiments repeated.
Adapted with permission from Murray IR, Geeslin AG, Goudie EB, Petrigliano FA, LaPrade RF: Minimum information for studies evaluating biologics
in orthopaedics (MIBO). J Bone Joint Surg Am 2017; 99(10):809-819.
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to quality improvement initiatives and
assessments. Furthermore, when used
consistently, a well-organized and
complete registry represents a large
prospective cohort study. A registry
can additionally be linked to a bio-
repository to capture and preserve
clinical samples for selective future
analysis. This design could be partic-
ularly powerful to understand the
influenceof variable PRP composition
on clinical outcomes.
The orthopaedic community has

established several registry models
that could provide pathways for
postmarket monitoring and quality
control of the use of biologics in
orthopaedics. These include registries
from the scale of a single institution,
an entire health system, to national
and international registries. Several
registry models have contributed
important clinical data on practice
patterns, provided early warning of
potential issues related to a particular
implant or treatment strategy, or
show potential for contributing clin-
ical evidence on the efficacy of PRP.
These include the American Joint
Replacement Registry,30 the Kaiser
Registries,26 and the PRP Registry at
the Veterans Hospital in Palo Alto,
California.
To address the disconnect between

the variable composition of PRP from
differentpatientsandclinicaloutcomes,
a Biorepository-linked PRP Registry
established at the Veterans Hospital in
Palo Alto, CA, offers a model where
patients receiving PRP injections for
treatmentofkneeOAcompletepatient-
reported outcomes (PROs) before
treatment and at defined time points
after treatment as part of the clinical
care pathway. In parallel, a sample of
the administered PRP is banked for
patients consenting to federally funded
research who additionally undergo
functional and structural assessments
of gait analysis and advanced quanti-
tative MRI. This biorepository-linked
registry supports correlation of PRP
proteomics with PRO and quantitative

clinical outcome metrics to evaluate
potential mechanisms of action and
clinical efficacy.
An effective biologics registrywould

require commitment from physicians,
clinics, and hospitals to include all
qualifying patients, appropriate in-
centives for physician and patient
participation, and a mechanism for
financial support of the human re-
sources required to capture and report
clinical baseline and outcomes data.
For quality assessments, preparation
technique, device used, and clinical
laboratory data on the administered
biologic will also need to be captured.
Using PRPas an example,white blood
cell and platelet counts inwhole blood
and in the administered PRP are the
minimum data needed to determine
whether thepatient received leukocyte-
rich or leukocyte-poor PRP and to
what degree the platelets were con-
centrated by the device used.9,29,31

Similar minimal clinical laboratory
test data would need to be established
for cell-based treatments.9,12,13,16,29

Furthermore, tissue specimens may be
also collected to assist in stratifying
patient disease state, as well as for
performing biomarker, molecular, and
genomic analyses to synergize. These
data may ultimately be required to
define which patient populations are
most likely to respond to therapy and
to define the critical quality attributes
of a cellular or biologic therapy.

Recommendations
It is recommended that physicians,
clinics, and institutions offering bio-
logic therapies commit to establishing
high-quality patient registries that can
be used for postmarket surveillance
and quality assessments. The AAOS
has expertise and processes in place to
assist with registry development and
implementation. The American Joint
Replacement Registry is part of what
will be a family of registries under the
AAOS umbrella. Data sets can be
customized for specific registries or

for a biologics registry. It was recom-
mended that further examination
of the feasibility for establishing a
national registry for postmarket sur-
veillance and quality assessment of
biologics be performed.

Future Directions
The collection and storage of bio-
specimens into a biorepository and
collection of imaging outcome met-
rics necessitate standardized proto-
cols, which further increases the
expense and the complexity. Formore
immediate reliable generation of high-
quality clinicaldata, itwas theopinion
of the work group that multicenter
prospective clinical trials involving
committed centers with appropriate
volume and adequate follow-up, as
well as willingness and ability to de-
velop and maintain biorepositories
and to follow standardized treatment,
imaging, and outcomes data collec-
tion protocols, were needed.

Section II: Accelerating the
Discovery, Development,
and Delivery of 21st
Century Cures

The 21st Century Cures Act was
enacted in December 2016 with pro-
visions to accelerate the development
and translation of promising new
therapies into clinical evaluation and
use.32 This legislation increased fund-
ing for medical research, for combat-
ing the opioid epidemic, and included
measures to streamline approval of
new therapies for clinical trials. The
law also provided a new expedited
biologics product development pro-
gram called Regenerative Medicine
Advanced Therapy. Key elements of
Regenerative Medicine Advanced
Therapy include accelerated FDA
approval for a regenerative medicine
therapy that is intended to treat a
serious or life-threatening disease or
condition and that shows a potential
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to address unmet clinical needs for
that disease or condition.

Recommendation 4:
Designate Osteoarthritis as a
Serious Medical Condition
The FDA has indicated that a serious
disease or condition is one that is
“associated with morbidity that has
substantial impact on day-to-day
functioning.”33 The designation of
“whether a disease or condition is
serious is a matter of clinical judg-
ment,” based on its impact on survival,
daily function, and the likelihood that
such morbidity, if persistent or recur-
rent, has a high likelihood of pro-
gression if left untreated. In addition,
“An unmet medical need is a condition
whose treatment or diagnosis is not
addressed adequately by available
therapy.”
OA is a leading cause of disability

worldwide for which disease-
modifying treatments are lacking.
Knee and hip OA reduces life expec-
tancywithwalking disability as amain
risk factor. Studies show that the
walking disability from OA exceeds
that of heart disease.34 The Framing-
ham study also showed more depen-
dency with knee OA than with heart
disease.35 OA has also been associated
with an increased risk for premature
death primarily from cardiovascular
disease. In a propensity-matched
landmark analysis to examine
whether total joint arthroplasty of the
hip and knee reduces the risk for
serious cardiovascular events in pa-
tients with moderate-severe OA, Ravi
et al36 showed that over a 7-year
period, 8 total joints prevented 1
myocardial infarction.

Recommendations
On the basis of these data, the
strength of the clinical evidence, and
the group discussion, the consensus
opinion is that OA meets all the cri-
teria for designation as a serious
condition with significant unmet

clinical needs. The AAOS/NIH U-13
Biologics Symposium work group
concurs with the Osteoarthritis
Research Society International white
paper entitled “Osteoarthritis: A
Serious Disease.”37

Future Directions
Manyothermusculoskeletal conditions
such as chronic tendinopathy, degen-
erative disk disease, and osteoporosis
also have substantial and progressive
negative impacts on daily function,
morbidity, andmortality and should be
further evaluated for designation as
serious medical conditions.

Recommendation 5: Clarify,
by Disease State, a
Consensus Approach for
BiologicalMarkers of Interest
and Clinical Trial Design
Using PRP treatment as a model, an
important goal is to address the var-
iability in outcomes by identifying the
biologic targets for PRP. This is
needed to more precisely choose the
optimal PRP formulation to focus
treatment for each specific tissue and
to ultimately reduce this variability.
As an example, for rotator cuff ten-
don repair, the primary targets are
considered to be provision of signal-
ing molecules that drive cellular dif-
ferentiation to reform the organized
structure of the enthesis.38 Further
identification of biologic targets will
require improved understanding of
the underlying cellular and molecu-
lar mechanisms of tissue degenera-
tion and repair for each disease state.
Such mechanistic information may
come from both animal and human
studies. Although acute soft-tissue
injury can be reproduced in animal
models, it is difficult to simulate
chronic conditions such as overuse
tendinopathy and chronic, slowly-
developing OA. Another important
limitation of animal models is the
inability to precisely control the
mechanical loading environment

that may also significantly vary from
the human condition. Innovative
studies in humans, using advanced
imaging and limited biopsies, can be
used to study the underlying biologic
effects and thus help to identify the
desired treatment targets.
In addition to defining the desired

“biologic” targets (eg, cell prolifera-
tion, anti-inflammatory, antifibrotic
effect), clinical outcome milestones
are also important targets for PRP
therapy. For example, for acute
muscle injury, the primary goal may
be prevention of reinjury rather than
faster return to sport. For rotator cuff
repair, the goal may be to decrease
the rate of retear of the repaired
tendon. Finally, mediators of pain/
nociception have been advanced as
therapeutic targets for the use of PRP
and cell-based therapies to treat
degenerative conditions such as ten-
dinopathies and OA.
Once the biologic targets for a spe-

cific tissue are identified, steps can be
taken to match the “ideal” PRP for-
mulation to the tissue. For example,
multiple randomized controlled trials
and a meta-analysis have suggested
that leukocyte-rich PRP is an effi-
cacious treatment of lateral elbow
tendinopathy,22,38 whereas leukocyte-
poor PRP seems effective for treat-
ment of symptomatic knee OA.39 In
addition to identifying optimal PRP
formulations, additional studies are
needed to define the ideal dose and
timing of PRP application to aug-
ment soft-tissue healing. For exam-
ple, PRP may be more effective for
rotator cuff repair if adminis-
tered days to weeks after surgery,
once a responding cell population is
present, rather than just at the time
of surgery. It is also likely that the
particular PRP formulation should
be tailored to specific time points in
the healing process because the bio-
logic targets are likely different at
later healing phases.
It will be important to collect com-

prehensive demographic and clinical
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data from patients to allow later anal-
yses of factors that may influence clin-
ical outcome. In addition to standard
demographic information (eg, age,
sex), appropriate imaging should be
used to allow quantitative grading of
tissue structure and composition and to
potentially provide insight into func-
tion. Adequate characterization of
early stages of OA may require MRI
for accurate staging. A sample of the
treated tissue should be harvested for
later analysis of tissue composition and
microstructure, which could then be
correlatedwith imaging characteristics,
with the goal being to identify imaging
biomarkers that predict outcome.
Identification of imaging biomarkers in
the treated tissue may also inform the
choice of the type and dosing schedule
of PRP. Ultimately, detailed tran-
scriptomic and proteomic profiling of
the affected tissue may contribute to a
“precision medicine” approach to the
use of PRP for soft-tissue injury.
It is further recommended that vali-

dated outcome measures for each spe-
cific tissue or anatomic region be
identified. Where validated patient-
reported instruments do not exist, the
most promising metrics should be
identified by consensus expert opinion,
followed by validation as a research
priority. In addition, the use of the
NIH-funded Patient-Reported Out-
comes Measurement Information Sys-
tem physical function instrument may
be a suitable alternative.40 Additional
functional metrics that provide quan-
titative data are also needed, such as
gait analysis to measure functional
impairment in knee OA.41 The use of
wearable technologies may facilitate
collection of these types of functional
metrics.42

Finally, clinical trial design will
require consideration of several
important factors. An important
factor in the design of a clinical trial
for an acute soft-tissue injury is the
timing from injury to treatment. The
native, usually successful, healing
response may be interrupted or de-

layed by a PRP administration if it is
performed during the early inflam-
matory phase because PRP contains
both anti- and pro-inflammatory
factors. Furthermore, injection of
saline as a placebo may dilute the
naturally occurring hematoma at the
injury site and may lead to a negative
effect on healing. Standardized re-
habilitation protocols should be
defined and followed.
Robust statistical analyses will be

required to study the interactions
between intervention (ie, leukocyte-
rich PRP, leukocyte-poor PRP),
time point after injury, and injury
grade or severity. Stratification
should also be performed with re-
gard to sex and age. Last, it will be
important to consider identification
and stratification by important meta-
bolic and systemic factors that may
affect treatment response, such as
diabetes, rheumatologic conditions,
and chronic use of anti-inflammatory
orantifibroticmedications (ie,NSAIDs
or losartan).

Recommendation 6:
Establish the Framework
for a Multicenter Knee
Osteoarthritis Clinical Trial
Consortium (Table 4)
Of the conditions discussed, knee OA
emerged as the clinical condition with
the most urgent need for clinical trial
development. Treatment of end-stage
knee OA with knee replacement is
already the largest single line item in
the Medicare budget, and demand is
expected to substantially increase year
to year.43 The arthroplasty pop-
ulation treated for end-stage OA
represents just a small fraction of the
massive underlying demand for
regenerative and biological treatments
to reduce pain and to prevent or delay
progression of early knee OA.

Safety Considerations
Treatment of knee OA with PRP
and minimally manipulated autolo-

gous cells are already widely used in
the United States. The existing stud-
ies do not show that these therapies
are associated with substantial risk
of harm.12,39 Where a proposed ther-
apy does not present significant safety
concerns, the focus can be directed
toward phase II, III, and IV trials. For
optimal evaluation of efficiency, pro-
spective multicenter trials with ran-
domization and placebo control are
need. Given the prevalence of OA and
the number of proposed biological
treatments, randomization schemes
with a 3:1 or 4:1 ratio of treatment
groups to placebo will accelerate
progress.

The Role of MRI in Characterizing
Disease State
Although radiographs are helpful in
assessing the knee mechanical axis
and are reproducible for assessing
joint space with appropriate tech-
nique, they are relatively insensitive
to focal chondral defects and are
inadequate for staging early disease.
Because of its direct multiplanar
acquisition, tomographic nature,
and superior soft-tissue contrast,
MRI is necessary to evaluate carti-
lage morphology and has shown
superior reproducibility compared
with arthroscopy.44,45 Recent ad-
vances in quantitative MR allow for
assessment of cartilage relaxometry,
targeting specific changes in proteo-
glycan content and collagen orien-
tation, respectively, that improves
the sensitivity of MRI for changes of
early knee OA.

Future Directions
Characterization of the treated pop-
ulation with respect to clinical,
structural, and biological attributes
and disease state (eg, subtype, grade)
is important. In addition to cell and
protein composition, establishing
specimen biorepositories will facili-
tate genomic and molecular analyses
that can synergize with existing NIH
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Table 3

Minimum Reporting Standards for Clinical Studies Evaluating Cell Therapiesa

Section or Topic Item Number Checklist Item

Study design 1 Study conducted in accordancewith CONSORT (ie, RCT), STROBE
(ie, cohort, case-control, or cross-sectional), or PRISMA (ie,
meta-analysis) guidelines

2 Relevant institutional and ethical approval

Recipient details 3 Recipient demographics (including age and sex)

4 Comorbidities (including underlying diabetes, inflammatory
conditions, preexisting joint pathology, and smoking status)

5 Current anti-inflammatory medications

Injury details 6 Diagnosis (including relevant grading system and chronicity)

7 Previous treatments for current injury

Intervention 8 Surgical intervention described sufficiently to enable replication

9 Surgical findings

Donors 10 Donor age

Tissue harvest 11 Tissue harvest described sufficiently to enable replication (including
anatomic source, equipment, reagents, storage media, and
environment)

12 Tissue between tissue harvest and processing

Processing 13 Descriptionof tissueprocessing thatmakes replicationof theexperiment
possible (including digestion solution concentrations and volumes,
duration, agitation and temperature of digestion phase, and name of
commercial system)

14 If performed, purification described sufficiently to enable replication
(including combination and concentration of antibodies,
equipment, and method of confirming purity.)

15 Yield with respect to volume of tissue processed

Cell culture 16 If performed, cell culture described sufficiently to enable replication
(including conditions and number of freeze-thaw cycles)

17 If performed, predifferentiation described sufficiently to enable
replication

MSC characteristics 18 MSC preparation and source described in title and abstract (eg,
BM-MSC, ADSC)

19 Cellular composition and/or heterogeneity

20 Immunophenotype and details of in vitro differentiation tested on
batch

21 Passage and percentage viability

Delivery 22 MSC delivery described sufficiently to enable replication (including
point of delivery, volumeof suspension, andmedia used as vehicle)

23 If performed, details of codelivered growth factors, scaffolds, or
carriers

Postoperative care 24 Rehabilitation protocol sufficiently described to enable replication
(including immobilization and physical therapy)

Outcome 25 Outcomeassessments include functional outcomesand recording of
complications (including infection and tumor); if performed,
radiographic outcomes, physical examination findings, return to
activities, and satisfaction

ADSC = adipose-derived stem cell, BM-MSC = bone marrow–mesenchymal stromal cell, CONSORT = Consolidated Standards of Reporting Trials,
MSC = mesenchymal stromal cell, PRISMA = Preferred Reporting Items for Systematic Reviews and Meta-Analyses, PRP = platelet-rich plasma,
RCT = randomized controlled trial, STROBE = STrengthening the Reporting of OBservational studies in Epidemiology
a This checklist could be used to guide authors, reviewers, and editors to ensure that submitted manuscripts report sufficient experimental detail to
enable results to be evaluated and experiments repeated.
Adapted with permission from Murray IR, Geeslin AG, Goudie EB, Petrigliano FA, LaPrade RF: Minimum information for studies evaluating biologics
in orthopaedics (MIBO). J Bone Joint Surg Am 2017; 99(10):809-819.
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Table 4

Framework for a Multicenter Knee OA Clinical Trial Consortium

Item
Number Outcome Measure Comments

1 Primary outcome:
pain

Patient-Reported Outcome
Measures (PROM)-KOOS pain

Patient-reported pain for a minimum of 6 months
after treatment was considered to be the most
important metric for initial assessment of
efficacy for biologic treatments of the knee. Pain
should be assessed before and after treatment
using a validated PROM such as the Knee injury
and Osteoarthritis Outcome Score (KOOS): pain
subscale.

2 Secondary outcome:
function

PROM including function or activity
level (eg, KOOS physical
function)

Additional research into optimizing PRO measures
to detect differences in pain and physical function
after biological treatments for knee OA in large
cohorts and registry-based cohorts is needed.
Computer-adaptive tests to assess physical
function and pain interference, such as those
developed by the PROMIS network may have the
potential to more efficiently detect the effects of
biological treatments for individuals with knee OA
and other disease conditions.

— Activity monitors may be
considered

The use of wearable accelerometers and other
biosensors to monitor activity and other biological
processes may be considered for synergy with
other multisite initiatives such as Molecular
Transducers of Physical Activity Consortium
(MotrPAC) and for additional analyses against
standard outcome metrics and proteomic
analyses. Future options, perhaps based on the
application of high-content image analysis of
monitored patientmotion,may be possible with the
application of artificial intelligence capabilities.

3 Structural outcome
(imaging)

Radiographs: full-length standing
alignment, lateral, Merchant, and
standardized weight-bearing PA
flexion views (eg, Synaflexer
[Synarc]) are recommended

Although the potential structure modifying effects of
biologics in radiographic kneeOAhasnotbeenshown,
structural restoration is considered important for
assessing disease modification. Radiographic
assessment consisting of full-length standing
alignment, lateral, Merchant, and standardizedweight-
bearing PA flexion views (eg, Synaflexer)

— Morphologic MRI 3D pulse sequences are now readily available across
vendors and provide more efficient assessment of
cartilage morphology when applied to large OA
studies. Semiquantitative assessment of knee OA
has been shown to be reliable using a 3D fast spin
echo sequence compared with 2D techniques.44

— MOAKS scoring of morphologic
MRI

The Whole-Organ MRI Score (WORMS) and, in
particular, the newer MRI Osteoarthritis Knee Score
(MOAKS) may be used as continuous variables for
assessment of longitudinal changes in early knee OA
status.Bothhaveshowngood reproducibility andutility
in multicenter trials.45 With the exception of the tibial
cartilage area, measures of reliability for MOAKS
using kappa statistics ranged between very good to
near-perfect.48 These scoring systems may be used
as continuous variables for assessment of longitudinal
change in knee OA status.

(continued )

2D = two dimensional, 3D = three dimensional, ACL = anterior cruciate ligament, FGF = fibroblast growth factor, IGF = insulin growth factor, OA =
osteoarthritis, PDGF = platelet-derived growth factor, PRO = patient-reported outcome, PRP = platelet-rich plasma, TGF-b = transforming growth
factor beta, VEGF = vascular endothelial growth factor
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areas of emphasis such as Helping to
EndAddictionLong-term,Molecular
Transducers of Physical Activity
Consortium, and precision medicine
initiatives.

Consensus Knee
Osteoarthritis Biologics
Clinical Trial Design

For evaluation of knee OA treat-
ments, the primary clinical research
goals are to determine efficacy in
relation to pain, function, and struc-
ture, with additional goals of evalu-

ating cost-effectiveness if proven to
be efficacious. Key elements from a
federally funded pre-post observa-
tional trial in Veterans that influ-
enced the consensus trial design
include establishment of a bio-
repository, targeted biospecimen
analysis, linkage of the resulting
compositional data with clinical
data, and PRO metrics along with
the use of MRI to establish and
stage OA disease and to assess
structural outcomes.41,44-48 The
MIBO checklists for PRP (Table 2)
and cell therapy (Table 3) should
be used as a guide for clinical study

design and standardized report-
ing.29 Elements recommended for a
knee OA clinical trial are summa-
rized in Table 4.

Recommendation 7: Explore
Accelerated Pathways for
FDA Approval of New Drug
Applications for Biologics to
Treat Musculoskeletal
Conditions
A patient panel highlighted the tre-
mendous need and demand for
effective treatments to restore func-
tion and alleviate musculoskeletal

Table 4 (continued )

Framework for a Multicenter Knee OA Clinical Trial Consortium

Item
Number Outcome Measure Comments

— Quantitative MRI may be
considered

Performance sites with expertise in quantitative MRI are
encouraged to use standardized protocols for
compositionalevaluationofarticularcartilage instudies
of preradiographic and early OA. With regard to
proteoglycan, T1 rho has been used at 3T and, while
slightly less specific for proteoglycan than gadolinium-
enhanced or sodiumMRI, has shown good correlation
with a histologic standard.51 Collagen orientation is
best assessed using T2 or T2*.46,47,52 Ultrashort TE
(UTE) T2* techniques permit evaluation of deep
cartilage tissues and have been shown to assess
potentially reversible longitudinal changes after ACL
injury and subsequent reconstruction47 along with
correlation with walking mechanics and PROs.41

4 Laboratory Platelet or cell counts, differential Standardized sampling and analysis of the
concentration and prevalence of cells and platelets
need to be performed using a representative fraction
of the administered biologic.

— Proteomic analysis Biological attributes of PRP therapies already include
growth factors in the family of PDGF, IGF, TGF-b,
VEGF, and FGF and a large number of cytokines
(eg, interleukins) and chemokines. However,
insufficient knowledge exists as to which of these
factors, and/or combinations thereof, may act as the
true therapeutic agent(s). It is important to perform
as complete profiling of these factors as is currently
feasible and that specimens be banked for future
analysis when the knowledge base increases.

— Biorepository Separate representative sample of the administered
product should also be preserved future analysis.
Additional collection of samples such as serum, tissue,
and synovial fluid samples should be considered.

2D = two dimensional, 3D = three dimensional, ACL = anterior cruciate ligament, FGF = fibroblast growth factor, IGF = insulin growth factor, OA =
osteoarthritis, PDGF = platelet-derived growth factor, PRO = patient-reported outcome, PRP = platelet-rich plasma, TGF-b = transforming growth
factor beta, VEGF = vascular endothelial growth factor
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pain. This is particularly true for
degenerative conditions such as OA
and tendinopathy. The clinical his-
tory with minimally manipulated
autogenous cell products and culture-
expanded cells without genetic
modifications for musculoskeletal
indications suggest that these treat-
ments can be considered “lower
risk.”
Two international models for the

use of culture-expanded MSC to
treat orthopaedic complications
were examined. In Japan, provi-
sional approval is granted for a bio-
logic that has been shown to be safe
in a small sample of patients and
with data showing a potential ther-
apeutic effect.49 The manufacturer
then has 7 years through post-
market studies to prove efficacy.
If efficacy is not shown during
postmarket surveillance, the prod-
uct is withdrawn. In Chile, the
government partnered with a pri-
vate medical clinic to provide ther-
apies based on culture-expanded
bone MSC for a variety of
musculoskeletal conditions. Data
from this public-private partnership
have demonstrated a low incidence
of adverse effects and suggest ther-
apeutic efficacy, most notably for
OA.50

Recommendations
Patient demand and clinical need
along with the international experi-
ence support exploration of new
pathways developed through the 21st
Century Cures Act to accelerate
clinical evaluation of the use of
autogenous cell sources and culture-
expanded cell-based therapies to
treat musculoskeletal conditions.32
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