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Abstract: Articular cartilage defects strongly predispose patients to developing early joint degeneration and osteoarthritis, but for more than 15 years, no new cartilage-repair technologies that we know of have been approved by the U.S.
Food and Drug Administration. Many studies examining novel approaches to cartilage repair, including cell, tissue, or
matrix-based techniques, have shown great promise, but completing randomized controlled trials (RCTs) to establish
safety and efﬁcacy has been challenging, providing a major barrier to bringing these innovations into clinical use. In this
article, we review reasons that surgical innovations are not well-suited for testing through RCTs. We also discuss how
analytical methods for reducing bias, such as propensity scoring, make prospective observational studies a potentially
viable alternative for testing the safety and efﬁcacy of cartilage-repair and other novel therapies, offering the real possibility of therapeutic innovation.
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The repair of focal articular cartilage defects remains a clinical challenge, with few therapeutic options despite the wellestablished observation that damaged cartilage predisposes
patients to premature osteoarthritis (OA). A variety of novel
approaches, including cell, tissue, and matrix-based techniques,
have shown great promise in laboratory or pilot clinical studies1-6.
Since the approval of Carticel autologous chondrocytes for transplantation (Genzyme) in 19977, no new technologies for cartilage

repair, to our knowledge, have been approved by the U.S. Food
and Drug Administration (FDA). The major hurdle appears to
be the completion of deﬁnitive randomized controlled trials
(RCTs), with insufﬁcient funding or enrollment undermining
several recent attempts.
Although RCTs are currently the conditio sine qua non for
FDA approval, there is no explicit statement that the required
“substantial evidence” of safety and efﬁcacy come from RCTs.
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However, the FDA has offered little guidance with regard to
alternative methodologies. Below, we review the hurdles for
completing surgical RCTs and present alternative analytic approaches that improve the accuracy and rigor of prospective
observational studies of innovative cartilage-repair therapies.
History of RCTs in Cartilage Repair
The 1962 Kefauver-Harris Drug Amendments established the
FDA’s authority in clinical study design and explicitly stated
that drug or device approval would require substantial evidence of efﬁcacy (Fig. 1). Although RCTs have been effective
in demonstrating the efﬁcacy and safety of new drugs, they
pose particular challenges for evaluating novel surgical interventions, particularly when the condition is uncommon, as
with cartilage injuries amenable to repair. Several attempts to
complete Phase-III RCTs in cartilage repair have been delayed,
halted, or moved outside the U.S. (Table I). DeNovo NT Natural Tissue (Zimmer) and BioCartilage (Arthrex) were recently

approved as minimally treated grafts8,9, but approvals of novel
cell and matrix-based technologies have lagged. Low study
enrollment suggests difﬁculties with recruitment and/or retention, which likely has contributed to the unsuccessful completion of trials, and there are other challenges, as discussed
below.
Limitations of Surgical Cartilage-Repair RCTs
Cost
An RCT is the most expensive type of clinical study to successfully complete due to the infrastructure needed to comply with
FDA standards, and surgical RCTs are particularly expensive.
For example, the National Institute of Arthritis and Musculoskeletal and Skin Diseases (NIAMS)-funded Spine Patient Outcomes Research Trial (SPORT) assessing spine surgery versus
conservative management enrolled 1,094 spine patients over 7
years at a cost of $21 million. Unfortunately, the study was
ultimately ﬂawed because of problems typical of surgical RCTs,

Fig. 1

A timeline detailing major events in the history of the U.S. Food and Drug Administration (FDA) and its regulatory guidelines for medical devices. HHS = U.S.
Department of Health and Human Services, IRB = institutional review board, and FDAAA = FDA Amendments Act.
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TABLE I Randomized Clinical Trials (RCTs) for Cartilage Repair*

Product/Technique

Company

Phase

Cartilage Autograft
Implantation
System

DePuy Mitek

III

DeNovo NT
engineered
tissue†

Zimmer
Orthobiologics

Safety/efﬁcacy

Revaﬂex†

ISTO Technologies

Osteoﬁt
CarGel
Matrix-induced
chondrocyte
implantation (MACI)

Sanoﬁ

III

Carticel

Vericel (formerly
Genzyme)

ChondroCelect
BioCart II

Target
Enrollment (no.)

Status

Date First
Received

Date of Last
Update

75

Completed

04/10/2009

02/26/2015

200 (estimated)

Recruiting

04/01/2011

07/21/2015

III

225

Active, not
recruiting

07/20/2011

03/23/2015

Kensey Nash

II

30

Terminated

BioSynTech Piramal
Healthcare Canada

Observational

80

Enrolling
(invitation only)

11/22/2010

09/21/2012

144

Completed

04/17/2008

08/17/2015

IV

126

Completed

09/08/2005

08/17/2015

TiGenix

III

118

ProChon Biotech

II

40

NeoCart

Histogenics

III

CARTISTEM

Medipost

I, II

NOVOCART 3D

Aesculap Biologics

III

Completed

12/21/2006

09/22/2011

Unknown

08/04/2008

04/16/2012

245

Recruiting

02/08/2010

10/07/2015

12

Active, not
recruiting

11/20/2012

06/01/2015

233

Recruiting

09/17/2013

04/21/2015

*According to a search of ClinicalTrials.gov (http://clinicaltrials.gov/ct2/results?term=cartilage1repair1USA&Search=Search). Accessed 2016
Mar 10. †Same product, being tested under different names.

including low recruitment success and frequent treatment noncompliance and crossover (discussed below).
The high cost of surgical RCTs is due, in large part, to the
procedure cost, because trial sponsors often pay for both experimental and control procedures. Most insurance companies
preclude payment for procedures in an investigational study,
and some institutional review boards object to patients bearing the cost of participation in investigational studies. In the
ongoing NeoCart RCT, Histogenics is covering the costs of
both the investigational treatment and the control microfracture surgery 10.
For companies developing cartilage-repair technologies,
the cost of RCTs becomes particularly unappealing given the
relatively small and crowded market. Isolated cartilage defects
amenable to repair are not common, making them akin to an
orphan condition despite the high risk of future OA. Introducing truly novel devices at prices reﬂecting the high cost of surgical RCTs is difﬁcult when alternatives such as autografts or
allografts are available at much lower prices, and less arduous
approval pathways are available for minimally manipulated
tissue and similar products. The many available options reﬂect
the continued search for a clearly efﬁcacious long-term solution11-15. Thus, market conditions and a challenging reimbursement environment support the need to explore alternatives

to RCTs to establish safety and effectiveness of novel cartilage
interventions.
Enrollment Challenges
The relatively small number of patients who qualify for an RCT
in cartilage repair exacerbates recruitment challenges common
to most surgical RCTs. The eligibility criteria are narrow, as
only some injuries are amenable to repair. For example, in an
ISTO Technologies study, patients must be 18 to 60 years old,
with a BMI of <35 kg/m2, and have 1 or 2 discrete cartilage
lesions of £5 cm2,16. Strict inclusion and exclusion criteria are
necessary in an RCT to limit heterogeneity and reduce confounding, but when few patients ﬁt RCT inclusion criteria, the
requirement for longer recruitment periods and/or more study
sites increases cost. For example, the recently completed BSTCarGel trial required 26 sites and 10 years to successfully enroll
and complete follow-up for just 80 patients17.
Even when indications are broader, enrollment can be
difﬁcult, as recruiting a patient into an RCT comparing surgical
and nonsurgical treatment is akin to asking, “Mind if we leave
it up to chance whether or not you have surgery?” This can
be vexing to patients, particularly those not familiar with the
theoretical reasons for randomization. Even for patients who
understand the potential societal beneﬁts, an unwillingness to
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leave the surgical decision to chance is understandable. The
results of several recent orthopaedic RCTs provide evidence
of this18-22. Patients may not accept randomization between
any standard and experimental treatment, surgical or not, because they have ready access to information online, increasingly
see medical care as a commodity 23,24, and are often looking
for the “best” treatment. On the other hand, many patients still
have limited health literacy and may not realize that they are
not cartilage-restoration candidates. Engen et al. reported that,
in a busy cartilage-restoration practice, nearly 90% of patients
presenting for cartilage repair would not ﬁt cartilage-repair
RCT inclusion and/or exclusion criteria25.
A further challenge is retention. In drug trials, efﬁcacy
can be demonstrated with relatively short follow-up, but cartilagerepair therapies often require 24 to 48 months of follow-up to
show efﬁcacy. Given that the U.S. population is more mobile
than that of other countries, and employment changes and interstate migration are frequent 26, committing to long-term surgical
follow-up is often not feasible, especially for eligible cartilagerepair patients, who tend to be younger adults.
The SPORT study successfully randomized only 27.5% of
eligible patients20. An additional 35.5% consented to enrollment
in a parallel observational cohort study, while the plurality
(37.0%) declined participation entirely 20. Similarly, the recently
completed Meniscal Tear in Osteoarthritis Research (MeTeOR)
trial comparing operative and nonoperative management of
meniscal tears in patients with mild to moderate knee OA recruited only 26.4%18,19. The low rate of consent becomes particularly problematic for cartilage repair, wherein the number of
eligible patients is already low. Of even greater concern is the
limited generalizability of studies in which enrolled patients are
a self-selected minority of the eligible population.
Noncompliance and Crossover
Compliance with treatment assignment is a common problem
with drug trials, and methods have been devised to measure this
compliance27. However, in surgical trials, compliance is especially
problematic. In the SPORT study, 39.6% of the patients assigned
to surgery did not have surgery within 2 years20. In the parallel
observational cohort, 33.7% of the patients did not undergo
surgery within 2 years, so patients left to their own choice underwent surgery more often than those assigned to surgery.
Meanwhile, crossover from nonoperative to operative management is so common that it can also undermine randomization. In the SPORT study, 44.0% of the nonoperative patients
underwent surgery within 2 years, while 30.0% of nonoperative
patients in the MeTeOR trial underwent surgery within 6
months19,20. Intent-to-treat and other statistical methods have
been devised to account for noncompliance or crossover 27-30. However, even these approaches cannot truly balance studies when rates
at which patients change treatment groups are so high that they
undermine the validity of randomization.
Equipoise
The ethical foundation of an RCT is clinical or community equipoise, which exists when uncertainty regarding the superiority of

a particular treatment supports the need for an RCT. However,
individual equipoise among participating surgeons is also necessary for the ethical conduct of an RCT. If a clinician believes that
one treatment is superior to another, he/she cannot ethically
deny that treatment on the basis of randomization.
The equipoise of an RCT is deﬁned by the study investigators during trial design when establishing inclusion and exclusion
criteria. For example, in a trial of knee debridement for mild to
moderate knee OA, patients with large bucket-handle tears of the
meniscus were excluded, as this is a clear indication for surgical
intervention, regardless of OA status31. More generally speaking,
with a surgical RCT, patients clearly indicated for operative or
nonoperative management are excluded, with only patients of
uncertain treatment preference being eligible for enrollment.
However, in a large multicenter surgical RCT, equipoise
must also extend to each participating surgeon. While Surgeon
A may believe that it is unethical to enroll patients whom he
thinks are likely to beneﬁt from surgery (Fig. 2), Surgeon B may
believe it is unethical to enroll patients whom she thinks would
be unlikely to beneﬁt from surgery. Surgeon C could have treatment uncertainty that is narrower than the trial eligibility criteria, even if he is balanced in his assessment. All of these
surgeons are likely to enroll only patients who are both eligible
for the trial and match their individual equipoise. If a particular philosophy dominates among surgeon participants, or if a
biased surgeon enrolls a high proportion of patients, the generalizability of the trial may be compromised (Fig. 3). A recent
study by Katz et al. simulating an RCT on meniscal repair
showed that surgeon preference could change the apparent efﬁcacy of the treatment 32.
Pathway to Alternative Study Designs
Pressure from drug and device companies regarding the cost
and difﬁculty of successfully completing RCTs has led the FDA

Fig. 2

Theoretical surgeon versus clinical equipoise in randomized
controlled trials.
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Fig. 3

Unbalanced surgeon equipoise and enrollment biases.

to allow the approval of drugs or devices with substantial equivalence to products already on the market, without clinical evidence, through a premarket notiﬁcation, or 510(k), clearance
process. However, novel cartilage repair technologies are not
eligible for 510(k) clearance because no substantially equivalent
therapies exist. Therefore, these technologies languish, because
RCTs testing their efﬁcacy have proven difﬁcult or impossible
to complete, precluding FDA approval (Table I). Despite robust
evidence from experimental systems and pilot clinical studies,
no novel cartilage-repair technology that we know of has been
approved by the FDA in more than 15 years, emphasizing the
necessity of developing alternative approval pathways for novel
surgical interventions.
Alternatives to RCTs
The formation of the Patient-Centered Outcomes Research
Institute (PCORI), authorized by the 2010 Patient Protection
and Affordable Care Act, has given rise to the recognition of
new approaches to clinical investigation. The 2013 PCORI
Methodology Report established standards for prospective observational studies33.
A well-designed, multicenter, prospective observational
study represents a viable alternative to an RCT for determining surgical effectiveness. Prospective observational studies
have relatively high recruitment success because patient treatment allocation is not randomly determined but rather, is
decided through the physician-patient treatment decisionmaking process. Increased enrollment substantially improves
the likelihood that study results will be broadly generalizable.
Physician-patient decision-making obviates the problem of
individual equipoise. Prospective observational studies are
also less costly than RCTs, even after considering the application of costs to adhere to regulatory standards. Regulations to
require the registration of prospective observational studies at
ClinicalTrials.gov or similar sites could enhance transparency
and increase the acceptance of these types of studies. In Japan,
all cell-based clinical studies are conducted as single-arm
studies, and the Pharmaceuticals and Medical Devices Agency

of Japan recently announced regulations giving provisional
approval to therapies that show probable beneﬁt through such
studies, thus facilitating commercialization34.
Large, prospective, community-based registries of surgical interventions have been successfully established in cardiothoracic surgery and orthopaedics, building the infrastructure
necessary to conduct high-quality, multicenter prospective observational studies. We strongly support the development of a
large, international, multicenter registry for knee cartilage repair, data from which could help to establish safety, real-world
effectiveness, and—with appropriate analyses—an estimate
of efﬁcacy of these therapies. With adequate governance from
academic leaders, specialty societies, industry, and government
representatives, thousands of patients undergoing surgical treatment for focal cartilage defects of the knee could be rapidly enrolled in such a registry. Recent reviews indicate a need for this
kind of resource, with most clinical studies performed involving
small cohorts8,9,11-15. A cartilage-repair registry would not only
improve clinical research generally but would set the stage for
an alternative approval pathway that is better suited to novel
surgical therapies.
Prospective observational studies traditionally have been
considered to have the second-highest level of evidence, behind
RCTs, with selection bias considered the primary limitation.
However, a historical review of observational studies on the use
of hormone replacement therapy (HRT) exempliﬁes how new
analytic methods can address this problem to provide more
accurate information on safety and efﬁcacy. In the early 2000s,
results of RCTs by the Women’s Health Initiative regarding
postmenopausal use of HRT contradicted ﬁndings from the
prospective cohort Nurses’ Health Study 35. Physicians prescribed HRT to millions of women for the cardioprotective
effect reported in observational studies, only to discover that
subsequent RCTs showed that HRT put women at risk of
cardiovascular disease. However, a reanalysis of the Women’s
Health Initiative observational HRT cohort using propensity
score matching36 produced results nearly identical to those of
the RCTs: HRT increased the risk of cardiovascular events. This
series of studies exempliﬁes how thoughtful adjustments to an
analytic approach can reduce biases in prospective observational studies.
Selection bias is highly relevant when considering surgical interventions for cartilage repair. Depending on the size
of the lesion, treatment options for cartilage defects may include nonoperative therapy, debridement, microfracture or
other drilling techniques, or osteochondral autografting or
allografting, in addition to use of the emerging cell or matrixaugmented techniques. While cartilage repair is intended to
forestall degeneration of the affected joint by recreating a
more normal anatomy and kinematics, some patients may
opt for nonoperative treatment or debridement to avoid a
lengthy recovery and return to full activity more quickly.
While these types of patient or surgeon choices could, in a
traditional analysis of observational study data, yield spurious results, newer analytic techniques eliminate or minimize
bias.
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Fig. 4

Propensity score matching minimizes differences between measured covariates in a sample cohort. Standardized differences were calculated for the
42 variables (along the y axis) for which patients in a sample cohort undergoing 2 types of knee procedures were matched. The standardized
difference (also known as the Cohen effect size index, along the x axis) compares 2 sample means in units of the pooled standard deviation so that
a standardized difference of ‡0.1 denotes meaningful imbalance in the variable. In this example, there is an imbalance for 14 variables among patients
in the 2 treatment groups before propensity score matching. However, after propensity score matching, the likelihood that these variables affected
each patient’s assignment to a particular treatment was reduced.

We believe that these new methods improve the ability of
prospective observational studies to serve as an alternative to
RCTs for evaluating new cartilage-repair techniques or other
surgical procedures. The PCORI Methodology Report speciﬁcally recommended 2 analytic techniques to reduce or eliminate the types of bias inherent in observational study designs:
the instrumental variable and propensity scoring 33.
Instrumental Variable

An instrumental variable can be a useful tool when there is a
strong preference toward one therapy over another that may
not be based on evidence but rather, on the physician’s or patient’s preference. A “good” instrumental variable adjusts for
bias by being predictive of patient treatment allocation but is
unrelated to patient outcome. For example, a recent trial eval-

uating anesthesia choice during hip fracture surgery used the
distance from a patient’s residence to a hospital that uses regional anesthesia in the treatment of hip fractures as an instrumental variable because patient access to a center that uses
regional anesthesia would inﬂuence the likelihood of a patient
receiving regional anesthesia but would be unrelated to anesthesia outcomes37. This may serve as an appropriate instrumental variable in the context of surgical studies as well.
Propensity Scores

Propensity scores are generated from regression models that
include all potentially important patient characteristics that
could inﬂuence a clinician’s treatment decision. Thus, the model
estimates treatment allocation, rather than the outcome. Model
coefﬁcients are used to assign each patient a propensity score
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ranging from 0 to 1 to represent the patient’s likelihood of receiving treatment A versus treatment B. A score of 0 indicates no
chance of receiving treatment A, while a score of 1 represents
absolute certainty of receiving treatment A. A score of 0.5 would
represent a virtual coin ﬂip in treatment choice.
Once scores are calculated for each patient, they can be
used in a variety of ways. For example, a propensity score
“match” could be performed, which replicates randomization.
In a study of cartilage repair, a patient with a propensity score of
0.234 for microfracture who underwent microfracture surgery
would be matched with a patient from the alternative cartilagetreatment cohort having a propensity score nearest to 0.234. A
variety of methods exist to determine which matches are best,
but when a match is appropriately performed, clinical characteristics of the 2 treatment groups will be balanced, minimizing
or eliminating the previously existing selection bias in the cohort. This can be visualized by plotting the standardized differences for each variable before and after matching (Fig. 4). A
standardized difference is employed to assess balance for each
variable that was used to estimate the propensity score. It was
proposed in 1962 as the Cohen effect size index for the comparison of 2 sample means in units of the pooled standard
deviation38,39. A standardized difference of ‡0.1 denotes meaningful imbalance for the variable.
Whereas randomization eliminates bias even from unknown confounders, in a strict sense, propensity matching can
only account for known factors. However, because the matching
process balances all measured covariates, the effects of unmeasured confounders may also be minimized. Despite this, it behooves researchers in cartilage repair to develop a standardized
list of parameters that best represents the most important baseline characteristics for creating a propensity score. Propensity
score matching has not, to our knowledge, been used previously
in arthroscopic surgery research, but it has been used in other
areas of orthopaedics, including arthroplasty and trauma40,41.
A potential drawback of propensity score matching is
that a very large number of patients may be needed, especially
in the untreated group42. Moreover, matching frequently omits
a substantial proportion of the population when comparison
groups are being constructed, which is problematic if unmatched patients had a rare but informative outcome (e.g.,
revision surgery). Therefore, inverse probability of treatment
weighting (IPTW) is proposed as an alternative to matching to
adjust for confounding43-45. With IPTW, the propensity score is
used as a weight in a weighted regression. The inverse of the

propensity score is used to weight each observation in the
treated group, and 1 minus the inverse of the propensity score
is used to weight each observation in the untreated group.
Weights restore balance between the clinical characteristics
of the 2 treatment groups and allow for the use of the entire
sample, rather than the subset of matched patients.
Overcoming the Challenges
Practical barriers limit successful completion of surgical RCTs
even when the evaluated surgical techniques are established clinical practice. The continued failure to complete RCTs involving
cartilage-regeneration therapies shows that these challenges are
even greater when testing novel surgical interventions. While
RCTs remain a gold standard in many cases, analytic methods
that reduce bias can provide additional rigor to make prospective
observational studies viable alternatives for evaluating the safety
and efﬁcacy of cartilage-repair and other novel therapies, offering the real possibility of therapeutic innovation. n
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