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Systematic Review

Limitations and Sources of Bias in Clinical Knee
Cartilage Research

Jamie Worthen, M.D., CPT Brian R. Waterman, M.D., MC, USA,
Philip A. Davidson, M.D., and James H. Lubowitz, M.D.

Purpose: The purpose of this study was to systematically review the limitations and biases inherent to
surgical trials on the management of knee chondral defects. Methods: A literature search of PubMed/
Medline, CINAHL (Cumulative Index to Nursing and Allied Health Literature), EMBASE, and the
Cochrane Central Register of Controlled Trials was conducted in September 2010 and updated in
August 2011 to identify all English-language, Level I evidence, prospective, randomized controlled
trials published from 1996 to present. The keyword search included the following: “autologous
chondrocyte,” “cartilage graft,” “cartilage repair,” “chondroplasty,” “microfracture,” “mosaicplasty,”
and/or “osteochondral.” Nonoperative studies, nonhuman studies, ex vivo studies, non-knee studies,
and/or studies with follow-up of less than 1 year were excluded. A systematic review was performed
on all included studies, and limitations and/or biases were identified and quantitated. Results: Of
15,311 citations, 33 abstracts were reviewed and 11 prospective, randomized controlled trials were
included. We identified 9 major limitations (subject age, subject prior surgery, subject duration of
symptoms, lesion location, lesion size, lesion number, procedure selection, procedure standardiza-
tion, and limited histologic analysis) and 7 common biases (selection, performance, transfer,
nonresponder, detection, publication, and study design). Conclusions: Level I therapeutic studies
investigating the surgical management of human knee cartilage defects have substantial identified
biases and limitations. This review has limitations because other classifications of bias or limitation
exist. Optimal management of cartilage defects is controversial, and future rigorous research methods
could minimize common biases through strict study design and patient selection criteria, larger
patient enrollment, more extended follow-up, and standardization of clinical treatment pathways.
Level of Evidence: Level I, systematic review of Level I studies.
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The current orthopaedic research in the field of
cartilage restoration is extensive. However,

evidence-based articular cartilage research conducted
in randomized, controlled prospective trials has been
limited by difficulties in enrollment, conflicting evi-

From St. Vincent’s Orthopedics (J.W.), Birmingham, Alabama
eaumont Army Medical Center (B.R.W.), El Paso, Texas; He
rthopaedic Institute (J.H.L.), Taos, New Mexico, U.S.A.
The authors report that they have no conflicts of interest in the
Received October 20, 2011; accepted February 21, 2012.
Address correspondence to James H. Lubowitz, M.D., 1219 Gusdorf R
© 2012 by the Arthroscopy Association of North America. All r
0749-8063/11686/$36.00

doi:10.1016/j.arthro.2012.02.022

Arthroscopy: The Journal of Arthroscopic and Related
dence for evaluation, diverse methodology, inade-
quate follow-up, strict government guidelines, varying
regulatory environments, and the numerous inherent
potential biases faced by investigators. Furthermore,
the presence of an isolated articular cartilage lesion of
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a given size with a surrounding rim of healthy carti-
lage and the absence of confounding or exclusionary
comorbidities is relatively rare. Despite reports of the
high incidence of articular cartilage pathology identi-
fied during knee arthroscopy,1 enrollment of patients
who qualify for inclusion in articular cartilage ran-
domized controlled trials (RCTs) with those lesions is
actually quite low.

Biases in articular cartilage research arise from both
patient-specific and study design factors. Patients’ co-
morbidities, both within and outside of the joint, vari-
ably affect outcomes. Similarly, many studies have
failed to control for the wide array of surgical tech-
niques and disparate rehabilitation protocols. Like-
wise, no consensus exists on the optimal primary and
secondary outcome endpoints, not to mention the ap-
propriate instruments used to evaluate clinical results.
These multivariant parameters introduce many forms
of bias, including selection bias, performance bias,
transfer bias, detection bias, reporting bias, and con-
founding. In addition, there can potentially be bias on
the basis of corporate involvement or conflict of in-
terest, whether disclosed or not, and economic and
practical constraints can also confound or introduce
other forms of bias. Lastly, systemic bias from a given
practice location or setting may also impair the ex-
trapolation of certain research because of unique in-
stitutional or governmental constraints.

This investigation serves as a systematic review of
Level I articular cartilage studies with the purpose of
identifying obstacles and sources of bias in available
published RCTs. The Level I studies that were re-
viewed represent the most structured and reproducible
research in this subject matter but are not amenable to
meta-analysis given the differences in their method-
ology and varying surgical procedures. Ultimately,
this systematic review seeks to identify shortcomings
in the existing body of literature on cartilage research
and offer guidance to investigators on future prospec-
tive trial design.

METHODS

A literature search of PubMed/Medline, the
Cochrane Central Register or Controlled Trials, CINAHL
(Cumulative Index to Nursing and Allied Health Lit-
erature), and EMBASE was performed in August
2011 to identify all randomized prospective compar-
ative studies evaluating operative treatment of articu-
lar cartilage defects of the knee in vivo. The search
identified articles published from January 1, 1966, to

September 1, 2010, containing at least 1 of the fol- r
lowing words: “osteochondral,” “autologous chondro-
cyte,” “mosaicplasty,” “microfracture,” “chondro-
plasty,” “cartilage graft,” and “cartilage repair.” The
search was limited to English-language articles in all
available journals on human subjects classified by
PubMed as RCTs or clinical trials. Inclusion criteria
consisted of studies of Level I evidence reporting on
surgical treatment of full-thickness osteochondral de-
fects in the knee. All studies were included indepen-
dent of date of publication if published on or after
January 1, 1966. Follow-up studies reporting on clini-
cal outcomes of their respective Level I RCTs were
included. Exclusion criteria consisted of studies per-
taining to nonsurgical interventions, Level II to V
evidence studies, nonhuman studies, surgical interven-
tions on body parts other than the knee, and studies
with follow-up of less than 1 year.

Data extracted from each study included the level of
evidence, number of subjects, patient demographics,
location of cartilage lesion, surgical techniques used
for treatment and control, method of randomization
and blinding, presence of co-interventions, rehabilita-
tion protocols, overall methodologic quality, and out-
come measures. Analysis of these data was performed
in an attempt to highlight the challenges faced by
these investigators and the limitations of current Level
I cartilage research, as well as to identify the potential
bias present in these studies (Table 1).

RESULTS

In total our literature search yielded 15,311 cited
anuscripts. The abstracts of 33 studies were re-

iewed,2-34 and 14 Level I evidence–based RCTs
ere isolated for review.2,3,5,11-15,20,21,25,26,28,33 Three

additional studies were excluded from further analy-
sis: 1 study was excluded because of the topic,11 1
study was excluded because of its isolated comparison
of first- and second-generation autologous chondro-
cyte implantation (ACI) techniques,12 and 1 study that
resented a subset of the multicenter trial previously
escribed by Saris et al.25,26 was also excluded.28

Three prospective, randomized comparative studies
were not considered because of a Level II evidence
rating.7,8,17

The presence or risk of bias can be difficult to
lucidate from any study, given that each clinical
esearch situation is inherently unique, with politi-
al, societal, and economic pressures specific to the
ndividual investigators and their locale. These 11
evel I evidence– based studies represent the most
igorous scientific research available on articular



p

S
P
T
N
D
P
S

e

m
o
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cartilage. However, given the intrinsic challenges of
this particular subject matter, the limitations of pa-
tient parameters and study design consideration can
be difficult to avoid. Similarly, comparative evalu-
ations can be difficult to assess based on the differ-
ences highlighted later. Table 2 defines the biases

resent in each study, and Table 3 defines specific

TABLE 1. Identified Form

Form of Bias Definition

Selection Error in patient selection resulting in nonrep
fundamentally different treatment groups;
sampling bias, volunteer bias, and nonresp

Nonresponder Form of selection bias that fails to account
outcomes of patients who do not respond
follow-up

Performance Systematic differences in the care provided
in the comparison groups other than the i
under investigation

Transfer Bias resulting from differential losses to fol

Detection Artifactual findings resulting from errors in
outcome measurement

Publication Form of reporting bias leading to over-repre
significant or positive studies in systemati

Study design Error resulting from failure to identify issue
internal or external validity

Measurement Systematic error in data collection
Confounding Interference from a third variable that distor

association between treatment and clinica

TABLE 2. Presence of Bi

Study

Bartlett et
al.2

ACI v
MACI

Basad et
al.3

MACI v
MFX

Bentley et
al.5

ACI v
MOATS

election bias � � ��
erformance bias NP � NP
ransfer bias � � �
onresponder bias � �� �
etection bias � NP �
ublication bias � � �
tudy design bias � � �

NOTE. One plus sign denotes the presence of a particular form
xtensive form of bias, and minus sign denotes the absence or ma
Abbreviations: CP, chondroplasty; MACI, third-generation au

osaicplasty-type osteochondral autograft transfer surgery; NP, informati

steochondral autograft transfer surgery.
limitations and challenges highlighted by the au-
thors of each study.

Bartlett et al.2 (2005)
Clinical Study: Bartlett et al.2 compared the re-

sults of ACI with a porcine-derived type I/type III
collagen cover versus matrix-induced autologous chon-

ias in Cartilage Research

Strategy

tive or
clude
bias

Randomization protocol; strict inclusion/exclusion
criteria; control of patient- and surgery-specific
factors

plete
Comprehensive patient follow-up (�80%)

Minimal losses to follow-up

patients
tion

Standardized surgical technique and postoperative
protocol; similar surgical experience; surgeon
facile in both surgical treatments

Comprehensive patient follow-up (�80%)
Minimal losses to follow-up

stic or Double-blinded protocol; third-party/independent
observers at follow-up; objective outcome
measures

on of
ws

Publication of well-designed RCTs irrespective of
clinical results; limitations of multiple
publications

Designation of an appropriate control group
Control for open surgical technique or staged
surgical interventions

Use of validated patient outcome measures

mes
Strict inclusion/exclusion criteria; isolated

chondral lesions; limited prior or concomitant
procedures; short preoperative symptom
duration

elected Cartilage Studies

das et
.13,15

ATS
FX

Gudas et
al.14

MOATS
v MFX

Knutsen et
al.20,21

ACI v
MFX

Saris et
al.25,26

CCI v
MFX

Visna et
al.33

OATS v
CP

� �� �� � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �

as within the study, 2 plus signs indicate the presence of a more
presence of bias. ACI and CCI denote second-generation ACI.
us chondrocyte implantation; MFX, microfracture; MOATS,
s of B
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4 J. WORTHEN ET AL.
drocyte implantation (MACI) for osteochondral le-
sions of the knee (�1 cm2) at 1-year follow-up.

Presence of Bias: Inclusion and exclusion criteria
ere explicitly defined, although several patient-spe-

ific factors contribute to significant selection bias.
owever, despite detailed methodology, it was un-

lear how many different surgeons were involved. No
atients were lost to follow-up, limiting transfer bias.
he study also did not include independent observers,
hich can lead to detection bias. In addition, nonre-

ponder bias may be of concern, given the incomplete
econdary histologic analysis (46%).

Limitations and Challenges: Multiple locations
nd variable sizes of chondral lesions were included in
his study. Previous or concomitant treatments for
oint instability, malalignment, and/or other “correc-
ive surgery” at the time of cartilage implantation were
lso noted as limitations. Within this study, govern-
ent recommendations specified that ACI treatment
as reserved only for those individuals in whom ear-

ier treatments had failed, thus predisposing this pa-
ient population to prolonged duration of symptoms
nd poorer preoperative function, as well as variable
ndex procedures. Furthermore, not all patients were
vailable for second-look arthroscopy, thus precluding
dequate histologic and clinical evaluation. Although
he merits of ACI treatment are debated, it still repre-

TABLE 3. Design Limitations and Confo

Study

Bartlett et
al.2

ACI v
MACI

Basad et
al.3

MACI v
MFX

Bentley et
al.5

ACI v
MOATS

opulation (yr) 15-50 18-50 16-49
natomic location All All All
ize (cm2) �1 4-10 �1

Multiple lesions Yes No Yes
Prior surgery Yes NP Yes
Concurrent

procedures Yes Yes No
Prolonged

preoperative
symptoms Yes Yes Yes

Standardized
technique Yes Yes No

Limited histologic
analysis Yes Yes Yes

NOTE. Anatomic location may include all locations (i.e., femor
CCI denote second-generation ACI.

Abbreviations: CP, chondroplasty; FC, femoral condyle; MACI,
ture; MOATS, mosaicplasty-type osteochondral autograft transfer
provided; OATS, osteochondral autograft transfer surgery; T, troc
ents a useful tool in the treatment of chondral defects,
articularly with advancements to second-generation
e.g., ACI with a porcine-derived type I/type III col-
agen cover) and third-generation (e.g., MACI) tech-
iques. However, this study does not offer insight as
o the comparative efficacy of this treatment versus
ther potentially more cost-effective, single-stage op-
rations. As a result, the scope and impact of this
nvestigation are somewhat limited.

asad et al.3 (2010)
Clinical Study: Basad et al.3 evaluated MACI ver-

us microfracture for symptomatic, post-traumatic
artilage defects (�4 cm2) of the knee at 36-month

follow-up.
Presence of Bias: Precise enrollment criteria were

elucidated, thus obviating a large degree of selection
bias. A single surgeon was allocated for both treat-
ment arms, thereby limiting performance bias. Rea-
sonable follow-up was achieved (�80%), although
the use of third-party observers is unclear in this
study. Limited histologic evaluation contributes to
nonresponder bias.

Limitations and Challenges: Both condylar and
patellar lesions were collectively randomized without
subgroup analysis, and concomitant treatment of
smaller meniscal pathology was permitted. Lesion
size was fairly well controlled for, with consideration

Variables in Selected Cartilage Studies

das et
l.13,15

OATS
MFX

Gudas et
al.14

MOATS
v MFX

Knutsen et
al.20,21

ACI v
MFX

Saris et
al.25,26

CCI v
MFX

Visna et
al.33

OATS v
CP

�40 0-18 18-50 18-50 NP
FC FC FC/T FC All
1-4 2-4 2-10 1-4 NP
No No No No Yes
Yes No Yes Yes NP

Yes No No Yes Yes

Yes Yes Yes Yes NP

No No Yes Yes NP

Yes Yes No No Yes

yles, trochlea, and patella), femoral condyle, or trochlea. ACI and

eneration autologous chondrocyte implantation; MFX, microfrac-
y; NP, information required to make determination of bias is not
unding
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osteochondral lesions were excluded. Symptom dura-
tion remained significant (mean, 2.3 years), and the
extent of prior surgical management was unspecified.
The microfracture technique was not described, al-
though this was presumably performed arthroscopi-
cally versus an open approach for MACI. In addition,
separate rehabilitation pathways were involved accord-
ing to treatment arm, which may stratify patient recov-
ery. Although magnetic resonance imaging (MRI) was
performed in the early postoperative period to exclude
elamination and/or hypertrophy in the MACI treat-
ent arm, second-look arthroscopy with histologic

nalysis at 12 months postoperatively was limited
ecause of the patients’ reluctance.
Two separate but identical matrices were used as

hondrocyte-seeded scaffolds in the MACI cohort and
ubsequently combined for statistical analysis. Al-
hough the manufacturers validated the similarity of
hese matrices in this study, the authors note that the
ariability in processing and material composition of
ommercially available scaffolds confounds the abil-
ty to objectively evaluate comparative studies using
lternate products.

entley et al.5 (2003)
Clinical Study: Bentley et al.5 evaluated the re-

sults of ACI versus mosaicplasty for osteochondral
defects in the knee (�1 cm2) at a mean follow-up of
19 months.

Presence of Bias: This study had clearly described
enrollment criteria and methods for randomization;
however, patient-specific factors again present issues
in terms of selection bias. Although complete clinical
follow-up was described, there was insufficient post-
operative histologic evaluation, which contributes to
nonresponder bias. Performance bias cannot be as-
sessed because the number of surgeons was unspeci-
fied. Detection bias was present because the study
lacked independent observers and no description of a
blinding method was found in the study. Finally, the
utilization of mosaicplasty as a control for ACI may
represent a study design bias, because these tech-
niques are typically used for differentially sized le-
sions, in terms of both depth and diameter.

Limitations and Challenges: Even though the se-
lection criteria were clearly defined in the study,
patient-specific factors were challenges in them-
selves. These factors included varied size and location
of the chondral lesion, differing underlying etiologies,
wide age distribution (14 to 49 years), prolonged
duration of preoperative symptoms (mean, 7.2 years),

and high prevalence of previous nonarthroscopic surgery
(mean, 1.5 operations). In the context of a nationalized
health care system, the specific government restric-
tions may have contributed to the long duration of
preoperative symptoms and high reoperation rate in
this study. Differences in surgical techniques and in-
trinsic limitations inherent to each surgery also com-
plicate comparative evaluation. The mosaicplasty
technique used by the authors often resulted in incom-
plete filling of the cartilage defect with variable car-
tilage orientation and donor-site morbidity. Similarly,
in the ACI group, both porcine collagen membrane
and periosteal coverage were used, which confounds
outcome interpretation because of the discreet differ-
ences in the complication profile depending on the
type of patch used. Furthermore, the difficulty in es-
tablishing a control group was notable, particularly
with the previously mentioned treatment arms, and
this challenge was present in most of the included
studies.

Gudas et al.13,15 (2005, 2006)
Clinical Study: Gudas et al.13,15 compared mosaic-

type osteochondral autograft transplantation (OAT)
versus microfracture for osteochondritis dissecans
(OCD) or articular cartilage defects (1 to 4 cm2) of
the knee joint in young athletes at up to 36-month
follow-up.

Presence of Bias: This study used very strict ex-
clusion criteria with highly active selected patients,
which can also result in selection bias given the phys-
ical demands in this population. Performance bias was
limited because of a clear method and the presence of
only 2 surgeons. Follow-up was adequate, and detec-
tion bias was also limited with 2 independent observ-
ers present at all follow-up visits.

Limitations and Challenges: A notable limitation
is the difficulty in comparing the narrow, active pa-
tient demographic featured in this study with other
broader patient populations. All patients were compet-
itive or well-trained athletes with a mean age of 24
years, no prior surgeries on the affected knee, and only
grade 3 or 4 condylar lesions. Similarly, the tech-
niques used differed from those described in other
studies of the same level of evidence. Of note, no
arthrotomies were used in either procedure, and an
arthroscopic assisted technique was used for the OAT
procedure using a mosaicplasty-type technique. A
common postoperative rehabilitation protocol was de-
veloped to facilitate comparison. Clinical, arthroscopic,
and radiographic follow-up with MRI was sufficient, but
histologic evaluation was incomplete despite a rela-

tively high rate of subsequent biopsy (43%). The
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6 J. WORTHEN ET AL.
authors noted the limitations of short-term follow-up
and recommended future long-term studies to clarify
long-term viability and indications for microfracture
and osteochondral autologous transplantation, partic-
ularly in more generalizable populations. In addition,
regenerate fibrocartilage and scar tissue associated
with microfracture may be biomechanically insuffi-
cient to withstand the repetitive stresses encountered
in this patient cohort.

Gudas et al.14 (2009)
Clinical Study: Gudas et al.14 compared ar-

throscopic mosaicplasty versus microfracture for
treatment of OCD (2 to 4 cm2) involving the femoral
condyles of children aged under 18 years at 3- to
6-year follow-up.

Presence of Bias: Specific inclusion criteria were
stipulated, although selection bias was still present,
given the predominately adolescent patient composi-
tion and prolonged history of loose osteochondral
fragments in some patients. An experienced, single
surgeon performed all surgeries and subsequent fol-
low-up without independent reviewers, exposing this
study to detection bias. Transfer and nonresponder
bias may also present an issue in the microfracture
group because 3 patients were lost to follow-up and
subsequently excluded from further analysis.

Limitations: The variability in skeletal maturity
and Tanner staging, both within and between treat-
ment arms, can introduce some degree of confound-
ing. Moreover, although the area of the lesion was
well defined, the depth of the lesion was not explicitly
addressed and may have hindered success in the mi-
crofracture group vis-à-vis an osteochondral autograft
transfer surgery technique because of lack of restora-
tion of subchondral bone stock. The interval duration
of symptoms before surgery was also considerable
(mean, 23.54 months) and may complicate subsequent
analysis. Second-look arthroscopy was performed in
symptomatic individuals and those identified as treat-
ment failures, which over-represents the patients receiv-
ing microfracture. However, whereas radiographic eval-
uation with MRI was obtained before second-look
arthroscopy, no histologic analysis was performed to
evaluate prior surgical intervention. As with the pre-
vious study, it is difficult to extrapolate outcomes
from the treatment of OCD lesions in a pediatric
population to a broader population with more trau-
matic chondral lesions, because these represent dis-

tinct and separate entities.
Knutsen et al.20,21 (2004, 2007)
Clinical Study: Knutsen et al.20,21 compared ACI

versus microfracture for isolated condylar cartilage
defects (2 to 10 cm2) of the knee at 2-year follow-up
and then 5-year follow-up.

Presence of Bias: This study involved 4 surgeons
at 4 different hospitals who performed both proce-
dures equally to limit performance bias. In contrast
with other studies, this study presented mitigated
transfer and nonresponder bias with excellent clinical,
arthroscopic, and histologic follow-up at 2 and 5
years. Detection bias was also limited, with blinded
independent observers present at all follow-up visits
up to 2 years, but not at 5 years.

Limitations and Challenges: Numerous patient-
specific factors served as limitations in this study.
Chronic chondral lesions of widely variable size (2 to
10 cm2), severity, and etiology involving the femoral
ondyle were considered, and in most patients a long
eriod of conservative treatment (mean, 36 months)
ad failed and they had undergone previous surgery
93%). Although patients with malalignment, instabil-
ty, or early evidence of arthritic change at the time of
nrollment were excluded, the inconsistent use of
ther treatment modalities was another potentially
onfounding factor cited by the authors. When com-
ared with an all-arthroscopic microfracture proce-
ure, ACI surgery was considerably more invasive,
ecessitating an open arthrotomy for periosteal flap
overage, and more prone to complication with symp-
omatic graft hypertrophy, given the first-generation
echnique. In contrast to other studies, histologic eval-
ation during second-look arthroscopy was performed
n most patients (83%). In addition, a high percentage
f osteoarthritis was noted at 5 years after treatment.
s such, the initial clinical and radiographic screening
ay have lacked the appropriate sensitivity to detect

arly degenerative changes. The unknown long-term
atural history of cartilage injury and subsequent re-
air was also discussed as a limitation. Lastly, the
otable lack of a control group was also a problem
cknowledged in this and other studies.

aris et al.25,26 (2008, 2009)
Clinical Study: Saris et al.25,26 compared charac-

terized chondrocyte implantation (CCI) versus micro-
fracture for treatment of symptomatic cartilage lesions
of the femoral condyles (1 to 4 cm2) at a follow-up of
up to 36 months.

Presence of Bias: There were clearly described
enrollment criteria, method of randomization, and de-

tailed descriptions of methodology available in this
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7CLINICAL KNEE CARTILAGE RESEARCH
study, precluding significant selection bias. However,
a total of 13 surgeons at 13 hospitals certainly con-
tributes to possible performance bias. A multinational
patient cohort was enrolled across multiple different
health care settings, which could contribute to a form
of reporting bias based on inherent cultural differ-
ences. Excellent follow-up was ensured (�80%), and
etection bias was limited because of the presence of
linded independent observers present at all clinical
ollow-up visits, as well as histologic analysis. Dupli-
ate publication bias was also encountered, with a
ubset of these patients separately described by Van
ssche et al.28,29

Limitations and Challenges: The interval be-
ween the onset of preoperative symptoms and surgi-
al treatment was less in this patient population when
ompared with other studies. However, patients were
f a wide age range, and several had undergone pre-
ious or concomitant knee surgery to address intra-
rticular pathology. Again, limitations of the 2 tech-
iques were noted, because the CCI group required
nitial arthroscopy with secondary lateral arthrotomy
nd periosteal flap coverage whereas the microfracture
roup entailed arthroscopy alone. A broader portion of
he CCI group had previous surgery and a compara-
ively longer history of symptomatology than those
atients in the microfracture group. After exclusion of
issue samples for poor processing or patient refusal,
istologic analysis was still available for a large por-
ion of patients (79%). Despite its conclusion, this
tudy still does not elucidate whether characterized
hondrocytes contribute to improved structural repair
is-à-vis microfracture, because both methods showed
mproved clinical outcome at 36 months. Results sug-
ested that the most suitable candidates for cartilage
mplantation procedures are those patients with a
horter duration of symptoms (i.e., 2 to 3 years).
owever, the authors recommend further research to

stablish the role of pertinent patient- and surgery-
ased variables to better predict which individuals are
ikely to respond to such treatment.

isna et al.33 (2004)
Clinical Study: Visna et al.33 compared the treat-
ent of deep cartilage defects of the knee with OAT

ersus abrasive techniques at 12-month follow-up.
Presence of Bias: Selection and performance biases

ere limited except for the presence of co-interventions.
ransfer bias was limited with 100% clinical follow-up,
lthough the authors were unable to obtain adequate

econd-look arthroscopies and histologic follow-up.
his study also lacked independent observers, thereby
ntroducing detection bias.

Limitations and Challenges: Approximately 86%
f cartilage lesions were post-traumatic, which is dis-
ontinuous with the breakdown by mechanism of in-
ury identified in other studies. In addition, this study
ncluded not only lesions from various locations about
he knee but also those patients presenting with mul-
iple chondral defects. The length of pre-existing symp-
oms was not reported, and concurrent ligamentous re-
onstruction was permitted along with the study
rocedure. Overall, few patients in this study were
valuated with second-look arthroscopy and histologic
nalysis (8%), including no patients from the abrasion
reatment group. The variability in articular involve-
ent and extent of concomitant procedures preclude

ny meaningful comparison with other studies.

DISCUSSION

Articular cartilage research is intrinsically difficult
or a variety of reasons. In addition to its limited
apacity for healing, a wide assortment of treatments
ave been described to repair or replace this special-
zed joint surface. Biologic and novel prosthetic prod-
cts designed to treat damaged articular cartilage are
eing introduced into the clinical realm at an ever-
ncreasing pace. Unfortunately, very little Level I sci-
ntific evidence exists on these treatments to critically
nalyze and direct clinical care of this common prob-
em. There are quality-of-care, socioeconomic, and
ommercial interests vested in cartilage research, yet
here is a paucity of published information. The exis-
ent literature on this topic is replete with design flaws,
nd this investigation seeks to systematically highlight
hese challenges and potential biases within this area
f clinical research to advance future studies and
uide clinical management of this complex problem.
The dearth of well-designed and unbiased cartilage

esearch in the contemporary literature has been pre-
iously discussed. Jakobsen et al.19 had previously

evaluated the body of literature using a modified Cole-
man Methodological Score (CMS) with 10 established
criteria to assess the quality of study on a scale from
0 to 100. Among 61 reviewed studies evaluating the
outcomes of microfracture, ACI, and/or osteochondral
autograft transfer surgery procedures, the mean CMS
was 43.5, connoting a generally poor methodologic
quality. Significant methodologic concerns were high-
lighted in the areas of study design, clarification of

postoperative rehabilitation protocol, outcome mea-
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sures or means of patient assessment, and patient
selection. Whereas a positive correlation was noted
between CMS rating and level of evidence, significant
variations existed between studies at each level and
the ratings of Level I studies were still suboptimal.
Limited patient enrollments (median, 30; range, 14 to
58) predisposed studies to underpowered statistical
evaluations, and the use of 27 separate outcome scales
impedes further meta-analysis. More recently, Ben-
thien et al.35 further investigated the evidence-based
methods for cartilage restoration and reported similar
conclusions, with a mean CMS of 58 among 133
studies. They similarly emphasize the importance of
uniform validated outcome measures and standardized
surgical techniques to improve collaboration and fa-
cilitate medical decision making.

Cartilage studies around the world have had, and
continue to have, challenges with patient enrollment.
A primary reason is that most cartilage research is
seeking to principally assess the safety and efficacy of
treatment directed at isolated, focal defects of the
distal femur. Unfortunately, these chondral defects
most frequently present to investigators as compound
knee problems, often with variable levels of chronicity
and lesion progression. This particular injury pattern
is fairly ubiquitous throughout the health care system
and does not necessarily warrant referral to a second-
ary or tertiary treatment center conducting relevant
cartilage research. Many patients with cartilage le-
sions, perhaps the vast majority, are treated (or in
many cases undertreated) by community-based ortho-
paedists and do not have access to the studied inter-
ventions or study enrollment. As evidence of the dif-
ficulty of conducting this type of articular cartilage
research, 1 of the authors (P.A.D.) was the principal
investigator for an RCT to evaluate an orthobiologic
scaffold for repair of isolated lesions of the distal
femur. The study was designed in cooperation with
the US Food and Drug Administration (FDA) and in
nearly full accordance with International Cartilage
Repair Society guidelines articulated by Mithoefer et
al.24 With 9 dedicated cartilage centers enrolling pa-
tients, the study was canceled for lack of enrollment,
with only 4 patients meeting the inclusion/exclusion
criteria over a 9-month period. Despite methodologic
challenges among the Level I studies reported in our
review, the prevalence of cartilage lesions that qualify
a patient for this type of research is obviously very
low in light of typical inclusion/exclusion criteria and
study design.

The biases present in these studies are not entirely

unique to cartilage research, although inherent limita-
tions make certain forms of bias unavoidable even in
well-designed clinical trials. Selection bias is particu-
larly difficult to avoid given that cartilaginous defects
most frequently occur vis-à-vis other intra-articular
injury and with varying degrees of chronicity. Perfor-
mance bias may also be problematic within the con-
text of cartilage restoration, particularly with multiple
treating surgeons across numerous hospital settings in
selected studies. Detection bias was clearly present in
studies lacking adequate description of blinding pro-
tocols or designated independent observers for histo-
logic analysis and follow-up.25,26 Transfer and nonre-
sponder bias may be minimized with adequate follow-up
or histologic analysis (e.g., �80%). Clinical follow-up

as appropriate in most of these studies; however,
second-look arthroscopy, as well as histologic evalu-
ation, was extremely limited because of the necessity
for an additional secondary procedure, the limited
gains from the patient’s perspective, increased medi-
cal cost, and the inherent risks associated with subse-
quent surgery.

There are 2 types of comorbidities that confound
cartilage research studies. First, there are patient-
specific parameters. These include overall patient
health, lifestyle, and compliance issues. Patients with
negative comorbid parameters such as chronic illness,
smoking, and obesity are more likely to have impaired
outcomes when compared with healthier cohorts.
Some studies attempt to control for these conditions,
although inclusion and exclusion criteria may not be
consistent from study to study. Furthermore, some
comorbidities such as alcohol or substance abuse are
markedly under-reported by patients, further impair-
ing the ability to control for patient-specific risk fac-
tors contributing to poor outcomes. The second type
of comorbidity involves concurrent knee pathology.
Malalignment, meniscal absence or damage, instabil-
ity (gross or subtle), and/or progressive degeneration
within the knee can all confound the capacity of
investigators to accurately assess the effect of carti-
lage treatments. Lastly, concurrent surgical proce-
dures intended to address coexisting knee pathology
may obscure the investigator’s capacity to discern the
patient outcome relative to the cartilage interventions,
in terms of both subjective and objective outcome
measures.

The history of antecedent pathology, as well as
prior treatment of cartilage lesions, is another con-
founding variable in analyzing the outcome of carti-
lage treatments. Ideally, treated lesions would be pri-
mary and without prior directed interventions. In fact,

many lesions treated for cartilage repair have under-
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gone prior interventions before more directed surger-
ies. For example, many cartilage lesions are identified
at the time of ligament reconstruction, and marrow
stimulation techniques are readily available at the time
of the index procedure in most settings. This will, by
definition, violate the subchondral bone and may ul-
timately confound or bias research involving subse-
quent cartilage surgery. Given the predisposition of
patients with cruciate injury toward accelerated de-
generative change irrespective of later reconstruction,
the presence of a prior ligament surgery in the same
knee will also potentially confound subsequent out-
comes of isolated cartilage research.

The interventions analyzed in cartilage research
have been widely varied, in terms of both surgical
technique or available technology and anatomic loca-
tion. It is difficult and sometimes frankly impossible
to compare studies that use different index procedures
or address chondral lesions in different geographic
distributions about the knee. For example, studies look-
ing at ACI may use a variety of covering membranes,
from autologous periosteum to xenograft tissue or bio-
synthetic scaffolds according to first-, second-, and third-
generation techniques. The confounding potential of
these different membranes results from varying com-
plication profiles and surgical approaches, and this
complicates the comparison from one study to an-
other. Furthermore, surgically treated lesions involv-
ing the patellofemoral articulation, or so-called kiss-
ing bipolar lesions, are associated with more modest
clinical results when compared with those of isolated
condylar lesions, and these lesions are frequently en-
rolled collectively without being appropriately con-
trolled for or undergoing further subgroup analysis. In
addition, frequent secondary surgical procedures (e.g.,
second-look arthroscopy) may also contribute to these
confounding variables because of their additional in-
herent risk.

Cartilage research, particularly in the United States,
has been guided by the policies and restrictions of the
Department of Health and Human Services’ FDA.
This agency has, for the most part, insisted that all
new modalities to treat articular cartilage defects un-
dergo a 2-part evaluation, with an initial pilot trial to
assess safety and subsequent studies to ascertain effi-
cacy. These studies, even the preliminary pilot trials,
may require up to 3 or more years in duration to
discern differences between treatments. Furthermore,
the FDA has been relatively insistent that the therapeutic
modality being tested be compared with a microfracture
control. This choice of a control has several limitations

and shortcomings, because microfracture represents a a
minimally invasive modality, whereas many of the car-
tilage treatments being used and tested require an arth-
rotomy and therefore cannot be blinded. Thus far, the FDA
has not allowed comparison among cartilage treatment
modalities that could effectively be blinded. Definitive
studies, or Level I data, require follow-up of more
than 3 years, and these studies cannot be initiated until
conclusion of the pilot. In addition, the FDA has been
insistent that studies establish superiority, rather than
non-inferiority, of a given treatment, thereby increas-
ing the number of patients needed to show statistically
significant differences in primary and secondary out-
comes. Furthermore, the FDA has been reluctant to
allow the utilization of indirect biomarkers (e.g., joint
aspirate) to assess efficacy of therapeutic modalities
on articular cartilage. Lastly, the application of guide-
lines under the 510(k) pathway, whereby products of
substantial equivalence might be afforded a relatively
expedited pathway to approval, remains in a state of
flux at this time, adding further uncertainty to aca-
demic and commercial sponsors of clinical research.
In the context of this intense regulatory environment,
most articular cartilage research is presently being
performed outside the United States, primarily in the
European Union.

CONCLUSIONS

Systematic review of randomized articular cartilage
tudies shows the prevalence of forms of bias in even
he highest level of research, particularly selection
ias, nonresponder bias, and study design bias. Iden-
ified design limitations include variability in ana-
omic location, lesion size and depth, presence of
oexisting chondral lesions, prior or concomitant pro-
edures, prolonged preoperative symptoms, and/or
imited histologic follow-up. Whereas current studies
ave attempted to control and mitigate these factors,
he referral of patients to dedicated cartilage research
enters, adherence to strict study design criteria, larger
tudy enrollment, and extended follow-up will en-
ance the quality and quantity of valid Level I artic-
lar cartilage studies and serve to inform appropriate
linical guidance. In addition, the heterogeneity in
rimary and secondary endpoints, the variations in
urgical technique, and the disparate rehabilitation
rotocols are among the factors that continue to chal-
enge advancements in cartilage research and must be

ddressed for further studies.
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