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Functional articular cartilage repair: here, 
near, or is the best approach not yet clear?
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Abstract | In this Review we describe three approaches for cartilage tissue repair at the rheumatology–
orthopaedics interface: disease-modifying osteoarthritis (OA) drug (DMOAD) treatment; cell-based therapies, 
and intrinsic cartilage repair by joint distraction. DMOADs can slow the progression of joint damage. Cell-based 
therapies have evolved to do the same, through selection of the most potent cell types (and combinations 
thereof), as well as identification of permissive boundary conditions for indications. Joint distraction 
techniques, meanwhile, have now demonstrated the capacity to stimulate actual intrinsic tissue repair. 
Although this progress is promising, true biological joint reconstruction remains distant on the developmental 
pathway of ‘regenerative medicine’. Prolonged functional repair—that is, cure of diseases such as OA—
remains an unmet medical need and scientific challenge, for which comparative and constructive interaction 
between these physical, chemical and cellular approaches will be required. Careful selections of patients and 
combinations of approaches will need to be made and tested to demonstrate their cost-effectiveness. Only 
with such rational and integrated assessment of outcomes will the promising results of these approaches be 
consolidated in clinical practice.
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Introduction
For centuries, the dogma has been that cartilage repair 
is an unattainable goal. Bone, the support for articu-
lar cartilage, is considered to be a substantially more 
dynamic tissue than cartilage, whereas modulation of 
tissue inflammation in the synovial lining of joints has 
proven to be feasible. These three tissues are strongly 
interrelated and together govern joint homeostasis—
biochemically and mechanically determining tissue 
activity, turnover, and the capacity for repair. Classically, 
rheumatology encompasses biochemical modulation of 
this homeostasis (through medication) whereas ortho-
paedics focuses on restoring mechanical homeostasis 
(through surgery). Within the boundaries of these dis-
ciplines, a new field is arising to fill the gap between 
early and late-stage treatment for joint disorders such as 
osteoarthritis (OA): the development of cartilage tissue 
structure-modifying treatments.

Three approaches for cartilage tissue repair at this 
rheumatology–orthopaedics interface are described in 
this Review: disease-modifying OA drug (DMOAD) 
treatment; cell-based therapies, and intrinsic cartilage 
repair by joint distraction. The progression of joint 
damage can be slowed by DMOAD therapy as well as 
through cell-based treatments, which have evolved 
through selection of the most potent cell types (and 
combinations thereof ), as well as identification of 

permissive boundary conditions (such as optimum age, 
lesion size and so on) for surgical cell therapy indica-
tions. Now, joint distraction techniques have not only 
increased the number of potential approaches to carti-
lage repair, but have also demonstrated the capacity to 
stimulate actual intrinsic tissue repair. Nevertheless, 
true biological joint reconstruction remains distant on 
the developmental pathway of ‘regenerative medicine’. 
Prolonged functional repair—that is, cure of diseases 
such as OA—remains an unmet medical need and scien
tific challenge, for which comparative and constructive 
interaction between these physical, chemical and cellular 
approaches will be required. Here, we outline progress in 
DMOAD and cell-based therapies, focusing particularly 
on studies that support the feasibility of the concept of 
functional repair of articular cartilage. Next, we compre-
hensively review data from studies of joint distraction. 
Finally, we discuss homeostatic mechanisms in the joint 
and how the different developmental approaches to joint 
restoration might be combined to elicit the best results.

DMOADs: reality or make-believe?
None of the current potential DMOAD treatments 
(Table 1) have yet been approved for the treatment of 
OA by regulatory authorities worldwide, as criteria for 
approval of a DMOAD include both structural and 
clinical improvement,1,2 Although some compounds 
have slowed structural progression, no symptomatic 
benefits have been shown. Nonetheless, research into 
the development of innovative agents persists and some 
promising findings have been reported.
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Approaches to DMOAD development 
Unfortunately, no ‘gold standard’ or reference exists for 
the development of DMOADs and other tissue structure-
modifying approaches. No treatment, including surgi-
cal options, has yet resulted in clear cartilage repair of 
unquestionable quality; thus, a comparison for assessing 
the clinical efficacy of new tissue structure-modifying 
therapies is lacking. At preclinical stages, much can be 
learned from the alteration and modulation of specific 
pathways in small animal species, including genetically 
modified mouse models of disease. Larger animal models 
(such as dogs and goats), however, have the advantage 
of enabling more detailed whole-joint analyses, includ-
ing study of the interactions between different tissues 
facilitating translation of findings to the human situation.3

Key points

■■ The quest for disease-modifying osteoarthritis drugs (DMOADs) is becoming 
increasingly fruitful; modalities that alter bone turnover—and, indirectly, 
cartilage damage—seem to be most effective

■■ Long-term outcomes of cell-based therapies are good; quality has improved 
with European advanced therapeutic medicinal products regulation; the current 
goal is combining cartilage components, mesenchymal stem cells and trophic 
factors into a one-stage therapy 

■■ Joint distraction can induce tissue-structure modification in degenerated knee 
joints, accompanied by prolonged symptomatic improvement that supports the 
concept of cartilage repair translating into real clinical benefit

■■ Joint distraction itself might represent an integrated approach to tackling the 
separate chondroprotective, chondroreparative and bone turnover-modifying 
mechanisms targeted by DMOADs and cell-based therapies

■■ Combining DMOAD and cell-based therapies with joint distraction might be a 
worthwhile approach towards functional tissue repair, as distraction provides  
a temporary biomechanical joint homeostasis that facilities repair mechanisms

The decision to carry out arthroplasty depends on 
multiple variables and does not, therefore, constitute a 
‘hard’ primary endpoint for clinical trials.4–6 Alternative 
clinical endpoints that assess chondroprotective and 
reparative activities of potential DMOADs are clearly 
necessary.7 High-level biomarker technologies allow-
ing specific, sensitive and quantitative assessments 
of the turnover status of the joint tissues (synovium, 
bone, and cartilage) are needed. Joint-space nar-
rowing (JSN) remains the only accepted structural 
endpoint in trials, despite demonstrations that MRI-
based cartilage measurements are more closely asso-
ciated with OA symptoms than JSN,8 and are better 
able to predict knee arthroplasty.9 Several biochemical 
markers exist for quantification of the underlying tissue 
degeneration and formation. Initiatives such as the 
BIPED (Burden of Disease, Investigative, Prognostic, 
Efficacy of Intervention and Diagnostic) biomarker 
classification provide specific biomarker definitions 
and improve our ability to develop and analyze bio-
markers10 and, as such, our search for tissue structure-
modifying activity. Clearly, improvements of imaging, 
including radiography, as well as biomarker technolo-
gies are prerequisite for the field of tissue regeneration 
to advance.

Current most promising DMOADs 
New mediators and pathways relevant to OA are 
continually being discovered. As such, several promis-
ing DMOADs are under development (Table 2; exten-
sive reviews of DMOADs have been published in this 
journal11 and elsewhere12).

Table 1 | Completed trials of potential DMOADs

Compound  
(trial sponsor)

Study* Participants‡, duration and 
dosage

Primary 
endpoint

Outcome

Risedronate BRISK: Spector et al. 
(2005)121

KOSTAR:  
Bingham et al. (2004)4 

n ≈ 95 per group, 1 year,  
5 & 15 mg daily
n ≈ 305 per arm, 2 years, 
5 mg & 15 mg qd,  
35 mg/week (in Europe) & 
50 mg/week (in the USA) 

JSN + WOMAC/
PGA

Both studies found no significant 
difference from placebo for any 
of the regimens used 

Doxycycline Brandt et al. (2005)122 n ≈ 215 per group, 2.5 years, 
100 mg doxycycline bid

JSN 30% reduction in JSN  
with treatment, compared with 
placebo (0.30 mm vs 0.45 mm 
JSN, P <0.009)

Glucosamine sulfate 
(Rottapharm) 

Pavelká et al. (2002)123 n = 100 per group, 3 years, 
1,500 mg GS qd

JSN Significant reduction in JSN  
with treatment, compared with 
placebo (0.04 mm JSN vs 
–0.19 mm JSN P <0.01) 

Chondroitin sulfate 
(IBSA) 

STOPP: Kahan et al. 
(2009)124

n ≈ 310 per group, 2 years, 
800 mg CS qd

JSN Significant reduction in JSN with 
treatment compared with 
placebo (–0.07 vs –0.31 mm 
P <0.0001) 

Glucosamine 
sulfate/ chondroitin 
sulfate (NIH)

GAIT: Sawitzke et al. 
(2008)125

n ≈ 110 per group, 2 years, 
500 mg GS tid, 400 mg CS tid,  
combination GS+CS tid,  
200 mg celecoxib

JSN Both compounds no significant 
difference from placebo

*All studies listed are randomized controlled trials. ‡Approximate patient numbers per group are provided for brevity as applicable. Abbreviations: bid, bis in diem 
(twice daily); BRISK, British study of risedronate in structure and symptoms of knee OA; CS, Chondroitin sulfate; DMOAD, disease-modifying OA drug; GAIT, 
Glucosamine/chondroitin arthritis intervention trial; GS, glucosamine sulfate; IBSA, Institut Biochimique SA; JSN: joint-space narrowing; KOSTAR, knee OA 
structural arthritis; OA, osteoarthritis; PGA: patient global assessment of arthritis; qd, quaque die (every day); STOPP, study on OA progression prevention; tid, 
ter in die (three times a day); WOMAC, Western Ontario and McMaster University OA index.
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iNOS inhibitors 
Nitric oxide and its primary metabolites are toxic to 
cells and create extracellular matrix damage. Data 
obtained in vivo and in vitro have suggested that selec-
tive inhibitors of the enzyme inducible nitric oxide 
synthase (iNOS) might not only be effective agents for 
symptomatic treatment of OA, but might also exert 
disease-modifying activity.13, 14 Phase I and II studies with 
the oral iNOS inhibitor cindunistat have been conducted, 
and a Phase III DMOAD trial in knee joint degeneration 
was completed in 2012.13 In this 2‑year study, cinduni-
stat did not slow the rate of JSN versus placebo in more 
than thousand patients with OA, although in those with 
less severe joint damage post hoc evaluation revealed a 
beneficial effect on JSN at 48 weeks.

Protease inhibitors 
Clear evidence shows that the earliest histopathological 
lesions in cartilage degeneration are depletion of pro-
teoglycans and a breakdown of the collagen network 
mediated by members of the matrix metalloproteinase 
(MMP) family and aggrecanases of the ‘a disintegrin 
and metalloproteinase with thrombospondin motifs’ 
(ADAMTS) family.15 Highly specific inhibitors of 
MMP‑13 (also known as collagenase 3) have shown 
promising results in protecting cartilage in experimen-
tal models of joint degeneration16 and several MMP‑13-
specific inhibitors are in preclinical development. 
Combined inhibition of aggrecanases and collagenases 
might, however, be needed for full cartilage-protecting 
effects to be realized.17

Bone morphogenetic protein 7 
Preclinical studies have revealed bone morphogenetic 
protein 7 (BMP‑7, also known as osteogenic protein 1; 
OP‑1) to be a unique growth factor that exhibits both 
strong anabolic activity (such as stimulation of the 
expression of type II collagen, aggrecan and hyaluro
nan, among other structural proteins) and anti-catabolic 
properties (inhibition of aggrecanases and MMP‑13). 
BMP‑7 inhibits the progression of OA and has the abil
ity to repair cartilage in vivo in various animal models 
of articular cartilage degradation. The first phase I 
clinical trials of BMP‑7 in symptomatic OA have been 

performed, with the results supporting continued 
investigation of this approach.18

Fibroblast growth factor 18 
Fibroblast growth factor 18 (FGF‑18) activates FGF 
receptors, triggering signalling pathways that are 
important in bone and cartilage biology, including 
chondrogenesis and osteogenesis.19 In animals, FGF‑18 
showed considerable anabolic effects on chondrocytes: it 
stimulated proteoglycan synthesis and cartilage growth.20 
In a rat model of injury-induced joint degeneration, 
FGF‑18 dose-dependently increased cartilage thick-
ness.21 Two phase I studies of the recombinant human 
protein (rhFGF18) administered intra-articularly in 
patients with knee OA have been completed, and a 
phase II trial is ongoing. Results showed a statisti-
cally significant dose-dependent improvement in total 
femorotibial cartilage volume (P <0.05), as well as dimin-
ished JSN at 1 year post injection.22 All 42 patients receiv-
ing rhFGF18 experienced symptomatic improvement, 
although the response in the placebo group was higher 
than with active treatment. This early result shows that 
rhFGF18 has potential DMOAD activity but that further 
clinical investigation is clearly needed.

Calcitonin 
The thyroid hormone calcitonin has been posited as a 
DMOAD because subchondral bone changes are key to 
the development and progression of OA. Preliminary 
findings from oral treatment with calcitonin suggest 
that it can preserve healthy bone, prevent osteophyte 
changes, slow the deposition of weaker reparative bone 
in the subchondral region, and maintain normal contour 
and shape of the articular surfaces.23 In addition to these 
effects on bone, potential direct effects on cartilage 
have been reported.23 One phase III efficacy trial of oral 
salmon calcitonin in knee OA was terminated in men 
“due to an imbalance in prostate cancer events”;24 another 
phase III trial has been completed25 but the findings 
have been published to the scientific community only in 
Abstract form to date.25 In this double-blind, randomized 
placebo-controlled study, twice-daily calcitonin treat-
ment over 2 years in patients with knee OA resulted in 

Table 2 | Potential DMOADs currently in clinical development for OA

Compound Clinical trial identifiers Stage completed Mode of action

Strontium ranelate ISRCTN41323372229,30 Phase III Remodelling of subchondral bone and articular 
cartilage

Calcitonin NCT00486434,25 

NCT0070484724

Phase III Remodelling of subchondral bone and articular 
cartilage 

FGF‑18 NCT00911469,126 

NCT0103399422

Phase I Pro-anabolic growth factor

SD‑6010 NCT0056581213 Phase III iNOS inhibitor

PG‑530742, PG‑116800 NCT00041756127 Phase II Broad-range inhibition of MMPs

Aggrecanase (AGG‑523) NCT00427687128 Phase I Inhibition of ADAMTS‑4/5

BMP‑7 (also known as OP‑1) NCT0113361318 Phase III Pro-anabolic growth factor

Abbreviations: ADAMTS, a disintegrin and metalloproteinase with thrombospondin motifs; BMP‑7, bone morphogenetic protein‑7; DMOAD, disease-modifying OA 
drug; FGF‑18, fibroblast growth factor‑18; iNOS, inducible nitric oxide synthase; MMP, matrix metalloproteinase; OA, osteoarthritis; OP‑1, osteogenic protein‑1. 
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substantial symptom-modifying efficacy, with significant 
improvements seen in clinical scores of symptoms such 
as pain and function. The primary endpoint of improve-
ment in radiographic JSN was not reached, but a signifi-
cant increase was found in cartilage volume, suggesting 
structure-modifying capacity.25 Thus, additional clini-
cal research into this primarily bone-directed potential 
DMOAD is warranted.

Strontium ranelate 
Originally developed as a treatment for osteoporosis,26 
strontium ranelate has been shown in vitro to stimulate 
the cartilage matrix formation of isolated chondrocytes.27 
Post-hoc analysis focusing on cartilage repair of data from 
cohorts in trials in osteoporosis has suggested chondro-
protective abilities of the drug.28 The first results of a 
trial of strontium ranelate in knee OA,29 in which both 
the efficacy and safety of two oral doses of strontium 
ranelate versus placebo over 3 years were evaluated, were 
published in 2012;30 strontium ranelate was associated 
with significantly less progression of JSN than placebo. 
This structure-modifying activity was accompanied by 
moderate improvement in symptoms.30 In another study 
available online in 2012, findings in dogs supported the 
protective effect of strontium ranelate on cartilage, which 
is thought to occur via modulation of bone turnover.31 
Moreover, modulation of rat bone marrow mesenchymal 
stem cells (MSCs) by strontium ranelate in vitro, pro-
moting their osteoblastic but inhibiting their adipocytic 
differentiation, was reported in 2012.32 Together, these 
findings make strontium ranelate a promising DMOAD, 
although its actual mode of action in OA needs further 
study to enable more targeted use of the drug.33

Considerations in DMOAD development 
The persist ing effort over the past years into 
development of new DMOADs has led to promising 
leads and candidate therapies for which actual clinical 
usefulness is near. To make real DMOADs a routine 
clinical reality, attention is needed in the development 
path; more sensitive outcome measures at the imaging34 
and biochemical levels,35 and the characterization of 
clinically meaningful improvements, will facilitate the 
validation of DMOADs as well as other cartilage repair 
approaches. An important factor to consider is the 
imbalance in joint homeostasis in degenerative joint dis-
eases such as OA, creating conditions that are far from 
optimal for DMOADs to function. For example, continu-
ous wear and tear of damaged cartilage surfaces, inflam-
matory conditions, and the low cell-density of adult 
cartilage determining cartilage tissue turnover rate, all 
contribute to constraint of the potential for repair. Not 
surprisingly, at the other end of the spectrum of joint-
restorative approaches, modulation of joint homeostasis 
and cell-based therapies are being developed.

Cell-based therapies: a step ahead 
Cartilage cell therapy—autologous chondrocyte 
implantation (ACI)—was the first clinical example of 
what has rapidly grown into the field of regenerative 

medicine. Nevertheless, research into this approach has 
shown us that true establishment of such technology has 
a long and complex way to go. Meanwhile, it has helped 
us to better understand the challenge of structural tissue 
regeneration versus repair, and functional restoration 
versus treatment of clinical symptoms.

Why and for whom? 
A focal articular cartilage lesion is characterized by an 
isolated loss of cartilage tissue and function in an other
wise healthy articular joint.36 Patients younger than 
45 years show the highest prevalence of focal lesions, 
because their lifestyle is typically more active than in 
older people, making joints prone to local damage that 
leads to more generalized damage only over time.7,38 
Symptoms such as knee pain, swelling, catching and 
locking cause a decrease in activities of daily living and 
sports performance. In fact, the quality of life of patients 
with a diagnosed focal cartilage lesion is impaired to 
the same extent as that of patients with OA eligible for 
arthroplasty.39,40 As we discuss in the following sec-
tions, cartilage cell therapy has a role in the treatment 
of symptomatic joint damage because natural healing is 
ineffective, and because current treatment options for 
large defects do not provide a lasting effect. ACI has been 
approved by the EMA and FDA for use in restoring chon-
dral and osteochondral lesions. It has become clear that 
focussing only on cartilage and not addressing subchon-
dral bone or intra-articular synovial (fluid) factors will 
prevent us from successfully addressing the clinical need. 
Thus, a combined approach of cellular, structural and 
biochemical factors seems to be required. The recent 
implementation of guidelines for cell therapy has led 
to the development of advanced therapeutic medicinal 
product (ATMP) regulation, under which cartilage cell 
therapy finds its place.

Route from idea to bedside of ATMPs 
After initial in vitro and in vivo experiments in the 1970s 
and 1980s, a pivotal moment came with the first cartilage 
cell implantation in a cohort of patients. 39 The hallmark 
publication in 199440 of the outcome of ACI was the first 
proof of cartilage cell biological principal and clinical 
effectiveness. Sixteen patients received femoral condylar 
transplants and seven had patellar transplants; after an 
average 39 months (range 16–66 months), clinical symp-
toms had declined, surface restoration was good, and 
histological signs of hyaline cartilage restoration could 
be found. 2 years after surgery most treated patients had 
good-to-excellent results.40

For years after this first demonstration of ACI using a 
periosteal flap technique, researchers worked on defining 
the indications and limitations, better understanding the 
role and fate of implanted and resident cells, the function 
of the periosteal cover and how to improve the surgical 
procedure.41–44 Establishment of the principal of using 
autologous chondrocytes and expanding them using cell 
culture procedures sparked a flurry of interest from inter-
national biotech companies, all trying to find a place in 
this new and exciting market. This initial enthusiasm was, 
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however, followed by signs of uncertainty about product 
differences,45 clinical effectiveness, safety and production 
process robustness.

Technovolution of cell therapy 
Natural selection of technical advances and the use of 
technology to improve quality of life has been called 
technovolution: a concept that is clearly applicable to the 
development of cartilage cell therapy. Four generations 
in the technovolution of ACI can be described to date, 
including current ‘next generation’ approaches. First-
generation ACI, using culture-expanded autologous 
chondrocytes under a periosteal cover with good long-
term results, was followed by the first matrix assisted 
ACI technique, in which a cover of synthetic collagen 
or resorbable biofilm decreases secondary hypertrophy 
(Figure 1a).46 The third generation approach, in which 
cells are cultured in a re-differentiation phase using an 
open-structure collagen matrix, eliminates the need for 
sutured stitching and improves ease of use, limiting sur-
gical exposure; this technique has enabled the introduc-
tion of arthroscopic delivery of cartilage cell therapy.47–50 
The introduction of bioactive matrices, such as those 
containing hyaluronic acid and collagen, has improved 
both surgical handling and patient-related outcomes.47,48 
Furthermore, the current technique of characterized 
chondrocyte implantation (CCI; Figure 1b), in which 
cultured cells are characterized using molecular biologi-
cal screening with a defined panel of predictive genes 
and the culture process is optimized to select and support 
the highest number of chondrogenic cells, is an impor-
tant development because it establishes release criteria 
and production guidelines for cell culture products to be 

used in clinical care to the same standard as medicinal 
pharmaceutical products, for which regular production 
and distribution can be relied upon. 50 

In parallel with the quality development in cell pro
duction, considerable progress has been made in out-
comes evaluation, clinical trial design and defining the 
optimal patient profile for cartilage regeneration treat-
ment. Whereas cell therapy is a realistic option up to the 
age of 50–55 years in a variety of patients and clinical 
situations, the active, healthy male patient aged <30 years 
with a solitary post-traumatic defect of recent occurrence 
in an otherwise stable and undamaged knee is accepted 
as the ideal indication.42,51,52

Technological advances and the ability to influence 
the biodiversity and development of cells in culture 
(technovolution) have had an essential role in refining 
ATMPs. Follow-up studies have shown persisting effec-
tiveness of cartilage cell therapy, with several studies 
following patients up to 5 years and some studies demon
strating good results at 10–15 and even 20 years after 
treatment.53–57 These cohort studies have clarified that 
patient age, gender, cartilage defect age, defect size and 
location and concomitant (peri)articular deformity are 
predictors of clinical outcome and thus essential in defin-
ing the surgical indication. Defect location and defect 
age proved to influence patient-reported outcomes in 
a randomized controlled trial in 118 patients at 3 years 
after surgery.56,58,59 Medial defects were associated with a  
30–50% better improvement when compared with 
lateral defects.56,57 Defect age, in terms of symptom-
to-treatment delay, proved to influence postoperative 
improvement; patients without delay (treated <3 years 
since onset of symptoms) had 20–27% better outcomes 

a cb

Figure 1 | Cell-based therapy approaches. Cartilage cell therapy has evolved through a few generations, with stepwise 
improvements in technology, safety and ease of use. This technovolution is schematically represented across the three 
parts of this figure. a | First-generation approach: cartilage fragments, harvested from the least weight-bearing part of  
the knee joint, were enzymatically digested to release chondrocytes, which were expanded in culture and reinserted  
into the defect in a second surgery using a periosteal cover, multiple small sutures and fibrin glue sealant (in the second-
generation approach a synthetic collagen or resorbable biofilm cover was introduced). b | Third-generation approach:  
the chondrocytes are characterized and well-defined molecular biological measures are applied to ensure the highest 
percentage of cartilage producing chondrocytes are reimplanted. The second surgery has been altered into a mini 
arthrotomy or even arthroscopic procedure; using a biomaterial carrier the cells are reliably fixed into the defect.  
c | The next, fourth-generation approach aims at a one-stage surgical procedure in which cells are immediately released 
from cartilage that is acquired by cleaning the defect, such that no additional biopsy damage is made. Mixing these 
autologous cartilage components with allogeneic mesenchymal stem cells selected for chondrogenic potential allows us 
to reimplant the mix during the same surgery in a fibrin glue/hydrogel carrier material.
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than those who waited >3 years from onset).55 Patients 
younger than 30 years had significantly higher clinical 
improvement than patients >30 years of age.58

New generation approaches 
Clearly, joint reconstruction technologies are evolving. 
New approaches being developed aim at various improve-
ments, such as arthroscopic delivery of chondrocyte 
implants, application of cell-free biomaterials with the 
instructive capacity to guide cells and with factors to 
facilitate regeneration or even to improve natural healing, 
and one-stage off-the-shelf techniques using allogenic 
support cells. Further away on the horizon, transitioning 
from fundamental exploration to in vitro and preliminary 
in vivo examination, are the roles of gene transfection, 
siRNA, and microRNA technologies that remain too far 
from clinical application to be explored in this Review.

Arthroscopic delivery of chondrocytes requires either 
an injectable carrier or an isotropic open 3D mesh bio
material that supports chondrogenic differentiation 
during the last period of cell culture. It allows more rapid 
recovery, improves patient comfort and allows early 
rehabilitation goals to be met sooner, when compared 
with current techniques in which the requirement for 
opening the full joint creates considerable discomfort 
and morbidity. The next frontier in improving deliv-
ery would be a one-stage procedure without need for 
cell culture (Figure 1c). The low cell number in native 

cartilage and the large surface area to volume ratio of car-
tilage defects currently necessitate culture expansion of 
chondrocytes for cell therapy. In vitro and in vivo work 
has shown that combining MSCs with cartilage compo-
nents might enable us to provide a one-stage surgical cell 
therapy solution.60–63 Combined cellular technologies that 
use autologous and allogenic cells in various strategies 
are in development; the IMPACT trial64 of autologous 
chondrons (chondrocytes with their pericellular matrix 
intact) derived from cartilage taken from the defect rim 
and combined with MSCs from a stem-cell bank into one 
procedure is the first such trial in humans. Findings from 
a proof-of-concept study in rabbits suggest that smart 
biomaterial scaffolds might facilitate intrinsic repair 
mechanisms, stimulating the homing of endogenous cells 
to the defect without the need for cell transplantation.65

Considerations 
Cartilage cell therapy using cultured autologous 
chondrocytes has now found its place in daily treatment 
in several hospitals worldwide. Nevertheless, persistent 
issues remain to be addressed, including the short-term 
and long-term cost–benefit and ethical risk profiles of 
these therapies. Furthermore, an urgent need exists to 
expand the indications past defect treatment to prevent-
ing OA. Mechanisms of joint homeostasis44 ensure that 
strategies that aim at treating cartilage will fail unless 
intricate interactions between cartilage, (subchon-
dral) bone and synovial tissue are accounted for. Thus, 
a combined approach including cells, biomechanical 
optimization, and attention to periarticular and intra-
articular environments is key. Analysis of synovial fluid 
after anterior cruciate ligament (ACL) injury has revealed 
recruitment of MSCs to the joint;66 bone-marrow derived 
MSCs used in cartilage repair during microfracture have 
produced good outcomes in follow-up studies;57,67 and 
initial intra-articular applications of MSCs in clinical 
research settings in OA have been promising.68–70 Further 
exploration of the mechanisms that underlie interactive 
biological repair mechanisms involving MSCs is war-
ranted, and has the potential, in our opinion, to unite 
DMOADs, cell therapies, and mechanical interventions 
such as joint distraction.

Joint distraction 
Enabling intrinsic joint repair, joint distraction is a surgi-
cal procedure in which the two bony ends of a joint are 
gradually separated to a certain extent and for a certain 
period of time by use of an external fixation frame 
(Figure 2). Although several different frames have been 
used, in all cases the process induces 2–3 months of full 
mechanical unloading of the affected joint, prevent-
ing further wear and tear of the damaged joint tissue.71 
Repair of joint tissues, in addition to clinical benefit, 
has been demonstrated,45 as will be discussed in the 
next paragraphs.

Evidence of tissue repair by joint distraction 
Most studies of joint distraction to date have been 
performed for treatment of ankle OA (Table 3).72–83 

Figure 2 | Visualization of fixed knee-joint distraction 
apparatus. Half pins are drilled through soft tissue into the 
bone of the tibia and femur. Tubes (Stryker®) connect both 
fixations medial and lateral and allow gradual stable 
distraction of the joint. This distraction method was used 
by Intema, F. et al. (2011)90 and by Wiegant et al. (2012)94; 
see also Table 4.
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The relatively high number of such studies, in com-
parison, for example, to trials in knee OA, is surprising 
because ankle arthrodesis (joint fusion) is considered a 
safe and cost-effective treatment, albeit at the expense 
of joint motion. Nevertheless, a risk of adjacent-joint 

degeneration in time after a tibiotalar arthrodesis has 
been recognized. In 7 of the 12 ankle-joint OA distrac-
tion studies, cartilage tissue repair activity was demon-
strated by a sustained increase in joint-space width (JSW) 
on radiographs.73,75,78,80–83. Additional beneficial changes 

Table 3 | Studies of joint distraction in patients with degenerative ankle joint disease

Study;
design

Number of 
patients; age; 
disorder

Type and duration  
of treatment;
duration of follow-up*

Symptomatic outcome‡ Structural outcome Adverse 
events

Failure 
rate

van Valburg et al.
(1995);82 retrospective

n = 11; 
35 ± 13 years;  
OA equine deformity 

Ilizarov fixed,§  

1.5–3.0 months;
1.7 ± 0.5 years

Significant improvements 
in pain and mobility

Modest increase  
in radiographic JSW

Not 
reported

Not 
reported

Kanbe et al. (1997);73

case report
n = 1;  
19 years; 
chondrolysis

Orthofix® apparatus, 
1 month;
3 years 

Significant improvements 
in pain and mobility

Significant increase  
in radiographic JSW; 
fibrocartilage formation 
by histology 

Not 
reported

Not 
reported

van Valburg et al. 
(1999);83

prospective

n = 17; 
40 ± 11 years; 
(post trauma) OA

Ilizarov fixed,§  
3 months;
2 years

Significant improvement 
in pain; modest 
improvement in mobility

Modest increase  
in radiographic JSW 

Pin tract 
infections

4/17

Marijnissen et al. 
(2002);75

Part I: prospective

n = 57; 
44 ± 11 years; 
(post trauma) OA

Ilizarov fixed,§  
3 months;
2.8 ± 0.3 years

Significant improvements 
in pain and mobility

Significant increase  
in radiographic JSW; 
Significant decrease  
in BD

Pin tract 
infections

13/57

Marijnissen et al. 
(2002);75

Part II: randomized 
controlled

Control arm:  
n = 9, 44 years;  
treatment arm: 
n = 8; 45 years;  
OA

Debridement with or 
without Ilizarov fixed,§  
3 months; 
1 year

Stronger improvements 
in pain and mobility with 
distraction than without 
distraction 

With distraction: limited 
increased radiographic 
JSW + decreased BD;
Debridement alone: 
small ns decreased 
radiographic 
JSW + increased BD 

Pin tract 
infections

None

Ploegmakers et al.77

(2005);
retrospective & 
prospective

n = 22, 
37 ± 11 years; OA

Ilizarov fixed,§  
2 months;
10 years (7–15 years)

Significant improvements 
in pain and mobility.

Not evaluated 1 Sudeck’s 
atrophy 

6/22

Sabharwal & Schwechter 
(2007);78

case report

n = 1;  
15 years;  
post trauma 
chondrolysis

Ilizarov fixed,§  
3 months;
5.5 years

Significant improvements 
in pain and mobility

Significant increase  
in radiographic JSW; 
significant decrease  
in BD

Not 
reported

Not 
reported

Paley et al. (2008);76

retrospective
n = 23;  
45 (17–62) years; 
post trauma OA

Hinged Ilizarov,§ 
apparatus, 4 months;
5.3 (2–13) years 

Significant improvements 
in pain and mobility

Not evaluated Pin tract 
infections

2/23

Lamm & Gourdine-Shaw 
(2009);74

retrospective

n = 3;  
41 years;  
post trauma 
arthritis 

Debridement + hinged 
Ilizarov,§  
4 (+1 cast) months;
1 years

Not reported Increase in cartilage 
thickness on MRI; 
decrease in BD and BC

Not 
reported

Not 
reported

Tellisi et al. (2009);80

prospective
n = 25;  
43 years 
(16–73 years); OA

Fixed Ilizarov,§  
3 months;
2.5 (1–5) years

Significant improvements 
in pain and mobility

Modest increase in 
radiographic JSW

Pin tract 
infections

2/25

Intema et al. (2011);72

prospective
n = 26; 
41 ± 9 years;  
post trauma OA

Fixed versus hinged 
Ilizarov,§ 3 months;
2 years

Not reported Significant decreases in 
BD and BC as assessed 
by CT

Not 
reported

Not 
reported

Saltzman et al. (2012);79

RCT
Fixed:  
n = 18, 42 years; 
hinged:  
n = 18; 43 years; 
post trauma OA

Fixed versus hinged 
Ilizarov,§ 3 months;
2 years

Significant improvements 
in pain and mobility 
significantly greater for 
hinged distraction

Not evaluated Pin tract 
infections 
and 8 
neuropraxia

Fixed: 
3/18; 
hinged: 
1/18

van Meegeren et al. 
(2012);81

report of 3 cases

n = 3;  
18–33 years; 
haemophilic 
arthropathy

Ilizarov,§ 2–3 months;
3 (2–4) years

Significant improvements 
in pain and mobility

Significant increases  
in radiographic JSW and 
cartilage thickness on 
MRI; significant 
decreases in BD and BC

Not 
reported

Not 
reported

*Treatment and follow-up durations expressed as means ±SEM, or range between brackets. ‡Use of the word ‘significant’ in this Table refers to clinically relevant effects as well as to a 
statistically significant effects. §The Ilizarov apparatus is a thin wire circular frame fixed or with a hinge. Abbreviations: BC, bone cysts; BD, subchondral bone density; JSW, joint-space width; 
OA, osteoarthritis. 
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in bone density were found in 3 studies.75,78,81 Except 
for two,75,79 the studies in Table 3 were all retrospective 
analyses. Although JSW measurements can be subject to 
misinterpretation influenced by positioning of the joint 
during acquisition of the images, the radiographic find-
ings have been confirmed by MRI studies,75,81 which are 
less influenced by positioning artefacts due to the 3D 
approach. The most convincing results demonstrating 
functional tissue repair to date were obtained by a group 
from Iowa,72 and showed almost complete normalization 
of subchondral bone 2 years after ankle distraction in the 
26 patients with advanced post-traumatic ankle OA. In 
each patient, cystic areas were filled in and sclerotic areas 
decreased in bone density; repair of cysts clearly corre-
lated with clinical benefit.72 Unfortunately, no data are 
available regarding cartilage tissue repair in this cohort.79

Joint-sparing surgery at a relatively young age (that is, 
<65 years) is a more pressing need in cases of knee and 
hip degeneration than for ankle OA. Nevertheless, only 
four such studies in patients with knee OA and three in 
those with hip OA have been performed to date (Table 4).

Results regarding joint tissue repair in the hip or 
knee84–91 have mostly been obtained by retrospective 
analysis of radiographs; only two studies85,90 were based 
on prospective evaluation. All, though, have demon-
strated clear increases in radiographic JSW (Table 4). 
Two studies confirmed cartilage repair in the knee by 
arthroscopic evaluation,84,87,88 and two others did so by 
MRI.84,90 The most convincing study, by Intema et al.,90 
provided detailed blinded objective quantitative mor-
phometric MRI data, radiographic data and biochemical 
marker data from a prospective (though uncontrolled) 
cohort of 20 patients aged <60 years with tibiofemoral 
OA. The MRI data demonstrated filling in of fully 
denuded areas of bone. Notably, this result was reported 
previously for osteotomy by arthroscopic evaluation.92 
Mechanical resilience of the cartilage was demonstrated 
by a clear increase in JSW on radiographs taken during 
full weight bearing and analyzed using digital evaluation 
of standardized acquisitions.93 Evaluation of markers of 
type II collagen demonstrated an increase of synthesis 
over release after joint distraction, suggesting the hyaline 
nature of the new cartilage tissue, and subchondral bone 
density (sclerosis) decreased.90 These 1‑year follow-up 
findings were sustained for at least a second year.94

Besides studies in large joints, some investigators have 
reported joint-tissue repair by distraction in hand and 
foot joints (Table 4).95–97 Radiographic evidence of car-
tilage and bone repair in this setting has been reported 
only in two case studies,96,97 in one case supported by MRI 
data.96 Despite being only from isolated case reports, the 
reported intrinsic repair activity of the joints was enor-
mous, with full resurfacing of the bony joint contours 
fully supported by a cartilage layer.97

Although discarded in the selection procedure used 
in collating Table 3 & Table 4 because of the language of 
publication or because distraction was not primarily per-
formed for treatment of joint degeneration, other studies 
of joint distraction of various joints could be discussed. 
For example, Judet and Judet98 reported as long ago as 

1978 in the French literature that hinged distraction 
of the knee, ankle and elbow can be beneficial. In the 
1990s, Canadell et al.,99 Morrey100 and van Roermund 
et al.97 focused on distraction of stiff joints but included 
patients with joint degeneration; all reported good 
results with evidence of joint-tissue repair. More 
recently, an internal distraction device has been devel-
oped; cadaveric tests were reported in 2011,101 and a 
study in sheep was published in 2012102—promising 
results were obtained and the approach has reached a 
clinical stage. Data on distraction of degenerated ankle 
joints, as seen in haemophilic arthropathy, have also 
been published, with clear increase in radiographic JSW 
and normalization of subchondral bone, accompanied 
by clinical benefit.81

The astonishing remodelling of the bone–cartilage 
joint surface observed in finger joints95,97 by use of joint 
distraction has also been demonstrated in several animal 
studies of the knee joint (Supplementary Table 1). In three 
studies in animal knees,103–105 joint distraction added to 
repair of the whole joint after resection of the entire 
articular (bone–cartilage) surface of the tibial plateau. 
Furthermore, in a large osteochondral defect rabbit 
model, bone and cartilage tissue repair was observed 
using histochemistry.106 No studies in humans have 
reported absence of tissue repair by joint distraction, 
but two of the animal studies listed in Supplementary 
Table 1 have done so; those by van Valburg et al.107 and 
by Karadam et al.,108 in which even adverse effects on 
cartilage integrity were reported. The latter investigation, 
however, used a model of cartilage chondrocyte death, 
which arguably might not be a representative model of 
joint degeneration.108 Beneficial changes in chondrocyte 
metabolic activity were demonstrated in the dog ACL 
transection model used by van Valburg et al.;107 a lack of 
detectable cartilage repair in this setting might well be 
attributable to a lack of follow-up. One study, in rabbits,109 
has tested distraction of experimentally-induced degen-
eration of the spinal disc. After 28 days of the treatment, 
clear histological evidence of tissue-structure repair was 
observed using various techniques.109

More proof of functional repair is needed 
In most of the human studies we have discussed, clinical 
benefit from joint distraction seems to be not only clear 
but also sustained over mid-term to even long-term 
follow-up. Most of the studies, however, have been 
of limited quality. Only two prospective randomized 
studies have been published, both on ankle distrac-
tion and with 1‑year75 and 2‑year79 follow-up periods. 
In the randomized section of their study, Marijnissen 
et al.75 compared debridement of the ankle joint with 
distraction in a total of 17 patients and demonstrated 
distraction to be favourable. Saltzman et al.79 compared 
hinged and fixed distraction of the ankle in 36 patients; 
both methods induced improvement as measured 
using the ankle OA scale, but ankle distraction with 
motion was significantly more effective than the fixed. 
Although clinical improvements were thus demon-
strated, tissue structure repair was evaluated only in the 
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study by Marijnissen et al.;75 the data tended to favour 
distraction, but were not statistically significant.

Besides the lack of prospective randomization and 
small-scale nature of existing joint-distraction data, 

variation of patient characteristics is also an important 
consideration. Most studies have been in patients who 
have undergone multiple surgical procedures over the 
years before distraction was applied—such patients have 

Table 4 | Studies of joint distraction in patients with degenerative disease of hip, knee, or hand and foot joints 

Study;
design

Number of  
patients; age 
(range); disorder

Type and duration  
of treatment;
duration of follow-up*

Symptomatic outcome‡ Structural outcome Adverse 
events

Failure 
rate

Hip joints

Aldegheri et al. 
(1994);85

prospective

n = 80;  
(9–69) years;  
OA, osteonecrosis  
or chondrolysis 

DeBastiani hinged, 
1.5–2.5 months;
5–8 years

Significant 
improvements in pain 
and mobility

Significant increase in 
radiographic JSW 

3 pelvic pin 
pain

4 arthritis

Thacker et al. 
(2005);91

retrospective

n = 11;  
13.9 (9–17) years; 
arthritis, osteonecrosis  
or chondrolysis

Hinged custom,  
4.4 (3–7) months;
4.8 (2.0–6.1) years

Significant 
improvements in pain 
and mobility

Significant increase in 
radiographic JSW 

1 pin tract 
infection 

Not 
reported

Gomez et al. 
(2009);89

retrospective

n = 28;  
14.7 ±2.5 years;  
avascular necrosis

EBI/BIOMET hinged, 
4.2 ± 1.5 months;
4.8 (1.0–15.5) years

Significant 
improvements in pain 
and mobility

Not evaluated Pin tract 
infections 
+1 
leg-length 
change

Additional 
surgery 
necessary 
over time  
in 12/28 

Knee joints

Deie et al. 
(2007)87 & 
(2010);88

retrospective

n = 6; 49 (42‑63) 
years; generalized OA

BMS + hinged custom 
distraction, 2–3 months;
2.6–3.0 years

Significant 
improvements in pain 
and mobility

Significant increase in 
radiographic JSW; 
arthroscopic evidence of 
cartilage repair

Pin tract 
infections

2 pin tract 
infections 

Abouheif et al. 
(2010)84

case report

n = 1;  
18 years;  
osteochondral defects

Bone graft + custom 
hinged distraction, 
3 months; 
4.5 years

Significant 
improvements in pain 
and mobility

Significant increase in 
radiographic JSW;   significant 
normalization of bone 
arthroscopic evidence of: 
cartilage resurfacing; 
significant increase in 
cartilage thickness on 
MRI; + significant bone 
normalization

1 Sudeck’s 
atrophy

Not 
reported

Intem et al. 
(2011)90

prospective

n = 20;  
48 ± 7 years;  
OA

Stryker® tubes||, 
2 months;
1 year

Significant 
improvements in pain 
and mobility

Significant increase in 
radiographic JSW; significant 
increase in cartilage volume 
on MRI; increase in type II 
collagen synthesis

Pin tract 
infections 
and 2 lung 
embolism

None

Aly et al. (2011);86

controlled trial
n = 19 vs n = 42;  
(39–65) vs. (41–68) 
years; primary OA

Ilizarov§ + debridement vs 
debridement alone, 
1 month;
5.5 vs 4.3 years

Significant more 
improvement in pain and 
mobility in the distraction 
vs. debridement alone 

Significant increase in 
radiographic JSW with 
distraction vs decrease in 
JSW with debridement alone 

Pin tract 
infections 
and 2 
embolism

Not 
reported

Hand and foot joints

DeVries et al. 
(2008);96

case report

n = 1;  
15 years;
metatarsophalangeal 
osteochondrosis

Bone graft + custom 
distraction, 1.5 months;
1–5 years

Significant 
improvements in pain 
and mobility

Significant increase in 
radiographic JSW, significant 
increase in cartilage 
thickness on MRI and 
normalization of bone

Not 
reported

Not 
reported

Bain et al. 
(1998);95

prospective

n = 26;  
41 ± 9 years;
proximal 
interphalangeal 
dislocation/fracture

Compass® hinged,
1.5 (0.5–2.0) months;
0.75 years

Significant improvement 
in pain

Not evaluated Pin tract 
infection + 1 
septic 
arthritis

1 due to 
dislocation 

van Roermund 
et al. (1998);97

case report

1; 42 years;
distal interphalangeal 
thumb dislocation/
fracture

Hinged Ilizarov§, 
3.7 months;
2 years

Significant 
improvements in pain 
and mobility 

Radiographic normalization 
of cartilage and bone

Not 
reported

Not 
reported

*Treatment and follow-up durations expressed as means ± SEM, or range between brackets. ||Stryker® tubes (see also Figure 2). ‡Use of the word ‘significant’ in this Table refers to a clinically 
relevant effect as well as to a statistically significant effect. §The Ilizarov apparatus is a thin wire circular frame fixed or with a hinge. Abbreviations: BMS, bone marrow stimulation 
(subchondral); JSW, joint-space width; OA,osteoarthritis. 
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final-stage joint degeneration for which distraction was 
the only remaining option before replacement or fusion 
(arthrodesis) of the joint. Indeed, it can be anticipated 
that patients with less severe damage might benefit at 
least as well from distraction therapy. The study in which 
filling in of cartilage tissue in denuded bone areas was 
demonstrated90 suggests that distraction might also be 
beneficial for treatment of local defects; however, such 
studies have not been reported on.

Potential adverse events 
Adverse events cannot be ignored. Almost all studies 
that have reported on adverse events report the occur-
rence of pin tract infections, often in more than half of 
patients (Table 3, Table 4). Although treatable with local 
antibiotics and not leading to osteomyelitis, these infec-
tions represent a substantial burden to patients during 
treatment. Moreover, secondary prosthesis surgery might 
be hampered as a consequence of the increased risk of 
infection. Nevertheless, no such instances have been 
reported, whereas in some studies (Table 3, Table 4), 
prostheses were subsequently placed in patients for 
whom joint distraction failed to save the original joint 
(around a quarter to a third of patients, over the reported 
follow-up periods, although the proportion is often not 
clearly stated). Also, thrombosis (including lung embo-
lism) and neuropraxia (including Sudeck’s atrophy) were 
observed in 4 patients (3 in the lung) and in 11 patients 
(persisting in 3 of them), respectively, out of the total 429 
treated patients (Table 3, Table 4). Although these risks 
are applicable to the use of external fixation frames in 
general, they cannot to be ignored in evaluating joint dis-
traction therapies; unfortunately, however, many studies 
lack detailed data.

Mobile versus immobile distraction 
All studies of the hip85,89,91 or finger joints95,97 and some 
of those in the ankle74,76,79,82 and in the knee84,87,88 used 
hinged distraction, with joint motion possible during 
the distraction period, rather than stiff distraction. 
None of the studies using fixed distraction in humans 
have reported persisting joint contractures. However, 
distraction with motion is more convenient for patients 
than a stiff joint. Moreover, as we have mentioned, ankle 
distraction with motion seems to have a clear clinical 
benefit over the fixed technique.79 Whether tissue struc-
ture repair is also more likely or more extensive using 
hinged rather than stiff distraction has never been 
studied. Correlation between the extent of subchondral 
bone normalization and clinical benefit in the ankle 
joint, as reported after a trial of distraction by Amendola 
and colleagues,72,79 suggests that structural repair might 
indeed be better using hinged distraction. Moreover, 
studies in animals have demonstrated clearly better tissue 
repair activity for hinged distraction when compared 
with stiff distraction.107,108

Prospects for knee joint distraction 
Overall, existing data show that tissue structure modi-
fication in OA and in knee OA specifically—the most 

relevant challenge in clinical practice—can be accom-
plished by joint distraction. A remarkable increase in 
structural parameters (rather than a slowing of loss of 
tissue integrity), provides proof of concept that repair of 
cartilage is possible and that this change can translate into 
real clinical benefit.110 Clearly, larger prospective random
ized studies with longer follow-up periods, preferably 
using quantitative MRI and CT for detailed evaluation 
of soft and hard joint tissues, should be undertaken. 
Randomization between joint distraction and conven-
tional surgical treatments is needed. Good clinical results 
of subchondral bone stimulation (microfracturing) and 
high tibial osteotomy have been reported, although actual 
cartilage tissue repair was not clear.58,111 Prospective 
comparison between surgical approaches and cell-based 
therapies, with actual tissue repair demonstrated, is also 
required. Owing to variations in inclusion criteria, retro-
spective comparison between these approaches is not of 
value. Only through randomized controlled trials will we 
know which treatments work best for which patients in 
the short and long term.

Combined joint-restorative mechanisms 
The development of tissue-modifying therapies has the 
potential to change the clinical landscape of degenera-
tive joint disease. Furthermore, detailed outcomes of 
such studies are yielding insights into the mechanisms 
of intrinsic joint repair. Nevertheless, more knowledge 
is required to fully assess and interpret the results. 
Could joint distraction be used in future as a gold stan
dard against which to assess the efficacy of develop
mental tissue structure repair approaches including 
DMOADs and cell-based therapies? Is it opportune to 
suggest that a combination of a bone directed DMOAD 
and a cartilage-directed cell-based therapy has a better 
outcome than either treatment alone? During joint dis-
traction, joint homeostasis is substantially altered in 
many ways (Figure 3), seemingly in favour of cartilage 
tissue repair. Perhaps the efficacy of DMOAD therapy 
and/or cell-based therapy can be improved by combining 
these approaches with joint distraction.

During distraction, axial forces on joint tissues are 
partly taken over by the distraction frame. This reduction 
in mechanical pressure results in substantial peri-articular 
osteopenia that normalizes after distraction.72,75,90 The 
current most effective DMOAD therapies, strontium rane-
late and calcitonin, primarily modulate bone turnover; 
thus, it is tempting to speculate that this bone turnover is 
causal in the subsequent cartilage repair that DMOADs 
and distraction can elicit.72,112 Interesting in this respect 
is the effect of osteotomy. This technique, in which uni
compartmental unloading of the knee joint is accompa-
nied by substantial bone turnover due to wedging of tibial 
bone, has also been reported to result in cartilage repair 
up to 2 years after treatment, as judged by arthroscopic 
evaluation92 and dGEMRIC MRI.111 Bone turnover as a 
result of osteotomy might, if not triggering the effect, at 
least add to subsequent cartilage repair activity.

On the other hand, the astonishing cartilage repair 
activity observed after joint distraction cannot solely 
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result from matrix synthesis by resident cartilage tissue—
areas of denuded bone are filled with new cartilage 
tissue.90 This observation pleads for the involvement 
of recruitment and/or stimulation of stem cells in the 
repair mechanism. Joints are a rich source of stem cells 
(in subchondral bone, the synovial fat pad, synovial 
tissue, and even cartilage itself).113–116 Intermittent fluid 
oscillations in the joint during joint distraction,82,90 con-
sidered important in cartilage nutrition, are reported to 
attract and retain MSCs into the joint117 and can stimu-
late MSCs in co-culture with chondrocytes, leading to 
cartilage matrix synthesis.118 In data published in 2012, 
an increase in MSCs was observed after cruciate ligament 
rupture, and was related to severity of the damage.60,119 

Recruitment of MSCs might represent an endogenous 
repair mechanism.

The most recent approaches in cell-based thera-
pies make use of the potentiating effects of MSCs in 
chondrocyte transplantation, aiming for one-step 
procedures.60–65,120 Furthermore, MSC trophic factors are 
suggested to support cartilage repair activity, according 
to a 2011 study using human cells.63 In DMOAD ter-
ritory, the observation that strontium ranelate influ-
ences MSC differentiation is also of interest with regard 
to the roles of these cells in achieving joint repair. Rat 
bone marrow MSCs treated with strontium in vitro were 
stimulated to differentiate into osteoblasts and not adi-
pocytes;32 however, the effect of this drug on chondrocyte 
differentiation has not yet been tested.

Joint distraction might provide a biochemical and bio-
mechanical environment that facilitates (and could even 
be prerequisite for) cartilage repair. Mechanisms of the 
DMOAD and cell-based approaches, which might lead 
to partial joint-tissue repair, are more isolated than those 
of joint distraction, which offers an integrated way to 
optimally combine mechanisms to facilitate (intrinsic) 
repair. As such, comparative and constructive interaction 
between these physical, chemical and cellular approaches, 
with sometimes-common processes involved, is likely 
to be the most productive way forward in the quest for 
functional repair of articular cartilage.

Conclusions
Unmet needs related to the huge socioeconomic problem 
of joint degeneration—whether at the stage of local carti-
lage defects, early generalized joint damage or prolonged 
severe tissue damage as seen in end-stage OA—have 
encouraged perseverance in the search for joint tissue 
repair modalities. Clearly, this persistence has been fruitful. 
Characterized chondrocyte implantation, DMOADs that 
influence bone turnover, and joint distraction are promis-
ing approaches that suggest that sustained and functional 
repair of joint tissue is near to becoming a clinical reality.

Future studies of joint restorative approaches should 
focus on two key aspects: selection of patients and how 
best to combine therapeutic approaches. Selecting the best 
treatment for an individual patient according to the type 
and stage of their disease might be facilitated by ongoing 
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Figure 3 | Homeostatic joint mechanisms implicated in the effects of joint distraction on degenerative joint disease.  
a | Damaged joint without distraction. Loss of JSW due to articular cartilage surfaces wear and tear. b | Distraction changes 
joint homeostasis. The absence of mechanical stresses on the articular cartilage surfaces prevents wear and tear and 
might initiate intrinsic cartilage repair activity, as well as potentially supporting the effects of cell-based therapies and 
DMOADs by reducing counteracting processes. Coiled springs in the distraction tubes cause oscillating synovial fluid 
pressure changes during loading and unloading of the joint, improving nutrition of cartilage. Moreover, such fluid pressure 
changes have been demonstrated to attract and stimulate MSCs. MSCs are abundant in joint tissues including the 
synovium, fat pad, synovial fluid, bone marrow and cartilage, and release trophic factors that can induce chondrocyte-
mediated cartilage repair. Distraction also results in considerable peri-articular bone changes, changes that are also 
induced by bone-directed DMOADs such as strontium ranelate and calcitonin. Altered activity of osteoblasts and 
osteoclasts may add (by for example, release of trophic factors such as TGF and BMP to cartilage repair. Abbreviations: 
DMOAD, disease-modifying osteoarthritis drug; JSW, joint-space width; MSCs, mesenchymal stem cells; TGF, transforming 
growth factor; BMP, bone morphogenic protein.
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efforts to define distinct phenotypes of OA.15 Randomized 
comparative studies between conventional surgical thera-
pies, cell-based therapies, and joint distraction are needed 
to provide more data on their relative efficacies in differ-
ent cohorts. On the other hand, combining approaches 
might be a productive next step. A combination of pri-
marily bone-targeted DMOADs with cartilage cell-based 
therapies would seem logical. Similarly, improving bio-
mechanical joint homeostasis by use of joint distraction 
might facilitate the effects of cell-based therapies. We 
should be mindful, however, of not making the mistake 
of using these treatment modalities for patients with too 
broad a set of characteristics. Extending the indications 
for restorative therapies too widely would decrease overall 
efficacy and would unnecessarily drive the costs of treat-
ment for joint degeneration to undesirable levels. Careful 
selections of patients and combinations of approaches will 
need to be made and tested to demonstrate their cost-
effectiveness. Only with such rational and integrated 
assessment of outcomes will the promising results of these 
approaches be consolidated in clinical practice.
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