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Who is at risk?

Both acute traumatic injury and chronic repetitive damage 
to articular cartilage are increasingly recognized in athletes. 
The overall prevalence of focal chondral defects in the 
knee is 36  % among all athletes compared with 16  % of 
the general population [17]. Higher injury rates are noted 
in competition over practice, athletes with BMI over 30.5, 
and athletes in certain positions (for example, linebackers) 
[7]. Increasing participation in recreational sports has also 
been associated with a rising incidence of cartilage injuries 
among non-competitive athletes [1]. In addition to being 
common, these injuries carry a high morbidity. Knee inju-
ries account for 46 % of career-ending injuries in profes-
sional soccer with over a quarter resulting from cartilage 
injuries, and athletes are up to 12 times more likely to 
develop osteoarthritis than the general population [17].

Natural history of athletic cartilage lesions

The rationale for each treatment approach is based on 
knowledge of the pathophysiology underlying chondral 
lesions. Without access to abundant nutrients or progenitor 
cells, cartilage lacks innate abilities to mount a regenera-
tive response to injury. In partial-thickness defects, there is 
no involvement of the vasculature. Chondroprogenitor cells 
in blood and marrow cannot enter the damaged region, and 
local articular chondrocytes do not migrate to the lesion. As 
such, the defect is not repaired and will progress.

Full-thickness cartilage injuries that penetrate subchon-
dral bone have the potential for intrinsic repair due to com-
munication with chondroprogenitors in bone marrow. Type I 
collagen is produced by these differentiating cells, resulting 
in fibrocartilage rather than the preferred hyaline cartilage 

Abstract  Articular cartilage defects of the knee are com-
mon among athletes where the physical demands of sport 
result in significant stresses on joints. Chondral defects are 
associated with pain and functional impairment that limit 
sporting participation and may progress to joint degenera-
tion and frank arthritis. Management of established chon-
dral lesions aims to allow athletes to return to high-impact 
sports and can be considered in terms of protection of exist-
ing cartilage, chondrofacilitation, and resurfacing. Repaired 
and regenerated cartilage must closely resemble and func-
tion like normal hyaline cartilage, and this ability may be 
the most significant factor for the return to sport. Based on 
our experiences and the available literature, we outline how 
athletes can best protect their cartilage, how physicians can 
facilitate intrinsic repair of established lesions, and which 
methods of cartilage restoration or resurfacing should be 
used in different situations.
Level of evidence  IV.

Keywords  Cartilage injury · Return to sport ·  
Knee articular cartilage · Cartilage resurfacing

I. R. Murray (*) 
Department of Trauma and Orthopaedics, The University 
of Edinburgh, 46 Little France Crescent, Edinburgh EH16 4SB, 
UK
e-mail: Iain.Murray@ed.ac.uk

M. T. Benke 
Active Orthopaedics and Sports Medicine, Hackensack, NJ, USA

B. R. Mandelbaum 
Santa Monica Orthopaedic and Sports Medicine Group, Santa 
Monica, CA, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/s00167-015-3509-8&domain=pdf


1618	 Knee Surg Sports Traumatol Arthrosc (2016) 24:1617–1626

1 3

generated by native chondrocytes [51]. This ‘repair cartilage’ 
is less robust and has poor wear characteristics.

Athletic activity and chondropenia

The volume and thickness of articular cartilage increase with 
weight-bearing activity, and there is a positive linear dose–
response relationship for repetitive loading activities and 
articular cartilage function. However, this dose–response 
curve reaches a threshold, and activity beyond this threshold 
(such as running over 20 km per day) can result in disturbed 
cartilage joint homoeostasis and chondropenia. Concomitant 
ligamentous instability, malalignment, and meniscal defi-
ciency can propagate this chondropenic cascade [54].

Acute chondral injury

Chondral defects occur in association with 9–60 % of acute 
anterior cruciate ligament (ACL) ruptures and 95 % of patel-
lar dislocations [8, 17]. Associated bone bruising results 
in chondrocyte apoptosis highlighting the importance of the 
subchondral bone environment. Most acute lesions are single 
high-grade lesions located on the femur [45].

Chronic chondral defects

Chondral defects can also develop insidiously secondary to 
joint instability or following meniscal injury in which the 
chondroprotective function of these structures is lost.

Clinical evaluation and classification

A systematic approach to assessment of chondral lesions 
in athletes is critical to guide treatment (summarized in 
Fig. 1). The International Cartilage Repair Society (ICRS) 
has developed a system of documentation and classifica-
tion to promote comprehensive evaluation and uniform 
standards [30]. The systematic method enables understand-
ing of the ‘injury personality’ based on nine variables that 
influence management: aetiology, defect thickness, lesion 
size, degree of containment, location, ligamentous integrity, 
meniscal integrity, alignment, and relevant factors in the 
patient history. Knee-specific clinical outcome tools [e.g. 
the modified Cincinnati rating scale, the knee injury and 
osteoarthritis outcome score (KOOS), and the International 
Knee Documentation Committee (IKDC) score] and quality 
of life surveys (e.g. SF36) should be used to measure the 
patient’s subjective symptoms and to monitor disease pro-
gression or response to treatment.

Plain radiographs can help identify osteochondral lesions, 
joint space narrowing, patellar maltracking, or lower extrem-
ity malalignment. However, magnetic resonance imaging 

(MRI) is currently the mainstay of diagnostic imaging allow-
ing assessment of chondral lesions and the underlying bony 
environment. Despite advances in MRI technology, chondral 
lesions may remain undetected until arthroscopy [16]. A num-
ber of systems have been described to classify chondral injury 
at arthroscopy including the Outerbridge, Bauer and Shari-
aree, and the chondropenia severity score (CSS).

Chondroprotection, chondrofacilitation 
and resurfacing: a framework for management

While avoidance of chondropenia and prevention of 
injury should always be sought, sport inherently involves 

Fig. 1   Approach to diagnosis and clinical evaluation of chondral 
lesions in athletes. AP anteroposterior, LAT lateral, MRI magnetic 
resonance imaging
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extremes of performance and some chondral injuries are 
unavoidable. Current treatment options can be considered 
under three broad categories:

1.	 Chondroprotection: strategies that aim to prevent loss 
of existing cartilage.

2.	 Chondrofacilitation: strategies that seek to facilitate 
intrinsic repair of damaged articular cartilage.

3.	 Resurfacing: improvements in chondral surface func-
tion are sought through replacement rather than intrin-
sic repair of cartilage defects. Approaches include 
autologous chondrocyte implantation (ACI), auto-
grafts, allografts, or synthetic products that fill the 
defect through a variety of techniques.

A vast number of strategies are available in the treat-
ment of chondral injuries, although few are supported by 
robust clinical evidence. This is reflected in current NICE 
(National Institute for Health and Clinical Excellence), 
OARSI (Osteoarthritis Research Society International), 
and AAOS (American Academy of Orthopaedic Surgeons) 
guidelines. We have developed a treatment algorithm for 
the management of chondral injuries based on our expe-
riences of treating athletes and the available literature 
(Fig. 2).

Chondroprotection: How should athletes protect their 
cartilage?

Chondroprotective measures should be considered in all 
patients to prevent disease progression and to protect any 
surgical repair.

Consider training alternatives to high‑impact joint loading

Exercise and activity modification are important chondro-
protective measures that are supported by robust evidence 
and key guidelines [14, 38, 61]. Mechanical loading is an 
important regulator of chondrocyte metabolism and carti-
lage health. Oscillatory loads at low frequencies have been 
shown to be beneficial, while high strain rates and extended 
immobilization may lead to matrix degradation [35]. While 
competitive activity cannot be altered, diversification in 
training to include low-impact activities such as cycling 
and swimming may be practical.

Incorporate injury prevention warm‑ups

Structured training programmes for injury prevention such 
as the FIFA 11+ warm-up are effective in reducing the 
rates of injuries in athletes of all ages, levels of ability par-
ticipating in different sports [37].

Restore stability

The abnormal kinematics, contact pressures, and repeated epi-
sodes of instability in patients with ACL insufficiency increase 
risk of further chondral pathology. ACL reconstruction should 
therefore be performed within 8 weeks of injury [21].

Consider meniscal repair for simple, peripheral tears

In the absence of menisci, joint contact forces increase by 
twofold–threefold predisposing to articular cartilage degenera-
tion [52]. Encouraging results has emerged following repair of 
simple longitudinal meniscal tears in the periphery and com-
plex multiplanar tears extending into the central third [60]. 
However, meniscal repair is possible only in a minority and 
may not be achievable in the presence of considerable menis-
cal damage. Caution should be taken, especially in high-level 
athletes, where failure of repair requiring a second surgical 
procedure would result in prolonged absence from sport.

In athletes at the end of their competitive career, meniscal 
allografts can play a role in halting the progression of chon-
dropenia, although long-term success rates are not available, 
and this procedure is not recommended as a prophylactic 
measure in patients without chondral damage [52].

If osteotomy is required counsel patient on poor prognosis 
of competitive sporting return

Tibial or femoral osteotomies aim to correct abnormal 
loads on the articular surface of the knee, resulting from 
tibiofemoral axis deformity. Young motivated patients are 
able to resume strenuous activities, although activities are 
limited in the majority and return to competitive sport is 
not likely [5].

Chondroprotective strategies with limited evidence

Glucosamine and chondroitin sulphate are widely used in the 
treatment of chondral injury or degeneration although their 
mechanism of action is not fully understood. While there 
have been conflicting reports of benefit in terms of sympto-
matic relief, these strategies have shown no significant benefit 
in terms of disease modification and are not recommended in 
current OARS, AAOS, or NICE guidelines [14, 38, 61].

Arthroscopic knee washout alone should not be used as 
a treatment for osteoarthritis because clinically useful ben-
efit in the short or long term has not been demonstrated. A 
number of RCTs [6, 31] have been published since Moseley’s 
[50] landmark study in which 180 patients were randomly 
assigned to surgical debridement or sham procedure showed 
no significant difference in measures of pain or function. 
Pooled results show no benefit for lavage and or debridement 
over placebo.
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Fig. 2   A treatment algorithm 
for the management of articular 
cartilage defects in athletes 
based on protection of existing 
cartilage, chondrofacilita-
tion and chondrorestoration/
resurfacing. ACI autologous 
chondrocyte implantation, PF 
patellofemoral, OCD osteo-
chondral defect, AVN avascular 
necrosis. astrick athletes under-
going tibiofemoral realignment 
osteotomy should be counselled 
on the poor prognosis of com-
petitive sporting return
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Chondrofacilitation: How should the physician 
facilitate intrinsic repair of established chondral lesions 
in athletes?

Non-operative strategies seek to promote regeneration of 
functional hyaline cartilage through the delivery of growth 
factors or by tempering inflammation. Surgical methods 
aim to facilitate regeneration of native hyaline cartilage 
through stimulation of MSCs. Despite widespread popular-
ity non-operative strategies including viscosupplementation 
with hyaluronic acid, the addition of growth factors [such 
as platelet-rich plasma (PRP) or bone marrow aspirate con-
centrate (BMAC)] and the addition of an electromagnetic 
field are not yet supported by robust evidence. Chondro-
facilitation through microfracture should be considered 
for lesions <2 cm2 that do not have an underlying osseous 
defect.

Microfracture

[Indications: Full-thickness lesions <2 cm2. Contraindica-
tions: Larger lesions, underlying osseous defect].

Perforation of the subchondral bone generates conduits 
to the vascularized bone marrow allowing migration of 
MSCs and the potential for intrinsic repair. The main draw-
back is the limited durability of the repair tissue, which is 
predominantly fibrocartilage rather than hyaline cartilage. 
The perforations created with microfracture can result 
in bone compaction and fracturing around holes that are 
largely sealed off from adjacent bone marrow. Nanofrac-
tures are created with thinner awls (1  mm) that protrude 
to a controlled depth of 9 mm. Preservation of trabecular 
architecture with this technique has been confirmed using 
high-definition CT.

A recent systematic analysis demonstrated that microf-
racture provided effective short-term functional improve-
ment, particularly in younger patients with smaller lesions 
[42]. However, these positive results tended to decline with 
time, likely reflecting differences in mechanical proper-
ties between hyaline and fibrocartilage [22]. Extending 
clot stability through improvements in clot adhesion using 
polysaccharide polymers, biodegradable hydrogels, or 3D 
scaffolds (e.g. AMIC) may improve effectiveness of micro-
fracture in future [28, 63]. Concomitant use of PRP or 
BMAC may improve outcomes over microfracture alone 
[18, 39].

Chondrofacilitative strategies with limited evidence

Viscosupplementation

[Indications: Not currently recommended by the authors 
for discrete chondral lesions in athletes].

Hyaluronic acid is a major component of synovial fluid 
that reduces inflammatory reactions and enhances proteo-
glycan production [62]. A number of systematic reviews 
have concluded that intra-articular hyaluronic acid (IAHA) 
results in small but significant clinical benefit in terms of 
pain and function for knee OA, although well-designed 
studies showed small effect sizes [2, 56]. Overall, meta-
analyses report conflicting results, and hyaluronic acid is 
not currently recommended by OARSI, AAOS, or NICE 
[14, 38, 61].

Growth factors including PRP and BMAC

[Indications: Not currently recommended by the authors in 
isolation for discrete chondral lesions in athletes].

Platelet-rich plasma (PRP) has been used safely with 
proposed healing properties attributed to the increased con-
centrations of autologous growth factors and secretory pro-
teins that may enhance tissue regeneration [19]. While the 
few studies evaluating platelet aggregates in the treatment 
of chondral lesions or OA report decreased pain in the post-
injection period compared to hyaluronic acid [34, 57], they 
do not allow for comparative analysis of clinical effective-
ness. There is currently insufficient evidence for PRP to be 
recommended in key guidelines, and well-designed RCTs 
are required to establish the clinical value of PRP in this 
setting.

Bone marrow aspirate concentrate (BMAC) improves 
cartilage repair compared with microfracture in animal 
models although clinical evidence is currently limited [18]. 
BMAC may be particularly useful in the treatment of cer-
tain osteochondral lesions of the tibia plateau where the use 
of osteochondral allografts is limited by awkward size or 
location.

Electromagnetic field therapy

[Indications: Not currently recommended by the authors in 
isolation for discrete chondral lesions in athletes].

Pulsed electromagnetic fields have been shown to 
increase proteoglycan synthesis and decrease levels of 
inflammatory cytokines in animal models. Electromagnetic 
field therapy reduces recovery time after knee arthroscopy 
and may therefore be a useful surgical adjunct [65].

Chondrorestoration: indications for different 
resurfacing methods in athletes

While chondrofacilitative strategies seek to support and 
augment the body’s ongoing attempts to produce hyaline 
cartilage from the site of injury, chondrorestoration and 
resurfacing approaches originate from outwith the lesion 
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itself through transplantation (allogenic or autologous) or 
implantation of autologous chondrocytes. While level IV 
studies have evaluated a number of these procedures, many 
use different techniques, outcome measures, and differing 
lengths of follow-up precluding definitive comparison. As 
such, current AAOS, OARSI, and NICE guidelines con-
clude that the evidence for superiority any specific tech-
nique over another is inconclusive and advocate that treat-
ment strategies should be devised on an individual basis. 
The multiple options currently widely used suggest that 
a definitive evidence-based treatment has yet to be estab-
lished. Below we outline the key chondrorestorative 
options, their indications, and available results.

Osteochondral autograft transplantation

[Indications: Osteochondral lesions <2 cm2. Contraindica-
tions: Larger defects].

Osteochondral implantation provides replacement of 
mature hyaline cartilage together with underlying sub-
chondral bone. Osteoarticular transfer system (OATS) 
(Arthrex), COR (Mitek), and mosaicplasty (Smith and 
Nephew) are commercially available systems. Defects of 
up to 2.5  cm2 have been successfully addressed in young 
athletes although long-term results in an athletic popula-
tion are still unclear. In a 17-year prospective multicenter 
study, good to excellent results in 91 % of femoral, 86 % of 
tibial, and 74 % of patellofemoral mosaicplasty in athletes 
were reported [26]. Equivalent results have been reported 
in athletes with osteochondral transfer and ACI, although 
improvements occurred more rapidly with osteochondral 
transfer [29]. A prospective, randomized study reported 
significant superiority of osteochondral transfer over micro-
fracture at 3 years [24].

Limitations include the potential for incongruity and 
graft height mismatch that can result in early wear [33]. 
Poor graft integration has been reported, and microfracture 
of the gaps and insertion of BMP-7 in a collagen matrix 
have been used to combat this [10].

Osteochondral allograft transplantation

[Indications: >2-cm2 full-thickness chondral defect with or 
without osseous defect or AVN].

Osteochondral allograft transfer (OALT) procedures 
overcome many of the challenges of matching chondral 
topography and donor-site morbidity that limit autologous 
techniques. Several studies have shown that transplanted 
bone readily becomes incorporated by the host with good 
articular cartilage function. Ninety-one percentage success 
rates at 5 years, 85 % at 7.5 years, and 75 % at 10 years 
with femoral and patellofemoral allografting have been 
reported [9, 20]. Although these techniques have better 

durability than microfracture, there is still a time-dependent 
decrease in graft survival rates [23]. Concerns about graft 
sterility, rejection, viral transmission, supply constraints, 
and cost are limiting factors. As with autologous osteo-
chondral plugs, graft subsidence, lack of peripheral inte-
gration, and peripheral chondrocyte death may also occur. 
If the problem of graft incorporation is overcome, good to 
excellent outcomes are generally achieved with accelerated 
return to sport [55].

Autologous chondrocyte implantation

[Indications: Focal lesions 1–10 cm2, failed microfracture, 
or osteochondral grafting. Contraindications: Reciprocal 
(kissing lesions), osteoarthritis, and inflammatory arthritis. 
>8 mm depth of bone loss].

ACI involves the harvesting of chondrocytes from a 
healthy non-weight-bearing portion of the knee followed by 
implantation of culture-expanded autologous chondrocytes 
under a periosteal flap (first-generation ACI) or a collagen 
membrane (second-generation ACI), or onto a membrane 
carrier or porous scaffold prior to implantation (third-gen-
eration ACI). MACI has not yet received approval from the 
United States Food and Drugs Administration (FDA), but is 
widely available in Europe.

Good to excellent results have been reported in 85–92 % 
of patients at 2 years, with femoral condyle lesions gener-
ally producing better results than defects in the patellofem-
oral joint [53]. Comparable positive functional results have 
been reported between second-generation ACI (using por-
cine-derived type I/III collagen as a cover) and third-gener-
ation ACI (MACI) at 1 and 2 years [3]. Sustained improve-
ments seen in large, symptomatic, full-thickness lesions 
of the distal femur treated with ACI have been reported in 
the majority of patients at up to 10 years [49]. When per-
formed in elite athletes, ACI resulted in a successful return 
to high-impact sport with excellent durability at 5 years and 
beyond [44, 48].

Equivalent functional results have been reported with 
ACI and microfracture at 5  years [32]. A further study 
reported functional improvement in 88 % of mosaicplasty 
patients, compared to 68  % in the ACI group [13]. Con-
versely, superior ICRS scores with second-generation ACI 
over mosaicplasty (good or excellent results in 88 vs. 69 %) 
have been reported in a randomized controlled trial [4]. 
Equivalent improvements have also been reported follow-
ing both ACI and osteochondral transfer although recovery 
was much quicker with osteochondral transfer [29].

The identification of molecular markers known to repre-
sent a subset of chondrocytes associated with hyaline car-
tilage formation has provided a means to selectively expand 
type II collagen-producing chondrocytes. Implantation of 
these expanded, characterized chondrocytes compared with 
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microfracture in a randomized study has shown improved 
repair tissue at 12 months, but direct comparison to unselected 
ACI chondrocyte implantation has not yet been reported [58].

The main disadvantage of these techniques is the long 
time for tissue maturation and consequent return to sport. 
Further limitations include the requirement for multiple 
surgical procedures, donor-site morbidity, the expense and 
potentially harmful modification of cells in culture, and the 
repair tissue is not hyaline cartilage.

Neocartilage implantation

[Indications: Full-thickness chondral defects of any size. 
Contraindications: Must be performed following bone 
grafting if osseous defect present].

NeoCart (Histogenics) uses autologous chondrocytes 
exposed to hydrostatic pressures on a three-dimensional 
matrix to encourage the production of hyaline ECM. Phase 
two RCTs have demonstrated that this technique is safe and 
associated with greater clinical efficacy over microfracture 
at 2 years [12].

Cartilage autograft implantation system (CAIS)

[Indications: Full-thickness chondral defects of any size. 
Contraindications: Must be performed following bone 
grafting if osseous defect present].

CAIS (Johnson and Johnson) uses particulated autolo-
gous cartilage harvested from an unaffected area of the 
knee that is implanted on a 3D resorbable scaffold. In 
short-term clinical studies, CAIS resulted in improved sub-
jective patient scores and MRI evidence of defect filling 
[15]. An RCT comparing microfracture and CAIS demon-
strated similar tissue repair but improved functional scores 
with CAIS [11].

Cartilage allograft implantation

[Indications: Full-thickness chondral defects of any size. 
Contraindications: Must be performed following bone 
grafting if osseous defect present].

DeNovo NT (Zimmer) uses 1-mm2 cubes of allograft 
juvenile chondrocytes suspended in their native ECM that 
are implanted using fibrin glue. Early human outcome stud-
ies have demonstrated good results with the formation of 
hyaline-like cartilage [43]. Concerns of donor-recipient dis-
ease transmission necessitate strict screening protocols.

Osteochondral graft substitutes

[Indications: Not recommended by the authors].
The Trufit plug (Smith and Nephew) is a bilayered cylin-

drical implant composed of a bone and cartilage phase, 

designed to match the layers of cartilage and subchondral 
bone. Despite short-term satisfactory clinical outcomes in 
small series [64], controversy about its long-term utility 
persists due to limitations in bony incorporation and the 
popularity of these systems is declining.

Rehabilitation and return to sport after knee articular 
repair

Rehabilitation aims to enable full sporting return, prevent 
reinjury, and minimize the progression to osteoarthritis. An 
individualized approach should be taken, and it should be 
recognized that not all athletes will return to pre-injury lev-
els of function.

Rehabilitation must be adapted to the biology of the 
surgical repair and each athlete’s sport-specific demands. 
This can be achieved by a stepwise approach consisting of 
an initial protection and joint activation phase, a progres-
sive joint loading and functional restoration phase, and 
finally an activity restoration phase. The length of reha-
bilitation depends on an individual’s performance at each 
stage. A key benefit of osteochondral grafting is that early 
weight-bearing can be tolerated due to graft stability. This 
is not the same with ACI/MACI or microfracture, where 
the repair construct has to be given time to embed in the 
subchondral bone. Combined procedures (ACL reconstruc-
tions, high tibial osteotomy, and meniscal allografts and 
repair) do not adversely affect the return-to-sport rate after 
cartilage repair [59], although rehabilitation may need to be 
modified taking into account the concomitant lesion.

Data for the return to activity of athletes with articular 
cartilage injuries have been reported for treatment with 
ACI [47], microfracture [46], autologous osteochondral 
transfer [25], and osteochondral allografting [36]. Several 
prospective studies have shown that 33–96  % of athletes 
return to sport after ACI, with 60–80 % of them returning 
to the same level [40]. Average return to sport times for 
ACI is 18–25 months [40]. Return to competition has been 
reported in 59–66  % of athletes after microfracture, with 
57 % returning to their pre-operative level of performance 
[42]. Athletes were able to return to sports 8–17  months 
after microfracture [46]. Sporting return has been reported 
in 91–93 % of athletes after osteochondral transfer [24] at 
an average of 6.5–7 months [40]. Eighty-eight percentage 
of athletes returned to partial activity and 79  % returned 
to full activity after osteochondral allograft transplanta-
tion in the knee at an average of 9.6  months [36]. While 
a number of studies have reported a drop in function start-
ing 24 months following microfracture and osteochondral 
transfer, no functional decline has been seen with ACI [40].

Irrespective of the technique used, the time to sporting 
return is higher for younger and more competitive athletes 
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[27]. Factors including no prior surgical interventions, 
higher pre-injury and post-surgical level of sports, and short 
pre-operative duration of symptoms correlate with a higher 
rate of return to sports [41]. Defect-specific factors, such 
as smaller lesion size and isolated medial femoral condyle 
lesion location, also correlate with better clinical results.

Conclusions

There are a huge number of established and emerging strate-
gies aimed at preventing chondropenia and protecting chon-
dral surfaces, stimulating the regeneration of native functional 
hyaline cartilage using growth factors and anti-inflammatory 
therapies, and restoring chondral surfaces using surgical tech-
niques. Chondral lesions represent a wide spectrum of disor-
ders for which there is no single satisfactory all-encompass-
ing treatment. An individualized or algorithmic approach to 
treatment is therefore advocated, which aims to give athletes 
the best chance to return to full sporting activity, prevent rein-
jury, and minimize the progression to osteoarthritis under the 
high mechanical demands of athletic activity.

Acknowledgments  The authors are grateful to Mr Ivan Brenkel for 
his comments on the manuscript.

References

	 1.	 Arendt E, Dick R (1995) Knee injury patterns among men and 
women in collegiate basketball and soccer. NCAA data and 
review of literature. Am J Sports Med 23(6):694–701

	 2.	 Bannuru RR, Natov NS, Obadan IE, Price LL, Schmid CH, 
McAlindon TE (2009) Therapeutic trajectory of hyaluronic 
acid versus corticosteroids in the treatment of knee osteoarthri-
tis: a systematic review and meta-analysis. Arthritis Rheum 
61(12):1704–1711

	 3.	 Bartlett W, Skinner JA, Gooding CR, Carrington RW, Flanagan 
AM, Briggs TW, Bentley G (2005) Autologous chondrocyte 
implantation versus matrix-induced autologous chondrocyte 
implantation for osteochondral defects of the knee: a prospective, 
randomised study. J Bone Joint Surg Br 87(5):640–645

	 4.	 Bentley G, Biant LC, Carrington RW, Akmal M, Goldberg A, 
Williams AM, Skinner JA, Pringle J (2003) A prospective, ran-
domised comparison of autologous chondrocyte implantation 
versus mosaicplasty for osteochondral defects in the knee. J Bone 
Joint Surg Br 85(2):223–230

	 5.	 Bonnin MP, Laurent JR, Zadegan F, Badet R, Pooler Archbold 
HA, Servien E (2013) Can patients really participate in sport after 
high tibial osteotomy? Knee Surg Sports Traumatol Arthrosc 
21(1):64–73

	 6.	 Bradley JD, Heilman DK, Katz BP, Gsell P, Wallick JE, Brandt 
KD (2002) Tidal irrigation as treatment for knee osteoarthritis: a 
sham-controlled, randomized, double-blinded evaluation. Arthri-
tis Rheum 46(1):100–108

	 7.	 Brophy RH, Rodeo SA, Barnes RP, Powell JW, Warren RF (2009) 
Knee articular cartilage injuries in the National Football League: 
epidemiology and treatment approach by team physicians. J Knee 
Surg 22(4):331–338

	 8.	 Brophy RH, Zeltser D, Wright RW, Flanigan D (2010) Anterior 
cruciate ligament reconstruction and concomitant articular carti-
lage injury: incidence and treatment. Arthroscopy 26(1):112–120

	 9.	 Bugbee WD (2002) Fresh osteochondral allografts. J Knee Surg 
15(3):191–195

	10.	 Chubinskaya S, Hurtig M, Rueger DC (2007) OP-1/BMP-7 in 
cartilage repair. Int Orthop 31(6):773–781

	11.	 Cole BJ, Farr J, Winalski CS, Hosea T, Richmond J, Mandelbaum 
B, De Deyne PG (2011) Outcomes after a single-stage procedure 
for cell-based cartilage repair: a prospective clinical safety trial 
with 2-year follow-up. Am J Sports Med 39(6):1170–1179

	12.	 Crawford DC, DeBerardino TM, Williams RJ 3rd (2012) Neo-
Cart, an autologous cartilage tissue implant, compared with 
microfracture for treatment of distal femoral cartilage lesions: 
an FDA phase-II prospective, randomized clinical trial after two 
years. J Bone Joint Surg Am 94(11):979–989

	13.	 Dozin B, Malpeli M, Cancedda R, Bruzzi P, Calcagno S, Molfetta 
L, Priano F, Kon E, Marcacci M (2005) Comparative evaluation of 
autologous chondrocyte implantation and mosaicplasty: a multicen-
tered randomized clinical trial. Clin J Sport Med 15(4):220–226

	14.	 National Institute for Health and Clinical Excellence (NICE) 
(2008) Osteoarthritis: the care and management of osteoarthritis 
in adults. Clinical guideline 59. http://www.nice.org.uk/guidance/
cg59

	15.	 Farr JY, Yao JQ (2011) Chondral defect repair with particulated 
juvenile cartilage allograft. Cartilage 2:346–353

	16.	 Figueroa D, Calvo R, Vaisman A, Carrasco MA, Moraga C, Del-
gado I (2007) Knee chondral lesions: incidence and correlation 
between arthroscopic and magnetic resonance findings. Arthros-
copy 23(3):312–315

	17.	 Flanigan DC, Harris JD, Trinh TQ, Siston RA, Brophy RH 
(2010) Prevalence of chondral defects in athletes’ knees: a sys-
tematic review. Med Sci Sports Exerc 42(10):1795–1801

	18.	 Fortier LA, Potter HG, Rickey EJ, Schnabel LV, Foo LF, Chong 
LR, Stokol T, Cheetham J, Nixon AJ (2010) Concentrated bone 
marrow aspirate improves full-thickness cartilage repair com-
pared with microfracture in the equine model. J Bone Joint Surg 
Am 92(10):1927–1937

	19.	 Foster TE, Puskas BL, Mandelbaum BR, Gerhardt MB, Rodeo 
SA (2009) Platelet-rich plasma: from basic science to clinical 
applications. Am J Sports Med 37(11):2259–2272

	20.	 Ghazavi MT, Pritzker KP, Davis AM, Gross AE (1997) Fresh 
osteochondral allografts for post-traumatic osteochondral defects 
of the knee. J Bone Joint Surg Br 79(6):1008–1013

	21.	 Ghodadra N, Mall NA, Karas V, Grumet RC, Kirk S, McNickle 
AG, Garrido CP, Cole BJ, Bach BR Jr (2013) Articular and 
meniscal pathology associated with primary anterior cruciate lig-
ament reconstruction. J Knee Surg 26(3):185–193

	22.	 Gobbi A, Nunag P, Malinowski K (2005) Treatment of full thick-
ness chondral lesions of the knee with microfracture in a group of 
athletes. Knee Surg Sports Traumatol Arthrosc 13(3):213–221

	23.	 Gross AE, Shasha N, Aubin P (2005) Long-term followup of 
the use of fresh osteochondral allografts for posttraumatic knee 
defects. Clin Orthop Relat Res 435:79–87

	24.	 Gudas R, Kalesinskas RJ, Kimtys V, Stankevicius E, Toliusis V, 
Bernotavicius G, Smailys A (2005) A prospective randomized 
clinical study of mosaic osteochondral autologous transplantation 
versus microfracture for the treatment of osteochondral defects in 
the knee joint in young athletes. Arthroscopy 21(9):1066–1075

	25.	 Gudas R, Stankevicius E, Monastyreckiene E, Pranys D, Kalesin-
skas RJ (2006) Osteochondral autologous transplantation versus 
microfracture for the treatment of articular cartilage defects in 
the knee joint in athletes. Knee Surg Sports Traumatol Arthrosc 
14(9):834–842

	26.	 Hangody L, Dobos J, Balo E, Panics G, Hangody LR, Berkes 
I (2010) Clinical experiences with autologous osteochondral 

http://www.nice.org.uk/guidance/cg59
http://www.nice.org.uk/guidance/cg59


1625Knee Surg Sports Traumatol Arthrosc (2016) 24:1617–1626	

1 3

mosaicplasty in an athletic population: a 17-year prospective 
multicenter study. Am J Sports Med 38(6):1125–1133

	27.	 Harris JD, Brophy RH, Siston RA, Flanigan DC (2010) Treat-
ment of chondral defects in the athlete’s knee. Arthroscopy 
26(6):841–852

	28.	 Hoemann CD, Sun J, McKee MD, Chevrier A, Rossomacha E, 
Rivard GE, Hurtig M, Buschmann MD (2007) Chitosan-glycerol 
phosphate/blood implants elicit hyaline cartilage repair integrated 
with porous subchondral bone in microdrilled rabbit defects. 
Osteoarthr Cartil 15(1):78–89

	29.	 Horas U, Pelinkovic D, Herr G, Aigner T, Schnettler R (2003) 
Autologous chondrocyte implantation and osteochondral cylinder 
transplantation in cartilage repair of the knee joint. A prospective, 
comparative trial. J Bone Joint Surg Am 85-A(2):185–192

	30.	 International Cartilage Repair Society Documentation and Clas-
sification System (1998) Freibourg, Switzerland, Newsletter, pp 
5–8

	31.	 Kirkley A, Birmingham TB, Litchfield RB, Giffin JR, Willits 
KR, Wong CJ, Feagan BG, Donner A, Griffin SH, D’Ascanio 
LM, Pope JE, Fowler PJ (2008) A randomized trial of arthro-
scopic surgery for osteoarthritis of the knee. N Engl J Med 
359(11):1097–1107

	32.	 Knutsen G, Drogset JO, Engebretsen L, Grontvedt T, Isaksen 
V, Ludvigsen TC, Roberts S, Solheim E, Strand T, Johansen O 
(2007) A randomized trial comparing autologous chondrocyte 
implantation with microfracture. Findings at five years. J Bone 
Joint Surg Am 89(10):2105–2112

	33.	 Koh JL, Wirsing K, Lautenschlager E, Zhang LO (2004) The 
effect of graft height mismatch on contact pressure following 
osteochondral grafting: a biomechanical study. Am J Sports Med 
32(2):317–320

	34.	 Kon E, Mandelbaum B, Buda R, Filardo G, Delcogliano M, Tim-
oncini A, Fornasari PM, Giannini S, Marcacci M (2011) Platelet-
rich plasma intra-articular injection versus hyaluronic acid visco-
supplementation as treatments for cartilage pathology: from early 
degeneration to osteoarthritis. Arthroscopy 27(11):1490–1501

	35.	 Korver TH, van de Stadt RJ, Kiljan E, van Kampen GP, van der 
Korst JK (1992) Effects of loading on the synthesis of proteogly-
cans in different layers of anatomically intact articular cartilage 
in vitro. J Rheumatol 19(6):905–912

	36.	 Krych AJ, Robertson CM, Williams RJ 3rd (2012) Return to ath-
letic activity after osteochondral allograft transplantation in the 
knee. Am J Sports Med 40(5):1053–1059

	37.	 Longo UG, Loppini M, Berton A, Marinozzi A, Maffulli N, Den-
aro V (2012) The FIFA 11+ program is effective in preventing 
injuries in elite male basketball players: a cluster randomized 
controlled trial. Am J Sports Med 40(5):996–1005

	38.	 McAlindon TE, Bannuru RR, Sullivan MC, Arden NK, Beren-
baum F, Bierma-Zeinstra SM, Hawker GA, Henrotin Y, Hunter 
DJ, Kawaguchi H, Kwoh K, Lohmander S, Rannou F, Roos 
EM, Underwood M (2014) OARSI guidelines for the non-
surgical management of knee osteoarthritis. Osteoarthr Cartil 
22(3):363–388

	39.	 Milano G, Sanna Passino E, Deriu L, Careddu G, Manunta L, 
Manunta A, Saccomanno MF, Fabbriciani C (2010) The effect 
of platelet rich plasma combined with microfractures on the 
treatment of chondral defects: an experimental study in a sheep 
model. Osteoarthr Cartil 18(7):971–980

	40.	 Mithoefer K, Hambly K, Della Villa S, Silvers H, Mandelbaum 
BR (2009) Return to sports participation after articular cartilage 
repair in the knee: scientific evidence. Am J Sports Med 37(Suppl 
1):167S–176S

	41.	 Mithoefer K, Hambly K, Logerstedt D, Ricci M, Silvers H, Della 
Villa S (2012) Current concepts for rehabilitation and return to 
sport after knee articular cartilage repair in the athlete. J Orthop 
Sports Phys Ther 42(3):254–273

	42.	 Mithoefer K, McAdams T, Williams RJ, Kreuz PC, Mandelbaum 
BR (2009) Clinical efficacy of the microfracture technique for 
articular cartilage repair in the knee: an evidence-based system-
atic analysis. Am J Sports Med 37(10):2053–2063

	43.	 Mithoefer K, McAdams TR, Scopp JM, Mandelbaum BR (2009) 
Emerging options for treatment of articular cartilage injury in the 
athlete. Clin Sports Med 28(1):25–40

	44.	 Mithoefer KPL, Saris DBF, Mandelbaum BR (2012) Evolution 
and current role of autologous chondrocyte implantation for treat-
ment of articular cartilage defects in the football (Soccer) player. 
Cartilage 3(suppl 1):25S–30S

	45.	 Mithoefer K, Scopp JM, Mandelbaum BR (2007) Articular carti-
lage repair in athletes. Instr Course Lect 56:457–468

	46.	 Mithoefer K, Williams RJ 3rd, Warren RF, Wickiewicz TL, Marx 
RG (2006) High-impact athletics after knee articular cartilage 
repair: a prospective evaluation of the microfracture technique. 
Am J Sports Med 34(9):1413–1418

	47.	 Mithofer K, Minas T, Peterson L, Yeon H, Micheli LJ (2005) 
Functional outcome of knee articular cartilage repair in adoles-
cent athletes. Am J Sports Med 33(8):1147–1153

	48.	 Mithofer K, Peterson L, Mandelbaum BR, Minas T (2005) Artic-
ular cartilage repair in soccer players with autologous chondro-
cyte transplantation: functional outcome and return to competi-
tion. Am J Sports Med 33(11):1639–1646

	49.	 Moseley JB Jr, Anderson AF, Browne JE, Mandelbaum BR, 
Micheli LJ, Fu F, Erggelet C (2010) Long-term durability of 
autologous chondrocyte implantation: a multicenter, observa-
tional study in US patients. Am J Sports Med 38(2):238–246

	50.	 Moseley JB, O’Malley K, Petersen NJ, Menke TJ, Brody BA, 
Kuykendall DH, Hollingsworth JC, Ashton CM, Wray NP (2002) 
A controlled trial of arthroscopic surgery for osteoarthritis of the 
knee. N Engl J Med 347(2):81–88

	51.	 Murray IR, Corselli M, Petrigliano FA, Soo C, Peault B 
(2014) Recent insights into the identity of mesenchymal stem 
cells: implications for orthopaedic applications. Bone Joint J 
96-B(3):291–298

	52.	 Noyes FR, Heckmann TP, Barber-Westin SD (2012) Meniscus 
repair and transplantation: a comprehensive update. J Orthop 
Sports Phys Ther 42(3):274–290

	53.	 Peterson L, Brittberg M, Kiviranta I, Akerlund EL, Lindahl A 
(2002) Autologous chondrocyte transplantation. Biomechanics 
and long-term durability. Am J Sports Med 30(1):2–12

	54.	 Pro SL, Blatz BW, McAdams TR, Mandelbaum BR (2012) 
Chondropenia Severity Score: an Arthroscopic Stratification 
tool of Structural Cartilage Changes in the Knee as Correlated to 
Patient Reported Outcomes (SS-28). Arthroscopy 28(6):e16

	55.	 Robertson CM WR (2010) Return to sport after fresh osteochon-
dral allograft transplantation. In: Paper presented at the annual 
meeting of the American orthopaedic society for sports medicine 
(AOSSM), Providence, RI, July 17

	56.	 Rutjes AW, Juni P, da Costa BR, Trelle S, Nuesch E, Reichen-
bach S (2012) Viscosupplementation for osteoarthritis of the 
knee: a systematic review and meta-analysis. Ann Intern Med 
157(3):180–191

	57.	 Sanchez M, Fiz N, Azofra J, Usabiaga J, Aduriz Recalde E, Gar-
cia Gutierrez A, Albillos J, Garate R, Aguirre JJ, Padilla S, Orive 
G, Anitua E (2012) A randomized clinical trial evaluating plasma 
rich in growth factors (PRGF-Endoret) versus hyaluronic acid 
in the short-term treatment of symptomatic knee osteoarthritis. 
Arthroscopy 28(8):1070–1078

	58.	 Saris DB, Vanlauwe J, Victor J, Haspl M, Bohnsack M, Fortems 
Y, Vandekerckhove B, Almqvist KF, Claes T, Handelberg F, 
Lagae K, van der Bauwhede J, Vandenneucker H, Yang KG, Jelic 
M, Verdonk R, Veulemans N, Bellemans J, Luyten FP (2008) 
Characterized chondrocyte implantation results in better struc-
tural repair when treating symptomatic cartilage defects of the 



1626	 Knee Surg Sports Traumatol Arthrosc (2016) 24:1617–1626

1 3

knee in a randomized controlled trial versus microfracture. Am J 
Sports Med 36(2):235–246

	59.	 Steadman JR, Miller BS, Karas SG, Schlegel TF, Briggs KK, 
Hawkins RJ (2003) The microfracture technique in the treatment 
of full-thickness chondral lesions of the knee in National Football 
League players. J Knee Surg 16(2):83–86

	60.	 Stein T, Mehling AP, Welsch F, von Eisenhart-Rothe R, Jager A 
(2010) Long-term outcome after arthroscopic meniscal repair 
versus arthroscopic partial meniscectomy for traumatic meniscal 
tears. Am J Sports Med 38(8):1542–1548

	61.	 Surgeons AAoO (2013) Treatment of osteoarthritis (OA) of the 
knee. Evidence-based guideline, 2nd edn. American Academy of 
Orthopaedic Surgeons, Rosemount

	62.	 Wang CT, Lin YT, Chiang BL, Lin YH, Hou SM (2006) High 
molecular weight hyaluronic acid down-regulates the gene 

expression of osteoarthritis-associated cytokines and enzymes in 
fibroblast-like synoviocytes from patients with early osteoarthri-
tis. Osteoarthr Cartil 14(12):1237–1247

	63.	 Wang DA, Varghese S, Sharma B, Strehin I, Fermanian S, Gor-
ham J, Fairbrother DH, Cascio B, Elisseeff JH (2007) Multifunc-
tional chondroitin sulphate for cartilage tissue-biomaterial inte-
gration. Nat Mater 6(5):385–392

	64.	 Williams RJ, Gamradt SC (2008) Articular cartilage repair using 
a resorbable matrix scaffold. Instr Course Lect 57:563–571

	65.	 Zorzi C, Dall’Oca C, Cadossi R, Setti S (2007) Effects of pulsed 
electromagnetic fields on patients’ recovery after arthroscopic 
surgery: prospective, randomized and double-blind study. Knee 
Surg Sports Traumatol Arthrosc 15(7):830–834


	Management of knee articular cartilage injuries in athletes: chondroprotection, chondrofacilitation, and resurfacing
	Abstract 
	Level of evidence 
	Who is at risk?
	Natural history of athletic cartilage lesions
	Athletic activity and chondropenia
	Acute chondral injury
	Chronic chondral defects

	Clinical evaluation and classification
	Chondroprotection, chondrofacilitation and resurfacing: a framework for management
	Chondroprotection: How should athletes protect their cartilage?
	Consider training alternatives to high-impact joint loading
	Incorporate injury prevention warm-ups
	Restore stability
	Consider meniscal repair for simple, peripheral tears
	If osteotomy is required counsel patient on poor prognosis of competitive sporting return
	Chondroprotective strategies with limited evidence

	Chondrofacilitation: How should the physician facilitate intrinsic repair of established chondral lesions in athletes?
	Microfracture
	Chondrofacilitative strategies with limited evidence
	Viscosupplementation
	Growth factors including PRP and BMAC
	Electromagnetic field therapy


	Chondrorestoration: indications for different resurfacing methods in athletes
	Osteochondral autograft transplantation
	Osteochondral allograft transplantation
	Autologous chondrocyte implantation
	Neocartilage implantation
	Cartilage autograft implantation system (CAIS)
	Cartilage allograft implantation
	Osteochondral graft substitutes

	Rehabilitation and return to sport after knee articular repair
	Conclusions
	Acknowledgments 
	References




