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Abstract

Background Clinical cartilage restoration is evolving,

with established and emerging technologies. Randomized,

prospective studies with adequate power comparing the

myriad of surgical techniques used to treat chondral injuries

are still lacking and it remains a challenge for the surgeon

treating patients to make evidence-based decisions.

Questions/purposes We reviewed the history of the major

cartilage repair/restorative procedures, indications for

currently available repair/restorative procedures, and

postoperative management.

Methods We performed searches using MEDLINE

and cartilage-specific key words to identify all English-

language literature. Articles were selected based on their

contributions to our current understanding of the basic

science and clinical treatment of articular cartilage lesions

or historical importance. We then selected 77 articles, two

of which are articles of historical importance.

Results Current cartilage restorative techniques include

débridement, microfracture, osteochondral fragment repair,

osteochondral allograft, osteochondral autograft, and

autologous chondrocyte transplantation. Pending tech-

niques include two-staged cell-based therapies integrated

into a variety of scaffolds, single-stage cell-based therapy,

and augmentation of marrow stimulation, each with sug-

gested indications including lesion size, location, and

activity demands of the patient. The literature demonstrates

variable improvements in pain and function contingent

upon multiple variables including indications and

application.

Conclusions For the patient with symptomatic chondral

injury, numerous techniques are available to the surgeon to

relieve pain and improve function. Until rigorous clinical

trials (prospective, adequately powered, randomized con-

trol) are available, treatment decisions should be guided by

expert extrapolation of the available literature based in

historically sound principles.

Introduction

Injury to articular cartilage is common; one study of

31,516 knee arthroscopies found 63% of patients had

chondral injury [14]. Cartilage injuries of the knee affect
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approximately 900,000 Americans annually, resulting in

more than 200,000 surgical procedures [13].

Although nonsurgical management of articular cartilage

injury has remained largely the same over many decades,

surgical treatment of chondral injuries continues to evolve.

Reparative techniques (marrow stimulation) and restorative

techniques (cell-based therapies and autologous or allograft

transplants) continue to be refined, giving surgeons more

tools and options for biologic reconstruction of the articular

surfaces.

Surgical attempts at restoration of articular cartilage

have a long history. Early techniques included epiphyseal

and whole-joint transplants [43, 45]. In 1925, one of the

first osteoarticular transplants was described [44]. Con-

temporary methods have evolved from several different

approaches. Current marrow stimulation procedures have

emerged from the Pridie technique [60], which was later

termed spongialization by Ficat et al. [17]. This technique

allows primitive mesenchymal stem cells to differentiate

and form fibrocartilage [17, 60]. Dr. Allan Gross popular-

ized the concept of fresh osteochondral allograft

transplantation [26, 27] and Dr. Lars Peterson is respon-

sible for the first generation of cultured chondrocyte

implantation [58]. While there are a number of new

emerging technologies at various stages of preclinical and

clinical development, most will have their lineage from one

of these three distinct approaches. By understanding the

use of existing cartilage surgical approaches, their limita-

tions, and the nuances of postoperative rehabilitation, it

may be possible to further refine these techniques to

improve pain, function, and patient satisfaction.

Current cartilage restorative procedures include marrow

stimulation, fresh osteochondral allografts, osteochondral

autografts, and cultured cartilage implantation. Although

these provide treatment options for the patient with a symp-

tomatic chondral injury, there remains abundant controversy

and confusion on the application of these techniques.

To help surgeons navigate the literature and reconcile

treatment options and techniques for application to specific

injuries and patients, we reviewed (1) the history of the

major cartilage repair/restorative procedures: marrow

stimulation, osteochondral allografts, cultured chondrocyte

implantation, osteochondral autografts; (2) indications

for currently available repair/restorative procedures; and

(3) postoperative management.

Search Strategy and Criteria

We searched all published literature in the English

language using MEDLINE for the key words ‘‘articular

cartilage injury’’ AND ‘‘marrow stimulation OR

microfracture’’ (323 articles), ‘‘osteochondral autograft’’

(114 articles), ‘‘osteochondral allograft’’ (48 articles), and

‘‘autologous chondrocyte implantation’’ (113 articles).

Within each subgroup, all titles were reviewed by three

authors (JK, AD, SS). We preliminarily excluded 140 arti-

cles because they were nonmusculoskeletal (20); did not

discuss articular cartilage injury (48); or primarily dis-

cussed small joints, nonweightbearing joints, or the spine

(72). Abstracts of the remaining articles were reviewed.

Seventy-seven articles were chosen by the two senior

authors (BC, JF) based on their relative contributions to our

current understanding of the basic science (28), clinical

treatment of articular cartilage lesions (45), or historical

importance (four). We included the four articles of histor-

ical importance published before MEDLINE (Lexer [44]

[three articles] and Pridie [60]) (Fig. 1).

Current Cartilage Repair/Restorative Techniques

Marrow Stimulation

Pridie and Ficat developed a treatment for cartilage defects

and chondrosis with aggressive débridement of cartilage

and removal of subchondral bone to expose the cancellous

bone [3, 6, 17, 60]. This resulted in clot formation with

marrow elements that gradually organized and remodeled

to create fibrocartilage fill. Patient outcomes were highly

variable and largely anecdotal [17, 60]. These case series

did not have a control group and thus the positive effects

from débridement alone were unknown. This was espe-

cially true when patients presented with the acute or

subacute onset of mechanical symptoms (ie, unstable

osteochondritis dissecans) that responded favorably to

débridement with little or no symptoms related to the

presence of the cartilage defect itself. Ficat et al. [17] have

reported minimal to no pain and improvements in function

from this procedure in 79% of patients treated with

spongialization.

With the advent of arthroscopy in the 1970s, early

arthroscopic pioneers applied the Pridie and Ficat princi-

ples of débriding cartilage lesions to subchondral bone and

then creating bleeding at the base of the lesion [33].

Gradually the technique evolved from full removal of the

subchondral plate to a gentle superficial burring termed

abrasion arthroplasty. This allowed bleeding yet main-

tained the majority of the thickness of the subchondral

plate. Dr. Lanny Johnson suggested a ‘‘super clot’’ would

form with better adherence if these technical principles

were adopted [77]. Because of the technical demands and

variability required to ‘‘lightly burr’’ the subchondral plate,

drilling and microfracture, as popularized by Steadman

et al. [70], largely supplanted abrasion arthroplasty. With

microfracture, after the calcified cartilage layer is removed,
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a small microfracture awl is used to create 1- to 2-mm

fracture holes spaced 3 to 5 mm apart to create bleeding

and clot formation. Empirically, it was believed the

‘‘marrow-derived cells’’ would lead to hyaline-like carti-

lage if exposed to the appropriate postoperative mechanical

environment (continuous passive motion and protected

weightbearing) [66]. In addition, it was suggested micro-

fracture did not cause thermal necrosis thought possible

with drilling and the act of fracturing would stimulate the

‘‘healing response’’ cascade [70]. The relative ease of

performing an all-arthroscopic and resource-efficient pro-

cedure coupled with acceptable results in small- to

medium-sized cartilage lesions led to microfracture

becoming the most widely used cartilage restoration pro-

cedure in the United States [50]. Still under debate is the

upper limit of lesion size that allows for a reasonable result

and whether it is useful for patellar lesions. Steadman et al.

[69] reported good results in all compartments with lesions

greater than 4 cm2 while Knutsen et al. [39] found worse

clinical outcomes based on SF-36 scores with lesions (only

femoral lesions where treated) over 4 cm2. Kreuz et al. [41]

noted uniformly poor results at the patella and in patients

older than 40 years.

Semantically, these techniques are commonly lumped

into the category of ‘‘marrow stimulation.’’ This termi-

nology may be considered somewhat of a misnomer as

there is typically little or no red marrow in subchondral

cancellous bone and thus most of the pluripotential cells in

the clot are similar in origin to any other clot that occurs

clinically throughout the body. Cytokines released during

clot formation attract pluripotential cells that form tissue

that ranges from fibrous to hyaline-like cartilage. One

current technique increases the number of adult stem cells

by harvesting true hematopoietic marrow from the iliac

crest and transferring the marrow or concentrated adult

stem cells to a microfracture-prepared bed [18]. As the goal

is to encourage the pluripotential cells to differentiate into

a chondrocyte-like phenotype with three-dimensional

structure, another approach is to apply an acellular scaffold

that provides a framework for cells to organize (autologous

membrane-induced chondrogenesis). The scaffold may

range from a true physical membrane or a biphasic liquid

hydrogel that congeals in situ. With each of these tech-

niques, it may be possible to further influence the

pluripotential cells with growth factors, such as reported

with bone morphogenetic protein 7, also known as osteo-

genic protein 1 [11, 36, 37]. To date, the nuances of

marrow stimulation continue to be refined. For example,

Chen et al. [9] demonstrated, in an animal model, drilling

does not cause thermal injury and the drill holes actually

allow more consistent channels for cell migration com-

pared to microfracture holes that may be partially blocked

with bony debris. Finally, the postoperative environment is

important in directing cell differentiation, although the

exact degree of weightbearing and duration of continuous

passive motion (or equivalent) remains unknown.

Fresh Osteochondral Allografts

Dr. Allan Gross began using fresh osteochondral allografts

for segmental loss of bone and cartilage after en bloc

Initial search yielded 600 articles on articular cartilage injury 
Marrow stimulation OR microfracture (323) 
Osteochondral allograft (48) 
Autologous chondrocyte implantation (113) 
Osteochondral autograft (114) 

140 articles discarded after review of titles 
Nonmusculoskeletal (20) 
Nonarticular cartilage injury (48) 
Primarily small joints, nonweightbearing joints, 
or spine (72)

Final selection included 77 published articles  
73 articles from MEDLINE           

Biologic or biomechanical studies (28) 
Clinical studies (45) 

4 articles published pre-MEDLINE  
Articles of historical significance (4) 

Fig. 1 A flowchart shows the

results of our search strategy

for articles relevant to our

review.
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resection of knee tumors [26, 27]. At the same time, frozen

osteochondral allografts were also being used, but over

time, the matrix deteriorated due to the absence of viable

chondrocytes [47]. This importance of viable cells remains

a tenant of osteochondral allografts as various forms of

cryopreservation have largely been unsuccessful [34, 47,

74]. The initial application of osteoarticular grafts was with

large segmental joint transplantation with large portions of

bone. Notably, avascular bone requires extensive time to be

replaced or incorporated through creeping substitution and

thus bony collapse or insufficiency fractures were not

uncommon [61]. Because chondral and osteochondral

nonneoplastic lesions of the knee typically are associated

with minimal involvement of the subchondral bone,

Bugbee and Convery [7] recommended osteochondral

allografts have the least amount of bone possible to mini-

mize these adverse consequences. Although there is

evidence using a goat model that chondrocyte viability may

be improved with prolonged storage at 37�C, current

constructs utilize fresh grafts stored for 14 to 28 days at

4�C with only 6 to 8 mm of subchondral bone [56, 72, 73].

While empirically the chances for success increase as the

number of more viable chondrocytes increases, the abso-

lute number of viable chondrocytes required to maintain

the matrix over time remains unknown. The chondrocyte

viability can be further compromised at the time of

implantation as osteochondral allografts and cartilage in

general remain vulnerable to the effects of impaction and

thus the recommendation for minimal force insertion [35,

62]. Finally, the viability may be further negatively influ-

enced by the postoperative environment [59].

Although it is often stated osteochondral allografts are

immunoprivileged, a percentage of patients become anti-

body positive after osteochondral allograft transplantation

[8, 19, 20]. Comparing patient outcomes, those who were

antibody positive had less favorable outcomes compared to

those who were antibody negative [21, 68, 76]. It is gen-

erally believed the antibodies form in response to the bony

portion of the graft and, more specifically, the vascular and

marrow elements present within the subchondral bone.

Therefore, thin ‘‘shell allografts’’ may potentially decrease

the risk of immunogenicity as the total volume of bone is

diminished and the thin bone shell can be better cleared of

marrow elements by pulsatile lavage.

The results of osteochondral allograft transplantation

have been promising. Ghazavi et al. [23] investigated the

results of fresh osteochondral allografts used to reconstruct

posttraumatic osteochondral defects in 123 patients with a

mean age of 35 years. They reported 85% of the knees had

an increase in at least 10 points postoperatively in modified

Hospital for Special Surgery knee score, or maintenance of

a score of 75 or greater, with no need for further surgery.

Only 18 failures were reported in this series at a mean

followup of 7.5 years. These authors found patients with an

age of more than 50 years, bipolar defects, malalignment,

and Workers Compensation were at risk for an increase of

failure [23]. Similar results were found by Chu et al. [10] in

a study of 55 patients who underwent osteochondral allo-

graft transplantation in the knee with an average followup

of 75 months. Overall, they reported 76% of knees were

rated ‘‘good’’ or ‘‘excellent.’’ However, when the results

were subcategorized, 84% of patients with unipolar trans-

plants were rated ‘‘good’’ to ‘‘excellent’’ versus only 50%

of those with bipolar procedures [10]. Bugbee and Convery

[7] reported 18 patients (19 knees) with greater than

10-year followup. The average surface area replaced was

11 cm2. Fourteen of these were monopolar lesions and five

were bipolar. Although three patients (four knees) had died

at the followup time period reviewed, of the remaining

15 knees, 11 were rated ‘‘good’’ or ‘‘excellent.’’ One knee

underwent repeat allografting at 8 years postoperatively,

two underwent knee arthroplasty, and one underwent

arthrodesis [7].

Davidson et al. [15] reported 67 patients who received

osteochondral allografts for the treatment of full-thickness

femoral condylar lesions with a mean followup of

40 months. They found improvements in both the Inter-

national Knee Documentation Committee and SF-36 scores

as compared to preoperative values and nearly normal

International Cartilage Repair Society (ICRS) scores at

followup. Furthermore, second-look arthroscopy per-

formed in 10 knees revealed grossly normal repair tissue,

and biopsy samples demonstrated no differences between

graft and native cartilage chondrocyte density [15]. Similar

improvements in clinical outcome measures have also been

reported by McCulloch et al. [48] who demonstrated 84%

satisfaction in 25 consecutive patients with an average

followup of 35 months.

A new cartilage allograft technique under investigation

involves the implantation of intact fragments of articular

cartilage only. The technique uses minced juvenile allo-

genic fresh-stored cartilage and forms hyaline-like

cartilage in the laboratory [2]. It is currently available in

the United States because it is accepted by the US Food and

Drug Administration (FDA) as any other isotopic use of

allograft that is ‘‘minimally manipulated tissue.’’ However,

there is only one published case [4] and two case series

reported at the 2010 ICRS Congress (Farr J, Kercher J,

Salata M, and Yao J); www.clinicaltrials.gov lists an

ongoing prospective postmarket uncontrolled case series

(Trial Number NCT00791245).

Another isotopic use of minimally manipulated (same

FDA oversight as minced juvenile cartilage) osteochondral

allograft is cold-sterilized radiated osteochondral cylinders

of various sizes, which have undergone matrix crosslinking

with methylene blue. An uncontrolled prospective case
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series is scheduled to begin in 2011. Obviously, no com-

ments can be made on efficacy.

Cultured Chondrocyte Implantation

Dr. Lars Peterson’s report of a two-stage cartilage resto-

ration technique initiated the interest in cell-based therapy

for the treatment of cartilage lesions [59]. Initially, a biopsy

of healthy articular cartilage is arthroscopically harvested

from a low- or no-load location. The cartilage is then

enzymatically treated to release the chondrocytes, which

are subsequently expanded in culture to create more than

10 million cells from only the few hundred thousand cells

originally in the biopsy. The cell suspension is then

injected historically beneath a periosteal patch or more

recently a collagen scaffold [24].

Over the years since Peterson’s original description,

there have been several modifications of the technique of

autologous chondrocyte implantation (ACI). The cellular

aspect of ACI has recently become a major focus. For

example, there may be a lack of uniformity of the cultured

chondrocytes from laboratory to laboratory. In an effort to

quantify the cultured chondrocytes, advances are currently

testing cells for their phenotype and their ability to pro-

duce matrix elements. Theoretically, the ability to

manipulate chondrocytes during the culturing process may

optimize the production of tissue that is most like hyaline

cartilage.

The original ACI technique utilized autologous perios-

teum to form a watertight cover under which the

chondrocyte suspension was injected. In recent years,

synthetic collagen has been used as a patch (collagen patch

ACI) with clinical outcomes similar to ACI. The technique

has been further modified to include seeding of the patch

with chondrocytes before implantation and finally allowing

the cells to grow on the scaffold matrix (matrix ACI),

which allows an all-arthroscopic technique [71].

The concept of changing a two-stage procedure to a

one-stage procedure is appealing to both patients and

payers. After preclinical studies noted the potential of

minced autograft cartilage to produce new cartilage fill in

focal defects, a Phase I/II trial was initiated, which dem-

onstrated the safety and efficacy of implanting a construct

composed of a scaffold coated with minced cartilage

fragments obtained arthroscopically during the same sur-

gical setting. After the positive results of the initial trial,

the FDA has approved a statistically powered randomized

controlled Phase III trial (approved July 2, 2010) to

evaluate the clinical efficacy of this technique. Potential

future modifications of each of these techniques will

focus on arthroscopic applications, efficacy, and cost-

effectiveness.

Osteochondral Autografts

The technique of harvesting medium-sized (7- to 11-mm)

osteochondral autograft plugs was popularized by

Dr. Craig Morgan in the United States and Dr. Vladimir

Bobic in the United Kingdom [3]. At a similar time, the use

of smaller osteochondral plugs (mosaicplasty) was popu-

larized by Dr. Lazlo Hangody in Hungary [28]. Both

techniques create a circular socket at the recipient site with

a drill or circular punch and are harvested using a circular

tube osteotome. Several donor sites have been described,

including the lateral trochlea near the sulcus terminalis, the

intercondylar notch, and the medial trochlea, with Garretson

et al. demonstrating in vitro the medial intersection of the

trochlea and condyle had less stress [1, 22, 29, 30, 75].

Although long-term sequelae related to donor site harvest

remain in question, there are subsets of patients who

experience pain at the harvest sites in the near term. To

decrease morbidity, low-load areas are used for the donor

site and the resultant harvest voids are often back-filled

with allograft or synthetically engineered plugs [22].

The literature demonstrates filling the recipient socket

entirely can avoid cyst formation, the use of minimal force

during impaction can avoid chondrocyte death, and fitting

the plug to the surrounding surface can minimize altera-

tions in contact stress [35, 40]. Additionally, the long-term

effects of peripheral chondrocyte death, lack of marginal

integration when there is side-to-side initial contact, and

fibrocartilage fill of voids between the plugs remain to be

determined [31]. Several synthetic plugs are in various

stages of testing in the United States to assess their ability

to become an alternative to the autograft plug. This would

utilize the same technique as autograft plugs but would

avoid harvest morbidity and would allow an on-the-shelf

alternative for smaller defects.

Indications and Technique Selection for Specific

Chondral Lesions

The concept of ‘‘demand matching’’ may be applied when

deciding on the specific cartilage restoration technique for

a particular lesion. Demand matching attempts to match the

technique characteristics that best fit the clinical presenta-

tion of the patient, the limb, the knee, and the cartilage

lesion. This raises several questions related to the necessity

of a cartilage repair procedure to definitively create normal

stratified hyaline cartilage with basilar and marginal inte-

gration. Most reports of cell therapy techniques including

histologic analysis as an outcome report substantial tissue

variability, with none showing normal stratified hyaline

cartilage. For example, Knutsen et al. [39] compared

microfracture to ACI with histology ranging from fibrous
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to hyaline-like in both groups with no correlation with

clinical outcome. On the other hand, Saris et al. [67]

reported superior histology of biopsies of a chondrocyte

cell-based technology compared to microfracture at 1 and

3 years, with those patients implanted with the chondrocyte

cell-based technology procedure demonstrating superior

outcomes. Kreuz et al. [41] noted progressively deterio-

rating results in patients after microfracture over time, yet

some patients younger than 40 years continued to do well,

especially those with smaller lesions of the femoral con-

dyle. In one of the few studies evaluating different surgical

treatments for articular cartilage injury, Knutsen et al. [38]

reported 2-year outcome data and subsequently on their

5-year outcomes of patients with chondral defects ran-

domized to treatment with microfracture versus ACI. These

authors reported no differences in outcomes when com-

paring the two techniques. Although both studies were

prospective and randomized, criticisms of the Knutsen

series centered on inadequate patient numbers for statistical

power and lack of subset analysis of smaller versus larger

lesions.

Taken in aggregate, it appears the cost-effective tech-

nique of microfracture may be appropriate for smaller

condylar lesions in patients younger than 40 years, but it

may be more cost-efficient in the long term to consider

osteochondral allograft or cell-based therapy for larger

lesions [16, 51]. Additional study is needed to determine

whether there is an upper age ceiling when autologous cells

do not perform as well as allograft [53, 64].

Patient Selection

Based on our experience, patients with chondral injuries

should be considered for treatment, not solely because they

have a cartilage defect by MRI or arthroscopy, but rather

because they have knee pain and functional loss that can be

assigned to the defect. With current techniques, we believe

the ideal patient has a body mass index of less than

35 kg/m2, has realistic expectations, is willing to adhere to

postoperative rehabilitation protocols, has localized carti-

lage defects, and is symptomatic. In addition, all relevant

comorbidities (eg, malalignment, meniscal deficiency, or

ligament deficiency) must be identified and corrected in

either a staged or concomitant fashion. With the baby

boomer generation experiencing a larger number of knee

cartilage problems, there will be pressure to expand carti-

lage restoration from contained focal defects to larger

bipolar and uncontained cartilage defects. The goal is to

preoperatively predict the best treatment for the patient,

limb, knee, and defect considering the patient age, lesion

size, lesion location, and chondral status of the joint proper

(Table 1).

Articular cartilage cannot be restored in isolation. All

pathologic or injured tissues of the knee ‘‘organ’’ must be

treated. For example, the synovial lining is important in

effecting the anti-inflammatory and inflammatory balance

in the knee. Further studies are needed to evaluate what

role, if any, hyaluronic acid injections, anti-inflammatory

medications, and/or neutrapharmaceuticals play in address-

ing the local inflammatory environment of the knee.

To maximize patient outcomes and provide a suitable

environment for the cartilage restorative procedure, con-

comitant pathology or mechanical problems should also

be addressed. Ligamentous insufficiency and instability

should be treated and normal mechanical alignment should

be restored. Failure to do so may overload the cartilage

implant and lead to failure on a mechanical basis even

when the biology would have otherwise been successful. In

addition, there are major therapeutic benefits to unloading

Table 1. Indications for optimal use and characteristics producing suboptimal outcomes for the different cartilage repair strategies

Technique Optimal use Suboptimal outcomes

Marrow stimulation • Age \ 40 years • Age [ 40 years

• Focal contained • Uncontained

• Femoral condyles • Patellar lesions

• Lesion size \ 4 cm2 • Lesion size [ 4 cm2

Osteochondral autograft • Femoral lesions \ 2.5 cm2 • Patellar lesions

• Bipolar lesions

• Lesions with bone loss

Osteochondral allograft • Lesions with bone and cartilage loss • Bipolar lesions

• Large uncontained lesions • Diffuse osteoarthritis

Cultured chondrocytes • Chondral lesions [ 2 cm2 • Large geographic lesions

• Bipolar lesions
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the compartment that complement the results of a biologic

reconstruction [24, 26]. The menisci improve the nutri-

tional environment of the articular surfaces and reduce

contact stress across the tibiofemoral joint. If compro-

mised, meniscal function is re-established or at least

improved through transplantation. Even partial meniscec-

tomy is associated with increases in tibiofemoral contact

forces [42]. The results of patients who undergo combined

cartilage repair with meniscal allograft transplantation are

equivalent or superior to those reported for cartilage repair

as an isolated procedure [25, 65]. Rue et al. [65] reported a

series of 30 patients with combined meniscal allograft

transplantation procedures and cartilage restoration proce-

dures. Using various standardized outcome surveys

including the Lysholm, International Knee Documentation

Committee, and SF-12 scales, these authors demonstrated

76% of patients were completely or mostly satisfied with

their surgical results and 90% would have surgery again.

Improvements in outcomes scores and patient satisfaction

were comparable to historical published reports of these

procedures performed in isolation.

Lesion Type and Site

As opposed to the original Outerbridge cartilage lesion

classification [55] that combined the extent of cartilage

damage and size, the ICRS classification system maps and

delineates the following: (1) defect dimensions, (2) defect

grade (including depth), and (3) defect location mapping

[5, 6, 46]. The original Outerbridge classification was

designed to describe patellar chondrosis. Within Grades II

and III, it combined the appearance/depth of the lesion with

lesion size. Grade 0 lesion was normal cartilage. Grade I

was softening. Grade II was a partial-thickness defect with

fissures that did not reach subchondral bone and was less

than 1 inch in diameter. Grade III was fissuring to the level

of subchondral bone with a diameter greater than 1.5 cm.

A Grade IV lesion had exposed subchondral bone. The

more commonly used ‘‘modified Outerbridge’’ classifica-

tion used only the description of the articular surface and

reported the dimensions separately. In the ICRS classifi-

cation system, Grade 1 is normal, Grade 1a has some mild

softening or fibrillations, and Grade 2 has more involve-

ment but still less than 1
.
2 the cartilage depth. Grade 3

lesions involve more than 1
.
2 the cartilage depth and

include subgroups a, b, c, and d with increasing severity of

damage (3a: [ 50% cartilage thickness damage, 3b: dam-

age to calcified cartilage; 3c: exposed subchondral bone,

3d: full-thickness delamination). A Grade 4 lesion is an

osteochondral lesion violating the subchondral plate (4a:

superficial; 4b: deep bony involvement). The dimensions

and knee region of involvement are reported separately.

This classification system allows for consistency in eval-

uating injuries of the articular surfaces, as well as

development and implementation of treatment algorithms.

It is important to use an intra-articular reference or ruler to

precisely measure the defects as arthroscopic magnification

is variable. This information will aid in staging the lesion

for optimal treatment.

Postoperative Management

While each technique has unique postoperative require-

ments, certain generalizations are possible. As the human

knee cannot be fully duplicated by any animal model,

postoperative management has largely been empiric. For

example, continuous passive motion as pioneered by Salter

et al. [66] is often recommended to improve matrix pro-

duction of chondrocytes and to aid in differentiation of

pluripotential cells toward a more chondroid phenotype.

Continuous passive motion reportedly improves proteo-

glycan and collagen reorganization [54, 63]. The degree of

postoperative weightbearing allowed remains controversial

for each technique. In studies evaluating long-term out-

comes for ACI, histologic analysis demonstrated biopsies

from weightbearing surfaces appeared to resemble orga-

nized hyaline cartilage with Type II collagen. Biopsies in

nonweightbearing areas resembled fibrocartilage [57].

Mature chondrocytes (osteochondral autograft and allo-

graft) need cyclic loading (within physiologic range) for

nutrition and to stimulate maintenance of the surrounding

matrix; in contrast, developing or differentiating cells need

loading but at a much lower magnitude.

Strengthening is obviously a key to enhancing function,

but when the muscle units that need strengthening actually

load the area of implantation, caution is warranted [52].

This is especially true in the patellofemoral compartment

[12, 32, 49]. Therefore, early rehabilitation programs for

cellular constructs should focus on a core proximal

strengthening program until the implant is able to with-

stand physiologic loading. Return to sport-specific

activities after articular cartilage restoration can be pro-

longed. After cell-based restorative procedures such as

ACI, it can be up to 9 to 24 months after surgery to allow

appropriate proliferation, matrix production, and matura-

tion of the graft before substantial stressing [52].

Discussion

Symptomatic full-thickness chondral defects remain a

major clinical challenge. Although nonsurgical manage-

ment of articular cartilage injury has remained largely the

same over the past decade, surgical treatment of chondral
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injuries continues to evolve and repair/restoration tech-

niques continue to be refined, giving surgeons more tools

and options for biologic reconstruction of the articular

surfaces. Multiple options are described that can be used to

treat similar lesions. We therefore performed a review of

the pertinent literature on the topic to help allow surgeons

to navigate the literature and reconcile treatment options

and techniques for application to specific injuries and

patients. We therefore reviewed (1) the history of the major

cartilage repair/restorative procedures: marrow stimulation,

osteochondral allografts, cultured chondrocyte implanta-

tion, osteochondral autografts; (2) indications for currently

available repair/restorative procedures; and (3) postopera-

tive management.

We acknowledge limitations with our review. First, ours

is a selective review and not a systematic review of the

literature. We performed our search using MEDLINE using

multiple search terms with nesting but did not include a

search of the EMBASE database or Google Scholar. Our

search strategy may thus have missed eligible studies

within the field of cartilage or articular cartilage injury.

Second, other than the Knutsen et al. [39] and Saris et al.

[67] studies discussed previously, there is a paucity of

rigorous, Level I, prospective, randomized, adequately

powered literature comparing treatments for chondral

injury. Third, the low quality of the studies we reviewed

mandates the results and conclusions of such studies be

interpreted cautiously. As this is a selective review, we did

not assess study quality using methodology formulated for

use in systematic reviews.

Historical treatments have gradually evolved into con-

temporary techniques of restoring chondral lesions.

Cartilage repair/restorative procedures have evolved sub-

stantially from original marrow stimulation techniques.

While these advancements have attempted to enhance

repair tissue quality and quantity in an attempt to ulti-

mately improve durability and functional improvement,

biopsies of cell therapy techniques have failed to show

consistent hyaline cartilage and thus the common term

hyaline-like is often used in the literature. As the structure

of articular cartilage is intricately linked to its function and

the reproduction of native hyaline cartilage with its archi-

tecture and zonal arrangement has yet to be reproduced, the

benefit, characteristics, and durability of this ‘‘hyaline-

like’’ cartilage repair tissue remain unknown. The current

literature available does not address the necessity for all

chondral lesions to be filled with normal stratified hyaline

cartilage. Rigorous clinical studies need to be performed to

examine why some lesions with fibrocartilage fill may

produce adequate patient-reported outcomes while others

will have a positive clinical result only with hyaline-like

cartilage. Attempts at reproduction of a true hyaline carti-

lage continue.

Although marrow stimulation techniques continue to

play a large role in the treatment of specific chondral

injuries, newer techniques including ACI, osteochondral

allografts, and osteochondral autografts have been devel-

oped. We have described the development and early to

midterm clinical results of such techniques for treatment of

chondral injuries. Randomized, prospective studies with

adequate power comparing these techniques to one another

are still lacking, and it remains a challenge for the surgeon

treating patients with injuries of the articular surfaces to

reconcile the literature available and make evidence-based

decisions.

Until these much-needed rigorous clinical trials are

conducted and reported, treatment decisions will have to be

made on the available literature. We have assimilated the

literature on articular cartilage injuries along with our

experience to help provide guidelines for treatment of these

difficult injuries. Treatment decision-making must take into

consideration patient goals, physical demands, expecta-

tions, and perceptions, as well as defect size, depth,

location, chronicity, previous treatments and response, and

concomitant pathology.
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