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Abstract 

Articular cartilage lacks vascular, neural and lymphatic supply, and hence has limited 

healing capacity. Cartilage defects are commonly observed and warrant treatment, 

especially when symptomatic, as failure to do so could lead to development of 

osteoarthritis with the ultimate treatment being joint replacement surgery. To date, 

many surgical techniques aiming at restoring the cartilage surface are available, but 

none have been able to regenerate hyaline cartilage. Microfracture technique remains 

popular, largely driven by the advantages of being a one-step, technically easy and 

affordable technique, but has questionable clinical outcome, primarily attributed to the 

poor quality of the repair tissue.  

In this thesis a general review of the biology of this technique is given, based on 

observations in translational models, and the current clinical evidence for its use in hip 

and knee surgery is systematically reviewed.  

The available clinical evidence in hip surgery is of low quality, results are often 

confounded by concurrent surgical procedures, and overall the literature shows similar 

outcomes whether microfracture is performed or not. There is a lack of clinical efficacy 

evidence and the technique may potentially be harmful.  

Level I and II studies of microfracture technique in knee surgery report good functional 

and clinical results at the mid-term, and can remain satisfactory thereafter, however in 

comparison to ACI or OAT, clinical outcome was either equivalent or inferior, but never 

superior.  

Clinical outcomes following microfracture treatment are often not sustained over time 

and the fibrocartilaginous nature and thus the inferior tissue quality is assumed to be 

the reason for its failure. Augmentation of the repair tissue by means of scaffold 
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implantation, better known as Autologous Matrix-Induced Chondrogenesis (AMIC) aims 

to address this issue. In this study we evaluated the microfracture and AMIC technique 

in a full-thickness articular cartilage sheep model. 

Cartilage repair tissue was of poor quality and quantity for both treatment strategies, 

and osteoclast-mediated subchondral bone cyst formation was observed in 11 out of 12 

sheep in which the subchondral bone was breached. The application of a scaffold did 

not prevent this occurrence.  

Although the subchondral bone medullary cavity contains cells with trilineage potential, 

the recruitment of these cells into a cartilage defect by breaching the subchondral bone 

plate causes pathology. To investigate whether leaving the subchondral bone below a 

cartilage defect intact would improve the cartilage healing, bone marrow cells were 

harvested by means of a subchondral bone-sparing technique via aspiration through the 

intercondylar notch and the aspirate implanted in articular cartilage lesions in a sheep 

model.  

Articular cartilage failed to regenerate and healing in the bone marrow aspirate group 

was not different from the negative control group. Bone marrow aspirate may not 

contain sufficient cartilage progenitor cells to initiate effective healing. Subchondral 

bone cyst formation was not prevented and occurred through erosion of the 

subchondral bone plate. This may have been caused by increased contact pressure from 

the opposing tibial condyle. 

Matrix-Assisted Chondrocyte Implantation (MACI) uses cultured and expanded 

autologous chondrocytes seeded onto a matrix for implantation in cartilage defects with 

good to excellent clinical results. Clinically failed MACI-procedures have been poorly 

investigated, but presumably have failed because of deterioration of the tissue. In this 
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study we evaluate and compare the repair tissue obtained from patients undergoing 

total knee arthroplasty and patients undergoing knee revision surgery following MACI. 

The predominant tissue type in both groups was fibrocartilage and tissue characteristics 

were similar. Subchondral bone pathology was observed in all knee arthroplasty 

patients. Our findings suggest that clinical failure following MACI therapy may be a 

failure of the osteochondral unit, rather than a failure of the cartilage repair tissue per 

se. 

In summary, the studies in this thesis suggested that the subchondral bone plays a 

central role in the repair process and maintenance of articular cartilage following 

cartilage repair techniques. Breaching the subchondral bone plate may be detrimental 

to repair processes, but an intact subchondral bone plate without adequate cell 

numbers fails to initiate the cartilage repair process.  

Future cartilage repair strategies as well as evaluation of failures and successes should 

be directed at evaluation of the osteochondral unit.  
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 1 

Chapter 1 Literature Review 

 

1.1 Introduction 

Arthroscopy of hip and knee joints is an area under constant development, with a 6-fold 

increase in incidence from 2006 to 2010 30,206. The indications for hip arthroscopy are 

also widening 292, and several publications on the use of microfracture in the hip have 

recently appeared in the literature. Although popular for the treatment of knee articular 

cartilage defects as a first line intervention to produce stem cell-based regeneration by 

bone marrow stimulation, we question the evidence for sustained clinical improvement 

following microfracture and have concerns about the potential harm caused by violation 

of the subchondral bone plate, the increased incidence of subchondral bone cyst 

formation and other pathology and adverse outcomes of autologous chondrocyte 

implantation following microfracture 200,223.  

Microfracture is frequently referenced as the gold standard for treatment of partial or 

full-thickness articular cartilage defects in the knee169 and as an active control/gold 

standard in comparative studies evaluation cartilage healing techniques204. Despite its 

popularity, the use of microfracture as gold standard has recently been questioned81. 

Bert recently highlighted the risks with microfracture; that disruption of the subchondral 

plate predisposes the bone to the development of subchondral cysts and fragile or 

brittle bone 24.  

Bone marrow stimulation was first presented to the British Orthopaedic Association in 

1959 229. Pridie described the effects of drilling through the subchondral plate, making 

equally spaced holes to promote repair 141,229. Microfracture 262 and most recently the 

nano fracture technique 21,22 are variations of an operation that breaches the 



 2 

subchondral bone plate to allow migration of stem cells and growth factors into a 

cartilage defect to form a ‘super clot’ and enhance repair. The reality seems to be 

coverage with a fibrocartilage scar of predominantly Type I collagen of variable quality 

in both the knee 11,92, and hip 151, rather than the more durable Type II collagen of normal 

hyaline cartilage. Around 78 000 patients undergo microfracture annually in the United 

States 189,205. Microfracture is inexpensive and relatively easily performed 

arthroscopically, but more recent reports raise concerns about the evidence to support 

the clinical technique traditionally in the knee and more recently in the hip 24,120. 

In light of a growing number of arthroscopic hip microfracture procedures for early 

cartilage loss 30,68,206, and the recent claim that this procedure is considered ‘safe’ and 

‘efficacious’ for use in the hip 181, we have reviewed the biological, translational and 

clinical literature of this subject. Our objective is to critically appraise the available 

evidence and subsequently question whether arthroscopic microfracture is a valid 

treatment for full thickness chondral defects in the hip. Additionally, as the available 

level of evidence for microfracture technique in knee joints is still limited and because 

this technique may potentially be harmful, we review the current clinical evidence of 

microfracture for treatment of articular cartilage defects in the knee joint. 

 

1.2 The biology of microfracture: observations from preclinical studies 

The osteochondral unit of diarthrodial joints consists of hyaline cartilage and the 

subchondral bone. The articular cartilage consists predominantly of water (65–80%), 

and to a lesser extent chondrocytes, proteoglycans and collagen 26. Most of the collagen 

is type II and highly organized in an arcade model 20, however articular cartilage is 

avascular, aneural and alymphatic 38, making intrinsic healing problematic. The articular 
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cartilage is firmly attached to the subchondral bone via a calcified cartilage layer. This 

subchondral bone can be further subdivided in two distinct entities: the subchondral 

bone plate composed of cortical bone and the subchondral trabecular bone 114. 

1.2.1 The ‘superclot’ and cartilage repair 

Several animal studies have evaluated the temporal healing process following 

microfracture 51,96,196,251. Penetration of subchondral bone enables marrow contents to 

enter the joint and synovial fluid to enter the marrow space. Pluri-potential 

mesenchymal stem cells (MSCs) and blood enter the joint and may form a clot in the 

cartilage defect. Growth factors and MSC are purported to play a pivotal role in the 

repair process 89,93,100,140. 

 

The fraction of mononuclear cells with trilineage potential and thus MSC phenotype 

obtained from bone marrow is ∼0.02% 61,154. This low number of MSCs is concerning if 

we assume that tissue repair is based on engrafting and differentiating of these cells. 

Shapiro et al. 251 showed via 3 H-Thymidine labelling that osteochondral repair indeed 

occurred via differentiation of MSCs in a rabbit study. Besides the engrafting potential 

of MSCs, paracrine secretions and cell-to-cell contacts may also be involved in the repair 

process 230. 

 

Although the timeline varies depending on the animal model investigated, the general 

repair events following fibrinous clot formation in a cartilage defect is similar across 

mammals. Initially, MSCs and capillary vessels infiltrate the fibrinous network from the 

periphery and fill the entire defect 251. Differentiation of MSCs into chondrocytes and 

extracellular matrix formation are first evident around 10–14 days in rabbits 51,251, but 
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not until 6 weeks in horses 96. The location of these initial chondrogenic foci varies from 

the more superficial layers of the defect 251, to below the top of the fracture hole 50,51. 

Repair tissue reaches the level of normal surrounding cartilage by around 2 weeks in 

rabbits 251. The initial extracellular matrix consists of Type I collagen, with type II collagen 

and aggrecan increasing over time starting in the deep zone, and progressing toward the 

surface 96. Over time collagen fibers in the superficial zone change from a perpendicular 

to a tangential orientation 96,97. The end result however is the formation of mixed tissue 

types consisting of fibrocartilage (48 ± 8%), fibrous tissue (28 ± 8%) and hyaline cartilage 

(20 ± 6%), which was not different from untreated defects in this horse model 96,97. 

Evaluation of the microfracture technique in rabbit 48,188,196, dog 32 and sheep models 79 

has similarly reported repair tissue of predominantly fibrocartilaginous nature. Repair 

tissue is overall poorly integrated with the surrounding normal cartilage 32,251 and the 

optimal repair achieved by microfracture appears to be ∼8 weeks in rabbits 196,251. This 

is followed by progressive degenerative changes within the repair tissue starting as early 

as 10 weeks post-operatively 70,251. Persistence, but no improvement of tissue quality up 

to 6.5 months in rabbits, and up to 12 months in horses, has also been reported 96,188. 

 

There is some evidence that surgical technique could influence the quality of repair 

tissue. Although the number of MSCs in a cartilage defect is proportional to the total 

exposed area following penetration of the subchondral bone plate 199, increasing the 

diameter of drill holes (0.9 mm versus 0.5 mm) had no effect on cartilage repair in a 

rabbit model 188. Conversely, drill holes with a diameter close to physiological 

subchondral trabecular distance (1 mm in a sheep model) resulted in better quality 

repair tissue compared with larger diameter drill holes (1.8 mm) in a sheep model 78. 
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This could suggest that subchondral bone integrity rather than the number of MSCs 

determine the quality of repair tissue. 

 

Deeper drilling (6 mm compared with 2 mm) resulted in better cartilage repair in a rabbit 

trochlea model and there was no difference between drilling (2 mm) or microfracture 

(2 mm) 48. On the contrary, Kok et al. 161 reported no effect of hole depth and diameter 

on repair in an acute osteochondral talus model in goats. Differences in animal species, 

technique (microfracture versus drilling) and defect location make generalization 

difficult. 

1.2.2 Effect of microfracture technique on subchondral bone 

It has been suggested that early stages of bone marrow-derived cartilage repair depend 

primarily on processes occurring in the subchondral bone 50. The proposed normal 

healing of subchondral bone following microfracture observed via histology is through 

a combination of intramembranous bone formation and endochondral ossification, 

starting in the deeper parts of the defect and progressing toward the base of defect over 

time, followed by the replacement of woven bone with lamellar bone 50,251. The repair 

response of the subchondral bone is incomplete and extends to a region beyond the 

original surgical perforation 47. In comparison to Pridie drilling, microfracture technique 

reportedly maintains the integrity of the subchondral bone 261. The word ‘integrity’ 

deserves attention here. A 2-cm 2 defect treated with six microfracture holes, diameter 

2.5 mm and placed 3–4 mm apart as described in the technique, effectively removes 

14.7% of the subchondral bone plate surface. Although mechanical integrity may be 

largely maintained initially, the structure of the subchondral plate has been altered to 

allow the communication between the joint fluid and the subchondral bone. 
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Subchondral bone plate continuity is not restored following microfracture for as long as 

8 weeks to 6.5 months in animal models 32,47,70,97,132,133,188,219,251. In addition, the repair 

processes following microfracture lead to a less dense subchondral bone plate, with a 

lower bone volume fraction, and thus increased porosity around 6 months in rabbits and 

sheep 188,219. Complete restoration however has also been observed around 18 weeks in 

a rabbit model 196. These observations are important as incomplete reconstitution has 

been associated with more fibrous cartilage repair and increased degeneration of repair 

tissue 133,251. 

 

Surgical technique can influence the subchondral bone structure. Micro fracturing with 

an arthroscopic awl has largely replaced drilling procedures as it produces no thermal 

necrosis of the bone 261. Although thermal necrosis is indeed avoided, microfracture 

induced acute fracturing and compaction of bone surrounding the holes 24 h after 

creation in a rabbit model 49. This sealed off the holes from the subchondral marrow and 

caused osteonecrosis 49. Although it was suggested that the design of the custom-made 

awl could have contributed to the observation 49, compaction has also been reported 

using traditional arthroscopic awls 90. 

 

Compared with drilling, microfracture lead to more residual holes and a coarser 

subchondral bone structure in a rabbit model 47. Deeper drilling caused bone repair and 

remodelling over a greater region and restored the bone volume fraction to a greater 

extent than superficial drilling 47. Drill holes with a diameter close to physiological 

subchondral trabecular distance (1 mm in a sheep model) resulted in improved 
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restoration of the subchondral bone plate and subarticular spongiosa 78, an observation 

which has led to the current clinical practice of nano fracture 21,22. 

1.2.3 Subchondral bone pathology 

Bone tissue overgrowth into the chondral compartment is an important concern in 

marrow-stimulation procedures 37,151,200, and has also been observed in animal models 

15,47,70,80,95,97,193,219. Despite this observation, its recognition as pathology has been 

largely ignored 95,97,193. For example, the current practice of removing the calcified 

cartilage prior to microfracture induced more bone formation in the chondral 

compartment in a horse model 95. This observation was not further discussed, and the 

authors recommended removal of the calcified cartilage to achieve better integration of 

repair tissue with the subchondral bone 95. 

1.2.4 Subchondral bone cyst formation 

Bone cyst formation following microfracture in animal models is common 15,47,95,132,219. 

Similar to bone overgrowth, this observation has received little attention and its 

significance has been questioned 95,132. The reported prevalence of subchondral bone 

cyst formation following microfracture in animal studies is as high as 92% 15, and appears 

to be more prevalent when the subchondral bone structure was specifically evaluated  

15,47,219 suggesting a general underreporting of this important finding in the literature. 

 

Besides creating a pathway for MSCs to migrate into the defect, penetration of the 

subchondral bone plate also allows synovial fluid to migrate into the subchondral bone 

space. Persistent communication between the joint and subchondral bone cysts via 

microfracture holes has been shown 15, and surgical penetration of the subchondral 

bone was essential to induce subchondral bone cyst formation in a horse model 234. 
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Both fluid pressure and flow have been shown to cause bone resorption in rat models 

of prosthetic loosening 83,255. Pressurized fluid can induce bone lysis either due to 

displacement of trabeculae directly by the fluid 172, or it may decrease perfusion and 

oxygen supply followed by osteocyte death and osteolysis 9. Cox et al. 56 demonstrated 

via a computational model that fluid pressure resulted in an irregularly shaped cavity 

which became rounded and obtained a sclerotic bone rim after removal of the 

pressurized fluid. Cyst formation due to osteocyte death resulted in round cystic lesions 

surrounded by sclerosis 56. Although the contribution of fluid pressure in cyst formation 

following microfracture technique has not been investigated specifically, in a recent 

sheep study we observed cyst formation with an irregular outline following 

microfracture technique 15, see Fig. 1.1. In the same study, we also observed high 

numbers of osteoclasts and Howship’s lacunae at the periphery of the cystic lesions. 
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Figure 1.1 Micro computed tomography 3D illustrations of subchondral bone cyst 

formation in the femoral condyle of sheep, 26 weeks following microfracture, with 

persistent communications with the microfracture hole (scale bar = 1 mm) 

 

 

 

Von Rechenberg et al. 280 showed an upregulation of IL-1 and IL-6 mRNA in clinical cases 

of subchondral bone cysts in horses and concluded that both cytokines were associated 

with pathological bone resorption in cystic lesions. In an osteochondral autograft sheep 

model, Benazzo et al. 19 showed similarly an association between subchondral cyst 

formation and increased IL-1 and TNF-alfa levels in the synovial fluid. In addition, these 

cytokines have also been demonstrated within arthroplasty pseudo membranes in 

aseptic periprosthetic osteolysis 148, and their role in bone resorption has also been 

established via in vitro experiments 119,266. 

 

In summary of the preclinical evidence, marrow-stimulating techniques result in poorly 

integrated fibrocartilaginous repair tissue with deterioration occurring over time. 

Microfracture breaches the subchondral bone plate and leads to incomplete restoration 

of its structure at best. Smaller diameter drill holes seem to improve cartilage repair, 

possibly due to decreased disturbance of the subchondral bone structure. Microfracture 

weakens the trabecular bone structure and frequently leads to subchondral bone 

pathology including upward migration of the subchondral bone plate and subchondral 

bone cyst formation. 
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1.3 Methods for clinical review 

To investigate the clinical evidence of microfracture in the hip joint, we identified 

original studies in humans looking specifically at arthroscopic hip microfracture, or 

patients that had microfracture as a treatment variable. Review articles were read, but 

not included in the analysis, as they were not original studies. Single case reports were 

excluded due to the high potential for bias. In vitro studies or studies not including 

humans were excluded. 

 

On the 20th August 2015, a literature search was carried out using the MEDLINE and 

EMBASE databases with the following keywords: microfracture, marrow stimulation, 

hip, acetabulum and acetabular. There were 48 MEDLINE and 121 EMBASE hits, and 

after reading the abstracts and removing duplicate data we identified 12 original studies 

29,41,68,88,128,136 ,151,190,191,227,254,259, of which there were 0 RCTs. A search of Cochrane 

Reviews for the keywords ‘hip’ and ‘microfracture’ returned zero results. 

 

Reading through the reference lists of the review articles and the identified original 

studies manually identified three additional original studies, which involved 

microfracture for full thickness cartilage defects 4,40,226. 

 

There were 15 original articles available for review. One cohort study (Level III evidence) 

68, two case–control studies (Level IV evidence) 190,191 and 12 case series (Level IV 

evidence) 4,29,40,41,88,128,136,151,226,227,254,259. Studies with more than 10 microfracture 

patients 40,68,88,128,136,151,190,191,226,259 are presented in Table 1.1 and discussed below. 

Studies with less than 10 patients undergoing microfracture 4,29,41,227,254 are presented 
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in Table 1.2. We decided that these studies were grossly underpowered and have not 

discussed their results specifically in text. 

 

To investigate the clinical evidence of microfracture of the knee joint, we selected 

studies of level I and II evidence with a minimum follow-up of 3 years. 

1.4 The clinical outcomes of microfracture 

1.4.1 Microfracture in hips 

A prospective cohort study by Domb et al. 68 found no significant difference in mean 

patient reported outcome (PRO) scores, between patients undergoing microfracture 

and those that did not at 2 years. However, PRO scores for both groups improved 

significantly from baseline—likely due to the confounding effect of the other procedures 

undertaken as indicated. The microfracture group had more pain on a 0–10 (10 being 

the worst) Visual Analogue Scale (3.63 versus 2.82, P = 0.02) and less satisfaction with 

their arthroscopy (P < 0.05). Patients undergoing microfracture had full-thickness 

chondral defects in the hip (Outerbridge IV), compared with a matched control group 

without full thickness chondral defects (Outerbridge I–III), which is a potential source of 

bias. In addition, patients in both groups underwent additional intra-operative 

procedures as indicated (e.g. acetabuloplasty, femoral neck osteoplasty, labral tear 

repairs or debridement). Though not the largest of the studies identified, Domb et al. 

had the greatest number of patients undergoing microfracture (baseline n = 99, follow-

up n = 79). All patients underwent post-operative physiotherapy, continuous passive 

motion therapy, and a period of protected weight bearing (8 weeks for the microfracture 

group, 2 weeks for the control group). 
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A case–control study by McDonald et al. 191 looked at young male athletes and return to 

professional sports following hip arthroscopy. Return to sport was not significantly 

improved by microfracture at 36 months compared with no microfracture (77 versus 

84%, respectively, P  > 0.05) 191. There were 39 patients in the microfracture group and 

81 unmatched controls. There were many indications for the initial hip arthroscopy (e.g. 

labral tears, cartilage defects, loose bodies, femoro-acetabular impingement, 

ligamentum teres or capsule pathology) and subsequently many confounding intra-

operative procedures offered for both case and control groups in addition to 

microfracture for Outerbridge IV defects in the case group. 

 

A later case-control study by McDonald et al. 190, again in young male athletes, aimed to 

assess the level of function returning players achieved post-hip arthroscopy. The control 

group comprised other professional athletes from the league that were matched with 

cases based on pre-operative sports statistics (games played, wins, losses, performance 

statistics, etc). The controls did not undergo hip arthroscopy. Though the reported 

results were positive, with 82% of patients undergoing hip arthroscopy with 

microfracture returning to professional sports at the same level as matched controls 190, 

there was a significant loss to follow up of 47%. In addition, confounding intra-operative 

procedures were undertaken as part of the hip arthroscopy (femoral neck osteoplasty, 

acetabuloplasty, chondroplasty, labral tear repair, reconstruction or debridement, as 

indicated). 

 

The largest two case series studies were by Byrd and Jones 40 and Haviv et al. 128. Byrd 

and Jones 40 looked at 220 consecutive patients undergoing hip arthroscopy for cam 

impingement. Pre- versus post-operative modified Harris Hip Scores (mHHS) were 
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recorded with a mean follow up of 16 months. All patients improved from baseline with 

a mean increase in the mHHS of  +20, however there was no difference in improvement 

for patients undergoing microfracture ( n  = 58) and those who did not 40. Similarly, Haviv 

et al. 128 looked at 381 consecutive patients undergoing hip arthroscopy for cam 

impingement. There was a 54% loss to follow up at 22 months for all patients, and only 

29 patients available for review who had microfracture. The patients remaining in the 

study at 22 months all showed significant improvement from baseline on functional 

scores (mHHS and Non-Arthritic Hip Score—NAHS). Those having microfracture had 

better a mean NAHS at 22 months than those not having microfracture ( P  < 0.05), 

though were not significantly improved on the mHHS at 22 months 128. Confounding 

intra-operative procedures were undertaken in both studies as indicated (femoral neck 

osteoplasty, correction of pincer impingement, chondroplasty, labral tear debridement 

or radio-frequency ablation) 40,128. 

 

No significant differences in post-operative functional scores between patients 

undergoing microfracture and those not undergoing microfracture were reported in the 

other studies (Table 1.1), due largely to their methodology and lack of a comparative 

group 136,151,226,259. Like Haviv et al., they were also confounded by other intra-operative 

procedures, or different rehabilitation regimes, and had potential reporting bias from 

high losses to follow up. 

 

In a second look arthroscopic study of 20 microfracture patients by Karthikeyan et al. 151 

19 out of 20 patients (95%) had a mean defect fill of 96% (89–100%). Two patients were 

biopsied, and their histology showed repair with predominantly fibrocartilage 151. There 

was no statistical improvement in the NAHS for these 20 patients, from pre-original 



 14 

arthroscopy to 17 months post-original arthroscopy to post-second-look arthroscopy at 

21 months (+55, +54, +73, respectively, P  > 0.05). 

 

Finally, a comparative case series by Fontana and de Girolamo 88, followed one series of 

cases undergoing microfracture and another series of cases undergoing autologous 

matrix-induced chondrogenesis (AMIC), for Outerbridge Grade III-IV chondral defects. 

Each series had statistical improvement in pre- versus post-operative mHHS scores, and 

the AMIC series was statistically better on mHHS at 5 years compared with the 

microfracture series (∼82 versus ∼72, P  = 0.001) 88 ). Methodologies without either 

randomisation or controls limit the validity of the results in these series. There were also 

confounding intra-operative procedures for both groups (femoral neck osteoplasty, 

acetabuloplasty, or labral tear repair, as indicated) and selection bias as the 

microfracture series included more men (71 versus 51%, P  = 0.017) and had a higher 

incidence of cam lesions ( P  = 0.034) 
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Table 1.1 Summary of original articles with greater than 10 patients undergoing microfracture for full thickness cartilage defects in the hip 

Study (level of 
evidence) a  

Design 
(comparison 
group)  

Patient numbers (hip 
numbers) 

Mean age in 
years 
(%male)  

Follow 
Up (mo)  

Mean MFx 
Defect Size 
(mm 2)   

Post op Limits  Outcome b  Comments  

Baseline Follow-up Athletes Only 

Domb et al.68 
(III)   

Matched-
Cohort (yes)  

MFx 99 
Control N/A 

MFx 79 
Control 158 

44, in each 
group (59%) 
No 

24 189 ± 98  Hip brace, 
variable 
protected 
weight bearing 
depending on 
group, 
physiotherapy 
& CPM  

Mean PRO MFx versus 
Control (2 year) not 
significantly different 
Visual Analog Scale for Pain 
(0–10, 10 is most severe 
pain) 
- MFx (2 year) = 3.63 
- Control (2 year) = 2.82 (P = 
0.02) 
Patient Satisfaction 
- MFx (2 year) = 7.2 
- Control (2 year) = 8.0 (P 
0.05) 

MFx patients had 
Outerbridge IV, and had 8 
weeks of protected weight 
bearing 
Non-MFx patients had 
Outerbridge III or less, and 
had 2 weeks of protected 
weight bearing 

McDonald et 
al. 191 (IV)   

Case–
control  
(yes)  

MFx 39 (39) 
Control 81 
(94) 

MFx 39 (39) 
Control 81 (94) 

29 
(100%) 
Yes 

36 162 MFx patients = 
physiotherapy, 
flat-foot 20-lb 
weight bearing 
and CPM for 8 
weeks, and an 
Anti-rotation 
bolster 2 weeks  

No significant difference in 
return to play post op: 
- MFx = 77% 
- Control = 84% (P > 0.05) 

The control group is not 
matched to the case group. 
Non-MFx patients had only 
2 weeks of protected 
weight bearing. 
MFx patients had 
Outerbridge IV grades, 
Non-MFx patients were 
Outerbridge I–III 
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Study (level of 
evidence) a  

Design 
(comparison 
group)  

Patient numbers (hip 
numbers) 

Mean age in 
years 
(%male)  

Follow 
Up (mo)  

Mean MFx 
Defect Size 
(mm 2)   

Post op Limits  Outcome b  Comments  

Baseline Follow-up Athletes Only 

McDonald et 
al. 190 (IV) 

Case–
control  
(yes) 

MFx = 32  MFx = 17 31 (100%) 
Yes   

24 119 As per above - 82% of participants 
returned to professional 
sport 
- 18% (3 participants) did not 
return to professional sport. 
All had acetabular MFx, rim 
trimming, femoral neck 
osteoplasty and labral repair 

MFx patients had 
Outerbridge IV grades. 
Players were excluded if 
they had previous 
ipsilateral hip surgery or 
were retiring from 
professional sport. 
‘Matched-controls’ did not 
undergo surgery 

Byrd and Jones 
40 (IV)   

Case Series  
(no)  

220 (227)  200 (207) 
MFx = 58 

33 (69%) 
No 

16 NR WBAT with 
crutches, 
physiotherapy, 
impact loading 
avoided for 3 
months. MFx 
Patients PWB 2 
months  

Mean mHHS improvement 
(range) 
- MFx: +20 (−17, +58) 
- Non-MFx: +20 (−17, +60) 
No difference in outcomes 
for MFx versus non-MFx 

All patients with cam, or 
cam-pincer impingement 
included. 20 Patients with 
pincer-only impingement 
excluded. Micro-fractured 
patients had Outerbridge IV 
grades 
1 patient converted to total 
hip arthroplasty, 8 months 
post arthroscopy. 

Haviv et al. 128 
(IV)  

Case Series  
(no)  

381 
MFx = NR 

166 (170)  
MFx = 29  

37 (80%) 
No 

22 <300 Weight bearing 
as tolerated, 
physiotherapy, 
Jog/Run 6weeks 
if non-MFx 
versus 14 weeks 
if MFx  

Mean mHHS pre versus post-
op 
- MFx: +73 -> 88 (P = 0.04) 
- Non-MFx: +70 -> 83 (P = 
0.004) 
Mean NAHS pre versus post-
op 
- MFx: +70 -> 90 (P < 0.001) 
- Non-MFx: +68 -> 81 (P = 
0.003) 

Patients with advanced 
arthritis (i.e. Tönnis grade 
3) on preop radiography 
were excluded. 
Significant improvement in 
all groups compared with 
baseline. MFx significantly 
better that non-MFx on 
NAHS only at 22 months (P 
< 0.05) 
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Study (level of 
evidence) a  

Design 
(comparison 
group)  

Patient numbers (hip 
numbers) 

Mean age in 
years 
(%male)  

Follow 
Up (mo)  

Mean MFx 
Defect Size 
(mm 2)   

Post op Limits  Outcome b  Comments  

Baseline Follow-up Athletes Only 

Karthikeyan et 
al. 151 (IV) 

Case Series  
(no)  

Nb. 285 
patients in 
original 
dataset  

20 MFx 
patients had 
repeat 
arthroscopy 

37 (80%) 
No 

17 ± 11  154 Immediate CPM 
24–48 h, 
physiotherapy, 
Foot-flat non-
weight bearing 
6 weeks, full 
weight bearing 
by 8 weeks  

At second look: 
- 19/20 pts (95%) had a 
mean defect fill of 96% ±7% 
- 2 athletes biopsied repair 
scar chiefly fibrocartilage 
- 4 patients had 
labrocapsular adhesions 
- 7 patients had catching 
sensation from cartilage 
overgrowth at MFx site, 
requiring fibro-
chondroplasty 
NAHS pre versus post-MFx 
(17 months) versus post 
second-look (21 months) 
 = +55 -> 54 -> 73 (P > 0.05) 

All patients had full 
thickness acetabular 
chondral defect in superior 
or antero-superior 
acetabular zones & a labral 
tear 
Indication for repeat scope 
was either persistent or 
reoccurring symptoms of 
FAI. Possible selection bias. 
The authors acknowledge 
that the same surgeon did 
the MFx & also the 
assessment of defect fill on 
second look arthroscopy 

Stafford et al. 
259 (IV)  

Case Series  
(no)  

54 43 
MFx = 43 

24 (58%) 
No 

28 NR Physiotherapy, 
toe-touch 
weight bearing 
for 4 weeks 
with crutches 
post op. 

Mean mHHS (pain) pre 
versus 28 months post-op 
(all patients) = 21.8 versus 
35.8 (P < 0.001) 
Mean mHHS (function) pre 
versus 28 months post-op 
(all patients) = 40 versus 
43.6 (P < 0.001) 
No significant difference in 
mHHS for 1 versus 3 years 
post op. (P = 0.44) 

MFx or fibrin as cause for 
significant improvement in 
pain and function scores. 
Areas of subchondral bone 
treated with MFx + Fibrin 
were still enclosed by 20% 
loss to followup 
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Study (level of 
evidence) a  

Design 
(comparison 
group)  

Patient numbers (hip 
numbers) 

Mean age in 
years 
(%male)  

Follow 
Up (mo)  

Mean MFx 
Defect Size 
(mm 2)   

Post op Limits  Outcome b  Comments  

Baseline Follow-up Athletes Only 

Philippon et al. 
226 (IV)  

Case Series  
(no)  

122 
MFx = 47 

90 
MFx = 25 

41 (45%) 
No 

27.6 NR Physiotherapy, 
partial weight 
bearing and 
CPM for 6–8 
weeks. Anti-
rotation bolster 
for 10 days post 
op. 

No difference in mean mHHS 
for MFx vs non-MFx patients 
(81 versus 86, P = 0.2). 
Mean mHHS improved from 
baseline for all patients (P < 
0.001) 
10 patients had undergone a 
THA at a mean of 16 months 
post arthroscopy – these 
patients were significantly 
older (58 versus 39 years), 
and had lower mean pre-op 
mHHS (47 versus 60, P < 
0.001) 

47% loss to follow up 
amongst microfracture 
patients. 
Only Charnley A, (see 
Charnley et al., 1972) 
patients included in this 
study – i.e. patients where 
a single hip joint is the only 
cause of mobility debility. 
Subsequent selection bias. 
Patients undergoing MFx of 
both the acetabulum and 
femoral head were more 
likely to progress to THA 
and those who did not (P < 
0.001) 

Horisberger et 
al. 136 (IV)  

Case Series  
(yes)  

20 (drawn 
from a 
larger pool 
of 150 
patients 
having 
arthroscopy 
for FAI) 

19 (1 patient 
died from ‘un-
related’ 
causes) 
MFx = 15 

47.3 (80%) 
No 

36 NR Physiotherapy 
6–8 weeks. 
Non-MFx: full 
weight bearing. 
MFx: PWB 4–6 
weeks 

10/19 patients had 
undergone a THA at a mean 
of 1.4 years post index 
arthroscopy 
For nine patients without 
THA, mean NAHS pre-op 
versus 36 months 
47.2 -> 78.3 (P = 0.004) 
(No significant difference 
between MFx and non-MFx 
groups) 

The 20 selected patients 
had Outerbridge II or more 
Authors acknowledged 
confounding from 
associated surgery as likely 
cause for improvement 
from baseline for all 
patients 
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Study (level of 
evidence) a  

Design 
(comparison 
group)  

Patient numbers (hip 
numbers) 

Mean age in 
years 
(%male)  

Follow 
Up (mo)  

Mean MFx 
Defect Size 
(mm 2)   

Post op Limits  Outcome b  Comments  

Baseline Follow-up Athletes Only 

Fontana and 
de Girolamo 88 
(IV)  

Comparative 
Case Series  
(yes) 

MFx = 77 
AMIC = 70 

3 years 
MFx = 70 
AMIC = 70 
5 years 
MFx=42 
AMIC = 55 

MFx 39 (71%) 
No 
AMIC 39 
(51%) 
No 

60 MFx 370 
AMIC 350 

Physiotherapy, 
CPM day 1, 
RoM exercises, 
non-weight 
bearing 4 
weeks, partial 
weight bearing 
7 weeks 

mHHS pre-op. 
MFx = 47.1 
AMIC = 44.7 (P = 0.01) 
mHHS 1 year 
MFx = ∼82 
AMIC = ∼82 (P > 0.05) 
mHHS 5yr 
MFx = ∼72 
AMIC = ∼82 (P < 0.001) 
All patients at 5 years 
improved compared with 
baseline (P < 0.001) 

Included patients had: 
Outerbridge Grade III & IV 
chondral lesions, and less 
than Tönnis Grade II 
degenerative changes. 
Patients not randomized to 
groups. 
More males in MFx group 
(P = 0.017) 
Substantial loss to follow 
up at 5 years, more so in 
MFx group. 
6 patients (7.8%) in MFx 
group required THA at a 
mean of 3.2 years post-op. 

a Based on the Oxford Centre for Evidence-based Medicine - Levels of Evidence (see http://www.cebm.net/ocebm-levels-of-evidence/ ). 

b All papers included associated surgery; most papers had multiple associated surgeries in addition to microfracture. Associated surgeries as part of ‘hip arthroscopy’ included 
any of: femoral neck osteoplasty, acetabuloplasty, chondroplasty, labral tear repair or debridement, ligamentum teres debridement, capsule plication or release, fibrin glue 
use and/or loose body removal, as indicated 
  
NR = not recorded; MFx = microfracture; PWB = partial weight bearing; CPM = continuous passive motion; PRO (Patient Reported Outcome Score) is the average of the 
following scores: Modified Harris Hip Score, Non-Arthritic Hip Score, Hip Outcome Score Activities of Daily Living Subscale, Hip Outcome Score Sport Specific Subscale 68. 
Mhhs = Modified Harris Hip; NAHS = Non-arthritic hip Score; THA = Total hip arthroplasty; AMIC = Autologous matrix-induced chondrogenesis; FAI = femoro-acetabular 
impingement.  
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Table 1.2 Summary of original articles with 10 or less patients undergoing microfracture for full thickness cartilage defects in the hip 

Study (level of 
evidence) a  

 
 

Design 
(comparison 
group)  

Patient numbers (hip 
numbers) 

Mean age in 
years 
(%male)  

Follow 
Up (mo)  

Mean MFx 
Defect Size 
(mm2)   

Post op Limits  Outcome b  Comments  

Baseline Follow-up Athletes Only 

Amenabar and 
O’Donnell 4 
(IV) 

Case Series 
(no) 

36 (44) 16 (NR) 
MFx N = 8 

22 
(100%) 
Yes 

49 NR Full weight 
bearing as 
tolerated  

mHHS pre vs post-op 
 = +84 -> 98 (P < 0.05) 
NAHS pre- versus post-op 
 = +86 -> 97 (P < 0.05) 

Outcomes post 
microfracture not 
measured specifically  

Singh et al. 254 
(IV) 

Case Series  
(no)  

24 (27) 
MFx = 6 

24 (27) 
MFx = 6 

22 (100%) 
Yes 

22 <300 NR 
Avoidance of 
impact loading 
for 6 weeks 

Mean mHHS pre- versus 2 
years post-op (all patients) = 
86 versus 97 
- P values not reported 
Mean NAHS pre- versus 2-
year post-op 
(all patients) = 81 versus 99 
- P values not reported 
All players satisfied with 
surgery. 23 out of 24 
returned to professional AFL 
football 

Participants were all 
Professional AFL football 
players, all with sub-acute 
groin pain, not-responding 
to conservative treatment. 
1 player who did not return 
had most severe lesion 
found on arthroscopy – rim 
lesion with 40% cartilage 
loss, an unstable os 
acetabula, and cam 
impingement. Patient 
underwent femoroplasty, 
chondroplasty, excision of 
unstable os acetabula and 
labral tear, and MFx 
Micro-fractured patients 
had Outerbridge IV grades 
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Study (level of 
evidence) a  

 
 

Design 
(comparison 
group)  

Patient numbers (hip 
numbers) 

Mean age in 
years 
(%male)  

Follow 
Up (mo)  

Mean MFx 
Defect Size 
(mm2)   

Post op Limits  Outcome b  Comments  

Baseline Follow-up Athletes Only 

Boykin et al. 29 
(IV)  

Case Series  
(no) 

21(23) 
MFx N = 9 

17 (NR) 
MFx N = 8 

28 (100%) 
Yes 

41 NR Hip brace, 
variable 
protected 
weight bearing 
and CPM 
depending on if 
MFx occurred, 
Physiotherapy, 
hydrotherapy  

mHHS mean change 
(95%CI, P value) 
 = +16.4 (2–30, P < 0.05) 
HOSs mean change (95%CI, P 
value) 
 = +20.8 (6–35, P = 0.01) 
No difference in 
improvement for those 
undergoing MFx versus 
those not undergoing MFx 

MFx patients had 
Outerbridge IV, and had 8 
weeks of protected weight 
bearing 
Non-MFx patients had 
Outerbridge III or less, and 
had 3 weeks PWB 
2 patients (10%) progressed 
to THA 

Byrd and Jones 
41 (IV)   

Case Series  
(no) 

9 9 
MFx = 3 

51 (56%) 
No 

24 NR  Weight bearing 
as tolerated. 
MFx Patients 
protected 
weight bearing 
10 weeks  

Mean mHHS pre versus post-
op 
MFX +52.3 → 88.6 
Non-MFx +47 → 48.8 
3 MFx patients returned to 
high levels of function 
(martial arts, horse riding, 
fitness activities) as per the 
authors 

Not adequately powered to 
detect a difference  
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Study (level of 
evidence) a  

 
 

Design 
(comparison 
group)  

Patient numbers (hip 
numbers) 

Mean age in 
years 
(%male)  

Follow 
Up (mo)  

Mean MFx 
Defect Size 
(mm2)   

Post op Limits  Outcome b  Comments  

Baseline Follow-up Athletes Only 

Philippon et al. 
227 (IV)  

Case Series  
(no) 

 
9 37 (56%) 

No 
20 163 Physiotherapy, 

toe-touch 
weight bearing 
and CPM for 8 
weeks (based 
on Steadman et 
al., 2002) 

At second look arthroscopy: 
- Average defect fill was 91% 
- 1 patient had only 25% fill, 
however also had diffuse 
Grade IV chondral defects, 
and had femoral head 
resurfacing at the time of the 
second look arthroscopy. 
- 3 patients had capsule-
labral adhesions 

9 patients drawn from a 
larger case series. Possible 
subsequent selection bias  

a Based on the Oxford Centre for Evidence-based Medicine - Levels of Evidence (see http://www.cebm.net/ocebm-levels-of-evidence/ ). 

b All papers included associated surgery; most papers had multiple associated surgeries in addition to microfracture. Associated surgeries as part of ‘hip arthroscopy’ included 
any of: femoral neck osteoplasty, acetabuloplasty, chondroplasty, labral tear repair or debridement, ligamentum teres debridement, capsule plication or release, fibrin glue 
use and/or loose body removal, as indicated 
  
NR = not recorded; MFx = microfracture; PWB = partial weight bearing; CPM = continuous passive motion; PRO (Patient Reported Outcome Score) is the average of the 
following scores: Modified Harris Hip Score, Non-Arthritic Hip Score, Hip Outcome Score Activities of Daily Living Subscale, Hip Outcome Score Sport Specific Subscale 68. 
mHHS = Modified Harris Hip; NAHS = Non-arthritic hip Score; THA = Total hip arthroplasty; AMIC = Autologous matrix-induced chondrogenesis; FAI = femoro-acetabular 
impingement.  
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1.4.2 Microfracture in knees 

Patient and study design characteristics 

A total of fourteen studies were included (Table 1.3 and 1.4).35,122-

125,159,160,164,167,182,243,257,276,277. Of these, three studies consisted of extension studies of 

previously reported in studies123,160,277. Excluding these follow-up studies this review 

consists of a total of 376 patients, with final follow-up data available in 354 patients 

(94%). The number of patients enrolled in a study ranged from 11276 to 6335. Nine studies 

were reported as level I evidence 35,123-125,159,160,243,257,277 and 5 studies as level II evidence 

122,164,167,182,276. All studies contained predominantly male patients (n = 247, 66%), 

ranging from 55 to 100%. The mean age of patients ranged from 14.1 to 39.0 years and 

there was a wide range of the mean duration of symptoms prior to surgery from 18.8 to 

111 months. Three studies did not report duration of symptoms prior to surgery 

164,167,182. The average follow-up time ranged from 36 months to 192 months.  Inclusion 

and exclusion criteria were described well in all studies with differences between 

studies, although most commonly included symptomatic articular cartilage lesions in 

non-elderly patients (< 60 years).  Three studies specifically selected athletes 123,124,164 

and one study selected OCD lesions in juvenile patients (< 18 years)125. The largest 

variation in inclusion criteria concerned cartilage defect sizes (≥ 1cm2164, ≥ 3cm235, 1-

4cm2123,124,182, 1-5cm2167,243,277, 2-4cm2122,125, 2-6cm2257,276 and 2-10cm2159,160.  

 

Pre- and intra-operative data (Table 1.3 and 1.4) 

Studies included symptomatic Outerbridge grade 3-4 35,159,160,182 , or ICRS grade 3-4 122-

125,243,257,276,277. Average defect size ranged from 1.9 ± 0.6cm2164 to 4.9 ± 2.0cm235.  
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Six studies reported concomitant procedures 35,122,164,167,243,277, performed in 18 to 100% 

of patients with  Anterior Cruciate ligament reconstruction and partial meniscectomy 

the 2 most common procedures.  

 

Clinical outcome (Table 1.3 and 1.4) 

Clinical outcome was assessed using Patient-Reported Outcome Measures (PROMs). 

This included KOOS score35,243,276,277, Lysholm score 159,160,182,257,276, IKDC 

score35,122,164,167, Tegner122,123,159,160,164,167,182, VAS score159,160,164, modified cincinatti 

score35, SF-12 score35, SF-36 score 159,160 EQ-5D score35, HSS score124,182, and ICRS 

questionnaire score123-125.   

All studies reported a significant clinical improvement compared to pre-operative 

evaluation following surgical intervention, regardless of treatment method.  

1.4.2.1 Microfracture versus ACI 

Studies comparing microfracture and ACI are presented in Table 1.3. Eight studies 

reported 36 to 180 months results comparing microfracture with 

ACI35,159,160,164,167,182,243,277. Of these, four reported no significant difference between 

treatments 159,160,182,277, while four reported superior outcome for ACI 35,164,167,243.  

Brittberg et al.35 reported statistically and clinically significant improvement of ACI over 

microfracture at 60 months post-operatively based on significant improvement in the 

estimated mean difference in KOOS pain and function score, with differences noted as 

early as 36 weeks post-operatively. KOOS responders (> 10 point-improvement in KOOS 

pain and function score) were seen in 73% of patients that underwent microfracture 

treatment and 78% of patients that underwent ACI implantation35. Significantly better 

improvement in ACI compared to microfracture was also noted for modified Cincinatti 

Knee Rating System score, SF-12 physical component score and EQ-5D VAS score, but 
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not for IKDC score or SF-12 mental component scores35. While MRI evaluation showed 

improvement in defect filling for both treatments, there was no significant difference 

between treatment and no association between clinical and structural outcomes35. 

Despite reports of deterioration of microfracture-treated defects after 2 to 5 years 

13,164,167,279, Brittberg et al. reported sustained efficacy over a 5 year follow-up period35.  

Kon et al. evaluated the performance of microfracture technique and ACI in professional 

and semi-professional male soccer players 164. Both treatment groups showed significant 

improvement compared to pre-operative values for IKDC, EQ-VAS and Tegner score 24 

months post-operatively and at the final follow-up at an average of 90 months. While 

results were similar between groups at 24 months, ACI maintained its performance until 

the final follow-up and was significantly better compared to microfracture164. Scores for 

microfracture declined after 24 months164. While success rate for return to competition 

was similar for microfracture and ACI (80% and 86%, respectively), the time until return 

to competition was significantly longer in ACI (12.5 months) compared to microfracture 

(8 months)164. In another study by the same group, results for active patients (well-

trained and competitive athletes) showed similar results with significant improvement 

in IKDC and Tegner score reported for both treatments at 24 months and 60 months 

post-operatively, similar scores comparing treatment groups at 24 months, significantly 

better scores for ACI at 60 months and a decline in IKDC score for microfracture 

treatment after 24 months 167. While the number of patients reaching pre-injury sports 

level at 24 months follow-up was similar for microfracture (50%) and ACI treatment 

(45%), this level was maintained in only 35% of patients treated with microfracture 

compared to 100% of patients treated with ACI at 60 months follow-up167. For both 

treatment groups there was no association between clinical outcome and defect size, 

mechanism of cartilage lesion, associated surgeries and previous surgeries167.   
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Saris et al. reported clinical improvement from baseline to 36 months for both treatment 

groups243. A significantly better improvement in overall KOOS score from baseline to 36 

months was reported in the ACI group compared to the microfracture group243. The 

improvement in KOOS score plateaued around 18 months for microfracture, while it 

continued to increase up to 36 months for ACI and the number of treatment responders 

was higher in ACI (83%) than microfracture (62%)243. The significant difference in 

improvement from baseline between treatments was lost if duration of clinical signs 

prior to treatment was greater than 3 years243.  

In the same cohort, the clinical benefit of microfracture and ACI treatment was 

maintained through a 60-month follow-up period 277, however the average change from 

baseline in overall KOOS was no longer significantly different between treatments 277. 

ACI performed significantly better than microfracture if duration of clinical signs before 

treatment was less than 3 years277. 

Lim et al. compared microfracture with ACI and OAT and reported clinical and functional 

improvement from baseline to 60 month follow-up for all treatment groups using 

Lysholm, Tegner activity and HSS knee scores. However, there was no significant 

difference between groups182.  

Knutsen et al. compared microfracture and ACI at mid-term (60 months) and at long-

term follow-up (180 months) using ICRS, Lysholm, SF-36 and Tegner score 159,160. While 

both groups had significant clinical improvement compared to baseline, there was no 

significant difference between treatments and the clinical benefit was sustained up to 

180 months. Interestingly, at 60 months follow-up, both groups showed radiographic 

evidence of osteoarthritis in one third of the patients. At 180 months prevalence of 

radiographic evidence of osteoarthritis increased to 48% and 57% in microfracture and 

ACI, respectively. These results need to be interpreted carefully as radiographic 
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evaluation was performed in 10 patients undergoing ACI (25% of original study 

population) and 18 patients undergoing microfracture (45% of original study 

population).  Additionally, reported scores excluded failures, accounting for 32.5% of 

microfracture cases and 42.5% of ACI cases.  Similar to Brittberg et al., there was no 

correlation between the quality of tissue at 2 years and clinical outcome. However, none 

of the patients with best-quality tissue had a later failure159,160.  
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Table 1.3 Summary of level I and II studies comparing microfracture with ACI for treatment of full thickness cartilage defects in the knee joint 

Study (level 
of 
evidence)  

Patient numbers  Mean age in 
years 
(%male)  

Inclusion criteria Duration of 
symptoms 
(months) 

Follow 
Up 
(mo)  

Mean 
Defect Size 
(cm2)  

Outcome b  failure 
rate (%) 

associate
d 
surgeries 
(ACL) 

Comments  

Baseline Follow-up         

Brittberg et 
al. (I)35  

MFx 63 
ACI 65 

MFx 59  
MACI 65 

MFx 34.0 (18 
- 54)a (67) 
ACI 35.0 (18 - 
54)a (62) 

Age 18-55 year 
Size ≥ 3cm2 
Outerbridge grade 3/4 
Location: MFC, LFC, 
trochlea 
OCD lesions if no bone 
graft required 
ligament 
reconstruction before 
or concurrently 
allowed 
meniscal repair or 
resection allowed ( > 
50% functional 
meniscus remaining) 
KOOS <55 

MFx 44.4 
ACI 69.7 

60 MFx 4.9 ± 2 
ACI 5.1 ± 3 

MFx: 
KOOS pain  35.2 ± 12.3 --> 74.8 ± 21.7 
KOOS function 11.9 ± 16.2 --> 50.3 ± 
32.3 
modified CKRS 3.0 ± 1.2 --> 5.8 ± 2.2 
IKDC 29.3 ± 12.0 --> 61.8 ± 21.5 
SF-12 Physical -2.0 ± 0.8 --> -0.67 ± 1.1 
SF-12 Mental -0.07 ± 1.3 --> 0.46 ± 1.0 
EQ-5D VAS 54.7 ± 21.7 --> 73.8 ± 19.1 
 
ACI:  
KOOS pain 37.1 ± 13.1 --> 82.2 ± 20.1 
KOOS function 15.4 ± 14.8 --> 61.9 ± 
30.9  
mod. CKRS 3.0 ± 1.2 --> 6.6 ± 2.1 
IKDC 33.1 ± 13.5 --> 68.5 ± 21.2 
SF-12 Physical -1.7 ± 0.8 --> -0.20 ± 0.95 
SF-12 Mental 0.04 ± 1.2 --> 0.41 ± 0.9 
EQ-5D 60.3 ± 21.1 --> 80.4 ± 13.7   

MFx 4.7 
ACI 1.5 

 NR ACI sign. better 
improvement 
compared to MFx 
(KOOS, mod. CKRS, SF-
12 physical and EQ-5D, 
but not IKDC and SF-12 
Mental score) 
No association between 
clinical and structural 
outcomes, regardless of 
treatment  

Knutsen et 
al. 2007 
(I)159  

MFx 40 
ACI 40 

MFx 40 
ACI 40 

MFx 31.1 
ACI 33.3 
(60%) 

Age 18 - 45 years 
Size 2-10cm2 
Outerbridge grade 3/4  
Location: MFC, LFC 
No general OA 

36 60 MFx 4.5 
ACI 5.1 
(1.4 - 11.2)a 

MFx 
VAS 54 --> 25 
Lysholm 58 --> 80 
Tegner 3.16 --> 4.36 
SF-36 physical 37 --> 48 
 
ACI  
VAS 54 --> 26 
Lysholm 62 --> 78 
Tegner 3.28 --> 4.05 
SF-36 physical 42 --> 47 
 
Radiographic arthritis: 34% 

MFx 
22.5% 
(mean 
37.8 mo 
post op) 
ACI 
22.5% 
(mean 
26.2 mo 
post op) 

NR No sign. difference  
< 30 years better 
clinical outcome  
No assoc histo quality 
(2 years) and clinical 
outcome 
No failures in knees 
with best cartilage-
quality score 
Sign. assoc between 
radiographic OA and 
pain  
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Study (level 
of 
evidence)  

Patient numbers  Mean age in 
years 
(%male)  

Inclusion criteria Duration of 
symptoms 
(months) 

Follow 
Up 
(mo)  

Mean 
Defect Size 
(cm2)  

Outcome b  failure 
rate (%) 

associate
d 
surgeries 
(ACL) 

Comments  

Baseline Follow-up         

Knutsen et 
al. 2016 
(I)160 

MFx 40 
ACI 40 

MFx 40 
ACI 38  

MFx 31.1 
ACI 33.3 
(60%) 

Age 18 - 45 years 
Size 2-10cm2 
Outerbridge grade 3/4  
Location: MFC, LFC 
No general OA 

36 168-
180 

MFx 4.5 
ACI 5.1 
(1.4 - 11.2)a 

MFx 
VAS 54 --> 12 
Lysholm 58 --> 90 
SF-36 physical 37 --> 53 
Radiographic OA 48% 
 
ACI  
VAS 54 --> 28 
Lysholm 62 --> 86 
SF-36 physical 42 --> 52 
Radiographic OA 57%  

MFx 
32.5% 
ACI 
42.5% 

NR No sign. difference 
clinical outcome 
sustained long-term 

Kon et al. 
2009 (II)167 

MFx 42 
ACI 43 

MFx 40 
ACI 40 

MFx 30.6 
(67.5) 
ACI 29.0 
(82.5) 

Age 16 - 60 years 
Size 1 - 5cm2 
Grade 3/4  
Location: MFC, LFC, 
trochlea 
Active patients 

NR 24 and 
60 

MFx 2.5 ± 
0.79 
ACI 2.2 ± 
0.75 

MFx 
IKDC 41.1 ± 12.3 --> 70.2 ± 14.7 
Tegner 3 --> 6 (24mo) --> 5 (60mo)  
 
ACI 
IKDC 40.5 ± 15.2 --> 80.2 ± 19.1 
Tegner 1 --> 6 (24mo) --> 6 
  

MFx 2.5% 
ACI 0% 

MFx 70% 
(50%) 
ACI 
57.5% 
(40%) 

ACI sign. better than 
MFx 
Return to sports similar 
in both groups at 2 
years, remained stable 
in ACI and declined in 
MFx  
MFx: 50% pre-injury 
level at 2 years, 35% 
remain at 5 years 
ACI: 45% pre-injury 
level at 2 years, 100% 
remain at 5 years 
no effect of size, 
mechanism of cartilage 
lesions, associated and 
previous surgery  
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Study (level 
of 
evidence)  

Patient numbers  Mean age in 
years 
(%male)  

Inclusion criteria Duration of 
symptoms 
(months) 

Follow 
Up 
(mo)  

Mean 
Defect Size 
(cm2)  

Outcome b  failure 
rate (%) 

associate
d 
surgeries 
(ACL) 

Comments  

Baseline Follow-up         

Kon et al. 
2011 (II)164 

MFx 20 
ACI 21 

MFx 20 
ACI 21 

MFx 26.5 (18-
35)a (100) 
ACI 23.7 (16-
37)a (100) 

Age: NR 
Size > 1cm2 
Grade 3/4 
Location: MFC, LFC, 
trochlea 
Male professional and 
semiprofessional 
soccer players 

NR MFx: 
89 ± 25 
(48-
132)a 
ACI: 94 
± 14 
(60-
120)a 

MFx 1.9 ± 
0.6 
ACI 2.1 ± 
0.5 

MFx: 
IKDC 47.3 ± 8.5 --> 86.8 ± 9.7 (48mo) --
>79.0 ± 11.6 
EQ-VAS 70.0 ± 14.7 --> 81.8 ± 15.0 
(48mo) --> 84.0 ± 10.8 
Tegner 4.7 ± 1.6 --> 8.5 ± 1.6 (48mo) --> 
6.9 ± 1.8  
Significant improvement compared to 
pre-op at all timepoints with reaching 
preinjury activity level at 48 months, 
then sign. decrease in sport activity to 
final follow-up. 
 
ACI  
IKDC 43.3 ± 13.7 --> 90.5 ± 12.8 (48mo) 
--> 91.0 ± 13.9)  
EQ-VAS 64.1 ± 17.2 --> 90.5 ± 9.3 
(48mo) --> 91.2 ± 10.2 
Tegner 3.5 ± 1.3 --> 8.0 ± 2.1 (48mo) --> 
7.8 ± 1.6 

NR MFx 50% 
(20%) 
ACI 57% 
(48%) 

Similar IKDC score 
between treatments at 
48mo, significantly 
higher IKDC and HQ-
VAS for ACI at final 
evaluation. Decline in 
score for MFx 
MFx 80% return to 
competition, 75% at 
previous level (median 
return time 8 months) 
ACI 86% return to 
competition, 67% at 
previous level (median 
return time 12.5 
months) sign. longer 

Lim et al. 
(II)182 

69 (109 
enrolled 
in study) 
MFx 30 
OAT 22 
ACI 18 

70 knees 
(69 
patients) 
MFx 30 
OAT 22 
ACI 18 

MFx 32.9 (22-
42)a (59) 
OAT 30.4 (20-
39)a(55) 
ACI 25.1 (18-
32)a(56) 

Age:  NR 
Size 1-4cm2 
Modified Outerbridge 
grade 3/4  
Location: MFC, LFC 

NR MFx 
80.4 
(42.0 - 
126.0)a  
OAT 
69.6 
(38.4 - 
90.0)a 
ACI 
62.4 
(36.0 - 
86.4)a 

MFx 2.8 
(1.2 - 3.6)a 
OAT 2.8 
(1.0 - 4.0)a 
ACI 2.8 (1.5 
- 3.8)a 

MFx  
Lysholm 51.2 ± 6.2 --> 85.6 ± 6.8 
Tegner 2.8 ± 1.4 --> 5.1 ± 1.5 
HSS 78.22 ± 9.12 --> 87.60 ± 4.56 
 
OAT 
Lysholm 53.2 ± 7.2 --> 84.8 ± 5.5 
Tegner 2.7 ± 1.5 --> 5.3 ± 1.2 
HSS 78.66 ± 7.23 --> 88.12 ± 4.15 
 
ACI 
Lysholm 52.4 ± 6.4 --> 84.6 ± 6.1 
Tegner 2.9 ± 1.8 --> 5.2 ± 1.3 
HSS 77.52 ± 8.16 --> 87.51 ± 4.58  

MFx 10.3 
OAT 4.5 
ACI 11.1 

0 Sign. improvement 
from baseline for all 
treatment groups, no 
signficant difference 
between treatments.   
follow-up rate relatively 
low (63% of enrolled 
patients) 
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Study (level 
of 
evidence)  

Patient numbers  Mean age in 
years 
(%male)  

Inclusion criteria Duration of 
symptoms 
(months) 

Follow 
Up 
(mo)  

Mean 
Defect Size 
(cm2)  

Outcome b  failure 
rate (%) 

associate
d 
surgeries 
(ACL) 

Comments  

Baseline Follow-up         

Saris et al. 
2009 (I)243 

MFx 61 
ACI 57 

MFx 49 
ACI 45 

MFx 33.9 ± 
8.6(67) 
ACI 33.9 ± 
8.5(61) 

Age 18 - 50 years 
Size 1 - 5cm2 
ICRS grade 3/4  
Location: MFC, LFC 

MFx 18.8 
(0-216)a 
ACI 23.6 (0-
216)a 

36 MFx 2.4 ± 
1.2 (1-5)a 
ACI 2.6 ± 
1.0 (1-5)a 

overall KOOS:  
MFx 59.46 ± 1.98 --> 75.29 (increase of 
15.83) 
ACI 56.30 ± 1.91 --> 77.55 (increase of 
21.25) 
ACI significant increase compared to 
MFx  
Responders (KOOS increase ≥ 10 from 
baseline) 
MFx 62%, ACI 83%  

MFx 11.5 
ACI 3.9 

MFx 18 
ACI 7.1 

Mean improvement 
overall KOOS better for 
ACI compared to MFx 
If onset symptoms < 2 
years: improvement 
overal KOOS for MFx 
16.50 ± 3.99 (sign. 
higher in ACI (24.98 ± 
4.34) 
If onset symptoms < 3 
years: improvement 
overall KOOS for MFx 
17.09 ±3.77 (sign. 
higher in ACI (26.08 ± 
4.10) 
If onset symptoms > 3 
years: no sign. 
difference 
Improvement of KOOS 
from baseline plateaus 
at 18 months for MFx, 
while continues to 
increase over time in 
ACI 
Subchondral bone 
reaction significantly 
worsened over time in 
MFx compared with ACI 
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Study (level 
of 
evidence)  

Patient numbers  Mean age in 
years 
(%male)  

Inclusion criteria Duration of 
symptoms 
(months) 

Follow 
Up 
(mo)  

Mean 
Defect Size 
(cm2)  

Outcome b  failure 
rate (%) 

associate
d 
surgeries 
(ACL) 

Comments  

Baseline Follow-up         

Vanlauwe 
et al. 2011 
(I)277 

MFx 61 
ACI 51 

MFx 55 
ACI 43 

MFx 33.9 
(71%) 

Age 18 - 50 years 
Size 1 - 5cm2 
ICRS grade 3/4  
Location: MFC, LFC 

MFx 18.8 
(0-216)a 
ACI 23.6 (0-
216)a 

60 MFx 2.4 ± 
1.2 (1-5)a 
ACI 2.6 ± 
1.0 (1-5)a 

mean overall KOOS: 
MFx 59.53 -->73.60 (increase of 14.07) 
ACI 56.30 --> 77.47 (increase of 21.17) 
Radiographs: No sign. Difference in 
frequency of radiographic changes 
between tx groups at 60 months.  

MFx 16.4 
ACI 13.7 

 NR Sign. increase from 
baseline for both 
treatment groups, no 
significant difference 
between groups 
Onset symptoms < 3 
years: sign. better 
improvement for ACI 
(25.96 ± 3.45) 
compared to MFx 
(15.28 ± 3.17) 
Failure in MFx generally 
in first 3 years (median 
27mo.), whereas failure 
in ACI  after 4 years 
(median 50mo).   

a Range  
 
NR = not recorded; MFx = microfracture; ACI = Autologous Chondrocyte Implantation; OAT = Osteochondral Autologous Transplantation; MFC = 
Medial Femoral Condyle; LFC = Lateral Femoral Condyle; OCD = Osteochondrosis Dissecans; KOOS = Knee injury and Osteoarthritis Outcome Score; 
modified CKRS = modified Cincinnati Knee Rating System; IKDC = International Knee Documentation Committee; ICRS = International Cartilage Repair 
Society; SF-12 = 12 -item Short Form health survey; EQ-5D = European Quality of life-5 Dimensions questionnaire; VAS = Visual Analog Score; OA = 
Osteoarthritis  
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1.4.2.2 Microfracture versus Osteochondral Autologous Transplantation 

(OAT) 

Studies comparing microfracture with OAT are presented in Table 1.4.  

Seven studies reported 36 to 192 month follow-up results comparing microfracture 

treatment with osteochondral autologous transplantation (AOT) 122-125,182,257,276. Of 

these, 5 studies showed significantly better outcome for OAT compared to microfracture 

122-125,257 and 2 studies showed no significant difference between treatments182,276.  

Only one study reporting significant differences reflects the general population 257, the 

other ones originate from the same institution and report on  specific subgroups: young 

athletes 123,124, OCD lesions in children 125 and articular cartilage lesions associated with 

ACL injury 122.  

In young athletes, microfracture and OAT resulted in significant improvement from 

baseline to 36 and 120 months post-operatively, based on improved average ICRS 

clinical scores HSS scores and Tegner scores 123,124. Fewer patients undergoing 

microfracture returned to pre-injury sports level at 36 months (52%) compared to 

patients treated with OAT (89%). From 36 to 120 months a decline in ICRS score was 

reported for both groups, however the figure with reference to this statement shows a 

clear increase in score for articular cartilage defects for both treatments. Decline in 

sports activity was also observed for both treatment groups,  although the decline was 

significantly less following OAT treatment (pre-injury sports level at 120 month follow-

up: OAT 33%, microfracture 16.6%)123. Patients treated for articular cartilage defects did 

significantly better at 36 months and 120 months compared to patients treated for OCD 

lesions for both treatments123. At 120 months 48% of microfracture treated patients and 

25% of OAT treated patients had radiographic evidence of osteoarthritis (KL grade 1), 
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although the difference was not significant and was not related to clinical performance  

123.  

Microfracture and OAT resulted in significant improvement of ICRS scores from baseline 

to 12 months and 50 months in children with OCD lesions 125. However, significantly 

more patients treated with OAT achieved pre-injury sports activity at 50 months (81%), 

compared to microfracture treatment (13.6%)125. Deterioration was seen for 

microfracture treatment from 12 to 50 months (good to excellent results at 12 months: 

86%, and at 50 months 63%)125.  

Gudas et al. compared microfracture with debridement and OAT in patients undergoing 

ACL reconstruction at a mean follow-up time of 36 months 122. IKDC scores improved 

from baseline for all treatment groups, although the average score was significantly 

higher in OAT compared to the other treatments. There was no significant difference 

between microfracture and debridement122.  Pre-operative IKDC scores in the table do 

not correspond with the scores in the figure.   

In a long term follow-up study, Solheim et al. reported significant improvement in 

Lysholm score for microfracture and OAT at an average follow-up time of 192 months257. 

Scores for OAT were significantly better than microfracture at 60, 120 and 180 months. 

At final follow-up good to excellent results (Lysholm ≥ 80) were observed more 

frequently in OAT (60%) compared to microfracture (20%) and poor outcome (Lysholm 

< 64) was observed more frequently in microfracture (65%) compared to OAT (20%)257 

 

Ulstein et al. reported significant improvement in KOOS and Lysholm scores for 

microfracture and OAT from baseline at an average follow-up of 117.6 months, although 

failed to detect a significant difference between treatments at this long-term follow-

up276. Scores at follow-up were considerably lower than in a reference population for 
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both treatments276. As recognized and discussed by the authors, the study was 

underpowered, making firm conclusions regarding the results difficult. Radiographic 

osteoarthritis (KL grade ≥2) was higher in patients undergoing microfracture (45%) than 

patients undergoing OAT (17%).   

As described above, Lim et al. compared microfracture with ACI and OAT and reported 

clinical and functional improvement from baseline to 60-month follow-up for all 

treatment groups using Lysholm, Tegner activity and HSS knee scores. However, there 

was no significant difference between groups182.  
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Table 1.4 Summary of level I and II studies comparing microfracture with OAT for treatment of full thickness cartilage defects in the knee joint 

Study 
(level of 
evidence)  

Patient numbers  Mean age in 
years 
(%male)  

Inclusion 
criteria 

Duration of 
symptoms 
(months) 

Follow 
Up (mo)  

Mean 
Defect Size 
(cm2) 

Outcome  failure rate 
(%) 

associated 
surgeries 
(ACL) 

Comments  

Baseline Follow-up           

Gudas et 
al. 2005 
(I) 124 

MFx 30 
OAT 30 

MFx 29 
OAT 28 

MFx 24.3 ± 
6.8 (57) 
OAT 24.6 ± 
6.54 (65.5) 

Age < 40 years 
ICRS grade 3/4 
Size 1-4cm2 
Location: MFC, 
LFC 
Competitive/we
ll-trained 
athletes 

21.32 ± 
5.57 

36 MFx 2.77 ± 
0.68 
OAT 2.80 ± 
0.65 

MFx 
HSS 77.22 ± 8.12 --> 80.60 ± 4.55  
ICRS 50.84 ± 4.07 --> 75 
Return to pre-injury sports level 
52% 
 
OAT  
HSS 77.88 ±  6.23 --> 91.08 ± 4.15  
ICRS 50.67 ± 4.05 --> 89 
Return to pre-injury sports level 
93% (average 6.5 mo (4-8)) 

MFx 31% 
(at mean 
8.4 months 
(6-12)) 
OAT 3.5% 
(at 3 
months) 

 
OAT sign better than MFx at 
12, 24 and 36 mo. Ahtlete 
study.  
MFx deteriorates at 36 mo.  
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Study 
(level of 
evidence)  

Patient numbers  Mean age in 
years 
(%male)  

Inclusion 
criteria 

Duration of 
symptoms 
(months) 

Follow 
Up (mo)  

Mean 
Defect Size 
(cm2) 

Outcome  failure rate 
(%) 

associated 
surgeries 
(ACL) 

Comments  

Baseline Follow-up           

Gudas et 
al. 2012 
(I) 123 

MFx 30 
OAT 30 

MFx 29 
OAT 28 

MFx 24.3 ± 
6.8 (57) 
OAT 24.6 ± 
6.54 (65.5) 

Age < 40 years 
ICRS grade 3/4 
Size 1-4cm2 
location: MFC, 
LFC 
competitive/we
ll-trained 
athletes 

21.32 ± 
5.57 

124.8 MFx 2.77 ± 
0.68 
OAT 2.80 ± 
0.65 

MFx-OCD 
ICRS 50.9 ± 2.4 --> 75.59 ± 4.64 (36 
mo)  --> 73.9 ± 1.5  
Tegner 7.7 ± 0.8 --> 6.8 ± 0.7 --> 6.1 
± 0.7 
MFx-ACD  
ICRS 64.8 ± 1.7 --> 75.59 ± 4.64 (36 
mo) --> 78.2 ± 1.4  
Tegner 7.8 ± 0.8 --> 7.0 ± 0.4 --> 6.2 
± 0.4 
 
OAT-OCD 
ICRS 50.9 ± 1.8 --> 85.88 ± 4.69 (36 
mo) --> 87.5 ± 1.3 
Tegner 7.6 ± 0.9 --> 7.2 ± 0.4 --> 6.7 
± 0.4 
OAT-ACD 
ICRS 61.3 ± 1.7 --> 85.88 ± 4.69 (36 
mo) --> 92.9 ± 1.4  
Tegner 7.7 ±  0.8 --> 7.5 ± 0.5 --> 
7.0 ± 0.4 
sign. better results for OAT at 3 and 
10 years compared to MFx 

MFx 38% 
(31% at 
mean 8.4 
months) 
OAT 14% 
(3.5% at 3 
months) 
other 
failures (3 
OAT and 2 
MFx) at an 
average of 
5.8 years.   

NR OAT and MFx significant 
improvement, OAT sign. 
better than MFx at 120 mo 
ACD better scores than OCD 
ICRS ↘ from 3 to 10 years 
after OAT and MFx (unable 
to see this in graph and 
numbers)   
sport activity↘  from 3 to 
10 year in both groups, 
statistically less in OAT.  
More athletes younger than 
25 are able to maintain 
same level activity 
compared to older than 25 
year  
Lesions < 2cm2 higher 
return to sports in both tx 
groups 
ICRS macroscopic grade 1 
and 2 repair tissue at 12 
monthsgreater Tegner and 
ICRS activity score at 10 
years compared to ICRS 
macroscopic grade 3 at 12 
months (not sign.) 

Gudas et 
al. 2009 
(I) 125 

MFx 25 
OAT 25 

MFx 22 
OAT 25 

MFx 14.09 
(12-18)a (59) 
OAT 14.64 
(12-18)a (60) 

Age < 18 years 
Size 2-4cm2 
ICRS grade 3/4 
OCD  
Location: MFC, 
LFC 
  

23.54 ± 
4.24 

50 MFx 3.17 ± 
0.38 
OAT 3.20 ± 
0.34 

MFx 
ICRS 51 --> 63 sign. deterioration 
over time  
good to excellent 86% at 12 mo, 
63% at 50 mo 
preinjury level sports activity 13.6%  
 
OAT 51 --> 83  
good to excellent 92% at 12 mo, 
83% at 50 mo 
preinjury level sports activity 81% 

MFx 41%  
OAT 0% 

NR Sign. improvement for MFx 
and OAT, deterioration for 
MFx 
lesion size >3cm2 worse 
MFx outcome 
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Study 
(level of 
evidence)  

Patient numbers  Mean age in 
years 
(%male)  

Inclusion 
criteria 

Duration of 
symptoms 
(months) 

Follow 
Up (mo)  

Mean 
Defect Size 
(cm2) 

Outcome  failure rate 
(%) 

associated 
surgeries 
(ACL) 

Comments  

Baseline Follow-up           

Gudas et 
al. 2013 
(II)122 

MFx 34 
OAT 34 
debridem
ent 34 
ACL only 
34 

MFx 34 
OAT 34 
debrideme
nt 34 
ACL only 34 

MFx 31.2 
(68%) 
OAT 32.4 
(62%) 
debridement 
33.5 (59%) 
ACL only 31.4 
(71%) 

Age < 45 years 
Size 2-4cm2 
ICRS grade 3/4 
Primary ACL 
reconstruction 

MFx 19.2 ± 
4.5 
OAT 19.1 ± 
2.6 
debrideme
nt 20.2 ± 
5.7 
ACL only 
19.6 ± 6.7 

36 MFx 2.7 ± 
3.6 
OAT 3.1 ± 
1.2 
debrideme
nt 2.9 ± 6.2 
ACL only 0 

MFx  
IKDC 46.5 --> 
Tegner 2.7 --> 6.9 
Return to pre-injury sports level: 
79% (mean 11.1 months) 
 
OAT  
IKDC 45.5 --> 
Tegner 2.5 --> 7.1 
Return to pre-injury sports level: 
82% (mean 10.2 months) 
 
debridement 
IKDC 47.1 --> 
Tegner  2.5 --> 6.2 
Return to pre-injury sports level: 
79% (mean 11.5 months) 
 
ACL only 
IKDC 47.3 --> 
Tegner 2.8 --> 7.5 
Return to pre-injury sports level: 
94% (mean 7.8 months)  

NR ACL 
reconstruct
ion 100% 
Partial 
medial 
meniscecto
my 62% 
Partial 
lateral 
meniscecto
my 22% 

OAT sign. higher IKDC score 
compared to MFx and 
debridement, but sign lower 
compared to ACL only. 
no sign diff. between MFx 
and debridement 

Lim et al. 
(II)182 

69 (109 
enrolled 
in study) 
MFx 30 
OAT 22 
ACI 18 

70 knees 
(69 
patients) 
MFx 30 
OAT 22 
ACI 18 

MFx 32.9 (22-
42)a (59) 
OAT 30.4 (20-
39)a(55) 
ACI 25.1 (18-
32)a(56) 

Age: . 
Size 1-4cm2 
Modified 
Outerbridge 
grade 3/4  
Location: MFC, 
LFC 

NR MFx 80.4 
(42.0 - 
126.0)a  
OAT 69.6 
(38.4 - 
90.0)a 
ACI 62.4 
(36.0 - 
86.4)a 

MFx 2.8 
(1.2 - 3.6)a 
OAT 2.8 
(1.0 - 4.0)a 
ACI 2.8 (1.5 
- 3.8)a 

MFx  
Lysholm 51.2 ± 6.2 --> 85.6 ± 6.8 
Tegner 2.8 ± 1.4 --> 5.1 ± 1.5 
HSS 78.22 ± 9.12 --> 87.60 ± 4.56 
 
OAT 
Lysholm 53.2 ± 7.2 --> 84.8 ± 5.5 
Tegner 2.7 ± 1.5 --> 5.3 ± 1.2 
HSS 78.66 ± 7.23 --> 88.12 ± 4.15 
 
ACI 
Lysholm 52.4 ± 6.4 --> 84.6 ± 6.1 
Tegner 2.9 ± 1.8 --> 5.2 ± 1.3 
HSS 77.52 ± 8.16 --> 87.51 ± 4.58  

MFx 10.3 
OAT 4.5 
ACI 11.1 

0 Sign. improvement from 
baseline for all treatment 
groups, no signficant 
difference between 
treatments.   
follow-up rate relatively low 
(63% of enrolled patients) 
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Study 
(level of 
evidence)  

Patient numbers  Mean age in 
years 
(%male)  

Inclusion 
criteria 

Duration of 
symptoms 
(months) 

Follow 
Up (mo)  

Mean 
Defect Size 
(cm2) 

Outcome  failure rate 
(%) 

associated 
surgeries 
(ACL) 

Comments  

Baseline Follow-up           

Solheim 
et al. 
(I)257 

MFx 20 
OAT 20 

MFx 20 
OAT 20 

MFx 35 (70%) 
OAT 31 (70%) 

Age 18-50 years 
Size 2-6cm2 
ICRS grade 3/4 
Location: MFC, 
LFC, trochlea 

36 192 MFx 3.6 
OAT 3.4 

MFx  
Lysholm 50 --> 61 
Good/excellent (Lysholm > 80) 20% 
Poor outcome (Lysholm < 64) 65% 
 
OAT  
Lysholm 56 --> 77  
Poor outcome (Lysholm < 64) 20% 
Good/excellent (Lysholm > 80) 60% 
 
 and clinically significant (difference 
>9 points) 
Poor outcome (Lysholm < 64) sign. 
higher frequency in MFx 65%) 
compared to OAT (20%) 
 sign. higher frequency in OAT 
(60%) compared to MFx (20%) 

TKA 
MFx 15 
OAT 5 

NR OAT significantly better than 
MFx at 1 year, 5 year, 10 
year and 15 years 
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Study 
(level of 
evidence)  

Patient numbers  Mean age in 
years 
(%male)  

Inclusion 
criteria 

Duration of 
symptoms 
(months) 

Follow 
Up (mo)  

Mean 
Defect Size 
(cm2) 

Outcome  failure rate 
(%) 

associated 
surgeries 
(ACL) 

Comments  

Baseline Follow-up           

Ulstein et 
al. (II)276 

MFx 11 
OAT 14 

MFx 11 
OAT 14 

MFx 31.7 
(55%) 
OAT 32.7 
(57%) 

Age 18-50 years 
Size 2-6cm2 
ICRS grade 3/4 
Location: MFC, 
LFC, trochlea 
Depth <10mm 
Lysholm <80 
Tegner <6 

MFx 110 
OAT 75.8 

117.6 (59 
- 137)a 

 
MFx (change over time) 
Lysholm 21.6 (3.7 - 39.4) 
KOOS pain 20.6 (2.8 - 38.3) 
KOOS symptoms 17.4 (2.6 - 32.2) 
KOOS ADL 13.0 (-3.8 - 29.8) 
KOOS sport 32.4 (13.3 - 51.6) 
KOOS QoL 34.6 (15.1 - 54.0) 
Radiographic OA: 45% 
 
OAT 
Lysholm 13.4 (0.9 - 25.8) 
KOOS pain 11.8 (-2.8 - 26.4) 
KOOS symptoms (8.5 (-3.5 - 20.6) 
KOOS ADL 7.5 (-4.3 - 19.3) 
KOOS sport 41.3 (23.7 - 58.9) 
KOOS QoL 25.0 (10.6 - 39.3) 
Radiographic OA: 17% 

Reoperatio
n  
MFx 54  
OAT 36  
Failure 
(repeat 
cartilage 
procedure 
or TKA)  
MFx 36% 

NR Both treatments sign. 
improvement compared to 
baseline, no sign. difference 
between OAT and MFx 
High level of radiographic 
OA.  
 
long-term patient-reported 
outcomes modest for both 
treatments.  

 

a Range 
 
NR = not recorded; MFx = microfracture; ACI = Autologous Chondrocyte Implantation; OAT = Osteochondral Autologous Transplantation; MFC = 
Medial Femoral Condyle; LFC = Lateral Femoral Condyle; OCD = Osteochondrosis Dissecans; KOOS = Knee injury and Osteoarthritis Outcome Score; 
modified CKRS = modified Cincinnati Knee Rating System; IKDC = International Knee Documentation Committee; ICRS = International Cartilage Repair 
Society; SF-12 = 12 -item Short Form health survey; EQ-5D = European Quality of life-5 Dimensions questionnaire; VAS = Visual Analog Score; HSS = 
Hospital for Special Surgery; OA = Osteoarthritis   
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1.4.2.3 Factors affecting clinical outcome of microfracture technique 

1.4.2.3.1 Cartilage defect size 

Gudas et al. reported that a lesion size of larger than 2 cm2 had significantly worse 

clinical results in young athletes and was associated with significantly lower rate of 

return to sports123,124. Similarly, a lesion size of greater than 3 cm2 was associated with 

a significantly worse clinical outcome in children with OCD lesions125.  Kon et al. found 

no significant association between cartilage defect size and outcome in active 

patients167 although it should be noted that the average lesion size and standard 

deviation in this study were overall small (2.5 cm2 ± 0.79).    

 

1.4.2.3.2 Age 

Gudas et al. reported that more athletes younger than 25 were able to maintain same 

activity level over 10 year follow-up compared to athletes older than 25 (Tegner score 

6.5 vs 6.0, and ICRS score 79.8 vs. 75.1)123. The same group of researchers found no 

significant difference between patients younger than 14 years and patients older than 

14 year treated for OCD lesions125. Knutsen et al. found significantly better clinical 

outcomes in patients younger than 30 compared to patients older than 30 at 60 month 

follow up159,160.   

Vanlauwe et al. found no significant difference in outcome at 60 months between 

patients younger and older than 35 years 277.  
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1.4.2.3.3 Associated procedures 

Kon et al. found no significant difference in clinical outcome (IKDC and Tegner score) at 

5 years in patients undergoing ACL reconstruction (50% of patients) and patients not 

undergoing ACL  reconstruction (50% of patients) 167. 

 

1.4.2.4 Failures 

Treatment failure was defined as follows:    

• At any time after week 24 a patient and physician global assessment result that was 

the same or worse than at baseline, a <10% improvement in KOOS pain subscale, 

physician-diagnosed failure ruling out all other potential causes, and the physician 

deciding that surgical retreatment was needed35.   

• Reintervention affecting more than 20% of the index lesion, and re-intervention was 

promped by clinical deterioration (pain)243,277.  

• A patient needing reoperation because of symptoms due to lack of healing of the 

treated defect (but not including shaving or trimming) 159,160. 

• A patient needing a reoperation because of symptoms due to primary defects164,167. 

• Reoperation owing to recurrent knee pain during sports activity 182. 

• Symptom recurrence during sports activity 123,124. 

 

Treatment failure was not defined in 3 publications 122,257,276, however Solheim et al. 

reported the incidence of knee replacements257. Ulstein et al. reported reoperation 

rates although it is unclear whether this comprises failures.  
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Up to an average follow-up time of 60 months treatment failure ranged from 2.5% 167 to 

41% 125. Treatment failure after a minimum follow-up of 60 months ranged from 

10.3%182 to 38%123. 

Microfracture failures occurred most frequently in the first 3 years following 

surgery123,124,243,277, and mostly within 12 months 123,124. 

Saris et al. reported a significantly higher incidence of progressive elevation of the 

subchondral bone plate compared to baseline for microfracture treatment (51%) 

compared to ACI (25%) at 3 years243. The extension study from the same group reported 

a nearly significant correlation between histological scores of  calcification front (ICRSII) 

at 12 months and failure and concluded there was a connection between the presence 

of a calcification front at 12 months and later failures277. Brittberg et al. and Knutsen et 

al. found no correlation between structural outcome at 2 years (based on MRI and 

histology) and clinical outcome at later time points35,159,160. However, none of the 

patients with best-quality tissue in the Knutsen studies had a later failure159,160.  

 

1.4.2.5 Key findings 

The key finding of this review was that microfracture treatment was either equivalent 

or inferior to ACI or OAT, but never superior. This technique resulted in good clinical 

improvement, although deterioration of function and pain was commonly reported at 3 

to 5 years follow-up123-125,164,167, however sustained clinical benefit was also reported in 

the 2 studies with the highest patient numbers 35,277. At long term follow-up, clinical 

results remain satisfying 123,164,182,257,276 and sustained clinical benefit has been reported 

up to 14 years160.  Failure rates for microfracture technique were generally higher than 

for the comparative treatment35,123-125,167,182,243,277 with failure most commonly within 

the first 3 years 123,124,243,277. There was no correlation between structural outcome 2 
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years following treatment and later functional outcome 35,159,160, although there was an 

association between the presence of a calcification front at 12 months and later 

failures277. 
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1.5 Reflection of biological processes  

Most of our basic science understanding of post-microfracture repair physiology comes 

from animal models 49,51,90,96,97,196,251. Although similar findings are reported in humans 

who undergo second look arthroscopy with repair tissue biopsy and histopathology 11,151 

, the timing of repair stages is likely to be different as it is for different animals. The 

animal models suggest that micro-fractured chondral defects are filled with a 

fibrocartilage scar of predominantly Type I collagen 97, consisting of limited and poorly 

organized chondrocytes 251, which poorly integrate with surrounding cartilage 251, and 

start to degenerate at a variable time period of less than 1 year, depending on the animal 

model used 188,251. Progressive degeneration is then noted over time 251. 

 

Once fractured the subchondral bone plate will attempt repair or reconstitution through 

endochondral and intramembranous bone formation, however this frequently fails 

32,47,70,97,132,133,188,219,251. Articular repair tissue located on a compromised, unsupportive 

base is then prone to failure. This presents with increased fibrocartilage repair tissue 133, 

and increased degeneration of this repair tissue 251. 

 

In addition, damage to the subchondral plate during microfracture, or any other marrow 

stimulating technique, exposes the subchondral bone to the joint space and if 

reconstitution of the subchondral bone fails, can lead to fragility and development of 

subchondral cysts 24,125,159. This bone fragility is proposed to accelerate degenerative 

changes affecting the joint 24. Infiltration of cytokines and metalloproteinases through 

the microfracture holes into the bone deep to the subchondral plate 19,280, and increased 

fluid pressure causing osteolysis may be implicated in subchondral cyst formation 
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9,83,172,255. ‘Collateral damage’ to the subchondral plate from the impact of the 

microfracture awl may also cause localized osteonecrosis 49,90. 

 

Finally, elevation of the subchondral plate during repair 97, bone tissue overgrowth into 

the chondral compartment or joint 15,37,47,80,95,97,151,193,200,219 and osteophyte formation 

193, are all reported but understudied complications of microfracture and damage to the 

subchondral plate. 

 

The translation of preclinical findings to the clinical situation remains difficult. However, 

a recent analysis of five failures following marrow stimulation techniques in early 

osteoarthritic knees has shown fibrocartilaginous repair tissue and incomplete 

restoration of the subchondral bone 155. Interestingly, three out of these five cases had 

a nearly normal macroscopic appearance based on the International Cartilage Repair 

Society Visual Assessment, underlining the importance of evaluation of the entire 

osteochondral unit. 

1.6 The current issues with the clinical evidence on microfracture in hips 

Most studies had small 68,136,151,190,191,259 or very small 4,29,41,227,254 sample sizes, with the 

majority of the data underpowered to detect smaller effect sizes. The largest studies 

were from Haviv et al. 128 (381 patients enrolled, 29 had microfracture), Byrd and Jones 

40 (220 patients enrolled, 58 had microfracture), Fontana and de Girolamo 88 (144 

patients enrolled, 77 had microfracture) and Philippon et al. 226] (122 patients enrolled, 

47 had microfracture). In general, these larger studies had high losses to follow up 

88,128,226, or disparity in loss to follow up, with micro-fractured patients having twice the 

loss the follow-up of non-micro-fractured patients 88,226. This increased loss to follow up 
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introduces a reporting bias that may be in favour of patients having microfracture, 

especially for the studies with disparity in loss to follow up. 

 

Numerous studies gathered data from predominantly young, male athletic patients with 

small cartilage defects, introducing a selection bias and a difficulty in generalizing or 

extrapolating findings to general patient population who present with cartilage defects. 

Of the 15 original studies included in this review, the authors observed mean ages of 

<50 years for 13 studies 4,29,40,68,88,128,151,190,191,226,227,254,259, less than 30 years for five 

studies 4,29,191,254,259, predominantly male participants (>75%) in seven studies 

4,29,128,151,190,191,254, exclusive inclusion of athletes in five studies 4,29,190,191,254 and mean 

defect size to undergo microfracture of <200 mm2 in five studies 68,151,190,191,227. The 

mean cartilage defect size was not recorded for six studies 4,29,40,41,226,259, which may 

mask the level of bias introduced. 

 

No long-term data were available for our review of microfracture in the hip, most studies 

had a short follow up of 2 years or less 40 ,41,68,128,151,190,227,254. Only one study achieved 

medium-term follow up of 5 years 88. The lack of long-term data is problematic. 

Microfracture in knees shows improvement in patient function in the short-term, but no 

long-term efficacy 120. Basic science suggests a worsening of outcomes long-term as 

subchondral bone degeneration is accelerated by microfracture through the 

subchondral plate 24,125,159. We hypothesize that long-term data may show a worsening 

of outcomes for patients undergoing microfracture, compared with controls not 

undergoing microfracture. If this is true, the technique is unethical and should be 

abandoned. 
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The highest level of clinical evidence identified, for the use of microfracture in hip 

arthroscopy, was Level III, and this was only achieved by one study 68. All other studies 

were of Level IV evidence. Microfracture generally did not improve functional outcomes 

any more than what was observed in comparison groups not undergoing microfracture 

40,68,128,136,191,226. Patient function improved from baseline in all studies, regardless of 

whether microfracture occurred or not. This is likely due to confounding factors, such as 

the other intra-operative procedures undertaken (e.g. femoral neck osteoplasty, 

acetabuloplasty, chondroplasty, labral tear repair or debridement, ligamentum teres 

debridement, capsule plication or release, and/or loose body removal, as indicated) as 

part of the umbrella-treatment term of ‘hip arthroscopy’. Confounding intra-operative 

treatments and variable rehabilitation programs were found in all of the studies 

reviewed. 

 

There were numerous limitations across the studies, and the effect of bias and 

confounding the results of the clinical data should not be underestimated. Only three 

studies had a control group 68,190,191, the rest were case series without a control 

4,29,40,41,128,151,226,227,254,259. 

1.7 The current issues with the clinical evidence of microfracture in 

knees 

Studies with the highest level of evidence were selected for review, including 9 level I 

studies35,123-125,159,160,243,257,277  and 5 level II studies122,164,167,182,276. The number of 

patients undergoing microfracture enrolled in studies was generally low, ranging from 

11276 to 6335, but numbers were generally equal size to the comparative treatment. 

There was a low loss to follow-up (6%) and low disparity in loss to follow up of patients, 
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which minimizes the risk of reporting bias and the reasons for loss of follow-up were 

well described for all studies.  

Clinical assessments were performed using different scoring systems, with Tegner score, 

Lysholm score, IKDC score and KOOS score reported most frequently and definition of 

endpoints was different for most studies. Although no scoring system has been 

considered superior, the use of different systems and endpoints makes comparison 

between studies and conclusions regarding efficacy difficult. There was a huge variation 

in selection criteria for defect size and average size treated, with many studies 

evaluating larger defects, while a relative consensus exists that microfracture treatment 

should be reserved for defect sizes up to 3cm2 55,213. This makes not only comparison of 

microfracture outcome between studies difficult, but also comparison with other 

treatment methods. The average duration of symptoms ranged from 18.8243 to 110 

months276, indicating that lots of  lesions get treated in a chronic stage, while early 

treatment of symptomatic articular cartilage defects is recommended55.  

1.8 Conclusion 

Given the developing evidence for subchondral cyst formation and acceleration of 

degenerative changes following microfracture in animal models, we recommend that 

surgeons avoid any procedure that involves disruption of the subchondral plate until 

long-term safety data are available in humans. It is important to appreciate how well 

patients, who do not have microfracture, do following hip arthroscopy with the other 

associated surgeries undertaken. It seems the addition of microfracture, although 

technically easy, is not justified in the hip joint based on the available data. To test the 

effect of microfracture as a treatment for full thickness cartilage defects in the hip, an 

adequately powered, long-term, randomized controlled trial (specifically comparing 

microfracture with a control group of patients not undergoing microfracture) is 
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required. Such a design would also have to adjust for confounding surgeries and 

rehabilitation programs.  

Microfracture in the knee joints provides good functional and clinical results at the mid-

term, and can remain satisfactory thereafter, however in comparison to ACI or OAT 

clinical outcome was either equivalent or inferior, but never superior. Current 

publications with level I and II evidence evaluate low patient numbers and lack 

standardisation of clinical evaluation. Further randomized controlled trials are 

warranted. 
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1.9 Aims 

The major goal of this dissertation was to investigate the impact of popular cartilage 

restoration techniques on the subchondral bone and investigate an alternative 

subchondral bone sparing technique.  

 

Specifically, the aims were to: 

  

1. Evaluate the impact of microfracture technique on the subchondral bone and 

articular cartilage repair tissue in a preclinical model; 

  

2. Evaluate an alternative, subchondral bone sparing technique, using a similar cell 

source as microfracture technique, for the healing of articular cartilage defects 

in a preclinical model; 

   

3. Evaluate autologous chondrocyte implantation technique, which uses a different 

cell source compared to microfracture technique, in patients with revision 

surgery and total joint arthroplasty  

1.10 Hypotheses 

1. We hypothesize that microfracture technique leads to subchondral bone 

pathology and fails to heal articular cartilage.   

 

2. We hypothesize that implantation of bone marrow-aspirate from the 

intercondylar notch into an articular cartilage defect leads to better cartilage 

repair tissue formation as the subchondral bone plate remains intact. 
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3. We hypothesize that revision and total joint arthroplasty patients have 

functional articular repair tissue following autologous chondrocyte implantation, 

but that this graft tissue failed to halt progression of osteoarthritis in total joint 

arthroplasty patients.  

 
4. We additionally hypothesize that subchondral bone pathology contributes to 

clinical failure. 
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Chapter 2 In vivo protocols 

2.1 Surgical procedure 

Following induction of anaesthesia and application of epidural analgesia, the sheep were 

rolled into dorsal recumbency and the left hind stifle was clipped with #40 clipper blades 

and prepared aseptically using chlorhexidine scrub solution and 70% isopropyl ethanol. 

The surgical area was draped using impervious disposable drapes and an adhesive 

iodine-impregnated sheet (ioban drape). A lateral parapatellar arthrotomy was 

performed as described by Allen et al. 3.  A skin incision was made with a #20 scalpel 

blade, parallel and 2cm lateral to the patellar tendon, extending from a point 3cm distal 

to the tibial crest to 8cm proximal to the patella. Subcutaneous tissue and the lateral 

fascia were incised, and dissection continued along the same line until joint capsule and 

patellar tendon were exposed. A stab incision into the joint was made through the 

lateral femoropatellar ligament and the capsule further opened proximally and distally 

using Metzenbaum scissors. With the joint in extension the patella was luxated medially 

and the joint flexed to expose the medial femoral condyle.  

Circular articular cartilage defects were created using a disposable 8mm diameter skin 

biopsy punch in the centre of the exposed medial femoral condyle (Fig. 2.1). Hyaline 

cartilage was removed with a #15 blade using a scraping action extending into the 

calcified cartilage (Fig. 2.2 and 2.3).  

Animals undergoing microfracture procedure received 5 microfracture perforations 

within the defect, introduced using a chondropick (Fig. 2.4 and 2.5), until subchondral 

bleeding was observed. For animals undergoing Autologous Matrix-Induced 

Chondrogenesis (AMIC), a collagen scaffold (Celgrow type I/III porcine collagen 

membrane, Orthocell, Murdoch, Australia) was trimmed to size and implanted following 
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the microfracture procedure, with the porous layer facing the bone surface and fixed 

using commercial fibrin glue (Tisseel, Baxter healthcare Pty Ltd, Australia) (Fig. 2.6 and 

2.7). Following the insertion of implants the patella was repositioned and the joint flexed 

5 times. After dislocation of the patella again, the integrity of the inserted implants was 

confirmed by means of visual inspection.  

The patella was then reduced and the joint capsule sutured in a simple continuous 

pattern using # 2/0 Vicryl. The lateral femoropatellar ligament was sutured with 2 

interrupted cruciate sutures using #0 PDS. The fascia was closed in a simple continuous 

pattern using # 2/0 Vicryl and subcutaneous tissue in a simple continuous pattern using 

# 2/0 Vicryl. The skin was closed in a Ford-interlocking pattern using 2/0 Nylon. The 

surgical site was covered with an adhesive bandage.  

Animals were housed in individual pens for 2 weeks postoperatively to restrict their 

movement before being turned out into small paddocks until euthanasia.  

Euthanasia was performed with an intravenous overdose of pentobarbitone.  
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Figure 2.1 Articular cartilage defect creation. An 8mm diameter skin biopsy punch was 

used to created full-thickness cartilage defects on the weight-bearing surface of the left 

medial femoral condyle.  

 

 

Figure 2.2 Articular cartilage removal. Articular cartilage was removed using a #15 blade.  
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Figure 2.3 Completed articular cartilage defect extending into the calcified cartilage 

layer. 

 

 

Figure 2.4 Application of microfracture holes within the cartilage using a chondropick.  
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Figure 2.5 Articular cartilage defect following microfracture procedure. 

 

 

Figure 2.6 Application of fibrin glue onto microfractured cartilage defect. 
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Figure 2.7 AMIC procedure completed following implantation of a collagen scaffold, cut 

to size, onto a microfractured cartilage defect.   

 

2.2 Anaesthesia 

Premedication: transdermal Fentanyl patches (2 μg/kg) were placed on the lateral 

aspect of the left antebrachium 12 hours before surgery. The antebrachium was clipped 

with #40 clipper blades and shaved with a disposable razor blade. The skin was lightly 

scrubbed with chlorhexidine scrub, wiped with 70% isopropyl ethanol and dried with a 

clean towel prior to application of the patches. Patches were held in place with 

Elastoplast bandage.  

 

Induction and maintenance: an intravenous catheter (18G) was placed in the right 

cephalic vein. Sheep were anaesthetized by means of intravenous injection of ketamine 
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(4 mg/kg) and diazepam (0.2 mg/kg) and maintained with 2% isoflurane mixed in 100% 

oxygen after endotracheal intubation.  

 

Additional analgesia: epidural anaesthesia (100 mg lidocaine, 0.3 mg buprenorphine) 

placed at the lumbosacral intervertebral space with the sheep placed in left lateral 

recumbency.  

 

2.3 Analgesia 

Carprofen: 4 mg/kg once daily (administered intravenously prior to surgery, then 

intramuscularly for 4 days) 

 

2.4 Antimicrobial therapy 

Ceftiofur (Excenel RTU): 2.2 mg/kg intramuscularly once daily for 3 days 

Gentamicin: 6 mg/kg once daily for 3 days (administered intravenously prior to surgery, 

then intramuscularly) 
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Chapter 3 Treatment of articular cartilage defects 

with AMIC and microfracture leads to extensive 

subchondral bone cyst formation in a sheep model  

 

3.1 Abstract 

Background: Microfracture and autologous matrix-induced chondrogenesis (AMIC) 

technique are popular for treatment of articular cartilage defects. However, breaching 

of the subchondral bone plate could compromise the subchondral bone structure. 

Hypothesis/Purpose: We hypothesized that microfracture and AMIC cause deleterious 

effects on the subchondral bone structure. 

Study Design: Controlled laboratory study 

Methods: 36 sheep received an 8 mm diameter cartilage defect in the left medial 

femoral condyle. Control animals (n=12, control) received no further treatment), and 

the rest received 5 microfracture holes with (n=12, AMIC) or without (n=12, 

microfracture) a type I/III collagen scaffold implanted. Macroscopic infill of defects, 

histology and histomorphometry of the subchondral bone were performed at 13 and 26 

weeks post-operatively and micro-CT was additionally performed at 26 weeks post-

operatively.  

Results: Microfracture and AMIC resulted in subchondral bone cyst formation in 5/12 

(42%) and 11/12 (92%) specimens at 13 and 26 weeks, respectively. Subchondral bone 

changes induced by microfracture and AMIC were characterized by an increased percent 

bone volume (BV/TV), increased trabecular thickness (Tb.Th) and a decreased trabecular 

separation (Tb.Sp) and extended beyond the area below the defect. High numbers of 
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osteoclasts were observed at the cyst periphery and all cysts communicated with the 

microfracture holes.   

Conclusion: Microfracture technique caused bone cyst formation and induced severe 

pathology of the subchondral bone in a sheep model.  

Clinical Relevance: The potential of microfracture technique to induce subchondral 

bone pathology should be considered.  

Key Terms: Microfracture, AMIC, subchondral bone pathology, subchondral bone cyst 

What is known about this subject: Microfracture technique has been widely used for 

the repair of articular cartilage defects.  

What this study adds to the existing knowledge: While microfracture technique can 

repair cartilage defects, it compromises the subchondral bone structure. This study has 

shown severe pathological changes of subchondral trabecular bone structure, including 

bone cyst formation following microfracture. 
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3.2 Introduction  

 Symptomatic articular cartilage defects are one of most common knee injuries, arising 

from acute trauma, overuse, ligamentous instability, malalignment, meniscectomy, or 

osteochondritis dissecans 289.   Surgical treatment options include bone marrow-

stimulating techniques such as abrasion arthroplasty 149,241 and microfracture 116,260, 

osteochondral mosaicplasty 54, corrective osteotomy 150, cartilage resurfacing 

techniques and tissue engineering techniques using combinations of autologous cells 

(chondrocytes 208 and mesenchymal stem cells 249), bio scaffolds 168 and growth factors 

250.  

 

Currently microfracture and the autologous matrix-induced chondrogenesis (AMIC) 

technique, an improved microfracture technique by implantation of a collagen scaffold 

with the aim of creating a biological chamber within the cartilage lesion 71,79,80,105,107,203, 

are popular techniques of cartilage repair by virtue of being cost effective, one step 

procedures that can be performed arthroscopically 107. Steadman et al. showed that 

microfracture achieved significant improvement in Lysholm and Tegner scores in 80% of 

patients in an 11 year follow-up study 260. A systematic review by Mithoefer et al. of 28 

studies and 3,122 patients treated with microfracture showed an improvement in knee 

function. However, microfracture technique could only achieve an effective short-term 

outcome and variable results after 24 months were reported 203. 

An increasing body of evidence suggests that articular cartilage and subchondral bone 

are considered a single functional unit that is essential for the joint function 180,264. While 

importance of subchondral bone integrity in the aetiology and surgical management of 

osteoarthritis has been well documented 118,218, the focus of articular cartilage repair 

techniques has predominantly been placed on the cartilaginous component with very 
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little attention to the investigation of subchondral bone integrity after cartilage repair. 

For example, both microfracture and AMIC techniques, comprise perforation of the 

subchondral bone plate to facilitate haemorrhage and thereby the passage of 

mesenchymal stem cells, platelets, fat, and growth factors from the bone marrow into 

the chondral defects. Although these techniques can induce formation of functional 

fibrocartilage within the defect 96,220, they may have led to the damage of the 

subchondral bone plate. In clinical cases, an increased failure rate of autologous 

chondrocyte implantation has been observed following marrow stimulation techniques 

200,208 as the latter has been associated with alterations in the subchondral bone 200.   

Considering that microfracture and AMIC compromise the subchondral bone integrity 

for the repair of articular cartilage but little is known on their impact of the subchondral 

bone structure, the aim of our study was to investigate the impact of microfracture and 

AMIC on the subchondral bone structure in a sheep model. We hypothesized that 

microfracture technique would cause subchondral bone pathology and degenerative 

changes. 

3.3 Methods 

3.3.1 Animals 

Thirty-six mature female sheep (Merino x Border Leicester), 5 – 7 years of age with a 

mean body weight of 71.2 ± 10.6 kg were included. The study was approved by the 

institutional ethical committee. The sheep were assessed to be healthy based on clinical 

examination and all were free of lameness.  

 

Surgical procedure, anaesthesia, analgesia and antimicrobial therapy are described in 

chapter 2. 
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3.3.2 Treatment groups 

We evaluated 36 defects in 36 sheep at endpoints of 13 and 26 weeks. The animals were 

divided into 3 treatment groups as follows: 

Control group (n=12): Defects in the control group received no further treatment other 

than the cartilage defect. 

Microfracture group (n=12): Defects received 5 microfracture perforations, introduced 

using a chondropick, until subchondral bleeding was observed.  

AMIC group (n=12): A collagen scaffold (Celgrow type I/III porcine collagen membrane, 

Orthocell, Murdoch, Australia) was trimmed to size and implanted following the 

microfracture procedure, with the porous layer facing the bone surface and fixed using 

commercial fibrin glue (Tisseel, Baxter healthcare Pty Ltd, Australia). The patella was 

then reduced, and the leg flexed 5 times. After dislocation of the patella again, the 

integrity of the inserted implant was confirmed by means of visual inspection. 

3.3.3 Ex vivo analysis 

 

Figure 3.1 Ex vivo analysis 
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The animals were euthanized after 13 (n=18) or 26 weeks (n=18) with an intravenous 

overdose of pentobarbitone and evaluations performed as outlined in Fig. 3.1. The left 

stifle was opened and evaluated for adverse events. Defects were photographed and 

the percentage defect infill was calculated using a semi-automatic threshold-based 

approach using commercial software (ImageJ free software). The distal femur was 

removed and placed in 10% neutral buffered formalin. Forty-eight hours later specimens 

were further dissected in a standardized manner. The medial femoral condyle was 

removed at a level 10mm below the cartilage surface and trimmed to 20 x 20mm blocs 

with the cartilage defect central.   This bloc was then split in a sagittal plane to create 2 

equal sized blocs (10 x 20mm). The medial half of the 26-week group was used for micro-

CT scanning prior to the decalcification process. 

3.3.3.1 Histology and histomorphometry 

The samples were decalcified, embedded in paraffin and sectioned to 5 µm-thick slices. 

Sections were stained with hematoxylin and eosin, safranin O/fast green and toluidine 

blue stain and analysed with a bright-field light microscope. Per defect two sections 

through different microfracture holes were evaluated using a modified O’Driscoll 

histological scoring system as previously described46. Repair tissue had a higher cell 

density than intact cartilage and therefore alterations in cellularity were changed into 

hypercellularity instead of hypocellularity (normal cellularity, 3; slight hypercellularity, 

2; moderate hypercellularity, 1; severe hypercellularity, 0)106. Because tissue consisted 

largely of undifferentiated mesenchyme, the parameter ‘chondrocyte clustering’ within 

the graft was not included in the analysis. The maximum possible score (normal 

cartilage) was therefore 25. Due to the absence of newly formed tissue, scoring was not 

possible in the control groups. Qualitative analysis of the bone marrow and subchondral 

trabecular bone structure was performed using criteria described by Zanetti et al.294. 
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Bone marrow oedema was defined as presence of swollen fat cells surrounded by 

eosinophilic staining, marrow fibrosis as replacement of fat cells by fibrous tissue and 

marrow necrosis as formation of foam cells and presence of swollen fat cells with loss 

of nuclei. Trabecular bone structure was evaluated for pathology, consisting of necrosis 

(characterized as loss of nuclei), sclerosis and repeated remodelling (characterized by 

bone formation with reversal lines and bone resorption with increased osteoclastic 

activity).  

Histomorphometry was performed using Bioquant Osteo Histomorphometry software 

(Bioquant Osteo, Nashville, TN, USA). The region of interest was drawn manually and 

included the subarticular spongiosa immediately below the cartilage defects and 

measured 8mm x 8mm. Subchondral bone cysts were excluded. Parameters of interest 

were bone volume fraction (BV/TV, in percent), the bone surface: bone volume ratio as 

an index of structure complexity (BS/BV, in mm-1), trabecular thickness (Tb.Th, in mm) 

and trabecular separation (Tb.Sp, in mm) and were calculated automatically following 

semi-automatic selection of bone. 

3.3.3.2 Micro-CT 

The specimens of the 26-week groups were scanned in a micro-CT scanner (Skyscan 

1172, Skyscan, Kontich, Belgium).  As the changes of the subchondral bone at 13 weeks 

may still be at the fracture healing and modelling stage 32,47,219 and may not reflect to 

the final stage when the cartilage repair is completed, CT scanning was not performed 

at this time point. The micro-CT scanner was operated at a setting of 50 kV and 800 μA, 

with an isotropic voxel size of 20.7 μm. Images were reconstructed and analysed using 

the manufacturer's software NRecon and CTAnalyzer, respectively (SkyScan, Kontich, 

Belgium). If subchondral bone cysts were present, its borders were manually contoured, 

and the cyst volume calculated. For evaluation of trabecular bone microarchitecture 2 



 67 

Volumes of Interest (VOIs) were selected, based on a modified protocol described by 

Orth et al. 219 and were contoured manually. Standardized dimensions of 8 mm (sagittal 

plane) and 3.9 mm (frontal plane, 190 slices) were set for all VOIs. Total depth (apical-

basal orientation) of the VOI did not exceed 8 mm. ‘‘Subarticular spongiosa–defect’’ 

(SAS-defect) was located strictly basally to the cartilage defect within trabecular bone 

with exclusion of the subchondral bone plate. The ‘‘subarticular spongiosa-medial (SAS-

medial) was placed in an area distant from the defect, neighbouring and medial to the 

defect-VOI. Subchondral bone cysts were excluded for the analysis of microarchitecture 

parameters. Semi-automated segmentation within the VOI was done using a fixed lower 

threshold of 89 of the maximal gray value (0-255) to accurately segment bone 

mineralized tissue from bone marrow. The same parameters of interest as for 

histomorphometry (BV/TV, BS/BV, Tb.Th and Tb.Sp) were calculated. 

The frequency of subchondral bone pathology (cyst formation, erosion of the 

subchondral bone plate, intralesional osteophyte formation and upward migration of 

the subchondral bone plate) was evaluated.   

3.3.4 Statistical analysis 

Results are expressed as mean ± SD. The macroscopic tissue infill data was not normally 

distributed and therefore non-parametric analysis was performed (Kruskal Wallis test). The 

effect of treatment on O’Driscoll histology scores was evaluated using the non-parametric 

Mann-Whitney U test. Micro-CT data and histomorphometry data was normally distributed and 

independent sample t-test was performed. Correlations between macroscopic tissue infill, 

histological scores, micro-CT indices and cyst size were tested via Spearman's rank correlation 

coefficients (ρ).  Differences were considered significant at p ≤ 0.05. All calculations were 

performed with SPSS (Version 22.0, IBM Corp, Armonk, NY). 
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3.4 Results  

 

3.4.1 Surgeries 

All surgeries were performed without complications and only 1 collagen scaffold 

dislodged upon flexion of the limb intra-operatively. A new scaffold was subsequently 

implanted. All animals recovered well from surgery. Twenty-one sheep developed 

seromas of the surgical sites which resolved spontaneously within 2 weeks post-

operatively, except one which was drained via needle aspiration. One sheep developed 

a left hind limb lameness following surgery which improved within 2 weeks. 

3.4.2 Ex-vivo analysis 

3.4.2.1 Macroscopic evaluation 

No adverse reactions, or evidence of inflammation and arthritis were present within the 

stifle joints and the overlying soft tissues. The macroscopic infill of the cartilage defects 

was incomplete and characterized by marginal repair tissue from the perimeter of the 

lesion towards the centre for all groups and nodule-like repair tissue at the level of the 

microfacture holes in both treatment groups (Fig. 3.2). Repair tissue in the microfracture 

holes at 13 weeks rarely reached above the level of the subchondral bone. One defect 

in the AMIC group (26 weeks) contained minimal tissue infill and the subchondral bone 

was discoloured with a gelatinous appearance.  

At 13 weeks the average tissue infill in the AMIC group (36% ± 8) was not significantly 

different from the microfracture group (33% ± 5). Both treatment groups contained a 

significantly higher percentage infill compared to the control group (20.9%, p < 0.01). 

The amount of tissue infill in the control group increased to 33% ± 12 at 26 weeks. The 

percentage tissue infill in both treatment groups nearly doubled by 26 weeks, but no 

significant differences existed between AMIC (68% ± 7) and microfracture (63% ± 25) 
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groups. Differences between both treatment groups and the control group at 26 weeks 

were significant (p ≤ 0.02). 

 

Figure 3.2 Representative images of the macroscopic appearance of defects at 13 and 

26 weeks. AMIC, autologous matrix-induced chondrogenesis 

 

3.4.2.2 Microscopic evaluation 

3.4.2.2.1 O’Driscoll scoring 

The results of the O’Driscoll scoring are summarized in Table 3.1. The median total score 

for the AMIC and microfracture groups 13 weeks following surgery was 7.5 (range 3-10) 

and 6 (range 3-13), respectively and was not significantly different between groups 

(p=0.8). The median total score increased to 11 (range 6-16) and 12.5 (range 5-20) for 

AMIC and microfracture, respectively at 26 weeks. Differences between treatments 

were not significant (p=0.5), but the median total scores were significantly higher at 26 

weeks compared to 13 weeks (p=0.01).  Newly formed tissue at 13 weeks consisted 

predominantly of incompletely differentiated mesenchyme. At 26 weeks there was a 

slight improvement in the cell morphology. Differences between groups or time points 

were not significant. The integrity of the tissue at 13 weeks was poor, although improved 
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by 26 weeks. The thickness of the graft did not reach the level of the subchondral bone 

plate at 13 weeks, except for 1 sample, and rarely reached 50% of the normal cartilage 

thickness at 26 weeks. As the tissue at 13 weeks never reached the level of the 

subchondral bone plate, bonding with adjacent cartilage was non-existent. By 26 weeks 

bonding with adjacent cartilage occurred often at one end (Table 3.1). Most grafts were 

moderately hypercellular at 13 weeks, and remained so over time (Table 3.1). The 

subchondral bone health was poor in all, except for one specimen, at both time points 

due to cyst formation and fibrosis.  

The cartilage defect was overall characterized by a lack of sufficient infill and tissue 

formation at both time points. Tissue consisted predominantly of a mixture of 

vascularized dense fibrous tissue at 13 weeks and progressed to more fibrocartilaginous 

tissue at 26 weeks. There was no evidence of cartilage formation originating from the 

periphery of the defect. Representative images of the surface defect area of specimens 

treated with microfracture technique are shown in Fig. 3.3 and 3.4. 
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 13 weeks 26 weeks 

 AMIC Microfx AMIC Microfx 

Chondrocyte cell morphology (0-4) 2 (0-3) 2 (0-4) 2 (0-4) 3 (0-4) 

Matrix staining (0-3) 1 (1-1) 1 (0-2) 1 (1-2) 1 (1-2) 

Surface regularity (0-3) 2 (0-2) 0 (0-3) 2 (1-3) 2 (0-3) 

Structural integrity (0-2) 1 (0-2) 0 (0-2) 2 (0-2) 2 (0-2) 

Thickness (0-2) 0 (0-0) 0 (0-1) 0 (0-1) 0 (0-2) 

Bonding with adjacent cartilage (0-2) 0 (0-1) 0 (0-0) 1 (0-2) 1 (0-2) 

Normal cellularity (0-3) 1 (1-2) 1 (0-2) 1 (0-2) 1 (0-2) 

Free from degeneration in adjacent cartilage (0-3) 1 (1-1) 1 (1-2) 1.5 (1-2) 2 (1-2) 

Subchondral bone health (0-3) 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-2) 

Total score (maximum: 25) 7.5 (3-10) 6 (3-13) 11 (6-16) 12.5 (5-20) 

 

Table 3.1 Histological O’Driscoll Scores at 13 and 26 weeks, Median (range) 
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Figure 3.3 (Top: H&E stain, bottom: safranin O/fast green stain, scale bar = 2 mm) 

Representative image of cartilage defect area treated with AMIC at 13 weeks. Newly 

formed tissue within the microfracture holes (middle and right hole) reaches to the level 

of the tidemark and is interrupted. Tissue within the left hole reaches around 50% of the 

cartilage thickness and is not bonded with the surrounding cartilage. A thin layer of 

undifferentiated tissue (asterisk) connects the repair tissue of the left and middle 

fracture hole. There is no safranin O stain uptake in the newly formed tissue in the 3 

microfracture holes and reduced uptake in the surrounding cartilage. Inset 1: Repair 

tissue within the microfracture hole is characterized by a mixture of vascularized dense 

connective tissue. There is some bridging of repair tissue with the base of the 

surrounding cartilage, but no integration more superficially resulting in cleft formation 

(asterisk). Inset 2: Repair tissue within the microfracture hole is characterized by a 

mixture of vascularized dense connective tissue. There is no evidence of cartilage 

formation and the surface is interrupted. Inset 3: Repair tissue within the microfracture 

hole is characterized by a mixture of vascularized dense connective tissue. There is no 

evidence of cartilage formation and the surface is interrupted. Inset 4: Chondrocyte 

cluster formation and matrix flow are present at the periphery of the defect. A remnant 

of the collagen scaffold (arrow) is attached and integrated with the cartilage on the 

periphery of the defect. All insets: H&E stain, scale bar = 200 µm, AMIC, autologous 

matrix-induced chondrogenesis. 
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Figure 3.4 Representative image of cartilage defect area treated with microfracture at 

26 weeks (Top: H&E stain, bottom: safranin O/fast green stain, scale bar = 2 mm). Newly 

formed tissue remains depressed within the microfracture holes. There is more safranin 

O stain uptake within the repair tissue compared to tissue at 13 weeks, although 



 75 

differences in intensity and distribution exist within and between microfracture holes. 

The left microfracture hole is filled with glucosaminoglycan-rich cartilaginous tissue, 

although the tissue does not reach the level of the tidemark. The right hole contains a 

mixture of predominantly fibrous and some cartilaginous tissue. Inset 1 (Safranin o/Fast 

green stain): Repair tissue within the left microfracture hole consists of chondrocytes. 

Endochondral ossification is present in the deeper zone. Inset 2 (H&E stain): Repair 

tissue consists of predominantly fibrous tissue with debris on the surface. Inset 3 (H&E 

stain): Repair tissue consists of predominantly of fibrous tissue with some cartilaginous 

tissue in the deeper zone. A fragment of calcified cartilage is present within the debris 

on the surface. Inset 4 (H&E stain): At the periphery of the cartilage defect there is no 

sign of cartilage formation. Adhesion of the superficial cartilage layer to residual 

cartilage within the defect is present. All insets: scale bar = 200 µm. 

 

3.4.2.2.2 Qualitative histological and histopathological observations 

13 weeks 

Repair tissue within the microfracture holes were highly vascular (Fig. 3.5, inset 1) and 

haemorrhage was present in some samples. Reparative tissue was mainly localized in 

the trabecular area and rarely reached the level of the subchondral bone plate (Fig. 3.5). 

No signs of inflammations or reactive foreign body giant cell reactions due to the 

implantation of the collagen membrane were observed in the AMIC group. Mild bone 

marrow oedema was present in the majority of the microfracture treated specimens 

(Fig. 3.5, inset 2) and was seen in half of the control specimens. Bone marrow fibrosis 

was also frequently present in both treatment groups and varied from mild to extensive. 

Subchondral bone cyst formation was present in 3/6 AMIC and 2/6 microfracture 

specimens (total cyst prevalence following penetration the subchondral bone: 5/12, 

42%). Enlargement and progression of the microfracture hole deeper in the subchondral 

bone were noted in 2/6 AMIC and 2/6 microfracture specimens (Fig. 3.5). In these cases, 

the spaces were entirely filled with graft material with minimal endochondral 
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ossification present at the periphery (Fig. 3.5, inset 3). The majority of subchondral bone 

cysts was filled with highly vascular dense fibrous tissue with high numbers of 

osteoclasts and resorption lacunae at the cyst periphery (Fig. 3.5, inset 4). Trabecular 

changes consisted of mild sclerosis in the treatment groups, and there was minimal 

reversal line formation. 
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Figure 3.5 Histological observations of microfracture treated specimens at 13 weeks. 

Repair tissue does not reach the surface and consists of undifferentiated and fibrous 

tissue (H&E stain, scale bar = 3mm). Trabecular resorption is ongoing, leading to 
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enlargement and cyst formation of the cavity. Inset 1: Repair tissue consisting of 

hypervascular undifferentiated tissue. Inset 2:  Bone marrow oedema is present in the 

subchondral bone surrounding the enlarging microfracture defect. Inset 3: Minimal 

endochondral ossification is observed at the edges of the repair tissue in the 

subchondral area. Inset 4: High numbers of osteoclasts (arrows) and resorption lacunae 

are observed at the margins of the enlarging subchondral defect. All insets: H&E Stain; 

scale bar = 200 µm.  

26 weeks 

Repair tissue within the microfracture holes that did not communicate with subchondral 

bone cysts and protruded above the cement-line, more or less had a triangular shape 

with the base towards the articular surface and contained mainly fibrocartilage. 

Endochondral ossification was evident at the periphery of the bone defect. When there 

was communication between the microfracture holes and a subchondral bone cyst, 

tissue within was often depressed, did not protrude above the cement line and consisted 

often of undifferentiated mesenchyme towards the base and more fibrous tissue at the 

surface. The quantity and quality of the repair tissue over cysts appeared similar to the 

tissue at 13 weeks, although more endochondral ossification was evident at the 

periphery of the bone defect at 26 weeks (Fig. 3.6, inset 1) and repair tissue displayed 

less vasculature as compared to the 13 week samples.   

Subchondral bone cysts were present in 11/12 samples (92%, Fig. 3.6). The periphery of 

these subchondral bone cystic lesions often consisted of fibrous tissue (Fig. 3.6, inset 2; 

Fig. 3.6 inset 1), often more or less organized in bundles parallel to the surrounding 

trabeculae (Fig. 3.6, inset 2; Fig. 3.7 inset 1). High numbers of osteoclasts and resorption 

(Howship) lacunae were frequently present at the cyst periphery (Fig. 3.6, inset 2 and 3; 

Fig. 3.7, inset 2). Cystic lesions were often filled with fibrous tissue (Fig. 3.6, inset 4) and 

some contained necrotic bone fragments. Bone marrow oedema, necrosis and fibrosis 
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were present in all treatment groups and was moderate to extensive. Mild bone marrow 

oedema but no necrosis or fibrosis was present in control samples. Trabecular bone 

abnormalities were characterized by moderate to severe necrosis, sclerosis and repeat 

bone remodelling with frequent observation of reversal lines in all treatment samples 

(Fig. 3.7, inset 1).   Trabecular bone surrounding the cysts was thickened (Fig. 3.6 and 

3.7) and consisted of woven bone. Some trabecular sclerosis and bone remodelling were 

present in the control group. Osteoclastic activity was rarely observed in this group. 
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Figure 3.6 Histological observations of microfracture treated specimens at 26 weeks. 

Subchondral bone cyst communicating with the microfracture hole. Trabecular bone 

surrounding the cyst is sclerotic (H&E stain, scale bar = 3mm). Inset 1: Endochondral 

ossification is observed at the edges of the repair tissue in the subchondral area. Inset 

2: The periphery of the cysts consists of dense fibrous tissue and high numbers of 

osteoclasts (arrows) are observed. Inset 3: High numbers of osteoclasts (arrows) and 

resorption lacunae are observed at the margins of the subchondral bone cyst. Inset 4: 

Dense fibrous tissue within the bone cyst. All insets: H&E stain; scale bar = 200 µm.  
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Figure 3.7 Histological observations of microfracture treated specimens at 26 weeks. 

Subchondral bone cyst surrounded by sclerotic trabecular bone (H&E stain, scale bar = 

2mm). Inset 1: The cyst lining consists of dense fibrous tissue and high numbers of 

osteoclasts (arrows) are observed. Inset 2: Reversal lines within the trabecular bone 

indicating bone remodelling (arrows). All insets: H&E stain, scale bar = 200 µm. 

 

3.4.2.3 Histomorphometry 

Histomorphometry results for the subarticular spongiosa immediately below the defect 

for condyles treated with AMIC and microfracture alone were not significantly different 

from each other. Therefore, both groups were combined in order to evaluate the effect 

of the microfracture technique on the subarticular spongiosa microarchitecture.  

The histomorphometry results are summarized in Fig. 3.8.   

 

BV/TV  

The average BV/TV in the control groups at 13 and 26 weeks was similar (47% ± 7 and 

43% ± 11, respectively) (Fig. 3.8A). Microfracture technique increased the ratio at both 

time points, although this difference was only significant at 26 weeks (65% ± 8, p < 

0.001). The BV/TV in the microfracture-treated group was significantly higher at 26 

weeks compared to 13 weeks (p = 0.025) indicating that the subchondral bone 

architecture progressively became denser over time.      

 

BS/BV  

The BS/BV ratio was not significantly altered by application of microfracture technique 

as differences between both groups were not significantly different at both time points 

(Fig. 3.8B).  A significant decrease in the ratio and therefore in the complexity occurred 
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between 13 and 26 weeks in both groups. The average relative decrease was higher in 

the microfracture treated group (52%), compared to the control group (38%).  

 

Tb.Th and Tb.Sp  

The average trabecular thickness at 13 weeks for the microfracture treated group and 

the control group was 0.53 mm ± 0.24 and 0.57 mm ± 0.20 and the difference was not 

significant different. For both groups a significant increase was noted over time (1.0 mm 

± 0.22 and 0.90 mm ± 0.22) but there was no significant difference between 

microfracture treated group and the control at 26 weeks (Fig.3.8C). The average 

trabecular separation at both time points was significantly lower in the microfracture 

treated groups compared to the control groups. Interestingly, a significant increase in 

trabecular separation was seen in the control group between 13 and 26 weeks (Fig. 

3.8D).  The BV/TV in the control group remained relatively constant over time indicating 

that no net bone formation or resorption occurred over time. As biomechanical forces 

within the epiphysis are not or minimally altered by creation of a cartilage defect 

without destroying the subchondral bone plate, trabecular thickening may be 

compensated by increased trabecular separation.  

In microfracture treated animals, an increase in relative bone volume was due to 

trabecular thickening associated with a decrease in trabecular separation, likely induced 

by altered biomechanical forces due to cyst formation and exacerbated over time. 
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Figure 3.8 Histomorphometry. (A) Bone volume fraction (BV/TV), (B) bone surface-to-

bone volume ration (BS/BV), (C) trabecular thickness (Tb.Th), and (D) trabecular 

separation (Tb.Sp) at 13 and 26 weeks. Significant differences and respective P values 

are indicated. μfx, microfracture; AMIC, autologous matrix-induced chondrogenesis.  

 

3.4.2.4 Micro-CT 

Representative 2D and 3D images of AMIC, microfracture and control samples are 

illustrated in Fig. 3.9. Similar to histomorphometry, micro-CT indices for the subarticular 

spongiosa immediately below the defect (SAS-defect) for condyles treated with AMIC 

and microfracture alone were not significantly different from each other and both 
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groups were combined in order to evaluate the effect of the microfracture technique on 

the subarticular spongiosa microarchitecture.  

The results for the bone morphometric parameters are summarized in Fig. 3.10. 

 

BV/TV  

The mean bone volume fraction of the subarticular spongiosa in the control group was 

55% ± 9 (Fig. 3.10A). Microfracture technique significantly increased the bone volume 

fraction to 71% ± 10 (p = 0.007). The increase in bone volume fraction extended to a 

similar extent into the subarticular spongiosa distant the defect in the microfracture 

treated defects and there were no significant differences between SAS-defect and SAS-

medial values for each group.   

 

BS/BV  

The BS/BV ratio in the control group was 7.4 mm-1 ± 1.2 immediately below and 7.6 

mm-1 ± 1.1 distant to the cartilage defect (Fig. 3.10B). Microfracture treatment 

decreased the ratio within the spongiosa below the defect (6.2 mm-1 ± 1.8), although 

this decrease was not significant.  A significant decrease in the ratio was seen in the 

spongiosa distant to the cartilage defect (4.6 mm-1 ± 1.5, p < 0.001). Similar to the 

BV/TV, the changes BS/TV ratio extended beyond the area below the defect, with no 

significant differences between SAS-defect and SAS-medial.  

 

Tb.Th and Tb.Sp  

The trabecular thickness within the subarticular spongiosa was 0.42 mm ± 0.05 below 

and 0.40 mm ± 0.04 distant to the defect. Microfracture technique increased the 

trabecular thickness significantly below (0.53 mm ± 0.11, p = 0.031) and distant to the 
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defect (0.66 mm ± 0.19, p = 0.04) (Fig. 3.10C).  Conversely, application of microfracture 

technique resulted in a significant decrease in trabecular separation below and distant 

to the defect (Fig. 3.10D). Changes extended to a similar extent beyond the volume 

below the defect. 

 

Figure 3.9 Representative micro-CT slices of the different groups at 26 weeks. The upper 

row represents 2D slices and the lower row represents 3D reconstructions of the 

subchondral bone structure. There is subchondral bone cyst formation and extensive 

trabecular thickening around the cyst in AMIC and microfracture groups compared to 

the control cartilage defects. AMIC, autologous matrix-induced chondrogenesis; 

microfx, microfracture. 
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Figure 3.10 Micro-computed tomography. (A) Bone volume fraction (BV/TV), (B) bone 

surface-to-bone volume ration (BS/BV), (C) trabecular thickness (Tb.Th), and (D) 

trabecular separation (Tb.Sp) of the subarticular spongiosa below the cartilage defect 

and medial to the defect at 13 and 26 weeks. Significant differences and respective P 

values are indicated. μfx, microfracture; AMIC, autologous matrix-induced 

chondrogenesis. 

The results of the micro-CT analysis were largely in agreement with the findings of the 

histomorphometry and we can thus conclude that microfracture alters the subarticular 

spongiosa structure. Alterations were characterized by a significant increase in bone 

volume fraction and trabecular thickness, and a significant decrease in trabecular 

separation leading to an overall less complex bone structure, mainly in the spongiosa 
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distant to the cartilage defect. All changes in trabecular bone architecture extended 

beyond the volume below the affected cartilage surface. 

Subchondral bone pathology was present in 100% of sheep receiving microfracture 

technique 26 weeks following surgery. Eleven out of 12 samples (92%) treated with 

microfracture technique and none in the control group developed subchondral cystic 

lesions. The one sheep that did not develop a cyst developed upward migration of the 

subchondral bone plate in the defect and belonged to the microfracture group. The 

average cyst volume at 26 weeks was 119 mm3 (range 14 – 237 mm3) and there was no 

significant difference between AMIC and microfracture. Erosion of the subchondral 

bone plate was present in 6/12 defects (50%) treated with microfracture technique (5 

AMIC and 1 microfracture). Intralesional osteophyte formation was observed in 2 sheep 

treated with AMIC and 1 control sheep (3/18 sheep, 17%) and upward migration of the 

subchondral bone was observed in 1 sheep treated with microfracture and 1 control 

sheep (2/18 sheep, 11%). There was no correlation between the cyst size, macroscopic 

defect infill, histological O’Driscoll scores and micro-CT indices. The lack of correlations 

does not further elucidate the effect of the observed subchondral bone changes on the 

cartilage repair tissue. However, the microscopic observation of similar quantity 

(depressed within microfracture hole) and quality of repair tissue at 13 weeks and 26 

weeks when the hole communicated with a subchondral bone cyst supports arrested 

development of the repair tissue as a consequence of cyst formation and expansion. 

 

3.5 Discussion 

The results of this preclinical study show that AMIC and microfracture technique 

facilitate repair of a surgically created articular cartilage defect more effectively than no 

treatment, but induced severe pathology of the subchondral bone. Although 
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microfracture resulted in better infill compared to no treatment, defect infill remained 

minimal and repair tissue was of poor quality 95,132. 

While AMIC and microfracture repair the articular cartilage defects by encouraging the 

ingrowth the cartilaginous tissue matrix via endochondral ossification, they also can 

damage subchondral bone structures by inducing the formation of bone cysts and other 

subchondral bone pathology. By means of histomorphometry and micro-CT assessment 

we showed that subchondral bone cysts were communicating with the surgically created 

microfracture holes.  Histopathologic characterization of bone cysts showed typical 

features of inflammatory and mechanically - associated changes including osteoclastic 

bone resorption, dense fibrous tissue infill of cysts and fractures through the 

subchondral bone plate. The associated subchondral bone pathology included an 

increase in the percentage bone volume, trabecular thickening and decreased 

complexity of the trabecular pattern that extended beyond the region below the 

cartilage defect and subchondral bone cyst formation.  

There are a number of other studies using a similar medial femoral condyle model in 

sheep but most of their focus is the repair of articular cartilage. For example, Dorotka et 

al. evaluated the addition of a tri-layered type I, II and III collagen scaffold to micro-

fractured cartilage defects and also concluded that this technique did not enhance the 

repair at 4 and 12 months 70. Breinan et al. created cartilage lesions in the trochlear 

grooves of dogs and found an increased defect infill in AMIC using a type-II collagen 

matrix compared to microfracture alone after 15 weeks. Tissue was predominantly 

fibrocartilaginous with less than 2% hyaline cartilage and the authors concluded that 

AMIC may be beneficial for treatment of cartilage defects 32. We also found 

predominantly fibrocartilaginous tissue in this sheep model if healing was not 

compromised by cyst formation. Tissue connecting with subchondral bone cysts 
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consisted mainly of undifferentiated mesenchyme and was often depressed within the 

microfracture hole. This indicates that cyst development compromises or at least delays 

cartilage repair. 

Orth et al. 219 used a similar micro-CT approach to evaluate the effect of subchondral 

drilling on subchondral bone microarchitecture in the medial femoral condyles of sheep 

and showed, similar to our study, significant alterations in bone morphometric 

parameters were present at the 6 month time point. However, alterations in 

morphometric parameters induced by microfracture technique were in the opposite 

direction, where Orth et al. reported a decrease in BV/TV and Tb.Th and an increase in 

BS/BV, Tb.Sp and concluded that microfracture technique only weakens the entire 

microarchitecture of subchondral bone 219. Marchand et al., however, also observed 

thicker trabeculae in a rabbit model when more residual drill holes were present 188. 

Trabecular thickening possibly occurs as compensation for the failure to repair the drill 

holes 188. Microarchitectural alterations in subchondral bone comparable to the present 

study have been reported in osteoarthritic femoral heads of people in areas with full-

thickness cartilage loss 6 and therefore we interpreted our findings as a degenerative 

change in the subchondral spongiosa rather than weakening of the microarchitecture. 

Conversely, Patel et al. 222 observed a decrease in BV/TV and Tb.Th and an increase in 

Tb.Sp in advanced osteoarthritis in human knees compared to normal knees and stated 

that it is possible that differences in studies of osteoarthritic trabecular bone may be 

due to the severity of arthrosis. The defects in our study were larger (50 mm2) compared 

to the defects in the study by Orth et al. (32 mm2) 219 and instead of microdrilling we 

used a surgical awl for penetration of the subchondral bone plate. These differences 

could account for some variability in results.  
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Microfracture and AMIC technique in the present study induced a high prevalence of 

subchondral bone cyst formation (92%). In a similar preclinical model Orth et al. 219 

observed bone cyst formation 6 months following subchondral drilling in 63% of the 

specimens and Hoemann et al. observed bone cyst formation 6 months after 

microfracture technique in 74% of the specimens 132.  Frisbie et al. 95 reported 

subchondral bone cysts in 38% of horses treated with microfracture 12 months post-

operatively and elevation of the subchondral bone into the defect if the calcified 

cartilage layer was removed before microfracturing. Another study did not report cyst 

formation, but other subchondral bone pathology consisting of subchondral bone 

damage at 4 months and elevation of the subchondral bone into the defect in all 

specimens at 12 months in sheep  70. Taken together, it is clear that microfracture and 

AMIC technique can induce subchondral bone pathology. The mechanism of 

development of bone cysts following microfracture and AMIC technique is unclear but 

might be due to a combination of increased synovial fluid pressure and cytokine-induced 

osteoclast-mediated bone resorption. Landells 172 hypothesized that subchondral bone 

cysts arose from intrusion of synovial fluid into the bone at the joint surface by 

demonstrating communication between subchondral bone cysts and the articular 

surface via fissures or fractured trabeculae in osteoarthritic hip joints. This is then 

followed by a rim of sclerotic tissue due to displacement of trabeculae and new bone 

formation in response to strain 172. Recently, Cox et al. 56, demonstrated via a 

computational model that fluid pressure resulted in an irregularly shaped cavity which 

became rounded and obtained a sclerotic bone rim after removal of the pressurized 

fluid. Li et al. 179 also reported more sclerosis of the trabecular bone surrounding bone 

cysts in osteoarthritic hip specimens compared to the subchondral bone distant to cysts. 

Although not evaluated objectively, the morphology of the cysts in the present study 
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was irregular, supporting the role of pressured fluid in the development of these cysts. 

We observed abnormal higher numbers of osteoclasts and Howship’s lacunae at the 

periphery of the cystic lesions in our study. This osteoclastic bone resorption is 

suspected to be activated via the migration of cytokines including IL-1, IL-6, TNF-alfa and 

RANKL from the synovial fluid into the subchondral bone 19,119,266,280.  

Surgical approach via an arthrotomy, as well as the creation of an osteochondral defect 

and trauma to the subchondral bone could result in inflammation with upregulation of 

pro-inflammatory cytokines. Cytokines in the joint fluid or within the cystic lesions were 

not measured in our study, but would have been useful to further support this theory.  

Despite the striking similarities between bone cyst formation seen in advanced 

osteoarthritis and those seen following microfracture technique in preclinical models, 

the clinical significance of their presence in these animal models has been questioned 

95,132. Their presence is often considered to be secondary to the immediate weight-

bearing of the animal following surgery. Studies that consider them ‘incidental’ typically 

evaluate the quality and composition of the newly formed cartilage and find significant 

improvement with the ‘new’ treatment. It is therefore plausible that these studies 

underestimate the influence of the subchondral bone alterations. Both translational 

data and clinical evidence support the importance of the subchondral bone in 

osteochondral healing 218 and we believe that future studies should include evaluation 

of repair of the entire osteochondral unit, not merely the articular cartilage. Similarly, 

Outerbridge classification on evaluation of articular cartilage damage via arthroscopy is 

not sufficient to grade the extent of osteochondral pathology 36. 

There were a number of other limitations in this study. We opted to use skeletally 

mature sheep because we believed that they would be more representative of the 

patient population in need of treatment. However, mature age has been associated with 
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a reduced osteogenic potential of stem cells 59,187, which could have contributed to the 

observed bone pathology/bone cyst formation.  

We opted to debride the cartilage defects extending into the calcified layer as this could 

be achieved most consistently and without inadvertently abrading the subchondral 

bone plate. Removing the calcified cartilage layer would expose blood vessels at the 

cement line 33 which could influence the healing within the defect.  The contribution 

and role of the calcified layer in cartilage healing and articular cartilage repair techniques 

is unclear and It remains debatable whether this layer should be removed or not. 

Breinan et al. reported more reparative tissue with exposure of the subchondral bone, 

although of inferior quality compared to the more hyaline tissue formed over an intact 

calcified layer and stated that an intact calcified layer is likely a critical factor 32. Similarly, 

in a horse model, Frisbie et al. showed that removal of this layer increased the overall 

repair tissue, however this did not result in improved histologic character, matrix 

proteins or mRNA expression 95. Additionally, removal of this layer resulted in an 

increase in the level of the subchondral bone into the defect space, an observation 

recognized in early osteoarthritis 185. Despite evidence of this degenerative change, the 

authors recommended removal of the calcified cartilage layer for debridement of clinical 

lesions 95. More recently, Hoemann et al. reported that complete removal of the 

calcified layer in a rabbit trochlear model resulted in severe subchondral bone 

resorption and fibrous repair, whereas debridement into the calcified layer allowed for 

hyaline repair tissue formation 133. Similar to our study newly formed tissue did not 

integrate well with the defect base when calcified cartilage was present 133.  

Animals were allowed immediately post-operative weight-bearing, but exercise was 

restricted by individual housing for 2 weeks. Although implant integrity was confirmed 

intra-operatively, retention in the post-operative period could not be confirmed. It is 
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widely accepted that mechanical stimulation is necessary for cartilage repair. Rodrigo et 

al. advocated continuous passive motion following microfracture technique 237. 

Palmoski et al. 221, however, showed that not motion, but joint loading was important 

to the biological and functional properties of normal articular cartilage. Recently, it has 

been recognized that dynamic compression and shear are necessary to induce 

chondrogenesis of mesenchymal stem cells 215. It is clear that some loading is required 

post operatively, and it seems intuitive that excessive loading would be detrimental, but 

it remains unclear what loading is considered ‘excessive’. It is possible that the inability 

to fully control post-operative loading and locomotion affected the severity of 

subchondral bone changes, and thus that a more controlled environment may have 

reduced this severity. Interestingly, immobilization of the operated hind limb for 5 days 

in a sheep model did not prevent subchondral bone pathology 70. 

Our study design did not allow further investigation of the pathogenesis of subchondral 

bone cyst formation and the negative impact of subchondral bone changes on the 

efficacy of cartilage repair.  

   

Clinical relevance 

Bone cyst formation has been reported in up to 33% of patients and subchondral bony 

overgrowth in up to 49% of patients treated with microfracture 203. These observations 

following marrow-stimulating techniques lead us to question the usefulness of 

microfracture 24. This study in a preclinical model further confirmed that microfracture 

and AMIC cause subchondral bone pathology and degenerative changes.  The 

subchondral bone cyst formation may be caused by a combination of increased synovial 

fluid pressure and cytokine-induced osteoclast-mediated bone resorption. Because our 

study showed subchondral bone alterations that were markedly similar to subchondral 
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bone changes seen in advanced osteoarthritic joints 29, 30, we speculate that 

microfracture technique may induce degenerative changes and contribute to the 

progression of osteoarthritis.  

 

Conclusion 

The results of this study showed that cartilage healing was significantly better for the 

AMIC and microfracture treated cartilage defects compared to no treatment but failed 

to show an advantage of AMIC over the microfracture technique alone. Defect infill was 

minimal and newly formed tissue was of poor quality and quantity. While no 

inflammatory reaction caused by the collagen scaffold in the AMIC group was observed, 

microfracture with and without collagen scaffold led to the high occurrence of bone cyst 

formation in this sheep model. The formation of bone cysts may be caused by synovial 

fluid pressure and cytokine-associated osteoclast activation. Given the pathology of 

bone cysts is very similar to pathology seen in late stage osteoarthritis, further 

investigation is required to confirm that microfracture technique is associated with the 

progression of osteoarthritis. 
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Chapter 4 Preservation of the subchondral bone 

integrity and implantation of bone marrow aspirate from 

the intercondylar notch in full-thickness cartilage defects 

fail to heal cartilage defects in a sheep model. 

 

4.1 Abstract 

Background: Microfracture technique breaches the subchondral bone plate, and could 

have deleterious effects to articular cartilage healing. However, bone marrow below the 

microfractured area contains cells with trilineage potential that can contribute to 

articular cartilage repair. 

Hypothesis: We hypothesized that cells with the same origin as microfracture technique 

are able to repair cartilage, while preserving the subchondral bone plate within the 

cartilage defect. 

Study Design: Controlled laboratory study. 

Methods: 24 sheep received an 8 mm diameter cartilage defect in the left medial 

femoral condyle. Bone marrow aspirate animals (n=13, BMA) underwent bone marrow 

aspiration from the intercondylar notch, seeded on a type I/III collagen scaffold and 

implanted in the cartilage defect. Autologous Matrix Induced Chondogenesis animals 

(n=6, AMIC) received five microfracture holes covered with a type I/III collagen scaffold 

and control animals (n=5, control) received bone marrow aspiration and no further 

treatment. Macroscopic infill of defects, histology and micro-CT of the subchondral bone 

were performed at 13 (n=6, BMA)  and 26 weeks (n=7, BMA; n=6, AMIC; n=5, control) 

post-operatively.  
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Results: implantation of bone marrow aspirate, combined with a type I/III collagen 

scaffold did not improve articular cartilage repair. Subchondral bone cystic lesions were 

observed in 0/6 specimens treated with BMA at 13 weeks, 3/7 (43%) specimens treated 

with BMA at 26 weeks and 5/6 (83%) specimens treated with AMIC. Subchondral bone 

cysts communicated with the microfracture holes (AMIC specimens) or through 

subchondral bone plate resorption (BMA specimens).  

Conclusion: Implantation of BMA into full-thickness cartilage defects did not result in 

significant cartilage repair. Subchondral bone pathology consisting of bone cyst 

formation was not prevented by this technique and occurred through progressive 

subchondral bone plate erosion. 

Key Terms: Microfracture, BMA, AMIC, subchondral bone pathology, subchondral bone 

cyst 
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4.2 Introduction  

 Symptomatic articular cartilage defects are common 8,58,131,288 and warrant treatment 

as they cause morbidity comparable with advanced osteoarthritis 129. Besides inducing 

pain, they can also initiate secondary osteoarthritic changes 175,246. Treatment  remains 

challenging due to the lack of effective repair and poor intrinsic healing of cartilage 211.  

Autologous Chondrocyte Implantation (ACI) is considered an effective procedure, 

supported excellent clinical results, producing functionally stable hyaline-like cartilage, 

sustained for up to 12 years 13,35,76,82,242,277. However, this technique is limited by the 

need for 2 surgical procedures to harvest and transplant expanded chondrocytes, the 

limited quantity of cartilage that can be harvested, donor-site morbidity, the slow rate 

of chondrocyte proliferation, and significant cost associated with procedures as well as 

maintenance of a GLP laboratory.  

Microfracture technique remains popular as a cost-effective one-step procedure 107 

thereby avoiding some of the limitations of ACI procedures. However, a systematic 

review of this procedure in 3122 patients showed only effective short-term functional 

improvement (up to 24 months) with variable results thereafter 203. Evidence in 

preclinical 15,132,219 and clinical 125,159,244 studies has emerged that this technique might 

be harmful and detrimental to cartilage healing as a consequence of inducing 

subchondral bone pathology. The lack of clinical evidence and the observation of 

pathology led to a recent publication questioning whether this technique should still be 

used 24.   

Microfracture technique aims at recruiting mesenchymal stem cells and growth factors 

from the subchondral bone marrow, by penetrating the subchondral bone plate below 

a cartilage defect with a sharp object 261. Indeed, cells obtained from microfracture holes 

contain cells with stem cell character 61,236 and thus this bone marrow adjacent to a 
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cartilage defect can be considered a useful source for recruitment of cartilage progenitor 

cells.  

Bone marrow aspirated from the intercondylar notch in knee joints contains progenitor 

cells 17,18.  

Containing the same functional fraction as microfracture technique, but sparing the 

subchondral bone plate, accessible via arthroscopy during the same procedure thereby 

avoiding an extra surgery and its morbidity associated with bone marrow aspiration 

from other locations, this fraction should be investigated for surgical treatment of 

articular cartilage defects.  

The aim of this study was to evaluate whether cells with the same origin as microfracture 

technique are able to repair cartilage, while preserving the subchondral bone plate 

within the cartilage defect.  

To this extent, we investigated bone marrow aspirated from the intercondylar notch 

seeded onto a collagen scaffold for treatment of surgically created full-thickness 

articular cartilage defects in the medial femoral condyle in a sheep model and compared 

this technique to microfracture technique augmented with the same collagen scaffold 

(Autologous Matrix-Induced Chondrogenesis or AMIC).   

 

 

4.3 Methods 

4.3.1 Animals 

A total of 24 mature female sheep (Merino/Border Leicester), 3 to 4 years of age with a 

mean body weight (±SD) of 65.9 ± 7.0 kg, were included. The study was approved by the 

institutional ethical committee. The sheep were assessed to be healthy based on clinical 

examination, and all were free of lameness. 
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Surgical procedure, anaesthesia, analgesia and antimicrobial therapy are described in 

chapter 2. 

 

4.3.2 Bone marrow aspiration 

All animals in the BMA group and the negative control group underwent a bone marrow 

aspiration procedure as follows. 

A 14-gauge, 3cm long intra-osseus infusion needle (Cook Medical Incorporation, 

Bloomington, IN, USA) flushed with sodium heparin and attached to a 5ml syringe was 

introduced into the centre of the intercondylar notch with the stifle in complete flexion 

and lateral to the lateral-most edge of the femoral insertion of the posterior cruciate 

ligament. The needle and syringe were advanced using firm pressure and twisting 

motion in a direction parallel to the distal femur to a depth of 1.5 cm. A total volume of 

1ml of bone marrow was aspirated for application (BMA group) and analysis (BMA and 

negative control group). 

The mononuclear cell fraction within the bone marrow aspirate was counted manually 

and independently by 2 observers using a hemocytometer after lysis of the red blood 

cells in a RBC lysis buffer (1:5 dilution).  

4.3.3 Treatment Groups 

We evaluated 24 defects in 24 sheep at endpoints of 13 and 26 weeks. The animals were 

divided into 3 treatment groups as follows: 

BMA group (n=13): A collagen scaffold (Celgrow type I/III porcine collagen membrane; 

Orthocell), trimmed to size was placed in a sterile cup with the porous layer facing up 

and 0.5 ml of bone marrow aspirate was applied onto the collagen scaffold for 5 minutes 
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to allow cell adhesion. The cell-scaffold construct was implanted with the porous layer 

facing the bone surface following application of a drop of commercial fibrin glue (Tisseel; 

Baxter Healthcare Pty Ltd) onto the base of the cartilage defect. Gentle manual pressure 

was applied for 2 minutes after which the patella was reduced, and the leg flexed 5 

times. After dislocation of the patella again, the integrity of the inserted implant was 

confirmed by means of visual inspection. 

AMIC group (n = 6): Defects first received 5 microfracture perforations, introduced using 

a chondro-pick until subchondral bleeding was observed. A collagen scaffold trimmed to 

size, was implanted and the integrity verified as described for the BMA group.  

Control group (n = 5): Defects in the control group received no further treatment of the 

cartilage defect. 

 

4.3.4 Ex Vivo Analysis 

The animals were euthanized after 13 (n = 6, BMA treatment) or 26 weeks (n = 18) with 

an intravenous overdose of pentobarbitone and evaluations performed. The left stifle 

was opened and evaluated for adverse events. Defects were photographed, and the 

percentage defect infill was calculated using a semi-automatic threshold-based 

approach using commercial software (ImageJ). The distal femur was removed and 

placed in 10% neutral buffered formalin. Forty-eight hours later, the entire distal femur 

underwent CT-scanning followed by removal of the medial femoral condyle at a level of 

at least 15 mm below the cartilage surface prior to further processing in a standardized 

manner.   
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4.3.4.1 Histology 

The samples were decalcified, embedded in paraffin, and sectioned to 4 mm thick slices. 

Sections were stained with hematoxylin and eosin, safranin O/fast green, and toluidine 

blue stain and analysed with a bright-field light microscope. Per defect, 3 sections were 

evaluated using a modified O’Driscoll histological scoring system as previously described 

46. Repair tissue had a higher cell density than intact cartilage; therefore, alterations in 

cellularity were changed into hypercellularity instead of hypocellularity (normal 

cellularity, 3; slight hypercellularity, 2; moderate hypercellularity, 1; severe 

hypercellularity, 0) 106. Because tissue consisted largely of undifferentiated 

mesenchyme, the parameter ‘‘chondrocyte clustering’’ within the graft was not included 

in the analysis. The maximum possible score (normal cartilage) was therefore 25. 

Qualitative analysis of the bone marrow and subchondral trabecular bone structure was 

performed using criteria described by Zanetti et al. 294. Bone marrow oedema was 

defined as presence of swollen fat cells surrounded by eosinophilic staining, marrow 

fibrosis as replacement of fat cells by fibrous tissue, and marrow necrosis as formation 

of foam cells and presence of swollen fat cells with loss of nuclei. Trabecular bone 

structure was evaluated for pathology, consisting of necrosis (characterized as loss of 

nuclei), sclerosis, and repeated remodelling (characterized by bone formation with 

reversal lines and bone resorption with increased osteoclastic activity).  

4.3.4.2 Micro-CT 

The left and right distal femur of all sheep were scanned were scanned in a micro-CT 

scanner (SkyScan 1176; Bruker-microCT, Kontich, Belgium) at 90 kV, 278 μA 300 ms 

exposure time, rotation step of 0.4, 360 degree of rotation, and an isotropic resolution 

of 17.78 μm, using a 0.1 mm-thick Cu filter.  
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Images of each specimen were reconstructed using the manufacturer’s software 

(NRecon v 1.7.1.0; Bruker-microCT) providing cross-sections of the inner structure of the 

samples. Following reconstruction the stack of images were converted in Dataviewer (v 

1.5.4; Bruker-microCT) and the specimen rotated such that the base of the cartilage 

defect site for the left femurs was oriented parallel to the transverse plane to facilitate 

consistent and identical volume of interest (VOI) selection of the bone immediately 

below the circular cartilage defect. For each animal, the right femur was visualised 

simultaneously on a different screen and the specimen rotated to mirror the 

corresponding left femur by direct visual comparison. Image stacks for both sides were 

saved in a transverse plane and analysed using CTAnalyzer software (v 1.9.1; Bruker-

microCT). 

For evaluation of the trabecular bone microarchitecture immediately below the 

cartilage defect, 3 cylinder-shaped Volumes of Interest (VOI) were selected 0 – 3mm (= 

VOI 1), 3 – 6mm (=VOI 2) and 6 – 9mm (= VOI 3) below the defect and with a diameter 

of 8mm using automatic contouring.  Subchondral bone cysts were excluded by means 

of manual contouring.   

Semiautomated segmentation within the VOIs was done using a fixed lower threshold 

of 96 of the maximal gray value (0-255) to accurately segment bone mineralized tissue 

from bone marrow. Bone morphometric parameters (BV/TV, BS/BV, Tb.Th, and Tb.Sp) 

were calculated for each VOI. 

The occurrence and frequency of subchondral bone pathology (cyst formation, erosion 

of the subchondral bone plate, intralesional osteophyte formation, and upward 

migration of the subchondral bone plate) was evaluated on sagittal images on the 

Dataviewer software. 
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4.3.5 Statistical analysis 

Results are expressed as mean ± SD. The macroscopic tissue infill data were not normally 

distributed (Shapiro-Wilk test), and therefore nonparametric analysis was performed 

(Kruskal Wallis test). The effect of treatment on O’Driscoll histology scores was 

evaluated using the Mann-Whitney U nonparametric test. Micro-CT data and 

histomorphometry data were normally distributed, and an independent-samples t test 

was performed. Correlations between macroscopic tissue infill, histological scores, 

micro-CT indices, and cyst size were tested via Spearman rank correlation coefficients 

(ρ). Differences were considered significant at p ≤ .05. All calculations were performed 

with SPSS (version 22.0; IBM Corp). 

 

 

4.4 Results  

4.4.1 Ex Vivo Analysis 

4.4.1.1 Bone marrow cell count 

Bone marrow aspiration from the intercondylar notch yielded an average nuclear cell 

count of 3.9 x 106 cells/ml (± 1.9 x 106) such that an estimated average of 1.9 x 106 

nuclear cells (± 0.9 x 106) were added to the collagen scaffold and implanted into the 

cartilage defects.  

4.4.1.2 Macroscopic evaluation 

No adverse reactions or evidence of inflammation and macroscopic arthritis was present 

within the stifle joints and the overlying soft tissues. The macroscopic infill of the 

cartilage defects was incomplete and characterized by marginal repair tissue from the 

perimeter of the lesion toward the centre for all groups and nodule-like repair tissue at 

the level of the microfracture holes in the AMIC group (Fig. 4.1). The central 
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microfracture hole always contained repair tissue. Three AMIC treated defects had 

minimal repair tissue in the peripheral microfracture holes. When AMIC repair tissue 

was present it was located most commonly medially.  

At 13 weeks, the average tissue infill in the BMA group was 27.0% ± 9.5% and decreased 

to 22.4% ± 5.4% by 26 weeks, but this difference was not significant (p = 0.24).  

The tissue infill for BMA treated animals and the negative control group at 26 weeks 

were similar, 22.4% ± 5.4% and 22.4% ± 11.6%, respectively. AMIC treated animals 

contained almost twice as much tissue (40.2% ± 12.0%) compared to both other groups 

but the difference was only significantly higher compared to the BMA group (p = .03).  

 

 

Figure 4.1 Representative images of the macroscopic appearance of defects at 26 weeks. 

BMA, bone marrow aspirate; AMIC, autologous matrix-induced chondrogenesis. 

4.4.1.3 Microscopic evaluation 

4.4.1.3.1 O’Driscoll scoring 

The results of the O’Driscoll scoring are summarized in Table 4.1.  

The median total score for BMA-treated defects at 13 weeks was 7 (range, 3-11). This 

score more than halved to a median of 3 (range, 1-8) by 26 weeks, although this 

difference was not significant (p = 1.0). AMIC-treated defects had the highest median 

total score (13, range 10-16), which was significantly higher than BMA-treated defects 

at 26 weeks (p = .002).   



 106 

AMIC-treated defects scored significantly higher for chondrocyte cell morphology and 

matrix staining in comparison to all other defect groups (p ≤ .031) and significantly better 

for structural integrity, thickness and total score compared to BMA-treated defects at 

26 weeks (p ≤ .049). AMIC-treated defects also scored significantly better for surface 

regularity compared to BMA treated defects at 13 weeks (p = .006). 

BMA-treated defects at 13 weeks scored significantly higher on cellularity compared to 

BMA-treated defects at 26 weeks.  

There was no significant difference between any of the groups for bonding with adjacent 

cartilage, degeneration in adjacent cartilage and subchondral bone health.  

When repair tissue was present, BMA-treated defects (at 13 and 26 weeks) contained a 

thin layer of primarily elongated spindle-shaped cells, consistent with predominantly 

fibrous tissue (Fig. 4.2 and 4.3). Safranin O matrix staining was negative in all samples. 

The surface was generally regular and graft tissue was minimally disrupted. Graft 

thickness never reached 50% of the normal cartilage thickness and bonding of one end 

of the graft with the adjacent cartilage was often present. At 13 weeks grafts were 

generally slightly hypercellular compared to adjacent cartilage, and hypercellularity 

increased by 26 weeks. The degree of degeneration in the adjacent cartilage was similar 

in all groups and was characterized by cluster formation and reduced staining.  

Repair tissue in AMIC-treated defects consisted primarily of undifferentiated 

mesenchyme with some safranin O matrix staining. The graft surface was generally 

regular, but never reached 50% of the adjacent cartilage thickness. Bonding of graft 

tissue with the adjacent tissue occurred in some of the grafts. 
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  13 weeks   26 weeks 

O'Driscoll Score BMA   BMA AMIC 

Negative 

control 

Chondrocyte cell morphology (0-4) 0 (0-2) 
 

0 (0-0) 2 (2-4) 0 (0-2) 

Matrix staining (0-3) 0 (0-0) 
 

0 (0-0) 1 (1-2) 0 (0-1) 

Surface regularity (0-3) 0 (0-0) 
 

0 (0-3) 3 (2-3) 0 (0-3) 

Structural integrity (0-2) 2 (0-2) 
 

0 (0-2) 2 (1-2) 0 (0-2) 

Thickness (0-2) 0 (0-0) 
 

0 (0-0) 0.5 (0-1) 0 (0-0) 

Bonding with adjacent cartilage (0-2) 0.5 (0-1) 
 

0 (0-1) 1 (0-1) 1 (0-2) 

Normal cellularity (0-3) 1.5 (0-2) 
 

0 (0-1) 1 (1-2) 1 (0-2) 

Free from degeneration in adjacent cartilage (0-3) 1 (1-2) 
 

1 (0-2) 1 (1-2) 1 (1-1) 

Subchondral bone health (0-3) 2 (2-3) 
 

2 (0-3) 1 (0-2) 2 (1-2) 

Total score (maximum 25 points) 7 (3-11)   3 (1-8) 13 (10-16) 5 (3-12) 

 

Table 4.1 Histological O’Driscoll Scores at 13 and 26 weeks. Data are reported as 

median (range). BMA = Bone Marrow Aspirate, AMIC = Autologous Matrix-Induced 

Chondrogenesis 
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Figure 4.2 Representative image of cartilage defect area treated with BMA at 13 weeks 

(hematoxylin and eosin [H&E] stain; scale bar = 2 mm). There is minimal tissue infill, less 

than 50% of the defect thickness. The subchondral bone marrow below the defect is 

characterized by fibrosis and the subchondral bone plate is interrupted (asterisk), 

leading to direct communication of the fibrotic medulla with the defect.  Inset: cells 

consist of primarily elongated cells, consistent with fibroblast-like cells. Remnants of the 

collagen scaffold are present (arrowheads). Some of the scaffold is present below the 

tidemark. Inset: H&E stain; scale bar = 200 μm. 
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Figure 4.3 Representative image of cartilage defect area treated with BMA at 26 weeks 

(hematoxylin and eosin [H&E] stain; scale bar = 2 mm).There is minimal tissue infill, 

barely reaching the tidemark. Interruption of the subchondral bone plate occurs at areas 

where calcified cartilage is absent. Osteoclast-mediated bone resorption (arrowheads) 

is observed at the interrupted subchondral bone plate. The subchondral bone marrow 

below the defect is characterized by fibrosis and communicates directly with the defect.  

Inset: cells consist of primarily unorganized elongated cells, consistent with fibroblast-

like cells. A remnant of the collagen scaffold is present below the tidemark (arrow). 

Inset: H&E stain; scale bar = 200 μm.   
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4.4.1.3.2 Subchondral bone evaluation 

All specimens had some bone marrow oedema. Bone marrow necrosis was observed in 

the majority of the specimens although less frequent in BMA treated defects at 13 weeks 

(4/6) and BMA treated defects at 26 weeks (6/7) compared to negative control and AMIC 

specimens (5/5 and 6/6, respectively). There were similar frequencies for bone marrow 

fibrosis. Trabecular necrosis was observed in all BMA treated specimens at both 

timepoints, and AMIC treated defects. Four out of 5 negative control specimens had 

trabecular necrosis. Necrosis was generally observed in the more superficial zone of the 

subchondral bone. New bone formation was observed in all specimens, although this 

was generally milder in BMA treated specimens compared to AMIC and negative control 

defects. Osteoclast activity could also be observed in nearly all samples, although this 

was very mild in BMA treated defects at both timepoints. Reversal lines were observed 

in all specimens at 26 weeks, but only 2/6 BMA treated specimens at 13 weeks.  

4.4.1.4 Micro-CT 

4.4.1.4.1 Normal subchondral bone (positive control, right distal medial 

femoral condyle, n=24) 

The results of the bone morphometric parameters within the positive control medial 

femoral condyles are illustrated in Fig.4.4.  

Bone morphometric parameters within a normal sheep medial femoral condyle show 

zonal stratification. 

 

BV/TV  

Within VOI 1 the BV/TV was 49.08% ± 6.9%. This was significantly higher compared to 

the VOI 2 (37.8% ± 6.6% (p < 0.001)) and VOI 3 (33. 4% ± 6.35 (p < 0.001)). The average 
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BV/TV in VOI 3 was also lower compared to VOI 2, although the difference was not 

significant (p = 0.099).  

 

BS/BV  

The BS/BV ratio within VOI 1 was 13.08 ± 2.47 mm-1. This was significantly lower 

compared to VOI 2 (16.67 ± 2.78 mm-1 (p < 0.001)) and VOI 3 (18.19 ± 2.88  mm-1 (p < 

0.001)). The average BS/BV in VOI 3 was also higher compared to VOI 2, although the 

difference was not significant (p = 0.232).  

 

Tb.Th and Tb.Sp 

The trabecular thickness within VOI 1 was 0.25 ± 0.04 mm which was significantly higher 

compared to VOI 2 (0.20 ± 0.03 mm (p < 0.001)) and VOI 3 (0.19 ± 0.02 mm (p < 0.001)). 

There was no significant difference between the Tb.Th of VOI 2 and VOI 3. 

The trabecular separation within VOI 1 was 0.37 ± 0.05 mm which was significantly lower 

compared to VOI 2 (0.42 ± 0.05 mm (p < 0.001)) and VOI 3 (0.44 ± 0.05 mm (p = 0.006)). 

There was no significant difference between the Tb.Sp of VOI 2 and VOI 3. 
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Figure 4.4 Micro-computed tomography bone morphometric parameters within normal 

medial distal femoral condyles at different levels below the subchondral bone plate (VOI 

1 = 0-3 mm; VOI 2 = 3-6 mm; VOI 3 = 6-9 mm).  Bone volume fraction (BV/TV), bone 

surface-to-bone volume ratio (BS/BV), trabecular thickness (Th. Th) and trabecular 

separation (Tb.Sp). Significant differences and respective p values are indicated.   

 

4.4.1.4.2 Comparison of bone morphometric parameters at 26 weeks. 

The results of the bone morphometric parameters at 26 weeks are illustrated in Fig. 4.5.  

 

BV/TV 

The BV/TV decreased with depth of the analysed VOI, a pattern which was maintained 

for all treatment groups. The BV/TV was highest in the AMIC group (60.9% ± 9.2) and 

was significantly higher than BV/TV in the BMA group (46.3% ± 5.4, p = 0.026) and the 

positive control (43.5% ± 4.9, p = 0.029). Creation of a full-thickness cartilage lesion 

(negative control) did not significantly alter the trabecular bone BV/TV compared to 

normal cartilage. Treatment with BMA resulted in a lower average BV/TV in all levels 
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compared to both control groups, although the differences were not significant (p ≥ 

0.49).  

 

BS/BV 

The BS/BV ratio is an indicator of complexity of a structure and was similar for all groups 

with no significant difference between groups for all 3 levels of VOIs. The BS/BV 

increased with increasing depth, consistent with a more complex structure deeper 

within the trabecular bone. Creation of a cartilage defect and/or treatment with BMA 

did not alter the BS/BV ratio. AMIC treatment resulted in a smaller range between the 

different VOIs (range 3.2) compared to BMA (range 6.5), positive control (range 5.1) and 

negative control (range 7.4).  

 

Tb.Th and Tb.Sp 

There were no significant differences between treatments for trabecular thickness at all 

VOI levels. For all treatment groups the trabecular thickness decreased with depth of 

the VOIs. Creation of a cartilage defect, BMA application or AMIC treatment did not alter 

the trabecular thickness compared to healthy cartilage.  

Trabecular separation increased with increasing depth of the VOIs. The lowest Tb.Sp was 

observed in AMIC treatment (0.26mm ± 0.06) within the most superficial VOI (0-3mm) 

and was significantly lower compared to all other groups (p ≤ 0.018). A significantly 

lower Tb.Sp remained in AMIC compared to BMA treatment at the VOI 3-6mm. Creation 

of a cartilage defect and treatment resulted in higher average trabecular separation 

compared to healthy cartilage at all levels, but the differences were not significant. 
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Figure 4.5 Comparison of bone morphometric parameters between treatment groups 

and control samples at 26 weeks at different levels below the subchondral bone plate 

(VOI 1 = 0-3 mm; VOI 2 = 3-6 mm; VOI 3 = 6-9 mm). BMA: bone marrow aspirate; AMIC 

autologous matrix-induced chondrogenesis. Bone volume fraction (BV/TV), bone 

surface-to-bone volume ratio (BS/BV), trabecular thickness (Th. Th) and trabecular 

separation (Tb.Sp). Significant differences and respective p values are indicated.   
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4.4.1.4.3 Comparison of bone marrow aspirate application at 13 weeks 

and 26 weeks 

The results of the bone morphometric parameters comparing BMA application at 13 and 

26 weeks are illustrated in Fig. 4.6. 

 

BV/TV 

The BV/TV in the superficial VOI below BMA treated defects at 13 weeks was 42.0 % ± 

4.9% which was significantly lower compared to the healthy control (49.1% ± 6.9%, p = 

0.040). The BV/TV decreased with increasing depth of the VOI in all groups. At the 

deepest VOI, BMA treated defect specimens similarly contained a significantly lower 

BV/TV (27.9% ± 2.9%) compared to healthy controls (33.4% ± 6.3%, p = 0.038). The 

BV/TV remained lower at all levels at 36 weeks, although this was not significantly 

different from the positive controls.   

 

BS/BV 

The BS/BV ratio increased with increasing VOI depth for all groups and no significant 

differences were observed between groups.  

 

Tb.Th and Tb.Sp  

The Trabecular thickness decreased with increasing VOI depth for all groups and no 

significant differences were observed between groups.  

The trabecular separation increased with increasing VOI depth for all groups. Within the 

same VOIs, the average Tb.Sp at 13 weeks was always higher compared to 26 weeks and 

positive control specimens, although the difference was only significant at the middle 

and deep VOI compared to the positive control (p = 0.034 and p = 0.039, respectively).  
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Treatment of articular cartilage defects with BMA thus resulted in a lower BV/TV at 13 

weeks in all levels of the trabecular bone below the defect, which was primarily due to 

increasing trabecular separation without significant trabecular thickening. By 26 weeks 

the trabecular pattern was more similar to the normal subchondral trabecular bone at 

all levels. 

  

  

Figure 4.6 Comparison of bone marrow aspirate application at 13 weeks and 26 weeks 

at different levels below the subchondral bone plate (VOI 1 = 0-3 mm; VOI 2 = 3-6 mm; 

VOI 3 = 6-9 mm). BMA: bone marrow aspirate; Significant differences and respective p 

values are indicated. 
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4.4.1.4.4 Subchondral bone pathology 

Images of the different treatment groups at 26 weeks are illustrated in Fig. 4.7. 

 

Subchondral bone plate resorption was observed in 1/6, 3/7, 2/5 and 4/6 specimens in 

BMA 13 weeks, BMA 26 weeks, negative control and AMIC 26 weeks, respectively (Fig. 

4.7). Subchondral bone plate elevation occurred in 1/6 samples in the AMIC group.   

Subchondral bone cystic lesions were observed in 5/6 (83.3%) specimens treated with 

AMIC and 3/7 (43%) specimens treated with BMA at 26 weeks. Subchondral bone cysts 

were not present in BMA-treated specimens at 13 weeks and negative and positive 

control samples. In AMIC treated specimens, the subchondral bone cysts communicated 

with the surgically created microfracture holes. In BMA treated defects, all subchondral 

bone cysts were in conjunction with the presence of subchondral bone plate resorption 

(Fig. 4.7). 
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Figure 4.7 Subchondral bone surface and trabecular bone in BMA treated defects (A), 

AMIC treated defects (B) and negative control defects (C) at 26 weeks. 
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4.4.1.4.5 Correlations:  

Significant associations between bone morphometric parameters, macroscopic tissue 

infill and O’Driscoll scores were present. For BMA implantation at 13 weeks there was a 

positive association between BV/TV and macroscopic tissue infill at the most superficial 

VOI (ρ = .89, p = .018), and a negative association between Tb.Sp and macroscopic tissue 

infill at VOI 1 (ρ = -.86, p = .028) and 2 (ρ = -.84, p = .035). At 26 weeks there was a 

negative association between BV/TV and the histological cellularity score in VOI 1 (ρ = -

.84, p = .017) and VOI 2 (ρ = -.93, p = .003). There were significant positive associations 

between BS/BV and histological cellularity scores in VOI 1 (ρ = .84, p = .017), 2 (ρ = .82, 

p = .024) and 3 (ρ = .80, p = .029). For all treatment groups there was a negative 

association between BV/TV and the BS/BV in all VOIs, except for VOI 1 in BMA 13, and 

VOI 2 in BMA 13 and AMIC 26.  Positive associations between BV/TV and Tb.Th were 

seen in all VOIs in BMA 26, AMIC 26, negative control and positive control.  

4.5 Discussion 

The results of this preclinical study show that implantation of bone marrow aspirate 

collected from the intercondylar notch, combined with a type I/III collagen scaffold did 

not improve repair of a surgically created articular cartilage defect compared to no 

treatment. Although this technique aimed at not surgically violating the subchondral 

bone plate below the cartilage to access the marrow cells, subchondral bone pathology 

consisting of subchondral bone cyst formation did occur in 43% of the cases, which 

remains lower than bone cyst formation through microfracture technique (83.3%). 

Communication between the joint space and the subchondral bone cysts was always 

present. 

Treatment of a cartilage defect with BMA resulted in subchondral bone alterations at 

different levels within the subarticular spongiosa 13 weeks after surgery, consisting of a 
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reduced bone volume fraction, primarily driven by increased trabecular separation. This 

improved by 26 weeks. The opposite occurred 26 weeks after AMIC treatment where an 

increased bone volume fraction, driven by decreased trabecular separation was 

observed.  

Alterations of the trabecular microarchitecture following AMIC technique compared to 

healthy controls consisted of increased BV/TV and decreased BS/BV, which was similar 

to our previously reported results 15. BMA implantation on the other hand resulted in a 

decreased BV/TV and increased Tb.Sp following a similar pattern as observed by Orth et 

al. following microdrilling 219. The reason for these observed differences is not known. 

Differences in surgical technique (microdrilling with a 1mm diameter Kirshner wire vs. 

microfracture with a surgical awl, removal of calcified cartilage vs. defect into the 

calcified cartilage) could influence the net subchondral bone response. Contrary to the 

study of Orth et al. 219 we found zonal stratification within the normal medial femoral 

condyle of sheep. Our more consistent selection of the VOI and larger numbers of 

specimens evaluated may have contributed to this difference.  

The high prevalence of subchondral bone cyst formation following AMIC treatment is 

not surprising and is similar in prevalence to our previous study using the same model 

15. Other preclinical studies have found subchondral cyst formation in 38-74% following 

surgical subchondral bone penetration 95,132,219.  

Although communication between subchondral bone cysts and the joint space was 

confirmed in all cases, different mechanisms and pathogenesis may exist between AMIC 

and BMA treated defects. Correlations between the loss of cartilage volume and 

subchondral bone cyst size have been reported 235,267, but the initiation and progression 

remain unclear 192.  
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AMIC-technique penetrates the subchondral bone at the time of defect creation, leading 

to direct communication between the joint cavity and the trabecular bone. Synovial fluid 

pressure and cytokine-induced osteoclast-mediated bone resorption contribute to cyst 

formation 56,119,172,266,280.  

Subchondral bone cyst formation in BMA treated defects occurred through subchondral 

bone plate resorption and was observed in 43% of the specimens. The exact reason for 

this is unknown. Removal of articular cartilage may lead to abnormal focal stress onto 

the underlying structures (calcified cartilage and subchondral bone) leading to 

resorption. In a bovine model, significant subchondral bone contact was reported in 

articular cartilage defects greater than 14.3mm diameter in lateral femoral condyle 

defects with a mean cartilage thickness of 0.979mm 87. The size of an articular cartilage 

defect at which subchondral bone contact occurs in sheep femoral condyles has not 

been investigated, but given that the average thickness of the non-calcified cartilage in 

the medial femoral condyle is around 0.450mm 94 and due to the smaller size of sheep 

condyles compared to bovine condyles, substantial contact of 8mm diameter defects 

are anticipated in sheep. This subchondral bone contact could not only negatively affect 

defect progression but could also negatively affect cartilage repair. 

Although surgical technique with excessive debridement of the subchondral bone could 

have led to focal complete removal of the calcified cartilage layer and subchondral bone 

destruction at the time of surgery, this is unlikely to have occurred. Removal of articular 

cartilage into the calcified cartilage was performed using a #15 scalpel blade, using a 

scraping action and did not differ depending on treatment group. A recent study by Mika 

et al. showed that attempts at deliberately violating the subchondral bone plate using a 

ring curette (brute force equalling an average force of 38.7 ± 0.7N ) in an in vitro sheep 

model failed to violate the tidemark, although when brute force was applied in vivo 
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some areas showed opening of the bone marrow space 198. All sheep in our study 

underwent surgical procedures within a 2-week timeframe with randomization of 

treatment.  

Conflicting reports exist about whether the subchondral bone needs to be breached in 

order for cysts to develop. Kold and Hickman showed that 15mm x 1mm full-thickness 

articular cartilage defects in the medial femoral condyles of ponies resulted in 

subchondral bone cyst formation, but 15mm x 3mm elliptical full-thickness cartilage 

defects did not 162. The subchondral bone cyst communicated with the joint surface 

through a narrow slit 162. Ray et al. failed to reproduce subchondral bone cyst formation 

using an arthroscopically created 15mm x 1mm full-thickness cartilage defect in the 

medial femoral condyle of horses, but subchondral bone cyst formation occurred 

following creation of 15mm x 3mm elliptical full-thickness cartilage defects and a 5mm 

diameter, 4mm deep drill hole into the subchondral bone 234. Both studies used 

radiography and histology for assessment but didn’t evaluate the structure and 

alterations of the subchondral bone plate. A longitudinal study in a rat osteoarthritis 

model also showed subchondral bone cyst formation and progression through direct 

communication between the cyst and the joint surface 192.  

Biomechanical forces may also contribute to cyst formation. Using finite element 

analysis, complete local cartilage removal within the femoral head resulted in a dramatic 

increase in stress in the bone below the defect, which could in turn lead to stress-

induced microfracture followed by osteoclastic bone resorption and cyst formation 72.  

Chondrogenesis is inhibited by synovial fluid obtained from joints containing 

symptomatic cartilage defects 291 and elevation of pro-inflammatory cytokines such as 

IL-6, IFN γ and TNF-alfa within the synovial fluid and other tissues of joints with cartilage 

defects has been shown 273,274,285.   



 123 

Although these cytokines may have different and often opposite effects on bone 

homeostasis, they have all been shown to induce osteoclast-mediated bone resorption 

10,28,99,142,171,228.  

The effect of subchondral bone cysts on the healing of articular cartilage remains 

controversial. Interestingly, a recent publication reported good clinical outcomes 

following treatment of osteochondral lesion of the talus with subchondral bone cyst 

over a follow-up period of 48 months. 176 

BMA implantation on a collagen scaffold did not improve healing of a cartilage defect 

compared to no treatment and defect fill was significantly worse compared to AMIC 

treatment.   

Besides the occurrence of subchondral bone cyst formation and other subchondral bone 

pathology, other factors could have contributed to this failure.  

Firstly, aspiration of bone marrow, containing progenitor cells, from the intercondylar 

notch has previously been reported 17,18. This relatively simple, minimally invasive and 

cost-effective technique provides connective progenitor cells that could be used 

immediately in the operating room. Although the aspirated bone marrow fraction is 

similar to that obtained through microfracture technique, implantation on an intact 

subchondral bone plate does not allow recruitment of more cells from the bone marrow 

during healing.  

Secondly, given that MSCs represent a rare cell type accounting for 7 to 33 MSCs per 1 

000 000 nuclear cells in bone marrow aspirates 153, the number of progenitor cells would 

have been very low, considering the average nuclear cells implanted on the scaffolds 

was estimated at 1.9 x 106 cells. However, the highest number of nucleated cells are 

reported to be present within the first 1ml of bone marrow aspiration. Batinic et al. 

showed that the first 1ml of bone marrow aspirate from the iliac crest contained 3x more 
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nucleated cells and 10x more CFU than the subsequent samples 14. In another study, 

Increasing the volume from 2 to 4 ml resulted in a 50% reduction in MSC yield 207.  

The minimum number of stem cells required for effective tissue regeneration is 

unknown, however. Although differentiation of mesenchymal stem cells into resident 

tissue is one mechanism of action 130,170,293, it should be remembered that these cells 

play a central role in controlling tissue haemostasis by means of paracrine effects 

through the release of soluble mediators to stimulate repair of tissues and/or modulate 

the local microenvironment by affecting angiogenesis, inflammation and immunity 

42,137,230. Additionally, bone marrow-obtained progenitor cells may not be the best 

choice of cells. Robinson et al. showed that most cells in bone marrow obtained from 

microfracture holes are pre-osteoblasts 236. We speculate that the biological response 

of microfracture technique aims primarily at bone healing, not cartilage healing.   

 

Concentration of BMA was considered, but not feasible for several reasons. Firstly, the 

aim of our study was to test a clinically applicable and acceptable technique. secondly, 

the addition of heparin in order to prevent coagulation of the aspirate to allow for 

processing would interfere with setting of the fibrin glue used to attach the scaffolds 

into the cartilage defects. Thirdly, commercial bone marrow aspirate concentrate 

(BMAC) devices  (MarrowStim, SmartPrep 2, Angel system (Arthrex), Maro0Max) can 

increase the nucleated fraction between 4.3 and 9.3 times 63 but these systems require 

a total marrow volume of minimally 30ml, a volume which cannot be obtained from the 

intercondylar notch in sheep.  

Besides, high volumes of bone aspirate contain high levels of peripheral blood 

contamination 14, which would not effectively increase the number of mesenchymal 

stem cells in the concentrated product, but would increase the number of blood 
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platelets within BMAC. Platelets concentration capacity of up to 8.7 times have been 

reported 91. The effect of BMAC on defect healing may thus not only be attributed to the 

MSC fraction. Indeed, blood platelets contain numerous growth factors 195 that can 

stimulate cartilage matrix synthesis. In vitro 2,258, preclinical 231,263 and clinical 127,240 

studies provide evidence for positive effects of platelet rich plasma on cartilage healing.   

Although one clinical study supports the use of fresh bone marrow aspirate combined 

with periosteum for treatment of articular cartilage defects, evidenced by clinical 

improvement in 87.5% of patients 3 months following surgery 256, the emergence of 

commercial bone marrow concentrating devices combined with the assumption that 

‘more is better’ has recently promoted the use of BMAC for treatment of articular 

cartilage defects.  Treatment of knee articular cartilage defects with BMAC covered with 

a collagen or hyaluronic acid-based scaffold has resulted in significantly improved clinical 

and functional scores that were sustained for up to 6 years post-operatively 108-113, with 

formation of hyaline-like cartilage 110 and outcomes better than microfracture 113 and 

comparable to MACI 108. Nejadnik et al. similarly found no difference between cultured 

bone marrow derived MSCs and MACI for treatment of knee articular cartilage defects 

at 2 year follow-up 210.  BMAC implantation in talar cartilage defects has similarly been 

shown to result in good clinical results and durable tissue up to 24 months following 

surgery, although functional scores decreased slightly at 3 and 4 year follow-up 39,102,103.  

There are some limitations to this study. Animals were allowed immediate 

postoperative weightbearing, but exercise was restricted by individual housing for 2 

weeks. Active joint loading, rather than passive continuous motion, has been found to 

be important for biological and functional properties of normal articular cartilage 221. 

Implant integrity was confirmed intra-operatively, but retention in the postoperative 
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period could not be confirmed.  Our study design did not allow further investigation of 

the pathogenesis of subchondral bone plate erosion.  

Conclusion 

Bone marrow aspiration from the intercondylar notch is a simple, cost-effective surgical 

technique to obtain progenitor cells 17,18, without damaging the subchondral bone plate 

below a cartilage defect. Implantation of BMA into full-thickness cartilage defects did 

not result in significant cartilage repair. Subchondral bone pathology consisting of bone 

cyst formation was not prevented by this technique and occurred through progressive 

subchondral bone plate erosion. Further investigation is required to evaluate the role of 

the subchondral bone and the pathogenesis of subchondral bone plate erosion and its 

effect on articular cartilage healing.    
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Chapter 5 Morphological assessment of MACI grafts 

in patients with revision surgery and total joint 

arthroplasty.   

 

5.1 Abstract 

Objective:  To compare the histological and immunohistochemical characteristics of 

MACI grafts between patients with revision surgery and patients with total joint 

arthroplasty.  

Methods: Biopsies of MACI grafts from patients with revision and total joint 

arthroplasty. The graft tissue characteristics and subchondral bone were examined by 

qualitative histology, ICRS II scoring and semi-quantitative immunohistology using 

antibodies specific to Type I and Type II collagen.  

Results: 31 biopsies were available, 10 undergoing total knee arthroplasty (TKA) and 21 

patients undergoing revision surgery. Patients in the clinically failed group were 

significantly older (46.3 years) than patients in the revision group (36.6 years) (p = 

0.007). Histologically, the predominant tissue in both groups was of fibrocartilaginous 

nature, although a higher percentage of specimens in the revision group contained a 

hyaline-like repair tissue. The percentages of Type I collagen (52.9% and 61.0%) and 

Type II collagen (66.3% and 42.2%) were not significantly different between clinically 

failed and revised MACI, respectively. The talar dome contained the best and patella the 

worst repair tissue. Subchondral bone pathology was present in all clinically failed 

patients and consisted of bone marrow lesions including oedema, necrosis and fibrosis, 

intralesional osteophyte formation, subchondral bone plate elevation, intralesional 

osteophyte formation, subchondral bone cyst formation or combinations thereof.  
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Conclusions: MACI grafts in patients with revision and total joint arthroplasty were 

predominantly fibrocartilage in repair type, did not differ in composition and were 

histologically dissimilar to healthy cartilage. Clinically failed cases showed evidence of 

osteochondral unit failure, rather than merely cartilage repair tissue failure. The role of 

the subchondral bone in relation to pain and failure and the pathogenesis warrants 

further investigation. 

 

Keywords 

MACI, osteochondral unit, revision surgery, subchondral bone, total knee arthroplasty 
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5.2 Introduction  

Articular cartilage of diarthrodial joints is supported by the subchondral bone. Between 

hyaline articular cartilage and subchondral bone, there are several structures connecting 

these two different tissues to form a tight functional association. Together these 

structures have been commonly referred to as the osteochondral unit 115. Isolated 

articular cartilage defects without subchondral bone changes are common 58,288 and 

their lack of intrinsic healing warrants treatment when functionally symptomatic. 

Isolated cartilage defects not only cause morbidity comparable with advanced 

osteoarthritis 129, they can also initiate secondary osteoarthritic changes175,246. 

Moreover, cartilage defects have a propensity to progress when clinical osteoarthritis 

has been established60. 

The contribution of the subchondral bone in the development and progression of 

osteoarthritis has long been recognized 7,64,115,272, but its role in cartilage repair 

techniques has only recently received more attention118,184.  

Autologous Chondrocyte Implantation (ACI) was first reported in 199434, with the initial 

technique consisting of a chondrocyte suspension injected under a periosteal flap 

sutured to the surrounding healthy cartilage, known as Periosteum-covered ACI (PACI)34. 

Subsequent advancements in biomaterials allowed the replacement of the periosteum 

with fibrin-glue stabilized collagen and hyaluronan based scaffolds, known as Matrix-

Assisted Chondrocyte Implantation (MACI technique)117.   

While the scientific literature increasingly supports the clinical outcomes and usage of 

PACI and MACI techniques13,35,82,242,277, far less attention has been paid to the failures of 

this technique.  A recent systematic review reported an overall failure rate of 14.9% in 

4294 patients undergoing ACI, most commonly within the first 5 years following 

implantation6. LaPrade et al. illustrated that failed ACI is predominantly composed of 
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fibrous tissue and fibrocartilage with variable positivity for both Type I and Type II 

collagen174. This study evaluated osteochondritis dissecans lesions repaired with PACI, 

not MACI. Histological differences in repair tissue could be expected between these two 

techniques, as the former utilizes a cell solution covered with living tissue (periosteum) 

to initiate repair, whereas the latter initiates repair with a cell-scaffold construct 

adhered to the subchondral bone34,296. 

Subchondral bone alterations following ACI techniques have been observed 

37,118,184,200,244,278 although their clinical significance remain subject of debate. 

Recognising articular cartilage and the subchondral bone as one functional unit, we 

investigated the histological aspects of the subchondral bone.    

The aim of our study was therefore to examine the histological and immune-histological 

features of MACI grafts in patients with revision and total joint arthroplasty and to 

investigate the subchondral bone status in patients with total joint arthroplasty. 

  

 

5.3 Methods 

5.3.1 patients 

Between 2000 and 2006 our institution served as the Australian national reference 

centre for examination of biopsy tissues obtained from MACI grafts. Included biopsies 

were obtained either from: 1) MACI grafts requiring revision arthroscopy due to graft 

failure or another reason requiring arthroscopy, or 2) knees that had further 

degenerated and had progressed toward total knee arthroplasty (TKA).  The decision as 

to whether the graft had clinically failed and/or revision arthroscopy was indicated, or 

whether joint arthroplasty was indeed now the best surgical option for the patient, was 

undertaken by the treating surgeons.  
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The tissues obtained from patients undergoing repeat arthroscopy  were either cartilage 

repair tissue biopsies or osteochondral biopsies (3mm diameter) taken as part of a 

chondroplasty of symptomatic hypertrophic tissue at the graft site of patients with the 

primary complaint of ‘pain, clicking and catching’ of the graft For clinically failed 

patients, osteochondral slabs including the graft area were collected as part of a TKA 

procedure. Patients undergoing TKA presented with recurring and worsening pain 

following MACI, that failed to respond to conservative treatment, with evidence of 

degenerative joint disease (and progression thereof) such that TKA was considered the 

most appropriate treatment.  Patient consent for treatment and use of the biopsy for 

research purposes was obtained and ethical approval was given by the Human Research 

Ethics Committee of our institution. 

5.3.2 Histology 

Routine histology was performed to evaluate and characterize the repair tissue. SampIes 

were placed in 4% paraformaldyde for 48 hours prior to processing. Samples containing 

mineralized tissue, were decalcified in 10% EDTA, pH 7. For osteochondral slabs from 

arthroplasty patients multiple sections 3mm apart through the entire graft were 

performed prior to paraffin embedding. Samples were sectioned to 4 µm-thick slices and 

routinely stained with hematoxylin and eosin, toluidine blue/fast green and safranin 

O/fast green stain.  

All stained samples were evaluated by bright-field microscopy to characterize tissue as 

hyaline-like, fibrocartilage, or fibrous tissue based on cellularity (density, shape and 

presence of lacunae) and matrix appearance as previously reported by Zheng et al.296 

For osteochondral samples, qualitative analysis of the subchondral bone was performed 

as described by Zanetti et al.294 Bone marrow oedema was defined as presence of 

swollen fat cells surrounded by eosinophilic staining, marrow fibrosis as replacement of 
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fat cells by fibrous tissue, and marrow necrosis as formation of foam cells and presence 

of swollen fat cells with loss of nuclei. Trabecular bone structure was evaluated for 

pathology, consisting of necrosis (characterized as loss of nuclei), sclerosis, and repeated 

remodelling (characterized by bone formation with reversal lines and bone resorption 

with increased osteoclastic activity). Alterations of the subchondral bone, recognized as 

clinical conditions by Orth et al. 218 were reported accordingly. The grading system as 

described by Aho et al. 1 was applied on the subchondral bone below and distant to the 

repair tissue in normal tissue as control. In brief, grade 0 is characterized by a thin 

subchondral bone plate (SBP) with direct connections between the bone marrow and 

the articular cartilage via open fenestrae, grade 1 by some subchondral bone sclerosis 

with remaining open fenestrae, grade 2 by a distinct increase in SBP thickness, absence 

of fenestrae and presence of SBP fibrillation and grade 3 by severe sclerosis and 

flattening of the SBP. Additionally, ICRS-II scoring was performed as previously 

described186. As blinding was impossible due to obvious differences in the nature of the 

sample, they were analysed twice by the same investigator, 6 months apart. The average 

score was taken if the difference between the two time points was less than 10 units. If 

the difference between the 2 scores was greater than 10 units, the sample was 

evaluated by a board-certified pathologist and consensus between the 2 evaluators was 

reached. 

5.3.3 Immunohistochemistry 

Sections were deparaffinised in xylene, rehydrated with decreasing ethanol solutions 

and rinsed in distilled water. Enzymatic antigen retrieval (Pepsin, Abcam ab128991) was 

performed at 37°C for 15min and endogenous peroxidase activity was blocked using 3% 

H2O2 in 96% ethanol for 10 min at room temperature. Non-specific binding sites were 

blocked with 10% foetal bovine serum in 0.1% triton X100 in TBS for 1h at room 
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temperature. Samples were then incubated at 4°C overnight with primary antibodies 

against rabbit anti-human collagen type I (Abcam, ab34710, dilution 1:500) and mouse 

anti-chicken collagen type II (Developmental Studies Hybridoma Bank, Iowa, strain II-

II6B3, dilution to 2 µg/ml). Antibody was detected using anti-rabbit (Sigma A0545) and 

anti-mouse antibodies (Sigma A9917) diluted at 1:1000 for Col I and II, respectively. 

Peroxidase staining was done following the instructions of the manufacturer (Liquid 

DAB+ substrate chromogen system, DAKO). Sections were counterstained using Gill’s 

hematoxylin and saturated in Lithium carbonate until they turned blue, dehydrated in 

ethanol, cleared in xylene and mounted. Negative control samples were incubated in 5% 

FBS instead of the primary antibodies. Positive control samples consisted of an 

osteochondral section from a non-arthritic joint.  

For evaluation of the immuno-stained sections, the total area of cartilage was measured 

using Bioquant Osteo software (v13.2.6, Bioquant, Nashville, TN). Areas of positive 

staining were measured using semi-automatic thresholding and the percentage of 

positively stained tissue, regardless of the staining intensity, was calculated. 

5.3.4 Micro-CT 

If performed, osteochondral blocks underwent micro-CT scanning prior to 

decalcification. Samples were scanned in 70% ethanol in a micro-CT scanner (SkyScan 

1176; Bruker-microCT, Kontich, Belgium) at 50 kV, 500 uA, 240 ms exposure time, 

rotation step of 0.3, 360° degree of rotation, and an isotropic resolution of 17.78 μm, 

using a 0.5 mm-thick Al filter.  

Images of each specimen were reconstructed using the manufacturer’s software 

(NRecon v 1.7.1.0; Bruker-microCT, Kontich, Belgium). For evaluation of the trabecular 

bone microarchitecture, cylinder-shaped volumes of interest (VOI) with a diameter of 

7mm was selected semi-automatically to mimic core-extraction samples in the grafted 
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area and in an area distant to the graft, excluding cysts manually, if present. The height 

of the cylinders did not exceed 4mm.  Bone morphometric parameters (bone volume 

(BV/TV), BS/BV, trabecular thickness (Tb.Th) and trabecular separation (Tb.Sp)) were 

calculated using CTAnalyzer software (Bruker-microCT, Kontich, Belgium). 

5.3.5 Statistics 

Results are expressed as mean ± SD. Data was not normally distributed, and therefore 

nonparametric analysis was performed (Kruskal Wallis and Mann-Whitney U test). The 

Fisher exact test was used to investigate relations between demographic data. 

Differences were considered significant at p ≤ .05. All calculations were performed with 

SPSS (version 22.0; IBM Corp). Post-hoc power analysis was performed using the G 

power computer program.84 

 

 

5.4 Results  

5.4.1 Demographics 

Biopsies were available from 31 patients, including 10 undergoing total knee 

arthroplasty (TKA) and 21 patients undergoing revision surgery. Seventeen of the 

revision surgeries were performed on knee joints and 4 on ankle joints. Demographic 

characteristics are described in Table 5.1. Micro-CT was performed on 2 clinically failed 

patients who underwent TKA.  

The average age at MACI implantation was older in the clinically failed group who 

underwent subsequent TKA (46.3 years) than the group who underwent revision (36.6 

years, p = 0.007).  

The mean graft survival time was 26.8 months for those who underwent knee 

replacement, which was not significantly longer (p = 0.94) than survival time for the 
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revision patients (17.8 months). Defect sizes were on average 4.3 and 4.8cm2 for TKA 

and revision patients, respectively and were not significantly different (p = 0.68). There 

was no significant association between gender and classification group (p =.697) and 

lesion location and classification group (p = 0.464). 

Characteristic TKA (n=10) Revision (n=21) 

Mean age in years (SD) 46.3 (5.00) 36.6 (9.43) 

Mean Graft survival time in 
months (SD) 

26.8 (25.54) 17.8 (10.3) 

Sex (%) 
Male 
Female 

 
3 (30) 
7 (70) 

 
9 (43) 
12 (57) 

Mean defect size, cm2 (SD) 4.3 (2.00) 4.8 (4.00) 

Lesion location (%) 
Knee 

MFC 
Patella 
trochlea 
unknown 

Ankle  

 
10 (100) 

7 (70) 
2 (20) 
1 (10) 

 

 
17 (81) 

10 (59) 
3 (17) 
2 (12) 
2 (12) 

4 (19) 

Table 5.1 Patient demographics for patients undergoing Total Knee Arthroplasty (TKA) 

and revision surgery. 

5.4.2 Histological and Histopathological observations 

Representative histological features of the TKA patients are illustrated in Fig. 5.1. The 

predominant cartilage type in TKA was fibrocartilage (70%), only 10% had a 

predominantly hyaline-like cartilage and 20% had a predominantly fibrous nature.  The 

repair tissue morphology often consisted of a mixture of areas with randomly organized 

fibres and areas with less birefringence. Increased birefringence coincided with more 

elongated cell types, and thus more fibrous nature of the tissue, although 

vascularisation was only occasionally seen.   

The tissue surface often showed several degrees of fibrillation (Fig. 5.1), cleft formation, 

poor organisation of collagen fibres and elongated cells (Fig. 5.1). Deeper layers similarly 

showed poor organisation, but cells were often rounder (Fig. 5.1) and tidemark 
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formation was rarely observed. Integration of the repair tissue with the subchondral 

bone was highly variable and often a thin layer of fibrous tissue could be observed if 

integration was incomplete (Fig. 5.1), separating the repair tissue from the subchondral 

bone. Abnormal mineralisation within the basal layers of the defect was frequently 

observed and could more specifically be described as intralesional osteophyte formation 

(30%) and elevation of the subchondral bone plate (40%) (Fig. 5.1) according to Orth et 

al.218 Subchondral bone cyst formation was observed in 2 patients (20%) (Fig. 5.1). Using 

the grading system recently developed by Aho et al.1, the subchondral bone plate below 

the graft was grade 2 or 3 in all specimens and was always higher than the grade of the 

perigraft area (grade 0 or 1 in all cases). 
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Figure 5.1 A Clinically failed MACI graft of the medial femoral condyle (hematoxylin and 

eosin [H&E] stain; scale bar = 4 mm). Arrows indicate the margins of the MACI graft. 

Asterisk indicates the original cement line and calcified cartilage layer with the area of 

subchondral bone plate elevation above this line, including grafted and non-grafted 

area. Trabecular bone sclerosis and subchondral bone cyst formation are present. Inset 

1: cells within the deeper layers of the MACI graft were generally rounder, representing 

a more chondrocyte phenotype. Inset 2: cells within the superficial layers of the MACI 

graft were generally more elongated, representing a more fibroblast phenotype. Inset 

3: incomplete lateral integration between the graft and the remaining cartilage. Inset 4: 

incomplete integration of the graft with the underlying subchondral bone plate with 

fibrous tissue within the separation (arrowheads). Inset 5: Marked bone remodelling and 

osteoclast-mediated (arrows) subchondral bone cyst formation. Inset 6: edge of the 

subchondral bone plate elevation characterized by multiple small blood vessels 

extending into the calcified and non-calcified cartilage. Inset 7 and 8: more extensive 

subchondral bone plate fibrillation and thickening within the grafted area (inset 7) 

compared to the non-grafted and non-elevated area (inset 8). All insets: scale bar = 200 

μm.   

B Collagen type II immunohistochemistry (scale bar = 4 mm). Collagen type II is 

distributed throughout the basal layers of the graft, except for the surface.  

C Collagen type I immunohistochemistry (scale bar = 4 mm). Collagen type I is present 

throughout most part of the graft, but less towards the base of the graft. 
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In comparison to TKA patients, the different cartilage types in revision patients were 

more evenly distributed with hyaline-like cartilage counting for 28.5%, fibrocartilage 

43% and fibrous tissue 28.5%. Tissue characteristics were similar to TKA patients, 

although generally the tissue surface, basal integration of the tissue scored better, and 

less vascularisation and abnormal mineralisation was seen (representative image in Fig. 

5.2). From the observed differences, ICRS II scores for abnormal calcification within the 

cartilage defect area and vascularisation were significantly different between the 2 

groups (Table 5.2), thus indicating more abnormal mineralisation within the basal layers 

of the repair tissue in TKA patients. Excluding ankle cases retained the same significant 

differences, but additionally showed a significantly better basal integration in knee 

revision surgery compared to TKA (p = 0.014). 

Interestingly, the average percentage of Collagen type 2 was higher in the TKR group 

(61.0%) compared to the revision group (44.2%), although the difference was not 

significant (Table 5.2).  The reverse was similarly true for Collagen type I. For TKA 

patients 70% had a ratio Col II %/Col I % higher >1, compared to 38% in revision patients. 
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TKA (n=10) 

revision surgery 
(n=21) 

p value 

tissue morphology 48.3 (± 24.2) 48.8 (± 25.6) 0.69 
matrix staining 50.0 (± 27.8) 46.5 (± 31.7) 0.82 
cell morphology 49.0 (± 28.1) 43.2 (±31.3) 0.62 
chondrocyte clustering 60.3 (± 31.2) 73.3 (± 28.5) 0.28 
surface architecture 30.3 (± 37.4) 58.6 (± 37.6) 0.14 
basal integration 70.9 (± 32.0) 90.0 (± 21.2) 0.09 
formation tidemark 24.7 (± 27.5) 16.9 (± 24.8) 0.32 
subchondral bone abnormalities 49.7 (± 35.8) 65.3 (± 30.7) 0.37 
abnormal calcification/ossification 35.3 (± 44.5) 91.5 (± 22.3) < 0.01 * 
vascularization 56.8 (± 37.3) 81.3 (± 33.4)   0.04 * 
surface/superficial assessment 30.0 (± 30.5) 53.9 (± 34.5) 0.12 
mid/deep zone assessment 53.3 (± 27.2) 63.8 (± 23.9) 0.31 
overall assessment 47.0 (± 25.4) 55.8 (± 24.5) 0.35 

Col type II 61.0 (± 33.4) 44.2 (± 37.9) 0.37 
Col type I  52.8 (± 37.5) 60.238 (± 35.6) 0.69 

Table 5.2 ICRS II scores and percentage Col type II and col type I for TKA and revision 

surgery. Mean (± SD) are given. Significant differences are indicated with an asterisk. 

 

Figure 5.2 MACI knee revision surgery specimen (left to right: H&E stain, toluidine blue-

saf O stain and Col type II stain, scale bar = 4 mm). The original calcified cartilage is clearly 

visible on the toluidine blue stain (asterisk) with newly formed bone above. The repair 

tissue contains collagen type II throughout. Inset 1 and 2: cells are primarily round-

sha[ped in different layers of the graft, but the matrix is poorly organized. Inset 3: the 

subchondral bone marrow shows bone marrow oedema and mild fibrosis.  All insets: 

scale bar = 200 μm. 

Using the qualitative evaluation criteria of the subchondral bone as outlined by Zanetti 

et al.294, all TKA patients had various extents of subchondral bone marrow oedema, 
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necrosis and fibrosis, albeit minimal to mild in most cases. Trabecular abnormalities 

were also frequently present with predominantly trabecular necrosis, increased bone 

remodelling as evidenced by new bone formation, reversal lines and osteoclastic 

activity. All revision surgery patients had bone marrow fibrosis which varied from 

minimal to marked and only a small number had some bone marrow oedema and 

necrosis. Trabecular bone changes consisted primarily of trabecular necrosis, and there 

was only minimal bone remodelling in a few patients. 

 

5.4.2.1 Comparison of MACI histology between anatomical sites 

The prevalence of graft tissue type, regardless of undergoing arthroplasty or revision 

surgery, in the different anatomic locations is illustrated in Fig. 5.3 and the ICRS II tissue 

morphology and overall scores, and percentage collagen type I and II in Fig. 5.4. 

5.4.2.1.1 Knee joints 

Within the knee joints, patients with lesions on the patella scored significantly worse 

than patients with lesions in the MFC for tissue morphology, fill type, deep zone and 

overall assessment. Fibrous tissue was present in all patients (5/5) undergoing MACI 

treatment for patella lesions (Fig. 5.3, 5.4 and 5.5), but only 2 out of 5 patients 

underwent joint replacement surgery. Collagen type I accounted for more than 95% of 

the repair tissue in all patella samples and less than 5% was collagen type II. Subchondral 

bone pathology was rarely present (Fig. 5.5). 
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Figure 5.3 Repair tissue type distribution within different anatomical locations. All 

patellar grafts consisted of primarily fibrous tissue whereas none of the ankles contained 

fibrous tissue. The majority of medial femoral condyle specimens consisted of 

fibrocartilaginous tissue.  MFC, medial femoral condyle. 

 

Figure 5.4 Average (±SD) ICRS II scores for tissue morphology and overall assessment 

and percentage collagen type II and collagen type I in 4 different anatomic locations. 

Tissue morphology and overall assessment scores were highest for ankle grafts and 

lowest for patellar grafts and were significantly different from each other. There was 

significantly more collagen type 2 in MFC graft tissue compared to patellar graft tissue. 

MFC, medial femoral condyle. 
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Figure 5.5 Clinically failed patella MACI  

A Overview (H&E stain; scale bar = 4 mm). Arrows indicate the margins of the MACI graft. 

Marked surface fibrillation and clefting and poor lateral integration of the graft with the 

surrounding cartilage is present. Besides a small subchondral bone plate erosion 

(asterisk) and intralesional osteophyte (arrow head) at the junction of the graft tissue 

with the surrounding cartilage tissue, there are minimal changes within the trabecular 

bone. Inset 1 (scale bar = 200 μm): Graft tissue consisted primarily of high-cellular 

fibrous tissue with an abundance of blood vessels throughout.  

B Collagen type II immunohistochemistry. Minimal collagen type II is present and is 

primarily localized within the base of the repair tissue (scale bar = 4 mm).  

C Collagen type I is present within all layers of the graft tissue (scale bar = 4 mm).  

5.4.2.1.2 Ankle joints 

Ankle revisions contained overall better quality of tissue with none of the 4 patients 

receiving MACI treatment developing fibrous repair tissue. Ankle revisions scored 

significantly better in cartilage parameters (tissue morphology (p = .018), deep zone 

assessment (p = .047) and overall assessment (p = .018)) compared to knee revision 

surgeries, but worse in basal integration (p = 0.005) (Fig. 5.6) and subchondral bone 



 143 

health (p = 0.039) (Fig. 5.6). The subchondral bone pathology in ankle patients was 

characterized primarily by marked bone marrow fibrosis (Fig. 5.6). 

 

Figure 5.6 Revision ankle MACI graft (H&E stain; scale bar = 3 mm). The graft surface is 

smooth, and cells are primarily round shaped throughout the entire graft (inset 1 and 

2). Cell clustering is present at the surface. Inset 3 (toluidine blue-fast green staining) 

Clefting at the base of graft tissue (asterisk) near the tidemark. The subchondral bone 

plate shows marked proliferative islands within the calcified cartilage layer (arrows). All 

insets: scale bar = 200 μm. 
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Age at implantation was negatively associated with the score for chondrocyte clustering 

(ρ = -.622, p = 0.001) and abnormal calcification (ρ = -.511, p = 0.03) when all samples 

were included.  A negative association between age at implantation and chondrocyte 

clustering (ρ = -.577, p = 0.010) persisted when TKA patients were excluded. MACI 

survival time was positively associated with the formation of a tidemark (ρ = .542, p = 

0.037) when all samples were included. For revision patients subchondral bone health 

was positively associated with chondrocyte clustering (ρ = .790, p = 0.020) and basal 

integration (ρ = .713, p = 0.031).   

5.4.3 Subchondral bone structure of MACI with TKA 

 

Patients that underwent TKA had specimens of subchondral bone tissue which enabled 

the assessment of the subchondral bone structure. One specimen was characterized by 

marked subchondral bone plate elevation and subchondral bone cyst formation in the 

grafted area (Fig. 5.7) and the other one by subchondral bone plate erosion (Fig. 5.7).  

Bone morphometric parameters showed a 2.2-fold increase in bone volume percentage 

in the grafted area, characterized by increased trabecular thickness and decreased 

trabecular separation (Table 5.3). The Structure Model Index was closer to 0 in the 

grafted area indicative of trabeculae to be more plate-like than rod-like (Table 5.3).   
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Specimen BV/TV 
(%) 

BS/BV 
(1/mm) 

Tb.Th 
(mm) 

Tb.Sp 
(mm) 

Tb.N 
(1/mm) 

SMI 

MFC, 55 year old female, 72 months 
post-MACI  graft area 
 34.4 15.7 0.22 0.44 1.60 

 
0.6 

MFC, 55 year old female, 72 months 
post-MACI peri-graft area 
 15.5 25.0 0.14 0.65 1.11 

 
 

1.2 
MFC, 46 year old male, 43 months post-
MACI  peri-graft area 22.3 20.9 0.17 0.50 1.30 

 
1.2 

 

Table 5.3 Bone morphometric parameters for the trabecular bone in the graft and peri-

graft area. Percentage bone volume (BV/TV), Bone surface/Bone volume ratio 

(BS/BV), Trabecular thickness (Tb.Th), Trabecular separation (Tb.Sp), Trabecular 

number (Tb.N) and Structure Model Index (SMI) 

 

 

Figure 5.7 Micro-CT images. A marked subchondral bone overgrowth and 3 subchondral 

bone cysts are present. B The grafted area contains subchondral bone plate erosion with 

a steep sharp osseous rim (osteophyte) protruding towards the cartilage. Scale bar = 4 

mm. 
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5.4.4 Power calculation 

A one-sided post-hoc power analysis using the G power computer program 84 indicated 

that a total of 102 specimens would be needed to detect medium effects (d=.51) with 

80% power using a Mann-Whitney U test with alpha at .05. 

5.5 Discussion 

The data of the present study show that there was no significant difference in 

histological features of MACI grafts between patients with revised surgery and 

arthroplasty. The majority of cases in both groups contained fibrocartilaginous repair 

tissue, although hyaline-like tissue was more frequently observed in the revision group. 

Clinically failed TKA patients were significantly older, had more abnormal calcification 

and vascularization within the graft tissue compared to patients undergoing revision 

surgery. The observed subchondral bone pathology of differing degrees was present in 

all TKA patients, and hence we propose that the mechanism of failure is of the entire 

osteochondral unit and joint, rather than just failure of the cartilage repair tissue. The 

MACI grafting procedure succeeded in generating and maintaining repair tissue within 

symptomatic cartilage defects as evidenced by histology but failed to preserve joint 

function in patients therefore proceeding to TKA. 

Other studies have observed similar graft tissue to this study following failed cartilage 

restoration procedures. For ACI procedures, LaPrade et al. evaluated repair tissue of 6 

periosteal-ACI failures for the treatment of OCD174. All specimens were characterized as 

primarily fibrocartilaginous tissue with variable amounts of Type II and Type I Collagen. 

The failure mode however differed, with patients experiencing pain following dislodged 

or partially dislodged graft tissue.  

In contrast to our study, LaPrade et al. reported a ratio of Coll II % /Col I % of < 1 in all 

ACI patients174, where we found this ratio <1 in only 30% of the cases. A minimal degree 
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of graft integration with the subchondral bone may be needed to form or maintain Type 

2 Collagen as non-dislodged tissue in the microfracture-treated specimens in the 

LaPrade study formed more Collagen Type 2 compared to Collagen Type 1. This is further 

supported by findings of Nehrer et al. who similarly demonstrated fibrous tissue in 

detached repair tissue compared to more hyaline-like tissue where the PACI graft had 

bonded with the subchondral bone209. Nehrer et al. reported fibrous tissue as the most 

common type in PACI, accounting for 60% of the cross-sectional area209. None of the 

patients in our study were evaluated because of graft detachment, a failure mechanism 

now largely avoided by improved fixation technique with fibrin glue and collagen matrix. 

Differences in ACI technique (MACI vs PACI) may account for different failure 

mechanisms, but tissue characteristics do not seem to differ. Tissue characteristics in 

‘failed cases’ may also not depend on treatment method as Kaul et al. similarly found 

fibrocartilaginous tissue following bone marrow stimulation procedures in patients with 

early osteoarthritis155. 

We found fibrous tissue in all patients undergoing MACI treatment for patella lesions 

and although considered inferior quality tissue, it was interesting to note that only 2 out 

of 5 patients underwent joint replacement surgery. While a certain degree of poorly 

regenerated tissue thus seems to be acceptable in the patello-femoral joint, it is also 

probable surgeons are less likely to offer TKA for patellofemoral lesions, a selection bias 

evident in this study.  

Of interest, despite the fact that more revision patients contained hyaline like repair 

tissue, 62% of revision patients had a Col I%/Col II % >1 compared to 30% of TKA 

patients. In many instances specimens from revision patients consisted of biopsies from 

the surface of the repair site. It is unclear whether this hypertrophic surface represents 

a tissue composition indicative of the repair as a whole, or only the upper portion of the 
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repair.  We frequently observed increased levels of Type 1 Collagen towards the surface 

of the repair tissue. In our study, patients undergoing TKA were significantly older than 

patients undergoing revision surgery. The question whether age is a limiting factor for 

MACI remains controversial. Some studies have found a negative association of age with 

outcome194,208, while others have found no such association25,214,238. Recent guidelines 

advise on careful selection above the age of 50213. Our study included 5 patients ≥ 50 

years (3 TKA patients 51, 51 and 52 and 2 revision patients 50 and 50). 

The effect of pre-existing osteoarthritis on MACI treatment could not be examined in 

our study due to its design, however ACI in the presence of OA is controversial in the 

literature.  

Minas et al. reported an overall failure rate of 12 out of 155 knees in 153 patients (8%) 

with early osteoarthritic changes undergoing ACI, selected with the specific aim of 

delaying arthroplasty surgery201. Arthroplasty in failed cases was performed at an 

average of 38 months after ACI which was longer compared to our study. Interestingly, 

almost half of the patients receiving ACI in the author’s series included patients with 

early osteoarthritic changes (153 out of 328 patients with follow-up over 2 years) 

indicating a greater tendency to perform ACI in early arthritic knees than in other series. 

Morphological and qualitative information on the graft tissue was not given. Moreover, 

Hollander et al. did not find a negative effect of osteoarthritis on graft repair, but on the 

contrary osteoarthritis was shown to enhance tissue regeneration134. Despite these 

interesting observations, Filardo et al. observed a failure rate of 27.5% in 44 patients 

with osteoarthritis (Kellgren grade 2 and 3) treated with ACI, and suggested that once 

the osteoarthritic process had started, the potential of ACI is compromised regardless 

of the severity of the joint condition86.   
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The observation of different degrees of subchondral bone pathology in all clinically failed 

TKA patients, significantly worse abnormal calcification and vascularization in TKA 

patients are interesting and could suggest subchondral bone and endochondral 

ossification may play a pivotal role in clinically failed patients.  

In recent years, the importance of the subchondral bone in cartilage repair strategies 

has gained interest62,118,184,278.  Despite the frequent observation of subchondral bone 

alterations and pathology278, its clinical significance and correlation with pain remain 

controversial, while in osteoarthritis the subchondral bone is a well-recognized source 

of pain7,64,115,272. We observed subchondral bone changes in all patients that underwent 

TKA due to clinical failure. The changes were often localized and more extensive below 

the graft tissue, although subchondral bone plate elevation also extended beyond the 

grafted area. Vasiliadis et al. reported intralesional osteophyte formation in 64% of 

patients and subchondral bone cyst formation in 39% of patients, 9 to 18 years following 

ACI treatment, but failed to find significant correlation between clinical outcome and 

subchondral bone abnormalities278. However, they considered its occurrence a negative 

prognostic factor278. Impaired bone and cartilage regeneration processes, altered 

biomechanical loading, disturbed mechanisms of cartilage-subchondral bone crosstalk, 

and pathological vascularisation or angiogenesis have been proposed as potential 

causes218. Although it has been proposed that overgrowth of the subchondral bone leads 

to narrowing of the repair tissue218, this was not our observation, as the repair tissue 

was always at least as thick as the non-grafted cartilage, but repair tissue protruded 

above the normal position of the cartilage surface. More research needs to be 

undertaken to investigate the pathophysiology and clinical significance of the 

subchondral bone pathology.     
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Patella repair tissue had the worst tissue composition. In the original report of the MACI 

technique, Brittberg et al. similarly reported significantly worse clinical and 

morphological outcomes for patients with patella lesions34. Addressing patella 

malalignment has led to improved outcomes, similar to other anatomic locations74. A 

certain degree of patella malalignment could not be ruled out in our cohorts.  

Ankle MACI grafts in our study performed overall better and none of the specimens had 

fibrous repair tissue. Other studies have similarly reported good to excellent outcomes 

and a negative association with age over 40 years66,104. Three out of 4 patients in our 

study were younger than 40 years old. Interestingly, Dixon et al. observed a high 

proportion of patients with MRI evidence of complete defect filling, complete 

integration of borders, an intact graft surface and homogeneous signal within the graft 

in patients with persistent pain66, implying that failure to relieve pain may not 

necessarily indicate technical failure of the procedure. 

Our data suggest that repair tissues in revised MACI repair and clinically failed MACI are 

similar. However, this study has several limitations and conclusions need to be 

approached with caution.   

Due to the retrospective nature of the study, the number of specimens in each group 

could not be controlled for and limited statistical power because of small sample size 

may have contributed to limiting the significance of some of the statistical comparisons. 

Specimens from revised MACI grafts contained several biopsies from the surface of the 

graft site. This tissue may not represent the composition within the entire graft.  

Similarly, 3mm diameter osteochondral samples from the centre of the defect may also 

not represent the entire graft. Indeed, similar to Laprade et al.174, we found large 

variation in tissue composition throughout the entire sample in the knee arthroplasty 

slabs.  
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Patients classified as clinical failures may be completely or partially a consequence of 

other pathologic changes within the joint and thus sources of pain not directly related 

to the MACI treatment. In other words, clinically failed cases may contain biologically 

and functionally adequate repair tissue, but the repair tissue failed to prevent 

degeneration of the entire joint. After all, cartilage does not contain nerve endings and 

pain can persist despite excellent cartilage defect infill5,66. 

Although the histological and immunohistological evaluation of biopsies yield important 

data regarding the quality of repair tissue, their correlation with clinical symptoms and 

function remains unclear. Intuitively, tissue with characteristics closer to native hyaline 

articular should be superior in function and more durable, but frequently 

fibrocartilaginous repair tissue seems sufficient.  Hollander et al. for example collected 

2mm diameter biopsies of 23 patients undergoing follow-up arthroscopy for non-clinical 

reasons following ACI procedures and found that 43% of patients had fibrocartilaginous 

tissue 6 to 25 months after the ACI procedure134. Peterson et al. found primarily fibrous 

tissue in biopsy samples of 4 out of 12 patients with good to excellent clinical grading at 

a mean follow-up of 54.3 months 224. 

Similarly, Saris et al. evaluated 116 biopsies in a prospective randomized trial comparing 

MACI with microfracture242. Two years following treatment both treatments showed 

very good structural repair and similar mean ICRS II overall assessment scores (± 63.8). 

Despite similar histological appearance, MACI treated patients performed clinically 

significantly better than microfracture-treated patients242. The mean overall assessment 

scores in revised MACI in our study (55.8) was lower, although similar to MACI treated 

patients in the study by Saris et al. 242. It is clear that, besides cartilage repair tissue 

composition, other factors must contribute to clinical success or failure.   
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As a non-invasive technique and with the ability to follow patients over time, magnetic 

resonance imaging (MRI) has provided valuable information in regard to cartilage repair 

and avoids some of the limitations of biopsies, but studies have similarly shown a poor 

correlation between repair tissue structural parameters and clinical outcome73,75,278.  

Another limitation of the current study is the inability to blind the investigators to the 

groups, an inherent limitation of the sampling method. Additionally, the different sizes 

in specimens (blocks for TKA vs cylinders for clinically intact grafts) and the nature of 

tissue (osteochondral and cartilage shavings for clinically intact grafts) leads to a 

comparison of heterogeneous sample groups. Similarly, pathology of the subchondral 

bone was heterogeneous and certain aspects such as the position of the subchondral 

bone plate in the osteochondral biopsy samples relative to the surrounding subchondral 

bone could not be determined. 

The decision to offer TKA or revision arthroscopy was undertaken by the treating 

surgeons. Although specific clinical scores and/or patient-reported outcome measures 

(PROMs) collected at the time of revision surgery would have been useful for the 

analysis and interpretation of our data, this information is not routinely collected from 

patients in a clinical setting and is rarely used as part of the decision making process for 

arthroplasty surgery. There are no agreed criteria for patients to have a knee 

replacement and the decision to proceed with TKA is typically a patient’s preference-

based decision12.  

We used immunohistochemistry to measure the percentage of Type I and II collagen 

within the repair tissue by measuring the total area of positive immunostaining, 

regardless of staining intensity, within the total grafted area. Although 

immunohistochemistry provides information about the distribution of the collagen 

subtypes and an indication of the amount of positively stained tissue, it can be argued 
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that this is not a true quantitative method135, as results may be affected by potential 

inconsistencies in methodology (such as thickness of tissue in sections and antigen 

retrieval protocols)281. Additionally, the limited association between antigen presence 

and staining intensity above and below a certain threshold of bound antibody combined 

with the subjectivity in assessment, make staining intensity an unreliable method281.   

Micro-CT imaging of clinically failed specimens was performed in only 2 out of 10 cases 

and illustrations may therefore not be representative of all clinically failed MACI grafts. 

The low number of available micro-CT data was due to delayed recognition of the 

subchondral bone involved in the pathology and therefore only the most recent samples 

underwent micro-CT scanning.    

In summary, the most prevalent tissue in revised and clinically failed MACI biopsies was 

of fibrocartilaginous nature and there was no significant difference in composition 

between the 2 groups. Subchondral bone pathology of differing degrees was present in 

all clinically failed MACI biopsies and failure of the osteochondral unit, rather than the 

graft repair tissue is probably more appropriate terminology. Further investigation into 

the cause of joint pain and tighter definition of failure are needed.  
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Chapter 6 General summary and future directions 

 

6.1 General summary  

The weightbearing surface of diarthrodial joints consists of hyaline articular cartilage 

and is supported by the subchondral bone. Several structures connect these two 

different tissues to form a tight functional association, which have been commonly 

referred to as the osteochondral unit 115. Articular cartilage defects occur frequently and 

warrant treatment when symptomatic. Surgical treatment options include in particular 

marrow-stimulating procedures, osteochondral transplants, and autologous 

chondrocyte implantation (ACI).  These treatments all aim at restoring the cartilage 

surface and congruence with durable and functional tissue in an attempt to restore joint 

homeostasis, thereby reducing patient pain and improving joint function. While a lot of 

attention has been paid to the cartilage repair tissue, far less attention has been paid to 

the subchondral bone.  

This thesis analyses the effect and possible contribution of subchondral bone alterations 

on outcome of articular cartilage repair techniques. Microfracture technique uses a 

sharp awl to penetrate the subchondral bone plate below the cartilage defect to attract 

stem cells and growth factors. We hypothesized that this technique may be harmful to 

the subchondral bone and could lead to poor repair tissue infill of cartilage defects. 

We described the biology of microfracture technique and investigate the clinical 

evidence of this technique in hip surgery by means of a systematic review.  

Animal studies on microfracture repair physiology suggest micro-fractured defects fill 

with fibrocartilaginous tissue 32,48,79,96,97,188,196, consisting of poorly organized 

chondrocytes 251 and predominantly Type I collagen 97. Tissue integrates poorly with 
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surrounding cartilage 32,251 and progressive degeneration is seen starting at variable time 

periods of less than 1 year, depending on the animal model 70,251.  

Mesenchymal stem cells from the subchondral bone marrow space contribute to the 

repair process of cartilage and bone tissue 251. Once fractured the subchondral bone 

plate will attempt reconstitution through endochondral and intramembranous bone 

formation, however this frequently fails 32,47,70,97,132,133,188,219,251 . Articular repair tissue 

located on an unsupportive bone base is prone to failure as evidence by increased 

fibrocartilage repair tissue formation 133 and increased degeneration of this repair tissue 

over time 251. Failure to reconstitute the bone plate exposes the subchondral bone to 

the joint space can lead to fragility and development of subchondral bone cysts, driven 

by infiltration of cytokines and metalloproteinases through the microfracture holes 

19,280, increased fluid pressure causing osteolysis 9,83,172,255 and ‘collateral damage’ 

through osteonecrosis from the impact of the microfracture awl 49,90,223.  

The clinical practice of hip arthroscopy has increased exponentially over the past few 

years, with a 6-fold increase in incidence from 2006 to 2010 30,206. Recently, several 

publications on the use of microfracture in hip joints have appeared in the literature. 

Being a potentially harmful technique, we investigated the current evidence for 

sustained clinical improvement following microfracture.  

Based on one study with level III evidence and 14 studies with level IV evidence we 

conclude that clinical outcomes in patients undergoing microfracture were the same as 

those not undergoing microfracture and conclude there is currently lack of clinical 

efficacy evidence.  

This clinical evidence is based on small 68,136,151,190,191,259or very small 4,29,41,227,254 sample 

sizes with the majority of data underpowered to detect smaller effect sizes. Another 

issue with the clinical evidence is the high losses to follow up, especially in the 
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microfracture-treated groups 88,226, creating reporting bias that may be in favour of 

patients undergoing microfracture. Numerous studies gathered data from 

predominantly young, male and athletic patients 4,29,128,151,190,191,254, with small cartilage 

defect sizes 68,151,190,191,227, introducing selection bias, making it difficult to generalize or 

extrapolate findings to general patient population who present with cartilage defects. 

Patient function improved from baseline in all studies, regardless of whether 

microfracture was performed or not, which is likely due to confounding factors, such as 

other intra-operative procedures undertaken as part of the umbrella-treatment term of 

‘hip arthroscopy’. Only one study reported medium-term follow up of 5 years 88, all other 

studies had a short follow up of 2 years or less. This is problematic as microfracture 

generally shows improvement in patient function in the short-term, which is not 

sustained long-term 120.  

We hypothesize that long-term data in hip microfracture may show a worsening of 

outcomes for patients undergoing microfracture, compared with controls not 

undergoing microfracture. If this is true, the technique is unethical and should be 

abandoned.  

 

Our first aim was to investigate how microfracture technique affects the subchondral 

bone structure and cartilage repair tissue by means of evaluation in a preclinical model 

and conclude that breaching of the subchondral bone plate leads to significant 

alterations of the subchondral bone microarchitecture.  

Subarticular spongiosa showed an increased bone volume fracture due to trabecular 

thickening and reduced trabecular separation, comparable degenerative changes 

observed in osteoarthritis in femoral heads with articular cartilage defects 45. We 

observed a high incidence of subchondral bone cyst formation (92% of specimens) and 



 157 

subchondral bone plate erosion (50%) in specimens undergoing microfracture. Other 

pathology consisted of intralesional osteophyte formation (17%), elevation of the 

subchondral bone plate (11%). In similar preclinical models, bone cyst formation after 

marrow-stimulation techniques has been observed in 38 to 74% of specimens 95,132,219 

and elevation of the subchondral bone plate in up to 100% of specimens 70,95. Despite 

striking similarities between bone cyst formation seen in advanced osteoarthritis 179 and 

that seen after microfracture technique in preclinical models, the clinical significance of 

their presence in these animal models has been questioned 95,132 and their presence is 

often considered to be secondary to the immediate weightbearing of the animal 

following surgery. Studies that consider them ‘incidental’ typically evaluate the quality 

and composition of the newly formed cartilage and find significant improvement with 

the ‘new’ treatment. It is therefore plausible that these studies underestimate the 

influence of the subchondral bone alterations.  

By means of histomorphometry and micro-CT assessment we showed that subchondral 

bone cysts were communicating with the surgically created microfracture holes. 

Histopathologic characterization of bone cysts showed typical features of inflammatory 

and mechanically associated changes, including osteoclastic bone resorption, dense 

fibrous tissue infill of cysts, and fractures through the subchondral bone plate. Defect 

infill remained minimal and repair tissue was of poor quality 95,132 and we concluded that 

microfracture technique might be harmful for cartilage repair.     

Our second aim was to investigate whether an alternative, subchondral bone sparing 

technique could improve cartilage repair tissue. To this extent we aspirated bone 

marrow from the intercondylar notch, in order to obtain the bone marrow fraction as 

obtained via microfracture from the distal femoral condyle, seeded this onto a collagen 

scaffold and implanted this into articular cartilage defects. Although bone marrow could 
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be aspirated using this approach, implantation failed to improve cartilage defect infill 

compared to no treatment and microfracture technique. Although the minimum 

number of stem cells required for effective tissue regeneration is unknown, the number 

of stem cells within the bone marrow aspirate (average of 1.9 x 106 nucleated cells per 

defect) may not have been high enough to lead to significant tissue production, 

considering that MSCs account for 7 to 33 cells per 1 000 000 nuclear cells 153. Besides a 

low number of cells, this technique does not allow for further migration of cells from the 

marrow space to the defect during the healing phase. Only one clinical study using fresh 

bone marrow aspirate combined with periosteum could be found in the literature 

reporting clinical improvement in 87.5% of patients 3 months following implantation256. 

More studies report on implantation of BMAC (bone marrow aspirate concentrate) 108-

113, a technique in which the cellular fracture is concentrated by means of centrifugation 

processes, is more commonly performed . This process increases the nucleated fraction 

between 4.3 and 9.3 times 63. Treatment of knee articular cartilage defects with BMAC 

covered with a collagen or hyaluronic acid-based scaffold has resulted in significantly 

improved clinical and functional scores that were sustained for up to 6 years post-

operatively 108-113, with formation of hyaline-like cartilage 110 and outcomes better than 

microfracture 113 and comparable to MACI 108.  

 

Subchondral bone alterations were observed 13 weeks following treatment of cartilage 

defects with BMA and consisted of a reduced bone volume fraction due to increased 

trabecular separation. This normalized by 26 weeks. AMIC treatment resulted in an 

increased bone volume fraction decreased BS/BV and decreased trabecular separation, 

similar to our results from aim 1.  Interestingly, despite leaving the subchondral bone 

intact during the surgical procedure, subchondral bone pathology consisting of 



 159 

subchondral bone plate erosion and subchondral cyst formation was observed in 43% 

of BMA treated defects. Subchondral bone cysts communicated with eroded areas and 

were only observed where the calcified cartilage was absent. The precise 

pathophysiology of cyst formation in these cases is unclear. Removal of cartilage may 

have led to abnormal focal stress onto the underlying calcified cartilage and subchondral 

bone, leading to microcracks or microfractures 200,202,232, subsequently leading 

subchondral stiffening, bone resorption and cyst formation.  

 

 

Matrix-Assisted Chondrocyte Implantation (MACI) technique uses autologous 

chondrocytes seeded onto a collagen scaffold and implanted into cartilage defects 

without breaching the subchondral bone plate143,165.  

Our third aim was to investigate whether subchondral bone could contribute to clinical 

failure of a cartilage restoration technique that does not manipulate the subchondral 

bone plate. To this extent we evaluated osteochondral and chondral specimens of 

patients undergoing revision surgery following MACI implantation and specimens of 

patients undergoing total knee arthroplasty (TKA) following MACI implantation.  

Both groups formed predominantly fibrocartilage tissue, with minimal differences in 

structural consistency. The percentages of Type I collagen (52.9% and 61.0%) and Type 

II collagen (66.3% and 42.2%) were not significantly different between clinically failed 

and revised MACI, respectively. Both groups thus formed functional defect infill tissue, 

but in TKA patients this tissue failed to stop further degeneration and deterioration such 

that TKA remained the only feasible clinical solution. The talar dome contained the best 

and patella the worst repair tissue. Subchondral bone pathology was observed in all 

patients undergoing TKA and thus the clinical failure of MACI grafts is a failure of the 
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osteochondral unit, rather than merely cartilage repair tissue failure. The MACI grafting 

procedure thus succeeded in generating and maintaining repair tissue within 

symptomatic cartilage defects as evidenced by histology but failed to preserve joint 

function in patients therefore proceeding to TKA. 

  

In conclusion, the studies in this thesis suggested that microfracture technique causes 

severe subchondral bone alterations and pathology that fail to support repair tissue 

within articular cartilage defects. Preservation of the subchondral bone and 

implantation Bone marrow aspirated   

  

 

6.2 Future directions 

The results from this thesis have generated several new avenues for future research, 

which could be explored to better understand the role of the subchondral bone in 

cartilage repair strategies and other joint diseases. 

 

1. Biomechanical impact of microfracture technique on the subchondral bone  

 

In comparison to Pridie drilling, microfracture technique reportedly maintains the 

integrity of the subchondral bone 261. It is unknown what ‘integrity’ refers to in this 

statement as physical penetration of the subchondral bone plate occurs. Voids and 

defects may produce high localized stresses in structures under loading, thereby 

reducing their mechanical integrity and strength 77,152.  

Bone strength is determined by its structural and material properties 85.  
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To understand the impact of microfracture on the subchondral bone plate strength, 

macroscale mechanical testing techniques such as tensile tests and acoustic methods 

could be utilized on micro-fractured specimens 31,178. Using standard equations 

accounting for size and shape these whole bone mechanics can then be transformed 

into material properties 275. However, these mechanical testing techniques can only be 

performed ex vivo and are destructive 98.  

Medical imaging offers the ability to quantitatively characterize and monitor 

subchondral bone properties in vivo and temporally.  

High Resolution Peripheral Quantitative Computed Tomography (HR-pQCT), allows in 

vivo quantitative assessment of volumetric bone mineral density (BMD) and bone 

microarchitecture at the peripheral skeleton in clinical settings 27,183. High spatial 

resolution MRI, recently validated by comparison with micro-CT 225, can similarly be used 

for this purpose and has the added benefit of obtaining detailed information of the 

cartilage repair tissue 67,286,287.   

These image acquisition methods can then be applied to voxel-based finite element (FE) 

analysis 43,44,147{Vilayphiou, 2010 #627}, and might aid with non-invasive biomechanical 

assessment of subchondral bone. High spatial resolution MRI could additionally be 

applied in the simultaneous assessment of articular cartilage repair tissue, subchondral 

bone microarchitecture and bone marrow lesions 217,269,271. 

 

Characterizing and monitoring subchondral bone alterations and mechanical properties 

over time may provide avenues to improve our understanding of the role of the 

subchondral bone in cartilage repair strategies. 

 

 



 162 

2. Subchondral bone cysts (SBCs) 

 

Studies in this thesis show a high frequency of subchondral bone cyst formation 

following penetration of the subchondral bone plate during microfracture technique. As 

indicated in the previous section, HR-pQCT and high spatial resolution MRI could be used 

in future longitudinal human and animal studies to evaluate the evolution of cyst 

formation and provide additional valuable information to the existing knowledge of the 

etiopathogenesis of SBCs 56,172,280,282. Longitudinal imaging studies could additionally 

expand the existing knowledge on and monitor the effects of differences between 

marrow-stimulating techniques such as hole depth 47,161,295, diameter 78,161,295, and 

drilling vs. fracture49.  

We additionally showed that subchondral bone cyst formation can occur following 

articular cartilage removal without surgical penetration of the subchondral bone. We 

speculate removal of the articular cartilage may have led to abnormal focal stress onto 

the underlying structures, which subsequently lead to bone resorption. Pressure 

mapping sensors have been used for measuring contact pressure in a bovine cadaver 

model 87. High resolution pressure sensors are available to investigate contact pressure 

in sheep stifle joints.  

 

3. Clinical significance of subchondral bone alterations in cartilage repair strategies 

 

Although microarchitectural alterations of the subchondral bone and their clinical 

relevance are well documented in osteoarthritis 53,65,114,115,270, alterations following 

cartilage repair procedures remain poorly investigated and their clinical significance is 

often questioned. HR-pQCT and high spatial resolution MRI need to continue generating 
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data in longitudinal studies to unravel and quantify the causal relationship between 

clinical performance and subchondral bone alterations.  

Even though these high-resolution imaging techniques generate quantitative data 

through bone morphometric parameters , no scoring systems exist that take these into 

account.  

As indicated in this thesis, subchondral bone alterations occurred following surgical 

breaching of the subchondral bone plate. Despite the presence of functional cartilage 

repair tissue, subchondral bone alterations were also observed in all patients with 

clinically failed MACI implantation, a technique which leaves the subchondral bone 

intact. This indicates a close relationship between clinical failure and subchondral bone 

alterations; however, this does not confirm a causal relationship. HR-pQCT and high 

spatial resolution MRI could be used in future longitudinal human and animal studies to 

evaluate the evolution of the subchondral bone structure following cartilage repair 

procedures.  This information could in turn be utilized to establish a scoring system for 

the assessment of subchondral bone health. Detailed analysis of patterns over time will 

allow a better insight the etiopathogenesis of subchondral bone deterioration, a first 

step in the discovery of preventative measures and therapeutic options to reverse the 

process. 

Additionally, subchondral bone health is currently not considered in the choice of 

cartilage repair technique 16,33. An established subchondral bone health scoring system 

could be integrated in clinical practice algorithms for cartilage repair procedure 

selection to obtain the best outcome for patients.  
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4. Tissue engineering for articular cartilage defects 

 

In this thesis we investigated whether implantation of bone marrow aspirate obtained 

from the distal femoral condyle into cartilage defects would aid in healing of these 

defects. Although this treatment provides the defect with regenerative cells and a 

scaffold, the construct did not improve healing compared to no treatment.   

In recent years, scientific progress in biomaterials and cell-based therapeutics has 

contributed to significant advancement in the field of field engineering. Regeneration of 

articular chondral or osteochondral tissue, however, has not been achieved. While 

autologous chondrocyte transplantation techniques leads to excellent clinical results 

13,35,242,277 with formation of hyaline-like tissue 296 it still primarily targets the chondral 

layer.  

The increasing awareness on the role of the subchondral bone in cartilage disease 

warrants further investigation into surgical approaches and implants that reproduce the 

biological and/or functional requirements for the restoration of the different tissues 

within the entire osteochondral unit.  

To this extent two main approaches can be considered.  The first is by developing 

scaffolds that mimic architectural and mechanical properties (eg. stiffness) similar to 

native osteochondral tissues 216,248,290. The second is by developing biomaterials that 

mimic native extracellular matrix, therefore enhancing cell migration, colonization, 

survival, proliferation and differentiation and thus focusing on the regeneration of the 

tissues per se 121,173. 

Biphasic 57,101,146,166,212,245,247,253,284,290 and triphasic 145,163,177 scaffold-based repair 

constructs have been evaluated with promising preliminary results. However, only a few 
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of these have undergone clinical evaluation 23,52 up to 2 years follow-up, but no long-

term follow-up data have been published. 

Conventional scaffold production techniques include solvent casting, particulate 

leaching, freeze drying, phase separation, gas formation, melt moulding, fibre bonding 

and electrospinning 138,239. These production processes fabricate microporous scaffolds, 

although the main disadvantage remains to consistently obtain predetermined, well-

defined architectures in a controlled manner 265. 

The introduction of three-dimensional bioprinting has allowed production of implants 

with high control over spatial resolution, shape and mechanical properties by virtue of 

layer-by-layer printing144 and allows for patient-specific scaffold production 265.   

More recently, four-dimensional printing has emerged, where 3D scaffolds with a 

dynamic and animate structure are fabricated  and that are thus able to change their 

properties under the influence of external signals and natural stimuli 265.   

Although the above described advances in tissue engineering are promising, specific 

challenges remain for the regeneration of articular cartilage. In addition to mimicking 

the anisotropic mechanical behaviour of cartilage, the complex zonal and regional 

organisation of the collagen fibril network within the articular cartilage in an arcade 

model 20 is crucial to its function and should be taken into account in the scaffold 

production process 158,197,252. Another obstacle is the lateral integration of the repair 

tissue with the surrounding host-cartilage 69,156. Bio adhesives use chemical cross-linking 

technology between biomaterial and tissue proteins and have been explored 157,233,268,283 

has been explored, although its current use remains primarily experimental and further 

investigation into chemical or physical crosslinking is needed. 4D bioprinting technology 

could target this aspect of material development. 
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The extracellular matrix of articular cartilage consists largely of type II collagen, a fibril-

forming collagen based on a triple helical repeat motif 126. Collagen hybridizing peptides 

are peptides designed for specific hybridisation to degraded, unfolded collagen chains 

139, and while currently used for in situ imaging 139, this self-assembly driven 

hybridization method could be further explored for therapeutic use in cartilage-

biomaterial integration. 

  



 167 

Chapter 7 References 

 

1. Aho OM, Finnila M, Thevenot J, Saarakkala S, Lehenkari P. Subchondral bone 

histology and grading in osteoarthritis. PLoS One. 2017;12(3):e0173726. 

2. Akeda K, An HS, Okuma M, et al. Platelet-rich plasma stimulates porcine articular 

chondrocyte proliferation and matrix biosynthesis. Osteoarthritis Cartilage. 

2006;14(12):1272-1280. 

3. Allen MJ, Houlton JE, Adams SB, Rushton N. The surgical anatomy of the stifle 

joint in sheep. Veterinary surgery : VS. 1998;27(6):596-605. 

4. Amenabar T, O'Donnell J. Return to sport in Australian football league footballers 

after hip arthroscopy and midterm outcome. Arthroscopy. 2013;29(7):1188-

1194. 

5. Andjelkov N, Riyadh H, Wretenberg P. Neuralgic and nociceptive pain in the knee 

as a cause of the treatment failure after cartilage repair surgery: two case 

reports. journal of pain and relief. 2018;7(4). 

6. Andriolo L, Merli G, Filardo G, Marcacci M, Kon E. Failure of Autologous 

Chondrocyte Implantation. Sports Med Arthrosc Rev. 2017;25(1):10-18. 

7. Arnoldi CC, Lemperg K, Linderholm H. Intraosseous hypertension and pain in the 

knee. J Bone Joint Surg Br. 1975;57(3):360-363. 

8. Aroen A, Loken S, Heir S, et al. Articular cartilage lesions in 993 consecutive knee 

arthroscopies. Am J Sports Med. 2004;32(1):211-215. 

9. Aspenberg P, der Vis Van H. Migration, particles, and fluid pressure. A discussion 

of causes of prosthetic loosening. Clinical orthopaedics and related research. 

1998(352):75-80. 



 168 

10. Axmann R, Bohm C, Kronke G, et al. Inhibition of interleukin-6 receptor directly 

blocks osteoclast formation in vitro and in vivo. Arthritis Rheum. 

2009;60(9):2747-2756. 

11. Bae DK, Yoon KH, Song SJ. Cartilage healing after microfracture in osteoarthritic 

knees. Arthroscopy. 2006;22(4):367-374. 

12. Barlow T, Scott P, Thomson L, Griffin D, Realpe A. The decision‐making threshold 

and the factors that affect it: A qualitative study of patients' decision‐making in 

knee replacement surgery. Musculoskeletal care. 2018;16(1):3-12. 

13. Basad E, Ishaque B, Bachmann G, Sturz H, Steinmeyer J. Matrix-induced 

autologous chondrocyte implantation versus microfracture in the treatment of 

cartilage defects of the knee: a 2-year randomised study. Knee Surg Sports 

Traumatol Arthrosc. 2010;18(4):519-527. 

14. Batinic D, Marusic M, Pavletic Z, et al. Relationship between differing volumes of 

bone marrow aspirates and their cellular composition. Bone marrow 

transplantation. 1990;6(2):103-107. 

15. Beck A, Murphy DJ, Carey-Smith R, Wood DJ, Zheng MH. Treatment of Articular 

Cartilage Defects With Microfracture and Autologous Matrix-Induced 

Chondrogenesis Leads to Extensive Subchondral Bone Cyst Formation in a Sheep 

Model. Am J Sports Med. 2016;44(10):2629-2643. 

16. Behery O, Siston RA, Harris JD, Flanigan DC. Treatment of cartilage defects of the 

knee: expanding on the existing algorithm. Clin J Sport Med. 2014;24(1):21-30. 

17. Beitzel K, McCarthy MB, Cote MP, et al. Rapid isolation of human stem cells 

(connective progenitor cells) from the distal femur during arthroscopic knee 

surgery. Arthroscopy. 2012;28(1):74-84. 



 169 

18. Beitzel K, McCarthy MB, Cote MP, et al. Comparison of mesenchymal stem cells 

(osteoprogenitors) harvested from proximal humerus and distal femur during 

arthroscopic surgery. Arthroscopy. 2013;29(2):301-308. 

19. Benazzo F, Cadossi M, Cavani F, et al. Cartilage repair with osteochondral 

autografts in sheep: effect of biophysical stimulation with pulsed 

electromagnetic fields. Journal of orthopaedic research. 2008;26(5):631-642. 

20. Benninghoff A. Form und Bau der Gelenkknorpel in ihren Beziehungen zur 

Funktion. Zeitschrift für Zellforschung und mikroskopische Anatomie. 

1925;2(5):783-862. 

21. Benthien JP, Behrens P. Nanofractured autologous matrix induced 

chondrogenesis (NAMIC(c))--Further development of collagen membrane aided 

chondrogenesis combined with subchondral needling: A technical note. Knee. 

2015;22(5):411-415. 

22. Benthien JP, Behrens P. Reviewing subchondral cartilage surgery: considerations 

for standardised and outcome predictable cartilage remodelling: a technical 

note. Int Orthop. 2013;37(11):2139-2145. 

23. Berruto M, Delcogliano M, de Caro F, et al. Treatment of Large Knee 

Osteochondral Lesions With a Biomimetic Scaffold: Results of a Multicenter 

Study of 49 Patients at 2-Year Follow-up. Am J Sports Med. 2014;42(7):1607-

1617. 

24. Bert JM. Abandoning microfracture of the knee: has the time come? Arthroscopy. 

2015;31(3):501-505. 

25. Bhosale AM, Kuiper JH, Johnson WE, Harrison PE, Richardson JB. Midterm to 

long-term longitudinal outcome of autologous chondrocyte implantation in the 

knee joint: a multilevel analysis. Am J Sports Med. 2009;37 Suppl 1:131S-138S. 



 170 

26. Bhosale AM, Richardson JB. Articular cartilage: structure, injuries and review of 

management. British medical bulletin. 2008;87(1):77-95. 

27. Boutroy S, Bouxsein ML, Munoz F, Delmas PD. In vivo assessment of trabecular 

bone microarchitecture by high-resolution peripheral quantitative computed 

tomography. J Clin Endocrinol Metab. 2005;90(12):6508-6515. 

28. Boyce BF, Li P, Yao Z, et al. TNF-alpha and pathologic bone resorption. Keio J Med. 

2005;54(3):127-131. 

29. Boykin RE, Patterson D, Briggs KK, Dee A, Philippon MJ. Results of arthroscopic 

labral reconstruction of the hip in elite athletes. Am J Sports Med. 

2013;41(10):2296-2301. 

30. Bozic KJ, Chan V, Valone FH, 3rd, Feeley BT, Vail TP. Trends in hip arthroscopy 

utilization in the United States. J Arthroplasty. 2013;28(8 Suppl):140-143. 

31. Braidotti P, Bemporad E, D'Alessio T, Sciuto SA, Stagni L. Tensile experiments and 

SEM fractography on bovine subchondral bone. J Biomech. 2000;33(9):1153-

1157. 

32. Breinan HA, Martin SD, Hsu HP, Spector M. Healing of canine articular cartilage 

defects treated with microfracture, a type-II collagen matrix, or cultured 

autologous chondrocytes. J Orthop Res. 2000;18(5):781-789. 

33. Brittberg M. Clinical articular cartilage repair—an up to date review. Annals of 

Joint. 2018;3. 

34. Brittberg M, Lindahl A, Nilsson A, et al. Treatment of deep cartilage defects in the 

knee with autologous chondrocyte transplantation. N Engl J Med. 

1994;331(14):889-895. 

35. Brittberg M, Recker D, Ilgenfritz J, Saris DBF, Group SES. Matrix-Applied 

Characterized Autologous Cultured Chondrocytes Versus Microfracture: Five-



 171 

Year Follow-up of a Prospective Randomized Trial. Am J Sports Med. 

2018;46(6):1343-1351. 

36. Brittberg M, Winalski CS. Evaluation of cartilage injuries and repair. J Bone Joint 

Surg Am. 2003;85-A Suppl 2:58-69. 

37. Brown WE, Potter HG, Marx RG, Wickiewicz TL, Warren RF. Magnetic resonance 

imaging appearance of cartilage repair in the knee. Clinical Orthopaedics and 

Related Research (1976-2007). 2004;422:214-223. 

38. Buckwalter J, Mankin H. Articular cartilage: part I: tissue design and chondrocyte-

matrix interactions. Journal of Bone and joint surgery. 1997;79(4):600-611. 

39. Buda R, Vannini F, Cavallo M, et al. One-step bone marrow-derived cell 

transplantation in talarosteochondral lesions: mid-term results. Joints. 

2013;1(3):102-107. 

40. Byrd JW, Jones KS. Arthroscopic femoroplasty in the management of cam-type 

femoroacetabular impingement. Clin Orthop Relat Res. 2009;467(3):739-746. 

41. Byrd JW, Jones KS. Osteoarthritis caused by an inverted acetabular labrum: 

radiographic diagnosis and arthroscopic treatment. Arthroscopy. 

2002;18(7):741-747. 

42. Caplan AI. What's in a name? Tissue engineering Part A. 2010;16(8):2415-2417. 

43. Chang G, Honig S, Brown R, et al. Finite element analysis applied to 3-T MR 

imaging of proximal femur microarchitecture: lower bone strength in patients 

with fragility fractures compared with control subjects. Radiology. 

2014;272(2):464-474. 

44. Chang G, Hotca-Cho A, Rusinek H, et al. Measurement reproducibility of 

magnetic resonance imaging-based finite element analysis of proximal femur 



 172 

microarchitecture for in vivo assessment of bone strength. MAGMA. 

2015;28(4):407-412. 

45. Chappard C, Peyrin F, Bonnassie A, et al. Subchondral bone micro-architectural 

alterations in osteoarthritis: a synchrotron micro-computed tomography study. 

Osteoarthritis Cartilage. 2006;14(3):215-223. 

46. Chen G, Sun J, Lascau-Coman V, et al. Acute Osteoclast Activity following 

Subchondral Drilling Is Promoted by Chitosan and Associated with Improved 

Cartilage Repair Tissue Integration. Cartilage. 2011;2(2):173-185. 

47. Chen H, Chevrier A, Hoemann CD, et al. Characterization of subchondral bone 

repair for marrow-stimulated chondral defects and its relationship to articular 

cartilage resurfacing. Am J Sports Med. 2011;39(8):1731-1740. 

48. Chen H, Hoemann CD, Sun J, et al. Depth of subchondral perforation influences 

the outcome of bone marrow stimulation cartilage repair. J Orthop Res. 

2011;29(8):1178-1184. 

49. Chen H, Sun J, Hoemann CD, et al. Drilling and microfracture lead to different 

bone structure and necrosis during bone-marrow stimulation for cartilage repair. 

J Orthop Res. 2009;27(11):1432-1438. 

50. Chevrier A, Hoemann CD, Sun J, Buschmann MD. Chitosan-glycerol 

phosphate/blood implants increase cell recruitment, transient vascularization 

and subchondral bone remodeling in drilled cartilage defects. Osteoarthritis 

Cartilage. 2007;15(3):316-327. 

51. Chevrier A, Hoemann CD, Sun J, Buschmann MD. Temporal and spatial 

modulation of chondrogenic foci in subchondral microdrill holes by chitosan-

glycerol phosphate/blood implants. Osteoarthritis Cartilage. 2011;19(1):136-

144. 



 173 

52. Chiang H, Liao CJ, Hsieh CH, et al. Clinical feasibility of a novel biphasic 

osteochondral composite for matrix-associated autologous chondrocyte 

implantation. Osteoarthritis Cartilage. 2013;21(4):589-598. 

53. Chiba K, Burghardt AJ, Osaki M, Majumdar S. Three-dimensional analysis of 

subchondral cysts in hip osteoarthritis: an ex vivo HR-pQCT study. Bone. 

2014;66:140-145. 

54. Cognault J, Seurat O, Chaussard C, Ionescu S, Saragaglia D. Return to sports after 

autogenous osteochondral mosaicplasty of the femoral condyles: 25 cases at a 

mean follow-up of 9 years. Orthop Traumatol Surg Res. 2015;101(3):313-317. 

55. Cole BJ, Pascual-Garrido C, Grumet RC. Surgical management of articular 

cartilage defects in the knee. J Bone Joint Surg Am. 2009;91(7):1778-1790. 

56. Cox L, Lagemaat M, Van Donkelaar C, et al. The role of pressurized fluid in 

subchondral bone cyst growth. Bone. 2011;49(4):762-768. 

57. Cui W, Wang Q, Chen G, et al. Repair of articular cartilage defects with tissue-

engineered osteochondral composites in pigs. J Biosci Bioeng. 2011;111(4):493-

500. 

58. Curl WW, Krome J, Gordon ES, et al. Cartilage injuries: a review of 31,516 knee 

arthroscopies. Arthroscopy. 1997;13(4):456-460. 

59. D'Ippolito G, Schiller PC, Ricordi C, Roos BA, Howard GA. Age-related osteogenic 

potential of mesenchymal stromal stem cells from human vertebral bone 

marrow. J Bone Miner Res. 1999;14(7):1115-1122. 

60. Davies-Tuck ML, Wluka AE, Wang Y, et al. The natural history of cartilage defects 

in people with knee osteoarthritis. Osteoarthritis Cartilage. 2008;16(3):337-342. 

61. de Girolamo L, Bertolini G, Cervellin M, Sozzi G, Volpi P. Treatment of chondral 

defects of the knee with one step matrix-assisted technique enhanced by 



 174 

autologous concentrated bone marrow: in vitro characterisation of 

mesenchymal stem cells from iliac crest and subchondral bone. Injury. 

2010;41(11):1172-1177. 

62. Demange MK, Minas T, von Keudell A, et al. Intralesional Osteophyte Regrowth 

Following Autologous Chondrocyte Implantation after Previous Treatment with 

Marrow Stimulation Technique. Cartilage. 2017;8(2):131-138. 

63. Record #208 is using an undefined reference type. If you are sure you are using 

the correct reference type, the template for that type will need to be set up in 

this output style. 

64. Dieppe P. Subchondral bone should be the main target for the treatment of pain 

and disease progression in osteoarthritis. Osteoarthritis Cartilage. 

1999;7(3):325-326. 

65. Ding M. Microarchitectural adaptations in aging and osteoarthrotic subchondral 

bone issues. Acta Orthop Suppl. 2010;81(340):1-53. 

66. Dixon S, Harvey L, Baddour E, Janes G, Hardisty G. Functional outcome of matrix-

associated autologous chondrocyte implantation in the ankle. Foot Ankle Int. 

2011;32(4):368-374. 

67. Domayer SE, Kutscha-Lissberg F, Welsch G, et al. T2 mapping in the knee after 

microfracture at 3.0 T: correlation of global T2 values and clinical outcome - 

preliminary results. Osteoarthritis Cartilage. 2008;16(8):903-908. 

68. Domb BG, Gupta A, Dunne KF, et al. Microfracture in the Hip: Results of a 

Matched-Cohort Controlled Study With 2-Year Follow-up. Am J Sports Med. 

2015;43(8):1865-1874. 

69. Doran PM. Cartilage Tissue Engineering: What Have We Learned in Practice? 

Methods Mol Biol. 2015;1340:3-21. 



 175 

70. Dorotka R, Bindreiter U, Macfelda K, Windberger U, Nehrer S. Marrow 

stimulation and chondrocyte transplantation using a collagen matrix for cartilage 

repair. Osteoarthritis Cartilage. 2005;13(8):655-664. 

71. Dorotka R, Windberger U, Macfelda K, et al. Repair of articular cartilage defects 

treated by microfracture and a three-dimensional collagen matrix. Biomaterials. 

2005;26(17):3617-3629. 

72. Durr HD, Martin H, Pellengahr C, et al. The cause of subchondral bone cysts in 

osteoarthrosis: a finite element analysis. Acta Orthop Scand. 2004;75(5):554-

558. 

73. Ebert JR, Robertson WB, Woodhouse J, et al. Clinical and magnetic resonance 

imaging-based outcomes to 5 years after matrix-induced autologous 

chondrocyte implantation to address articular cartilage defects in the knee. Am 

J Sports Med. 2011;39(4):753-763. 

74. Ebert JR, Schneider A, Fallon M, Wood DJ, Janes GC. A Comparison of 2-Year 

Outcomes in Patients Undergoing Tibiofemoral or Patellofemoral Matrix-

Induced Autologous Chondrocyte Implantation. Am J Sports Med. 

2017;45(14):3243-3253. 

75. Ebert JR, Smith A, Fallon M, Wood DJ, Ackland TR. Correlation Between Clinical 

and Radiological Outcomes After Matrix-Induced Autologous Chondrocyte 

Implantation in the Femoral Condyles. Am J Sports Med. 2014;42(8):1857-1864. 

76. Record #294 is using an undefined reference type. If you are sure you are using 

the correct reference type, the template for that type will need to be set up in 

this output style. 

77. Edgerton BC, An KN, Morrey BF. Torsional strength reduction due to cortical 

defects in bone. J Orthop Res. 1990;8(6):851-855. 



 176 

78. Eldracher M, Orth P, Cucchiarini M, Pape D, Madry H. Small subchondral drill 

holes improve marrow stimulation of articular cartilage defects. Am J Sports 

Med. 2014;42(11):2741-2750. 

79. Erggelet C, Endres M, Neumann K, et al. Formation of cartilage repair tissue in 

articular cartilage defects pretreated with microfracture and covered with cell-

free polymer-based implants. J Orthop Res. 2009;27(10):1353-1360. 

80. Erggelet C, Neumann K, Endres M, et al. Regeneration of ovine articular cartilage 

defects by cell-free polymer-based implants. Biomaterials. 2007;28(36):5570-

5580. 

81. Erggelet C, Vavken P. Microfracture for the treatment of cartilage defects in the 

knee joint - A golden standard? J Clin Orthop Trauma. 2016;7(3):145-152. 

82. Excellence NIfHaC. Autologous chondrocyte implantation for treating 

symptomatic articular cartilage defects of the knee. 

https://www.nice.org.uk/guidance/ta477. Updated 04 October 2017. 

83. Fahlgren A, Bostrom MP, Yang X, et al. Fluid pressure and flow as a cause of bone 

resorption. Acta orthopaedica. 2010;81(4):508-516. 

84. Faul F, Erdfelder E, Buchner A, Lang AG. Statistical power analyses using G*Power 

3.1: tests for correlation and regression analyses. Behav Res Methods. 

2009;41(4):1149-1160. 

85. Felsenberg D, Boonen S. The bone quality framework: determinants of bone 

strength and their interrelationships, and implications for osteoporosis 

management. Clin Ther. 2005;27(1):1-11. 

86. Filardo G, Vannini F, Marcacci M, et al. Matrix-assisted autologous chondrocyte 

transplantation for cartilage regeneration in osteoarthritic knees: results and 

failures at midterm follow-up. Am J Sports Med. 2013;41(1):95-100. 

https://www.nice.org.uk/guidance/ta477


 177 

87. Flanigan DC, Harris JD, Brockmeier PM, Siston RA. The effects of lesion size and 

location on subchondral bone contact in experimental knee articular cartilage 

defects in a bovine model. Arthroscopy. 2010;26(12):1655-1661. 

88. Fontana A, de Girolamo L. Sustained five-year benefit of autologous matrix-

induced chondrogenesis for femoral acetabular impingement-induced chondral 

lesions compared with microfracture treatment. The bone & joint journal. 

2015;97-b(5):628-635. 

89. Fortier LA, Barker JU, Strauss EJ, McCarrel TM, Cole BJ. The role of growth factors 

in cartilage repair. Clin Orthop Relat Res. 2011;469(10):2706-2715. 

90. Fortier LA, Cole BJ, McIlwraith CW. Science and animal models of marrow 

stimulation for cartilage repair. The journal of knee surgery. 2012;25(1):3-8. 

91. Fortier LA, Potter HG, Rickey EJ, et al. Concentrated bone marrow aspirate 

improves full-thickness cartilage repair compared with microfracture in the 

equine model. J Bone Joint Surg Am. 2010;92(10):1927-1937. 

92. Freedman KB, Coleman SH, Olenac C, Cole BJ. The biology of articular cartilage 

injury and the microfracture technique for the treatment of articular cartilage 

lesions Seminars in Arthroplasty. 2002;13(3):202-209. 

93. Freyria AM, Mallein-Gerin F. Chondrocytes or adult stem cells for cartilage repair: 

the indisputable role of growth factors. Injury. 2012;43(3):259-265. 

94. Frisbie DD, Cross MW, McIlwraith CW. A comparative study of articular cartilage 

thickness in the stifle of animal species used in human pre-clinical studies 

compared to articular cartilage thickness in the human knee. Vet Comp Orthop 

Traumatol. 2006;19(3):142-146. 



 178 

95. Frisbie DD, Morisset S, Ho CP, et al. Effects of calcified cartilage on healing of 

chondral defects treated with microfracture in horses. Am J Sports Med. 

2006;34(11):1824-1831. 

96. Frisbie DD, Oxford JT, Southwood L, et al. Early events in cartilage repair after 

subchondral bone microfracture. Clin Orthop Relat Res. 2003(407):215-227. 

97. Frisbie DD, Trotter GW, Powers BE, et al. Arthroscopic subchondral bone plate 

microfracture technique augments healing of large chondral defects in the radial 

carpal bone and medial femoral condyle of horses. Veterinary surgery : VS. 

1999;28(4):242-255. 

98. Gallant MA, Brown DM, Organ JM, Allen MR, Burr DB. Reference-point 

indentation correlates with bone toughness assessed using whole-bone 

traditional mechanical testing. Bone. 2013;53(1):301-305. 

99. Gao Y, Grassi F, Ryan MR, et al. IFN-gamma stimulates osteoclast formation and 

bone loss in vivo via antigen-driven T cell activation. J Clin Invest. 

2007;117(1):122-132. 

100. Gardner OF, Archer CW, Alini M, Stoddart MJ. Chondrogenesis of mesenchymal 

stem cells for cartilage tissue engineering. Histology and histopathology. 

2013;28(1):23-42. 

101. Getgood AM, Kew SJ, Brooks R, et al. Evaluation of early-stage osteochondral 

defect repair using a biphasic scaffold based on a collagen-glycosaminoglycan 

biopolymer in a caprine model. Knee. 2012;19(4):422-430. 

102. Giannini S, Buda R, Battaglia M, et al. One-step repair in talar osteochondral 

lesions: 4-year clinical results and t2-mapping capability in outcome prediction. 

Am J Sports Med. 2013;41(3):511-518. 



 179 

103. Giannini S, Buda R, Vannini F, Cavallo M, Grigolo B. One-step bone marrow-

derived cell transplantation in talar osteochondral lesions. Clin Orthop Relat Res. 

2009;467(12):3307-3320. 

104. Giannini S, Buda R, Vannini F, Di Caprio F, Grigolo B. Arthroscopic autologous 

chondrocyte implantation in osteochondral lesions of the talus: surgical 

technique and results. Am J Sports Med. 2008;36(5):873-880. 

105. Gille J, Behrens P, Volpi P, et al. Outcome of Autologous Matrix Induced 

Chondrogenesis (AMIC) in cartilage knee surgery: data of the AMIC Registry. 

Archives of orthopaedic and trauma surgery. 2013;133(1):87-93. 

106. Gille J, Kunow J, Boisch L, et al. Cell-Laden and Cell-Free Matrix-Induced 

Chondrogenesis versus Microfracture for the Treatment of Articular Cartilage 

Defects: A Histological and Biomechanical Study in Sheep. Cartilage. 

2010;1(1):29-42. 

107. Gille J, Schuseil E, Wimmer J, et al. Mid-term results of Autologous Matrix-

Induced Chondrogenesis for treatment of focal cartilage defects in the knee. 

Knee Surg Sports Traumatol Arthrosc. 2010;18(11):1456-1464. 

108. Gobbi A, Chaurasia S, Karnatzikos G, Nakamura N. Matrix-Induced Autologous 

Chondrocyte Implantation versus Multipotent Stem Cells for the Treatment of 

Large Patellofemoral Chondral Lesions: A Nonrandomized Prospective Trial. 

Cartilage. 2015;6(2):82-97. 

109. Gobbi A, Karnatzikos G, Sankineani SR. One-step surgery with multipotent stem 

cells for the treatment of large full-thickness chondral defects of the knee. Am J 

Sports Med. 2014;42(3):648-657. 



 180 

110. Gobbi A, Karnatzikos G, Scotti C, et al. One-Step Cartilage Repair with Bone 

Marrow Aspirate Concentrated Cells and Collagen Matrix in Full-Thickness Knee 

Cartilage Lesions: Results at 2-Year Follow-up. Cartilage. 2011;2(3):286-299. 

111. Gobbi A, Scotti C, Karnatzikos G, et al. One-step surgery with multipotent stem 

cells and Hyaluronan-based scaffold for the treatment of full-thickness chondral 

defects of the knee in patients older than 45 years. Knee Surg Sports Traumatol 

Arthrosc. 2017;25(8):2494-2501. 

112. Gobbi A, Whyte GP. Long-term Clinical Outcomes of One-Stage Cartilage Repair 

in the Knee With Hyaluronic Acid-Based Scaffold Embedded With Mesenchymal 

Stem Cells Sourced From Bone Marrow Aspirate Concentrate. Am J Sports Med. 

2019;47(7):1621-1628. 

113. Gobbi A, Whyte GP. One-Stage Cartilage Repair Using a Hyaluronic Acid-Based 

Scaffold With Activated Bone Marrow-Derived Mesenchymal Stem Cells 

Compared With Microfracture: Five-Year Follow-up. Am J Sports Med. 

2016;44(11):2846-2854. 

114. Goldring MB, Goldring SR. Articular cartilage and subchondral bone in the 

pathogenesis of osteoarthritis. Annals of the New York Academy of Sciences. 

2010;1192(1):230-237. 

115. Goldring SR, Goldring MB. Changes in the osteochondral unit during 

osteoarthritis: structure, function and cartilage-bone crosstalk. Nat Rev 

Rheumatol. 2016;12(11):632-644. 

116. Gomoll AH. Microfracture and augments. The journal of knee surgery. 

2012;25(1):9-15. 

117. Gomoll AH, Farr J. Autologous Chondrocyte Implantation (ACI). In: Farr J, Gomoll 

AH, eds. Cartilage Restoration. Cham: Springer; 2018:265-274. 



 181 

118. Gomoll AH, Madry H, Knutsen G, et al. The subchondral bone in articular cartilage 

repair: current problems in the surgical management. Knee Surg Sports 

Traumatol Arthrosc. 2010;18(4):434-447. 

119. Gowen M, Mundy GR. Actions of recombinant interleukin 1, interleukin 2, and 

interferon-gamma on bone resorption in vitro. Journal of immunology 

(Baltimore, Md : 1950). 1986;136(7):2478-2482. 

120. Goyal D, Keyhani S, Lee EH, Hui JH. Evidence-based status of microfracture 

technique: a systematic review of level I and II studies. Arthroscopy. 

2013;29(9):1579-1588. 

121. Grassel S, Lorenz J. Tissue-engineering strategies to repair chondral and 

osteochondral tissue in osteoarthritis: use of mesenchymal stem cells. Curr 

Rheumatol Rep. 2014;16(10):452. 

122. Gudas R, Gudaite A, Mickevicius T, et al. Comparison of osteochondral 

autologous transplantation, microfracture, or debridement techniques in 

articular cartilage lesions associated with anterior cruciate ligament injury: a 

prospective study with a 3-year follow-up. Arthroscopy. 2013;29(1):89-97. 

123. Gudas R, Gudaite A, Pocius A, et al. Ten-year follow-up of a prospective, 

randomized clinical study of mosaic osteochondral autologous transplantation 

versus microfracture for the treatment of osteochondral defects in the knee joint 

of athletes. Am J Sports Med. 2012;40(11):2499-2508. 

124. Gudas R, Kalesinskas RJ, Kimtys V, et al. 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. 2005;21(9):1066-1075. 



 182 

125. Gudas R, Simonaityte R, Cekanauskas E, Tamosiunas R. A prospective, 

randomized clinical study of osteochondral autologous transplantation versus 

microfracture for the treatment of osteochondritis dissecans in the knee joint in 

children. Journal of pediatric orthopedics. 2009;29(7):741-748. 

126. Gudmann N, Karsdal M. Type II collagen. In: Biochemistry of Collagens, Laminins 

and Elastin. Elsevier; 2016:13-20. 

127. Haleem AM, Singergy AA, Sabry D, et al. The Clinical Use of Human Culture-

Expanded Autologous Bone Marrow Mesenchymal Stem Cells Transplanted on 

Platelet-Rich Fibrin Glue in the Treatment of Articular Cartilage Defects: A Pilot 

Study and Preliminary Results. Cartilage. 2010;1(4):253-261. 

128. Haviv B, Singh PJ, Takla A, O'Donnell J. Arthroscopic femoral osteochondroplasty 

for cam lesions with isolated acetabular chondral damage. J Bone Joint Surg Br. 

2010;92(5):629-633. 

129. Heir S, Nerhus TK, Rotterud JH, et al. Focal cartilage defects in the knee impair 

quality of life as much as severe osteoarthritis: a comparison of knee injury and 

osteoarthritis outcome score in 4 patient categories scheduled for knee surgery. 

Am J Sports Med. 2010;38(2):231-237. 

130. Henning TD, Gawande R, Khurana A, et al. Magnetic resonance imaging of 

ferumoxide-labeled mesenchymal stem cells in cartilage defects: in vitro and in 

vivo investigations. Mol Imaging. 2012;11(3):197-209. 

131. Hjelle K, Solheim E, Strand T, Muri R, Brittberg M. Articular cartilage defects in 

1,000 knee arthroscopies. Arthroscopy. 2002;18(7):730-734. 

132. Hoemann CD, Hurtig M, Rossomacha E, et al. Chitosan-glycerol phosphate/blood 

implants improve hyaline cartilage repair in ovine microfracture defects. J Bone 

Joint Surg Am. 2005;87(12):2671-2686. 



 183 

133. Hoemann CD, Sun J, McKee MD, et al. Chitosan-glycerol phosphate/blood 

implants elicit hyaline cartilage repair integrated with porous subchondral bone 

in microdrilled rabbit defects. Osteoarthritis Cartilage. 2007;15(1):78-89. 

134. Hollander AP, Dickinson SC, Sims TJ, et al. Maturation of tissue engineered 

cartilage implanted in injured and osteoarthritic human knees. Tissue Eng. 

2006;12(7):1787-1798. 

135. Record #797 is using an undefined reference type. If you are sure you are using 

the correct reference type, the template for that type will need to be set up in 

this output style. 

136. Horisberger M, Brunner A, Herzog RF. Arthroscopic treatment of femoral 

acetabular impingement in patients with preoperative generalized degenerative 

changes. Arthroscopy. 2010;26(5):623-629. 

137. Horwitz EM, Dominici M. How do mesenchymal stromal cells exert their 

therapeutic benefit? Cytotherapy. 2008;10(8):771-774. 

138. Hutmacher DW. Scaffolds in tissue engineering bone and cartilage. Biomaterials. 

2000;21(24):2529-2543. 

139. Hwang J, Huang Y, Burwell TJ, et al. In Situ Imaging of Tissue Remodeling with 

Collagen Hybridizing Peptides. ACS Nano. 2017;11(10):9825-9835. 

140. Indrawattana N, Chen G, Tadokoro M, et al. Growth factor combination for 

chondrogenic induction from human mesenchymal stem cell. Biochemical and 

biophysical research communications. 2004;320(3):914-919. 

141. Insall J. The Pridie debridement operation for osteoarthritis of the knee. Clin 

Orthop Relat Res. 1974(101):61-67. 



 184 

142. Ishimi Y, Miyaura C, Jin CH, et al. IL-6 is produced by osteoblasts and induces 

bone resorption. Journal of immunology (Baltimore, Md : 1950). 

1990;145(10):3297-3303. 

143. Jacobi M, Villa V, Magnussen RA, Neyret P. MACI - a new era? Sports Med 

Arthrosc Rehabil Ther Technol. 2011;3(1):10. 

144. Jeong CG, Atala A. 3D Printing and Biofabrication for Load Bearing Tissue 

Engineering. Adv Exp Med Biol. 2015;881:3-14. 

145. Jia S, Wang J, Zhang T, et al. Multilayered Scaffold with a Compact Interfacial 

Layer Enhances Osteochondral Defect Repair. ACS applied materials & interfaces. 

2018;10(24):20296-20305. 

146. Jiang CC, Chiang H, Liao CJ, et al. Repair of porcine articular cartilage defect with 

a biphasic osteochondral composite. J Orthop Res. 2007;25(10):1277-1290. 

147. Jiang H, Robinson DL, Yates CJ, Lee PVS, Wark JD. Peripheral quantitative 

computed tomography (pQCT)-based finite element analysis provides enhanced 

diagnostic performance in identifying non-vertebral fracture patients compared 

with dual-energy X-ray absorptiometry. Osteoporos Int. 2020;31(1):141-151. 

148. Jiranek WA, Machado M, Jasty M, et al. Production of cytokines around loosened 

cemented acetabular components. Analysis with immunohistochemical 

techniques and in situ hybridization. JBJS. 1993;75(6):863-879. 

149. Johnson LL. Arthroscopic abrasion arthroplasty historical and pathologic 

perspective: present status. Arthroscopy. 1986;2(1):54-69. 

150. Jung WH, Takeuchi R, Chun CW, et al. Second-look arthroscopic assessment of 

cartilage regeneration after medial opening-wedge high tibial osteotomy. 

Arthroscopy. 2014;30(1):72-79. 



 185 

151. Karthikeyan S, Roberts S, Griffin D. Microfracture for acetabular chondral defects 

in patients with femoroacetabular impingement: results at second-look 

arthroscopic surgery. Am J Sports Med. 2012;40(12):2725-2730. 

152. Kasiri S, Taylor D. A critical distance study of stress concentrations in bone. J 

Biomech. 2008;41(3):603-609. 

153. Kasten P, Beyen I, Egermann M, et al. Instant stem cell therapy: characterization 

and concentration of human mesenchymal stem cells in vitro. Eur Cell Mater. 

2008;16:47-55. 

154. Kastrinaki MC, Sidiropoulos P, Roche S, et al. Functional, molecular and 

proteomic characterisation of bone marrow mesenchymal stem cells in 

rheumatoid arthritis. Annals of the rheumatic diseases. 2008;67(6):741-749. 

155. Kaul G, Cucchiarini M, Remberger K, Kohn D, Madry H. Failed cartilage repair for 

early osteoarthritis defects: a biochemical, histological and 

immunohistochemical analysis of the repair tissue after treatment with marrow-

stimulation techniques. Knee Surg Sports Traumatol Arthrosc. 2012;20(11):2315-

2324. 

156. Khan IM, Gilbert SJ, Singhrao S, Duance VC, Archer CW. Cartilage integration: 

evaluation of the reasons for failure of integration during cartilage repair. A 

review. Eur Cell Mater. 2008;16(2008):26-39. 

157. Khunmanee S, Jeong Y, Park H. Crosslinking method of hyaluronic-based 

hydrogel for biomedical applications. J Tissue Eng. 2017;8:2041731417726464. 

158. Klein TJ, Malda J, Sah RL, Hutmacher DW. Tissue engineering of articular cartilage 

with biomimetic zones. Tissue Eng Part B Rev. 2009;15(2):143-157. 



 186 

159. Knutsen G, Drogset JO, Engebretsen L, et al. A randomized trial comparing 

autologous chondrocyte implantation with microfracture. Findings at five years. 

J Bone Joint Surg Am. 2007;89(10):2105-2112. 

160. Knutsen G, Drogset JO, Engebretsen L, et al. A Randomized Multicenter Trial 

Comparing Autologous Chondrocyte Implantation with Microfracture: Long-

Term Follow-up at 14 to 15 Years. J Bone Joint Surg Am. 2016;98(16):1332-1339. 

161. Kok AC, Tuijthof GJ, den Dunnen S, et al. No effect of hole geometry in 

microfracture for talar osteochondral defects. Clin Orthop Relat Res. 

2013;471(11):3653-3662. 

162. Kold SE, Hickman J, Melsen F. An experimental study of the healing process of 

equine chondral and osteochondral defects. Equine Vet J. 1986;18(1):18-24. 

163. Kon E, Delcogliano M, Filardo G, et al. Orderly osteochondral regeneration in a 

sheep model using a novel nano-composite multilayered biomaterial. J Orthop 

Res. 2010;28(1):116-124. 

164. Kon E, Filardo G, Berruto M, et al. Articular cartilage treatment in high-level male 

soccer players: a prospective comparative study of arthroscopic second-

generation autologous chondrocyte implantation versus microfracture. Am J 

Sports Med. 2011;39(12):2549-2557. 

165. Kon E, Filardo G, Di Martino A, Marcacci M. ACI and MACI. The journal of knee 

surgery. 2012;25(1):17-22. 

166. Kon E, Filardo G, Robinson D, et al. Osteochondral regeneration using a novel 

aragonite-hyaluronate bi-phasic scaffold in a goat model. Knee Surg Sports 

Traumatol Arthrosc. 2014;22(6):1452-1464. 

167. Kon E, Gobbi A, Filardo G, et al. Arthroscopic second-generation autologous 

chondrocyte implantation compared with microfracture for chondral lesions of 



 187 

the knee: prospective nonrandomized study at 5 years. Am J Sports Med. 

2009;37(1):33-41. 

168. Kon E, Roffi A, Filardo G, Tesei G, Marcacci M. Scaffold-Based Cartilage 

Treatments: With or Without Cells? A Systematic Review of Preclinical and 

Clinical Evidence. Arthroscopy. 2015;31(4):767-775. 

169. Kowalczuk M, Musahl V, Fu FH. Cochrane in CORR(R): Surgical Interventions 

(Microfracture, Drilling, Mosaicplasty, and Allograft Transplantation) for Treating 

Isolated Cartilage Defects of the Knee in Adults. Clin Orthop Relat Res. 

2018;476(1):16-18. 

170. Kuo MT, Wei Y, Yang X, et al. Association of fragile site-associated (FSA) gene 

expression with epithelial differentiation and tumor development. Biochemical 

and biophysical research communications. 2006;340(3):887-893. 

171. Lam J, Takeshita S, Barker JE, et al. TNF-alpha induces osteoclastogenesis by 

direct stimulation of macrophages exposed to permissive levels of RANK ligand. 

J Clin Invest. 2000;106(12):1481-1488. 

172. Landells JW. The bone cysts of osteoarthritis. J Bone Joint Surg Br. 1953;35-

b(4):643-649. 

173. Langer R, Vacanti JP. Tissue engineering. Science. 1993;260(5110):920-926. 

174. LaPrade RF, Bursch LS, Olson EJ, Havlas V, Carlson CS. Histologic and 

immunohistochemical characteristics of failed articular cartilage resurfacing 

procedures for osteochondritis of the knee: a case series. Am J Sports Med. 

2008;36(2):360-368. 

175. Lee CR, Grodzinsky AJ, Hsu HP, Martin SD, Spector M. Effects of harvest and 

selected cartilage repair procedures on the physical and biochemical properties 

of articular cartilage in the canine knee. J Orthop Res. 2000;18(5):790-799. 



 188 

176. Lee KB, Park HW, Cho HJ, Seon JK. Comparison of Arthroscopic Microfracture for 

Osteochondral Lesions of the Talus With and Without Subchondral Cyst. Am J 

Sports Med. 2015;43(8):1951-1956. 

177. Levingstone TJ, Ramesh A, Brady RT, et al. Cell-free multi-layered collagen-based 

scaffolds demonstrate layer specific regeneration of functional osteochondral 

tissue in caprine joints. Biomaterials. 2016;87:69-81. 

178. Li B, Aspden RM. Mechanical and material properties of the subchondral bone 

plate from the femoral head of patients with osteoarthritis or osteoporosis. 

Annals of the rheumatic diseases. 1997;56(4):247-254. 

179. Li G, Ma Y, Cheng TS, et al. Identical subchondral bone microarchitecture pattern 

with increased bone resorption in rheumatoid arthritis as compared to 

osteoarthritis. Osteoarthritis Cartilage. 2014;22(12):2083-2092. 

180. Li G, Yin J, Gao J, et al. Subchondral bone in osteoarthritis: insight into risk factors 

and microstructural changes. Arthritis Res Ther. 2013;15(6):223. 

181. Lienert JJ, Rodkey WG, Steadman JR, Philippon MJ, Sekiya JK. Microfracture 

techniques in hip arthroscopy. Operative Techniques in Orthopaedics. 

2005;15(3):267-272. 

182. Lim HC, Bae JH, Song SH, Park YE, Kim SJ. Current treatments of isolated articular 

cartilage lesions of the knee achieve similar outcomes. Clin Orthop Relat Res. 

2012;470(8):2261-2267. 

183. Liu XS, Zhang XH, Sekhon KK, et al. High-resolution peripheral quantitative 

computed tomography can assess microstructural and mechanical properties of 

human distal tibial bone. J Bone Miner Res. 2010;25(4):746-756. 

184. Madry H. The subchondral bone: a new frontier in articular cartilage repair. Knee 

Surg Sports Traumatol Arthrosc. 2010;18(4):417-418. 



 189 

185. Madry H, Luyten FP, Facchini A. Biological aspects of early osteoarthritis. Knee 

Surg Sports Traumatol Arthrosc. 2012;20(3):407-422. 

186. Mainil-Varlet P, Van Damme B, Nesic D, et al. A new histology scoring system for 

the assessment of the quality of human cartilage repair: ICRS II. Am J Sports Med. 

2010;38(5):880-890. 

187. Majors AK, Boehm CA, Nitto H, Midura RJ, Muschler GF. Characterization of 

human bone marrow stromal cells with respect to osteoblastic differentiation. J 

Orthop Res. 1997;15(4):546-557. 

188. Marchand C, Chen G, Tran-Khanh N, et al. Microdrilled cartilage defects treated 

with thrombin-solidified chitosan/blood implant regenerate a more hyaline, 

stable, and structurally integrated osteochondral unit compared to drilled 

controls. Tissue engineering Part A. 2012;18(5-6):508-519. 

189. McCormick F, Harris JD, Abrams GD, et al. Trends in the surgical treatment of 

articular cartilage lesions in the United States: an analysis of a large private-payer 

database over a period of 8 years. Arthroscopy. 2014;30(2):222-226. 

190. McDonald JE, Herzog MM, Philippon MJ. Performance outcomes in professional 

hockey players following arthroscopic treatment of FAI and microfracture of the 

hip. Knee Surg Sports Traumatol Arthrosc. 2014;22(4):915-919. 

191. McDonald JE, Herzog MM, Philippon MJ. Return to play after hip arthroscopy 

with microfracture in elite athletes. Arthroscopy. 2013;29(2):330-335. 

192. McErlain DD, Ulici V, Darling M, et al. An in vivo investigation of the initiation and 

progression of subchondral cysts in a rodent model of secondary osteoarthritis. 

Arthritis Res Ther. 2012;14(1):R26. 

193. McIlwraith CW, Frisbie DD, Rodkey WG, et al. Evaluation of intra-articular 

mesenchymal stem cells to augment healing of microfractured chondral defects. 



 190 

Arthroscopy: The Journal of Arthroscopic & Related Surgery. 2011;27(11):1552-

1561. 

194. McNickle AG, L'Heureux DR, Yanke AB, Cole BJ. Outcomes of autologous 

chondrocyte implantation in a diverse patient population. Am J Sports Med. 

2009;37(7):1344-1350. 

195. McRedmond JP, Park SD, Reilly DF, et al. Integration of proteomics and genomics 

in platelets: a profile of platelet proteins and platelet-specific genes. Mol Cell 

Proteomics. 2004;3(2):133-144. 

196. Meachim G, Roberts C. Repair of the joint surface from subarticular tissue in the 

rabbit knee. Journal of anatomy. 1971;109(Pt 2):317-327. 

197. Mellati A, Fan CM, Tamayol A, et al. Microengineered 3D cell-laden 

thermoresponsive hydrogels for mimicking cell morphology and orientation in 

cartilage tissue engineering. Biotechnol Bioeng. 2017;114(1):217-231. 

198. Mika J, Clanton TO, Pretzel D, et al. Surgical preparation for articular cartilage 

regeneration without penetration of the subchondral bone plate: in vitro and in 

vivo studies in humans and sheep. Am J Sports Med. 2011;39(3):624-631. 

199. Min BH, Choi WH, Lee YS, et al. Effect of different bone marrow stimulation 

techniques (BSTs) on MSCs mobilization. J Orthop Res. 2013;31(11):1814-1819. 

200. Minas T, Gomoll AH, Rosenberger R, Royce RO, Bryant T. Increased failure rate 

of autologous chondrocyte implantation after previous treatment with marrow 

stimulation techniques. Am J Sports Med. 2009;37(5):902-908. 

201. Minas T, Gomoll AH, Solhpour S, et al. Autologous chondrocyte implantation for 

joint preservation in patients with early osteoarthritis. Clin Orthop Relat Res. 

2010;468(1):147-157. 



 191 

202. Minas T, Nehrer S. Current concepts in the treatment of articular cartilage 

defects. Orthopedics. 1997;20(6):525-538. 

203. Mithoefer K, McAdams T, Williams RJ, Kreuz PC, Mandelbaum BR. Clinical 

efficacy of the microfracture technique for articular cartilage repair in the knee: 

an evidence-based systematic analysis. Am J Sports Med. 2009;37(10):2053-

2063. 

204. Mithoefer K, Saris DB, Farr J, et al. Guidelines for the Design and Conduct of 

Clinical Studies in Knee Articular Cartilage Repair: International Cartilage Repair 

Society Recommendations Based on Current Scientific Evidence and Standards 

of Clinical Care. Cartilage. 2011;2(2):100-121. 

205. Montgomery SR, Foster BD, Ngo SS, et al. Trends in the surgical treatment of 

articular cartilage defects of the knee in the United States. Knee Surg Sports 

Traumatol Arthrosc. 2014;22(9):2070-2075. 

206. Montgomery SR, Ngo SS, Hobson T, et al. Trends and demographics in hip 

arthroscopy in the United States. Arthroscopy. 2013;29(4):661-665. 

207. Muschler GF, Boehm C, Easley K. Aspiration to obtain osteoblast progenitor cells 

from human bone marrow: the influence of aspiration volume. J Bone Joint Surg 

Am. 1997;79(11):1699-1709. 

208. Nawaz SZ, Bentley G, Briggs TW, et al. Autologous chondrocyte implantation in 

the knee: mid-term to long-term results. J Bone Joint Surg Am. 2014;96(10):824-

830. 

209. Nehrer S, Spector M, Minas T. Histologic analysis of tissue after failed cartilage 

repair procedures. Clin Orthop Relat Res. 1999(365):149-162. 



 192 

210. Nejadnik H, Hui JH, Feng Choong EP, Tai BC, Lee EH. Autologous bone marrow-

derived mesenchymal stem cells versus autologous chondrocyte implantation: 

an observational cohort study. Am J Sports Med. 2010;38(6):1110-1116. 

211. Newman AP. Articular cartilage repair. Am J Sports Med. 1998;26(2):309-324. 

212. Niederauer GG, Slivka MA, Leatherbury NC, et al. Evaluation of multiphase 

implants for repair of focal osteochondral defects in goats. Biomaterials. 

2000;21(24):2561-2574. 

213. Niemeyer P, Albrecht D, Andereya S, et al. Autologous chondrocyte implantation 

(ACI) for cartilage defects of the knee: A guideline by the working group "Clinical 

Tissue Regeneration" of the German Society of Orthopaedics and Trauma 

(DGOU). Knee. 2016;23(3):426-435. 

214. Niemeyer P, Kostler W, Salzmann GM, et al. Autologous chondrocyte 

implantation for treatment of focal cartilage defects in patients age 40 years and 

older: A matched-pair analysis with 2-year follow-up. Am J Sports Med. 

2010;38(12):2410-2416. 

215. O'Conor CJ, Case N, Guilak F. Mechanical regulation of chondrogenesis. Stem Cell 

Res Ther. 2013;4(4):61. 

216. Oliveira JM, Rodrigues MT, Silva SS, et al. Novel hydroxyapatite/chitosan 

bilayered scaffold for osteochondral tissue-engineering applications: Scaffold 

design and its performance when seeded with goat bone marrow stromal cells. 

Biomaterials. 2006;27(36):6123-6137. 

217. Oneto JM, Ellermann J, LaPrade RF. Longitudinal evaluation of cartilage repair 

tissue after microfracture using T2-mapping: a case report with arthroscopic and 

MRI correlation. Knee Surg Sports Traumatol Arthrosc. 2010;18(11):1545-1550. 



 193 

218. Orth P, Cucchiarini M, Kohn D, Madry H. Alterations of the subchondral bone in 

osteochondral repair--translational data and clinical evidence. Eur Cell Mater. 

2013;25:299-316; discussion 314-296. 

219. Orth P, Goebel L, Wolfram U, et al. Effect of subchondral drilling on the 

microarchitecture of subchondral bone: analysis in a large animal model at 6 

months. Am J Sports Med. 2012;40(4):828-836. 

220. Oussedik S, Tsitskaris K, Parker D. Treatment of Articular Cartilage Lesions of the 

Knee by Microfracture or Autologous Chondrocyte Implantation: A Systematic 

Review. Arthroscopy. 2015;31(4):732-744. 

221. Palmoski MJ, Colyer RA, Brandt KD. Joint motion in the absence of normal loading 

does not maintain normal articular cartilage. Arthritis Rheum. 1980;23(3):325-

334. 

222. Patel V, Issever AS, Burghardt A, et al. MicroCT evaluation of normal and 

osteoarthritic bone structure in human knee specimens. J Orthop Res. 

2003;21(1):6-13. 

223. Pestka JM, Bode G, Salzmann G, Sudkamp NP, Niemeyer P. Clinical outcome of 

autologous chondrocyte implantation for failed microfracture treatment of full-

thickness cartilage defects of the knee joint. Am J Sports Med. 2012;40(2):325-

331. 

224. Peterson L, Brittberg M, Kiviranta I, Åkerlund EL, Lindahl A. Autologous 

chondrocyte transplantation: biomechanics and long-term durability. The 

American journal of sports medicine. 2002;30(1):2-12. 

225. Phan CM, Matsuura M, Bauer JS, et al. Trabecular bone structure of the 

calcaneus: comparison of MR imaging at 3.0 and 1.5 T with micro-CT as the 

standard of reference. Radiology. 2006;239(2):488-496. 



 194 

226. Philippon MJ, Briggs KK, Yen YM, Kuppersmith DA. Outcomes following hip 

arthroscopy for femoroacetabular impingement with associated chondrolabral 

dysfunction: minimum two-year follow-up. J Bone Joint Surg Br. 2009;91(1):16-

23. 

227. Philippon MJ, Schenker ML, Briggs KK, Maxwell RB. Can microfracture produce 

repair tissue in acetabular chondral defects? Arthroscopy. 2008;24(1):46-50. 

228. Poli V, Balena R, Fattori E, et al. Interleukin-6 deficient mice are protected from 

bone loss caused by estrogen depletion. EMBO J. 1994;13(5):1189-1196. 

229. Pridie KH, Gordon G. A method of resurfacing osteoarthritic knee joints. J Bone 

Joint Surg Br. 1959;41:618-619 

 

230. Prockop DJ. Repair of tissues by adult stem/progenitor cells (MSCs): 

controversies, myths, and changing paradigms. Molecular therapy : the journal 

of the American Society of Gene Therapy. 2009;17(6):939-946. 

231. Qi YY, Chen X, Jiang YZ, et al. Local delivery of autologous platelet in collagen 

matrix simulated in situ articular cartilage repair. Cell Transplant. 

2009;18(10):1161-1169. 

232. Radin EL, Rose RM. Role of subchondral bone in the initiation and progression of 

cartilage damage. Clin Orthop Relat Res. 1986(213):34-40. 

233. Rathi S, Saka R, Domb AJ, Khan W. Protein‐based bioadhesives and bioglues. 

Polymers for Advanced Technologies. 2019;30(2):217-234. 

234. Ray CS, Baxter GM, Mc IC, et al. Development of subchondral cystic lesions after 

articular cartilage and subchondral bone damage in young horses. Equine Vet J. 

1996;28(3):225-232. 



 195 

235. Raynauld JP, Martel-Pelletier J, Berthiaume MJ, et al. Correlation between bone 

lesion changes and cartilage volume loss in patients with osteoarthritis of the 

knee as assessed by quantitative magnetic resonance imaging over a 24-month 

period. Annals of the rheumatic diseases. 2008;67(5):683-688. 

236. Robinson D, Nevo Z. Articular Cartilage Chondrocytes are more Advantageous for 

Generating Hyaline-like Cartilage than Mesenchymal Cells Isolated from 

Microfracture Repairs. Cell Tissue Bank. 2001;2(1):23-30. 

237. Rodrigo JJ, Steadman JR, Silliman JF, H.A. F. Improvement of Full-thickness 

chondral defect healing in the human knee after debridement and microfracture 

using continuous passive motion. The American Journal of Knee Surgery. 

1994;7(3):109-116. 

238. Rosenberger RE, Gomoll AH, Bryant T, Minas T. Repair of large chondral defects 

of the knee with autologous chondrocyte implantation in patients 45 years or 

older. Am J Sports Med. 2008;36(12):2336-2344. 

239. Sachlos E, Czernuszka JT. Making tissue engineering scaffolds work. Review: the 

application of solid freeform fabrication technology to the production of tissue 

engineering scaffolds. Eur Cell Mater. 2003;5:29-39; discussion 39-40. 

240. Sanchez M, Azofra J, Anitua E, et al. Plasma rich in growth factors to treat an 

articular cartilage avulsion: a case report. Med Sci Sports Exerc. 

2003;35(10):1648-1652. 

241. Sansone V, de Girolamo L, Pascale W, Melato M, Pascale V. Long-term results of 

abrasion arthroplasty for full-thickness cartilage lesions of the medial femoral 

condyle. Arthroscopy. 2015;31(3):396-403. 



 196 

242. Saris D, Price A, Widuchowski W, et al. Matrix-Applied Characterized Autologous 

Cultured Chondrocytes Versus Microfracture: Two-Year Follow-up of a 

Prospective Randomized Trial. Am J Sports Med. 2014;42(6):1384-1394. 

243. Saris DB, Vanlauwe J, Victor J, et al. Treatment of symptomatic cartilage defects 

of the knee: characterized chondrocyte implantation results in better clinical 

outcome at 36 months in a randomized trial compared to microfracture. Am J 

Sports Med. 2009;37 Suppl 1:10S-19S. 

244. Saris DB, Vanlauwe J, Victor J, et al. Characterized chondrocyte implantation 

results in better structural repair when treating symptomatic cartilage defects of 

the knee in a randomized controlled trial versus microfracture. Am J Sports Med. 

2008;36(2):235-246. 

245. Schek RM, Taboas JM, Segvich SJ, Hollister SJ, Krebsbach PH. Engineered 

osteochondral grafts using biphasic composite solid free-form fabricated 

scaffolds. Tissue Eng. 2004;10(9-10):1376-1385. 

246. Schinhan M, Gruber M, Vavken P, et al. Critical-size defect induces 

unicompartmental osteoarthritis in a stable ovine knee. J Orthop Res. 

2012;30(2):214-220. 

247. Schleicher I, Lips KS, Sommer U, et al. Biphasic scaffolds for repair of deep 

osteochondral defects in a sheep model. J Surg Res. 2013;183(1):184-192. 

248. Schlichting K, Schell H, Kleemann RU, et al. Influence of scaffold stiffness on 

subchondral bone and subsequent cartilage regeneration in an ovine model of 

osteochondral defect healing. Am J Sports Med. 2008;36(12):2379-2391. 

249. Sekiya I, Muneta T, Horie M, Koga H. Arthroscopic Transplantation of Synovial 

Stem Cells Improves Clinical Outcomes in Knees With Cartilage Defects. Clin 

Orthop Relat Res. 2015. 



 197 

250. Sermer C, Devitt B, Chahal J, Kandel R, Theodoropoulos J. The Addition of 

Platelet-Rich Plasma to Scaffolds Used for Cartilage Repair: A Review of Human 

and Animal Studies. Arthroscopy. 2015. 

251. Shapiro F, Koide S, Glimcher MJ. Cell origin and differentiation in the repair of 

full-thickness defects of articular cartilage. J Bone Joint Surg Am. 1993;75(4):532-

553. 

252. Sharma B, Williams CG, Kim TK, et al. Designing zonal organization into tissue-

engineered cartilage. Tissue Eng. 2007;13(2):405-414. 

253. Sherwood JK, Riley SL, Palazzolo R, et al. A three-dimensional osteochondral 

composite scaffold for articular cartilage repair. Biomaterials. 2002;23(24):4739-

4751. 

254. Singh PJ, O'Donnell JM. The outcome of hip arthroscopy in Australian football 

league players: a review of 27 hips. Arthroscopy. 2010;26(6):743-749. 

255. Skripitz R, Aspenberg P. Pressure‐induced periprosthetic osteolysis: a rat model. 

Journal of Orthopaedic Research. 2000;18(3):481-484. 

256. Slynarski K, Deszczynski J, Karpinski J. Fresh bone marrow and periosteum 

transplantation for cartilage defects of the knee. Transplant Proc. 

2006;38(1):318-319. 

257. Solheim E, Hegna J, Strand T, Harlem T, Inderhaug E. Randomized Study of Long-

term (15-17 Years) Outcome After Microfracture Versus Mosaicplasty in Knee 

Articular Cartilage Defects. Am J Sports Med. 2018;46(4):826-831. 

258. Spreafico A, Chellini F, Frediani B, et al. Biochemical investigation of the effects 

of human platelet releasates on human articular chondrocytes. J Cell Biochem. 

2009;108(5):1153-1165. 



 198 

259. Stafford GH, Bunn JR, Villar RN. Arthroscopic repair of delaminated acetabular 

articular cartilage using fibrin adhesive. Results at one to three years. Hip 

international : the journal of clinical and experimental research on hip pathology 

and therapy. 2011;21(6):744-750. 

260. Steadman JR, Briggs KK, Rodrigo JJ, et al. Outcomes of microfracture for 

traumatic chondral defects of the knee: average 11-year follow-up. Arthroscopy. 

2003;19(5):477-484. 

261. Steadman JR, Rodkey WG, Rodrigo JJ. Microfracture: surgical technique and 

rehabilitation to treat chondral defects. Clinical Orthopaedics and Related 

Research®. 2001;391:S362-S369. 

262. Steadman JR, Rodkey WG, Singleton SB, Briggs KK. Microfracture technique for 

full-thickness chondral defects technique and clinical results. Operative 

Techniques in Orthopaedics. 1997;7(4):300-304. 

263. Sun Y, Feng Y, Zhang CQ, Chen SB, Cheng XG. The regenerative effect of platelet-

rich plasma on healing in large osteochondral defects. Int Orthop. 

2010;34(4):589-597. 

264. Suri S, Walsh DA. Osteochondral alterations in osteoarthritis. Bone. 

2012;51(2):204-211. 

265. Tamay DG, Dursun Usal T, Alagoz AS, et al. 3D and 4D Printing of Polymers for 

Tissue Engineering Applications. Front Bioeng Biotechnol. 2019;7:164. 

266. Tamura T, Udagawa N, Takahashi N, et al. Soluble interleukin-6 receptor triggers 

osteoclast formation by interleukin 6. Proceedings of the National Academy of 

Sciences of the United States of America. 1993;90(24):11924-11928. 



 199 

267. Tanamas SK, Wluka AE, Pelletier JP, et al. The association between subchondral 

bone cysts and tibial cartilage volume and risk of joint replacement in people 

with knee osteoarthritis: a longitudinal study. Arthritis Res Ther. 2010;12(2):R58. 

268. Tanideh N, Dehghani Nazhvani S, Mojtahed Jaberi F, et al. The healing effect of 

bioglue in articular cartilage defect of femoral condyle in experimental rabbit 

model. Iran Red Crescent Med J. 2011;13(9):629-633. 

269. Tao H, Li H, Hua Y, et al. Quantitative magnetic resonance imaging (MRI) 

evaluation of cartilage repair after microfracture treatment for full-thickness 

cartilage defect models in rabbit knee joints: correlations with histological 

findings. Skeletal Radiol. 2015;44(3):393-402. 

270. Tassani S, Particelli F, Perilli E, et al. Dependence of trabecular structure on bone 

quantity: a comparison between osteoarthritic and non-pathological bone. Clin 

Biomech (Bristol, Avon). 2011;26(6):632-639. 

271. Theologis AA, Schairer WW, Carballido-Gamio J, et al. Longitudinal analysis of 

T1rho and T2 quantitative MRI of knee cartilage laminar organization following 

microfracture surgery. Knee. 2012;19(5):652-657. 

272. Torres L, Dunlop DD, Peterfy C, et al. The relationship between specific tissue 

lesions and pain severity in persons with knee osteoarthritis. Osteoarthritis 

Cartilage. 2006;14(10):1033-1040. 

273. Tsuchida AI, Beekhuizen M, Rutgers M, et al. Interleukin-6 is elevated in synovial 

fluid of patients with focal cartilage defects and stimulates cartilage matrix 

production in an in vitro regeneration model. Arthritis Res Ther. 

2012;14(6):R262. 



 200 

274. Tsuchida AI, Beekhuizen M, t Hart MC, et al. Cytokine profiles in the joint depend 

on pathology, but are different between synovial fluid, cartilage tissue and 

cultured chondrocytes. Arthritis Res Ther. 2014;16(5):441. 

275. Turner CH, Burr DB. Basic biomechanical measurements of bone: a tutorial. 

Bone. 1993;14(4):595-608. 

276. Ulstein S, Aroen A, Rotterud JH, et al. Microfracture technique versus 

osteochondral autologous transplantation mosaicplasty in patients with articular 

chondral lesions of the knee: a prospective randomized trial with long-term 

follow-up. Knee Surg Sports Traumatol Arthrosc. 2014;22(6):1207-1215. 

277. Vanlauwe J, Saris DB, Victor J, et al. Five-year outcome of characterized 

chondrocyte implantation versus microfracture for symptomatic cartilage 

defects of the knee: early treatment matters. Am J Sports Med. 

2011;39(12):2566-2574. 

278. Vasiliadis HS, Danielson B, Ljungberg M, et al. Autologous chondrocyte 

implantation in cartilage lesions of the knee: long-term evaluation with magnetic 

resonance imaging and delayed gadolinium-enhanced magnetic resonance 

imaging technique. Am J Sports Med. 2010;38(5):943-949. 

279. Volz M, Schaumburger J, Frick H, Grifka J, Anders S. A randomized controlled trial 

demonstrating sustained benefit of Autologous Matrix-Induced Chondrogenesis 

over microfracture at five years. Int Orthop. 2017;41(4):797-804. 

280. von Rechenberg B, Leutenegger C, Zlinsky K, et al. Upregulation of mRNA of 

interleukin-1 and -6 in subchondral cystic lesions of four horses. Equine Vet J. 

2001;33(2):143-149. 



 201 

281. Walker R. Quantification of immunohistochemistry—issues concerning 

methods, utility and semiquantitative assessment I. Histopathology. 

2006;49(4):406-410. 

282. Walker WT, Silverberg JL, Kawcak CE, Nelson BB, Fortier LA. Morphological 

characteristics of subchondral bone cysts in medial femoral condyles of adult 

horses as determined by computed tomography. American journal of veterinary 

research. 2016;77(3):265-274. 

283. Wang DA, Varghese S, Sharma B, et al. Multifunctional chondroitin sulphate for 

cartilage tissue-biomaterial integration. Nat Mater. 2007;6(5):385-392. 

284. Wang X, Grogan SP, Rieser F, et al. Tissue engineering of biphasic cartilage 

constructs using various biodegradable scaffolds: an in vitro study. Biomaterials. 

2004;25(17):3681-3688. 

285. Wassilew GI, Lehnigk U, Duda GN, et al. The expression of proinflammatory 

cytokines and matrix metalloproteinases in the synovial membranes of patients 

with osteoarthritis compared with traumatic knee disorders. Arthroscopy. 

2010;26(8):1096-1104. 

286. Welsch GH, Mamisch TC, Domayer SE, et al. Cartilage T2 assessment at 3-T MR 

imaging: in vivo differentiation of normal hyaline cartilage from reparative tissue 

after two cartilage repair procedures--initial experience. Radiology. 

2008;247(1):154-161. 

287. White LM, Sussman MS, Hurtig M, et al. Cartilage T2 assessment: differentiation 

of normal hyaline cartilage and reparative tissue after arthroscopic cartilage 

repair in equine subjects. Radiology. 2006;241(2):407-414. 

288. Widuchowski W, Widuchowski J, Trzaska T. Articular cartilage defects: study of 

25,124 knee arthroscopies. Knee. 2007;14(3):177-182. 



 202 

289. Willers C, Wood DJ, Zheng MH. A current review on the biology and treatment 

of articular cartilage defects (part I & part II). Journal of Musculoskeletal 

Research. 2003;7(03n04):157-181. 

290. Yan LP, Silva-Correia J, Oliveira MB, et al. Bilayered silk/silk-nanoCaP scaffolds for 

osteochondral tissue engineering: In vitro and in vivo assessment of biological 

performance. Acta Biomater. 2015;12:227-241. 

291. Yang KG, Saris DB, Verbout AJ, Creemers LB, Dhert WJ. The effect of synovial fluid 

from injured knee joints on in vitro chondrogenesis. Tissue Eng. 

2006;12(10):2957-2964. 

292. Yen YM, Kocher MS. Chondral lesions of the hip: microfracture and 

chondroplasty. Sports Med Arthrosc Rev. 2010;18(2):83-89. 

293. Yoshioka T, Mishima H, Kaul Z, et al. Fate of bone marrow mesenchymal stem 

cells following the allogeneic transplantation of cartilaginous aggregates into 

osteochondral defects of rabbits. J Tissue Eng Regen Med. 2011;5(6):437-443. 

294. Zanetti M, Bruder E, Romero J, Hodler J. Bone marrow edema pattern in 

osteoarthritic knees: correlation between MR imaging and histologic findings. 

Radiology. 2000;215(3):835-840. 

295. Zedde P, Cudoni S, Giachetti G, et al. Subchondral bone remodeling: comparing 

nanofracture with microfracture. An ovine in vivo study. Joints. 2016;4(2):87-93. 

296. Zheng MH, Willers C, Kirilak L, et al. Matrix-induced autologous chondrocyte 

implantation (MACI): biological and histological assessment. Tissue Eng. 2007;13(4):737-

746. 



 203 

 Publication Green et al., 2016 

  



 204 

 
  



 205 

 
  



 206 

 
  



 207 

 
  



 208 

 
  



 209 

 
  



 210 

 
  



 211 



 212 



 213 



 214 



 215 



 216 



 217 



 218 



 219 

 
  



 220 

  Publication Beck et al., 2016 

 



 221 

 



 222 

 



 223 

 



 224 

 



 225 

 



 226 

 



 227 

 



 228 

 



 229 

 



 230 

 



 231 

 



 232 

 



 233 

 



 234 

 

 

  



 235 

 Publication Beck et al., 2019 

 



 236 

 



 237 

 



 238 

 



 239 

 



 240 

 



 241 

 



 242 

 



 243 

 



 244 

 



 245 

 



 246 

 



 247 

 



 248 

 

 

 

 

 

 
 
 




