


biomechanical properties of repair cartilage tissue, especially

considering long-term results. Furthermore, the number of holes

for either technique, MFX or DRL, is still unclear. Steadman et

al. recommend 9-16 holes per cm2, while other authors suggest

up to 25 holes per cm2 (9-12). Considering the diameter of the

awl or drill, the perforations comprise approximately 15-20%

of the total FCD size in most recently published studies (9-11).

Only Eldracher and colleagues reported holes comprising

almost 50% of the FCD size (10). Uncertainty also exists for

the penetration depth, with some evidence for favourable results

following deeper MFX or drilling (11).

Despite numerous studies addressing MFX and drilling of

FDCs, no in vivo study has focused on the biomechanical

analysis of repair cartilage tissue following MFX and drilling

in critical size FCDs with different amounts of holes and

penetration depths. However, these data are critical for an

optimized surgical therapy regimen. Consequently, this

knowledge may unveil if the biomechanical properties of

repair cartilage tissue are superior in MFX or drilling (1) and

if the number of holes and the penetration depth play a

significant role (2).

Materials and Methods

Animals. Thirty-three healthy and mature merino sheep (6-7 years

old) were used for this study. All animals underwent the creation of

two round FCDs with a diameter of 6 mm on the medial femoral

condyle in the zone of the main mechanical loading. Right and left

knees were randomly assigned. All 66 defects were also randomly

assigned to 1 control and 4 different study groups, as shown in

Table I. Animals were followed up for 1 year. The animals received

water and a standard diet and were under specialized veterinary

surveillance at all times. Osteoarthritis was radiologically excluded

prior to inclusion. Animal experiments were conducted in

accordance with the local and national legislation on the protection

of animals and the NIH Guidelines for the Care and Use of

Laboratory Animals. They were approved by the local governmental

animal care committee and the institutional review board (AZ 55.2-

1-54-2531-167-10).

Anaesthesia. Animals were sedated intravenously with diazepam

(Ratiopharm, Ulm, Germany) at 0.5-1 mg/kg body weight (BW) and

anaesthesia was induced by intravenous administration of 3-4 mg/kg

BW propofol (Fresenius Kabi, Bad Homburg, Germany). Following

endotracheal intubation, anaesthesia was maintained by inhalation

of approximately 1.5% isoflurane (Abbott, Wiesbaden, Germany)

and ketamine (8 mg/kg BW/h; Vetoquinol, Ismaning, Germany).

Additionally, a gastric tube was inserted for the duration of the

surgery. Animals received antibiotics (Cefuroxim 750mg; Hikma

Pharma, Planegg, Germany) and infusions as well as sodium

bicarbonate to balance the acidosis under blood gas control. Before

skin suture, Metamizole (Ratiopharm, Ulm, Germany) was

administered at 25 mg/kg BW to improve postoperative analgesia.

Surgical technique. The animals were placed on the operating table

in the supine position with the forelimbs secured. Then, a medial

parapatellar approach was used. Following an inspection of the joint

to exclude the pre-existence of FCDs, 2 circular full thickness

cartilage defects with a diameter of 6 mm were created on the

medial condyle in the zone of the main mechanical loading with a

punch and a curette. Special care was taken to avoid damage to the

subchondral bone. The defects were then addressed with the

different treatment options according to the randomization protocol.

Study groups are summarized in Table I. To provide maximum

standardization in terms of hole placement and penetration depth,

custom-made surgical instruments were used (Figure 1). After

thorough rinsing, the wound was closed in layers using resorbable

suture material (Vicryl 2.0, Ethicon, Johnson & Johnson, Neuss,

Germany). Skin closure was performed with resorbable suture

material (Monocryl 2.0, Ethicon, Johnson & Johnson) as a single

button suture.

Ketoprofene (Ceva, Duesseldorf, Germany; 3 mg/kg BW) was

administered intramuscularly before the emergence of anaesthesia

and was given for 3 days postoperatively. The animals were allowed

immediate full weight bearing and were followed up for 1 year.

Prior to euthanasia, a second surgery with resection of the FCDs

from the medial condyle was performed. Immediately after

explantation, 2 high-resolution photographs were taken from each

defect. Then, all specimens were separately stored at –20˚C until

further use. Anaesthesia was conducted as previously described and

euthanasia was performed with intravenous administration of

Pentobarbital 100 mg/kg BW and potassium chloride.

Optical measurement of defect filling. The quantitative analysis of

the defect filling was performed optically using high-resolution

photographs of the FCDs and the ImageJ software (Version 1.52s)

(13). In brief, the initial defect size was determined, and an optical
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Table I. Overview of study groups: two FCDs were created in one knee of each animal and randomly assigned to four treatment groups (MFX1,

MFX2, DRL1, DRL2) and one control group. 

Number of Surgical Technique Number of Penetration Percentage of area 

FCDs (n) (MFX vs. DRL) holes depth (mm) holes of FCD size (%)

Control 12 - - - -

MFX1 12 MFX 3 2 19

MFX2 14 MFX 3 4 19

DRL1 16 DRL 3 4 19

DRL2 12 DRL 6 4 38

MFX: Microfracturing; DRL: microdrilling; FCD: focal chondral defect.











drilling or microfracture. We found better results for defect

filling and biomechanical properties when drilling was

performed at least 4 mm in depth and if 6 perforations were

made. In the latter configuration, the mechanical properties

of the regenerated cartilage were comparable to native

hyaline cartilage. The worst results were achieved when

performing microfracturing with only 3 holes and a depth of

only 2 mm. These results contradict the current clinical

practice, as most surgeons use MFX rather than DRL. It can

be assumed that many surgeons still prefer the excellent

availability and easier surgical technique of MFX despite the

increasing evidence for better results following DRL as

previously published and confirmed regarding biomechanical

properties in the present study (1). 

To enhance the efficacy of bone marrow stimulating

techniques, synthetic and autologous biological adjuvants,

including MSCs or platelet-rich plasma (PRP), have also

been recently used as supplements to gain better repair tissue

quality and long-term durability (39-41). However, according

to our data, this improvement might also be accomplished by

deeper MFX and DRL holes leading to a local release of the

adjuvants from the subchondral bone. Other than previously

published, no osteonecrotic lesions of the subchondral bone

were detected in our animal model. However, these lesions

are specific complications of these procedures and can be

difficult to treat (42).

The postoperative care in our study corresponds to the

usual procedures for studies in large animals. With a 12-

month experimental duration, our study was exceptionally

long lasting (9-11, 32, 43, 44). In contrast to clinical practice

in humans, no partial weight bearing was feasible in the

present experimental setting. Thus, cartilage quality and

defect filling might be even better in a human clinical setting.

However, some limitations of the present study must be

noted. First, despite comparable anatomic morphology,

differences between the ovine and human knee exist.

Furthermore, no partial weight bearing can be achieved in an

animal model. Both aforementioned aspects may limit direct

transferability to the clinical situation in humans. Second,

open surgery was performed in the present study, in which

drilling small holes is technically easy and a drill template

could be used. However, implementation of DRL in a

clinical arthroscopy setting can be challenging, and

arthroscopic drill templates would be necessary to ensure

evenly distributed holes. Third, no biomechanical testing of

shear forces was performed to confirm the excellent results

of the DRL groups obtained during elastic modulus testing.

Conclusion

In the present study, an ovine model, which is comparable to

the clinical situation in humans, was used to compare MFX

and DRL regarding formation and biomechanical properties

of repair cartilage tissue in critical size FCDs of the knee.

Overall, more defect filling and better biomechanical

properties of the repair cartilage tissue were identified for

DRL compared to MFX. DRL with 6 holes and a penetration

depth of 4 mm led to the highest level of defect filling and

the repair cartilage tissue exhibited biomechanical properties

that were comparable to native hyaline cartilage. These

findings are in contrast to current clinical practice with MFX

as the gold standard and suggest a clinical return to DRL.
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