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abstract

Effect of Microfracture on Meniscal Tear 
Healing in a Goat (Capra hircus) Model
William R. HoWaRtH, mD; Kevin BRocHaRD, mD; Scot e. campBell, mD; BRian F. GRoGan, mD

Meniscal injuries are an ex-
tremely common cause of 
knee pain. The human me-

niscus is a semilunar fibrocartilaginous 

structure that is found on the medial 
and lateral sides of the knee. It is criti-
cal to the overall health and function of 
the knee.1,2 The meniscus absorbs impact 

and protects the articular cartilage dur-
ing load-bearing activity.1,2 Additionally, 
the meniscus provides joint stability, 
proprioception, and articular cartilage 
nutrition, and it has a significant effect 
on knee biomechanics.1,3 After meniscal 
injury, knee biomechanics are altered and 
degenerative changes often occur within 
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the tibiofemoral compartments.1,4,5 In-
creased tibiofemoral arthrosis after sur-
gical meniscectomy has been shown in 
several long-term clinical studies.4-8 

Injured menisci are often treated with 
arthroscopic partial meniscectomy, even 
though meniscus-deficient knees have 
been associated with degenerative osteo-
arthritis. Before 2006, arthroscopic partial 
meniscectomy was the most commonly 
performed procedure among all cases pre-
sented for Part II of the American Board 
of Orthopedic Surgeons certification ex-
amination.9,10 With increasing recognition 
of the importance of the meniscus in knee 
biomechanics, multiple meniscal repair 
techniques have been developed. Addi-
tionally, multiple healing adjuncts have 
been proposed to enhance meniscal heal-
ing. Despite advances in meniscal repair 
techniques and biologic adjuncts, a sys-
tematic review by Nepple et al11 showed a 
meniscal repair failure rate of 22% to 24% 
at 5 years.

Meniscal repairs performed with 
concomitant anterior cruciate ligament 
(ACL) reconstruction appear to heal at 
a higher rate than meniscal repairs per-
formed in isolation.12,13 Cannon12 found 
a 93% healing rate in menisci repaired 
with ACL reconstruction vs a 50% suc-
cess rate in meniscal repairs performed 
on stable knees that did not require ACL 

reconstruction.12 In addition to improv-
ing the stability of the knee with ACL re-
construction, the authors believe that the 
hemarthrosis that occurs after creation of 
bone tunnels during ACL reconstruction 
provides a fibrin clot and an environment 
rich with factors that promote healing of 
the newly repaired meniscus.12,14-17 The 
fibrin clot provides a structural founda-
tion for meniscal healing.13,16,18 Impor-
tant signaling factors, such as fibronectin 
and platelet-derived growth factor, have 
also been identified.13,19 These factors 
promote meniscal healing by allowing 
meniscal fibrochondrocytes to proliferate 
and synthesize the extracellular matrix.19 

Microfracture is a common procedure 
for the treatment of articular cartilage de-
fects in the knee. This procedure is used to 
stimulate fibrocartilage production over 
an area of articular cartilage deficien-
cy.20 Some orthopedic surgeons also use 
microfracture as an adjunct to enhance 
meniscal healing at the time of meniscal 
repair. Microfracture is performed with 
an awl that creates 1 or more small (mea-
suring 1 to 3 mm) channels that penetrate 
the subchondral bone and release marrow 
elements into the joint. This promotes 
the formation of fibrocartilage over the 
cartilage defect.1,20 The factors involved 
in creation of the fibrocartilage may be 
the same factors that are responsible for 
improved meniscal healing rates in pa-
tients undergoing meniscal repair with 
concomitant ACL reconstruction. Both 
procedures stimulate bleeding from sub-
chondral bone. The authors are unaware 
of any study that has directly evaluated 
meniscal healing rates in meniscal tears 
compared with tears with concomitant 
microfracture. The goal of this study was 
to evaluate the effect of microfracture on 
rates of meniscal healing in a goat (Capra 
hircus) model. The authors hypothesized 
that the rate of meniscal healing would 
be higher in goats that underwent micro-
fracture than in goats that did not undergo 
microfracture 6 months from the creation 
of a meniscal injury. 

Materials and Methods
The goat is an accepted animal model 

that was used in previous studies as a cor-
relate to the human knee.18,21-27 Institution-
al review board and Institutional Animal 
Care and Use Committee approval was 
obtained. For this study, 40 young adult 
male castrated goats were purchased from 
a licensed dealer, according to US Depart-
ment of Agriculture regulations. The goats 
were randomized to 1 of 4 groups: longi-
tudinal meniscal tear (n=10), longitudinal 
meniscal tear with microfracture (n=11), 
horizontal meniscal tear (n=7), and hori-
zontal meniscal tear with microfracture 
(n=12) (Table 1). All meniscal tears were 
standardized to 1 cm in length (twice the 
size of a standard No. 15 blade). An open 
approach was used to create a tear in the 
peripheral half of the medial meniscus. 
Microfracture was defined as penetration 
of subchondral bone, causing marrow ele-
ments to enter the joint. Goats that were 
randomized to undergo microfracture had 
5 total microfractures (or subchondral 
penetrations). Microfracture was per-
formed with a standard 45° awl. In these 
goats, 3 microfractures were performed 
in the intercondylar notch and 2 micro-
fractures were created on the edge of the 
medial femoral condyle. In all cases, a 
bloodless field was maintained with elec-
trocautery throughout the procedure. 

Surgical Technique
Each goat was anesthetized with 

weight-based intramuscular ketamine and 
atropine, intubated, and maintained on 
inhalational anesthesia (1% to 2% isoflu-
rane). The goat was then positioned supine 
on a custom surgical table. The right hind 
limb was used in all cases. The surgical 
site was shaved preoperatively. The knee 
was prepared and draped in sterile fash-
ion. Each goat was given 1 g ceftriaxone 
intramuscularly before the procedure and 
1 g after the procedure. A standardized 
medial approach was used. A 6-cm medial 
incision was made directly over the deep 
medial collateral ligament (MCL). The 

Table 1

Group Randomization by 
Type of Tear and 

Category of Microfracture 

Group
Type of 

Tear
Micro- 
fracture

No. of 
Goats

1 Longitu-
dinal

No 10

2 Longitu-
dinal

Yes 11

3 Hori-
zontal

No 7

4 Hori-
zontal

Yes 12
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MCL is located approximately 2 cm from 
the medial edge of the patellar ligament 
(Figure 1). After the initial skin incision, 
electrocautery was used to achieve hemo-
stasis. The deeper fascial plane (“sartorial 
fascia”) was identified and incised longi-
tudinally directly over the MCL (Figure 
2), and the MCL was easily identified 
(Figure 3).21,23,24,26,27 Previous goat stud-
ies used a bone block attached to the distal 
MCL to gain access to the joint.21,23,24,26,27 
This procedure may allow bone marrow 
elements to enter the joint and obscure the 
effect of microfracture on meniscal heal-
ing. Therefore, the MCL was transected 
midsubstance. To maintain the anatomy 
of the MCL after transection, a Krackow-
type stitch was placed through the proxi-
mal and distal portions of the MCL with 0 
Ethibond (Ethicon, Somerville, New Jer-
sey) sutures to facilitate repair (Figure 4). 
The MCL was then transected with a No. 
15 blade. A transverse incision was made 
in the knee capsule, just proximal to the 
meniscus, at the joint line. Care was taken 
to avoid injuring the meniscus or signifi-
cantly disrupting its blood supply. After 
the capsule was incised, the entire body of 
the meniscus was exposed. Visualization 
was improved with valgus force on the 
joint. Meniscal tears were created in ei-
ther a longitudinal or a horizontal fashion 
(according to randomization assignment) 
with a No. 15 blade (Figure 5). The length 
of each meniscal tear was twice the size of 
a standard No. 15 blade (1 cm). 

Goats that were randomized to under-
go microfracture had the procedure per-
formed in both the intercondylar notch off 
the weight-bearing surface (3 microfrac-
ture holes) and in the distal intracapsular 
but extra-articular portion of the medial 
femoral condyle (2 microfracture holes). 
A total of 5 microfracture holes were cre-
ated in each joint. Bone marrow contents 
were visualized oozing from each of the 
microfracture holes.

All joints were closed in layers. The 
capsule was closed with 0 Vicryl (Ethi-
con) sutures. The MCL was repaired by 

opposing the cut ends and tying the previ-
ously placed proximal and distal Krack-
ow stitches. The stability of the knee was 
then checked with valgus force in both 
extension and slight flexion. The subcu-
taneous layer was closed with 2-0 Vicryl 
sutures, and the skin was closed with 3-0 
Monocryl (Ethicon) sutures. Bacitracin 
was applied to the incision.

The goats were not braced. They were 
housed in a holding area after surgery for 
1 week and then released into a pasture, 
where they were allowed to move freely, 
for the remainder of the study. The goats 
were euthanized 6 months after surgery. 
The right hind limb was dissected, and 
each medial meniscus was removed and 
evaluated for healing. Evaluators were 
blinded to the surgical technique before 

gross examination of the specimens. A 
probe was used to enter the tear in an at-
tempt to penetrate and/or distract the tear, 
simulating second-look arthroscopy. If the 

Figure 1: Photograph showing an incision that is 
approximately 6 cm long. The incision is centered 
over the medial collateral ligament, with equidis-
tant arms proximal and distal to the joint. The joint 
line is marked with a dotted line.

Figure 2: Photograph showing the superficial me-
dial collateral ligament after transaction. The liga-
ment is being held with forceps.

Figure 3: Photograph showing the deep medial col-
lateral ligament elevated with dissecting scissors.

Figure 4: Photograph showing a Krackow-type 
stitch that is placed before the medial collateral 
ligament is cut.

Figure 5: Photograph showing creation of a menis-
cal tear.
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probe passed completely through the me-
niscus, the meniscal tear was classified as 
no healing. If the probe passed partially 
through the tear, the tear was classified 
as partial healing. If the probe did not 
penetrate the tear, the tear was classified 
as complete healing. This classification 
is similar to the classifications used in 
previous second-look arthroscopy stud-
ies.17,28,29 Photographs were taken of each 
specimen (Figure 6).

Statistical Analysis
A Pearson chi-square test was used to 

compare groups that underwent micro-
fracture with those that did not undergo 
microfracture (Table 2). Additionally, 
chi-square analysis comparing horizontal 
and longitudinal tears was performed. 

results
At 6 months after surgery, 40 goats were 

available for evaluation, and all under-
went necropsy. The microfracture groups 

(groups 2 and 4) were compared with the 
nonmicrofracture groups (groups 1 and 
3). Of 23 meniscal tears that were created 
with concomitant microfracture, 20 (87%) 
showed at least partial healing. In compari-
son, only 5 of 17 (29%) meniscal tears that 
were created without microfracture showed 
complete or partial healing. This difference 
was statistically significant (P<.001). Addi-
tionally, only 2 of 17 (12%) meniscal tears 
without microfracture showed complete 
healing, and 15 of 23 (65%) meniscal tears 
with microfracture healed completely. This 
comparison also showed statistical signifi-
cance (P<.001) (Table 2). The difference 
between the type of meniscal injury created 
and the rate of healing (P<.49) was not sta-
tistically significant.

discussion
The meniscus is an integral component 

of the knee joint and is essential to healthy 
knee function.1,2,8 Meniscectomy results 
in predictable degenerative changes with-

in the knee joint.4-8 Preservation of menis-
cal tissue is preferable, but not all menis-
cal tears heal and many are not amendable 
to repair. Meniscal tears that occur in the 
peripheral third zone are believed to have 
the best chance of complete healing after 
repair. Meniscal tears in the middle third 
have variable rates of healing, and menis-
cal tears that occur in the central third 
have very poor healing capacity.30 Other 
factors that influence surgical decision 
making include tear size, tear chronicity, 
knee stability, patient age, and anticipated 
patient compliance with postoperative 
weight-bearing restrictions.4,16 

Meniscal healing can be divided into 3 
phases: inflammation, repair, and remod-
eling.19 These phases require delivery of 
mediating factors and cell types that are 
critical to the healing process.16,19 These 
mediators include platelet-derived growth 
factor, insulin-like growth factor, and 
transforming growth factor.16,19 These fac-
tors are present in bone marrow and may 
be responsible for the disparate healing 
rates noted between meniscal tears re-
paired with and without concomitant ACL 
reconstruction.12,14,16 Preliminary studies 
have shown promising results for menis-
cal tissue regeneration with growth fac-
tors, but these techniques are not readily 
available for the treatment of meniscal in-
juries.30,31 Studies in other animal models 
have shown improved meniscal healing 
with fibrin clot and autologous marrow or 
blood products.18,32,33

Freedman et al16 proposed a technique 
using microfracture to release marrow el-
ements into the knee to augment meniscal 
repair. Autologous growth factors and plu-
ripotent mesenchymal cells are present in 
bone marrow and may enhance meniscal 
healing.16,18 The current study adapted the 
technique described by Freedman et al16 
to a previously validated goat model in 
an attempt to evaluate the effectiveness of 
supplemental microfracture in the setting 
of isolated meniscal tear.21,23,24,26,27

The results of this study suggest that 
release of bleeding bone marrow elements 

Figure 6: Photographs showing an unhealed meniscus tear (A) and a healed meniscus tear (B).

BA

Table 2

Meniscal Tear Healing
No.

Microfracture Goats
Complete 
Healing

Partial 
Healing

No 
Healing

Complete 
or Partial 
Healing

Complete 
Healing

No 17 2 3 12 29% 12%

Yes 23 15 5 3 87% 65%

108



MARCH/APRIL 2016 | Volume 39 • Number 2

n  Feature Article

into the knee with microfracture promotes 
meniscal healing in a goat model. Menis-
cal tears healed in 87% of menisci treated 
with marrow-stimulating microfracture vs 
only 29% without microfracture. These 
results are encouraging because micro-
fracture is a simple procedure that can be 
performed with little extra equipment, no 
new technical skills, minimal increase in 
operative time, and little morbidity to the 
patient. 

This study shows improved healing in 
meniscal injuries treated with microfrac-
ture and provides strong evidence that 
bone marrow elements provide biologic 
enhancement in healing meniscal inju-
ries. The strength of this study lies in its 
prospective, randomized, blinded design. 
The use of direct visualization of meniscal 
lesions at necropsy compares favorably 
with the gold standard of second-look ar-
throscopy that was used in earlier menis-
cal research. A limitation of the study is 
its use of an animal model. Although the 
goat model has been used extensively 
and was validated in previous research, it 
does not represent an exact match to hu-
man anatomy.18,21-24,26,27,34 Additionally, 
the surgical technique used has inherent 
weaknesses. Most meniscal repair surgery 
is arthroscopic and includes placement 
of a stitch or an anchor. Tears undergo-
ing repair are often larger than those that 
were created in this study. In addition, this 
study used an open technique to create 
small peripheral tears. No formal repair 
was attempted. The addition of a meniscal 
repair or the creation of a larger meniscal 
tear may have led to different results.

conclusion
In a goat model, the introduction of 

bleeding bone marrow elements into the 
knee through microfracture significantly 
improved the meniscal healing rates of 
small peripheral meniscal tears compared 
with a control group. Concomitant micro-
fracture of the intracondylar notch and/or 
off the weight-bearing surface of the femo-
ral condyle may improve meniscal healing 

rates during meniscal repair, but further 
research based on human data is needed.
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