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Augmentation Strategies following
the Microfracture Technique for Repair
of Focal Chondral Defects

Eric ). Strauss', Joseph U. Barker', James S. Kercher',
Brian J. Cole', and Kai Mithoefer?

Abstract

The operative management of focal chondral lesions continues to be problematic for the treating orthopedic surgeon
secondary to the limited regenerative capacity of articular cartilage. Although many treatment options are currently available,
none fulfills the criteria for an ideal repair solution, including a hyaline repair tissue that completely fills the defect and
integrates well with the surrounding normal cartilage. The microfracture technique is an often-utilized, first-line treatment
modality for chondral lesions within the knee, resulting in the formation of a fibrocartilaginous repair tissue with inferior
biochemical and biomechanical properties compared to normal hyaline cartilage. Although symptomatic improvement has
been shown in the short term, concerns about the durability and longevity of the fibrocartilaginous repair have been raised.
In response, a number of strategies and techniques for augmentation of the first-generation microfracture procedure
have been introduced in an effort to improve repair tissue characteristics and reduce long-term deterioration. Recent
experimental approaches utilize modern tissue-engineering technologies including local supplementation of chondrogenic
growth factors, hyaluronic acid, or cytokine modulation. Other second-generation microfracture-based techniques use
different types of scaffold-guided in situ chondroinduction. The current article presents a comprehensive overview of both

the experimental and early clinical results of these developing microfracture augmentation techniques.

Keywords

growth factors, articular cartilage, knee, microfracture

Introduction

Articular cartilage injury in the knee is an underestimated
problem among orthopedic surgery patients. Recent reviews
of consecutive knee arthroscopies have demonstrated an
incidence of chondral defects ranging from 60% to 66%,
irrespective of the surgical indication.' These lesions have
been shown to have poor intrinsic potential for spontaneous
healing and may predispose patients to the development of
future joint degeneration.™®

While under normal circumstances, articular cartilage is
a relatively wear-resistant tissue, the presence of a full-
thickness chondral defect leads to an alteration in the distri-
bution of weightbearing forces. Using digital pressure
sensors placed on the articular surface in a cadaveric
model, Guettler et al. demonstrated that for full-thickness
lesions greater than 10 mm in diameter, stress from applied
loads concentrated on the defect rim.” The authors also
found a direct relationship between defect size, peak
stresses seen within the adjacent area cartilage, and stress

concentrations at the defect edge. The decreased contact
area, edge loading, and increased stress in the adjacent area
cartilage resulting from full-thickness chondral defects are
believed to predispose this tissue to degenerative changes
including chondrocyte apoptosis and alterations in the com-
position of the extracellular matrix.

In an effort to provide a more congruent joint surface and
a more normal distribution of weightbearing forces, a number
of surgical resurfacing techniques have been utilized for the

'Division of Sports Medicine, Rush University Medical Center, Chicago,
IL, USA

"Harvard Vanguard Orthopedics and Sports Medicine, Brigham and
Women’s/New England Baptist Hospital, Harvard Medical School, Boston,
MA, USA

Corresponding Author:

Kai Mithoefer, Harvard Vanguard Orthopedics and Sports Medicine,
Brigham and Women’s/New England Baptist Hospital, Harvard Medical
School, 291 Independence Drive, Chestnut Hill, MA 02467

Email: kmithoefer@partners.org

Downloaded from http://car.sagepub.com at International Cartilage Repair Society on May 23, 2010


http://car.sagepub.com

146

Cartilage 1(2)

Table I. Augmentation Strategies following the Microfracture Technique

Augmentation Technique

Evidence

Scaffold augmentation

Scaffold and chondrocyte augmentation

Hyaluronic acid augmentation
Growth factor augmentation

Cytokine modulation IL-1ra

Polyglycolic acid (PGA)/hyaluronan

Chitosan-glycerol phosphate (BST-CarGel®)

Chondroitin sulfate/hydrogel (ChonDux®)

Polyethylene glycol (PEG) polymer hydrogel

Implant of collagen |, 11, and Il with cultured
chondrocytes

Bone morphogenetic protein (BMP) 7
Bone morphogenetic protein (BMP) 4

Experimental studies
Experimental/clinical studies
Experimental/clinical studies
Experimental studies
Experimental studies

Experimental studies
Experimental studies
Experimental studies
Experimental studies

management of full-thickness articular cartilage defects.
Developed by Steadman in the 1980s, the microfracture pro-
cedure has become a first-line arthroscopic treatment method
for small, symptomatic chondral lesions.*” During micro-
fracture, penetration of the subchondral bone plate within the
cartilage defect leads to bleeding and subsequent fibrin clot
formation, filling the defect and covering the exposed bony
surface. Pluripotent, marrow-derived mesenchymal stem
cells then migrate into the clot and promote the formation of
a fibrocartilaginous repair tissue.''" Although the biochemi-
cal and biomechanical properties of the resultant repair tissue
have been shown to be inferior to that of normal articular
cartilage, studies in the orthopedic surgery literature have
demonstrated excellent short-term improvements in knee
function in a high percentage of treated patients.'*"®

In a recent systematic review of the clinical efficacy of
microfracture in the treatment of articular lesions of the
knee, Mithoefer et al. demonstrated that the procedure
resulted in symptomatic improvement during the first 24
postoperative months in all 28 studies included in the
analysis.” However, 7 studies in this review reported dete-
rioration of functional outcomes in 47% to 80% of patients
between 18 and 36 months postmicrofracture. Some authors
attribute this decline to incomplete defect fill and poor
integration with the surrounding normal articular cartilage
following microfracture, while others point to the inferior
wear characteristics of the fibrocartilaginous repair tissue
resulting from marrow stimulation.”'***

Research is actively ongoing in an attempt to find adju-
vant treatments to improve the quality of the microfracture
repair tissue, with the goal of producing a more hyaline-
like repair capable of durable, long-term functional
improvement. Multiple studies have evaluated the utility and
efficacy of various approaches such as scaffold enhance-
ment, hyaluronic acid viscosupplementation, growth factor
augmentation, and cytokine modulation techniques. The
current paper reviews the clinical and basic science aspects
of these recent developments in the management of symp-
tomatic chondral lesions (Table 1).

Scaffold Augmentation

Recent studies have demonstrated that following the pene-
tration of the subchondral bone plate during the microfrac-
ture procedure, growth factors and chemotactic cytokines
derived from synovial fluid and serum stimulate the migra-
tion of pluripotent mesenchymal cells from the marrow into
the treated chondral defect.”**® Despite the potential for
chondrogenic differentiation and a reconstitution of hyaline
cartilage, repairs following microfracture tend to be a mix-
ture of fibrous and cartilaginous tissue, with biochemical
and biomechanical properties that are inferior to normal
articular cartilage. Research efforts have focused on pro-
viding an environment within the treated defect that would
promote a more hyaline-like repair tissue composed of
increased type II collagen and proteoglycan content. Recent
authors have theorized that the use of scaffold implants to
augment the healing process induced by microfracture
would help achieve these goals by maintaining the fibrin
clot within the defect, facilitating cell adhesion and migra-
tion, fostering improved integration of the repair tissue
with the adjacent area cartilage, and serving as a delivery
method for cultured cells or growth factors. To date, most
of the evidence regarding the use of scaffold implants to
augment surgical microfracture is limited to animal studies
and case reports; however, early data from clinical safety
and efficacy studies are emerging.

Erggelet et al. evaluated the outcome following augmen-
tation of the microfracture procedure with a cell-free, poly-
mer-based freeze-dried implant composed of poly-glycolic
acid (PGA) and hyaluronan in a sheep articular defect
model.”” In their study, the authors created full-thickness
chondral defects in the weightbearing portion of the medial
femoral condyle, which they treated with surgical microfrac-
ture. Subsequently, half of the specimens had the microfrac-
ture site covered with the PGA/HA implant, which had been
soaked in autologous blood for 10 minutes prior to implan-
tation. At 6 months postoperatively, histological evaluation
of the repair in the control specimens (microfracture alone)
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demonstrated marginal and nodular tissue formation within
the defect. Type II collagen in these specimens was sparse
and irregular, indicative of a fibrocartilaginous repair tis-
sue. The addition of the cell-free implant to cover the
microfractured lesion resulted in a more hyaline-like repair
tissue, which displayed greater and more evenly distributed
type II collagen and proteoglycan content, more normal
appearing chondrocytes, and a more organized architecture.
Histological scoring of the repair tissue was significantly
better in the experimental specimens compared to controls,
leading the authors to conclude that the use of a cell-free,
polymer-based implant as an adjunct to microfracture holds
promise in the treatment of cartilage defects.

In a similar ovine model, Hoemann et al. examined the
impact a chitosan-glycerol phosphate blood implant had on
the repair tissue formed after microfracture (Fig. 1).”® The
authors hypothesized that the addition of the thrombogenic
polymer scaffold would stabilize the clot within the defect,
resulting in a repair tissue with improved characteristics.
The authors found that 1 hour after the procedure, clots
from the augmented specimens showed increased adhesion
to the walls of the treated defect compared to those seen in
the untreated microfracture specimens. Evaluation of the
repair tissue at 6 months postoperatively demonstrated
more complete defect fill (52% v. 31%), a higher percent-
age of hyaline repair (86% v. 71%), a more normal tissue
architecture, and a higher type II collagen and gly-
cosaminoglycan content in the treated specimens compared
to controls. Preliminary clinical results of in situ solidifica-
tion of the microfracture clot with chitosan-glycerol phos-
phate (BST-CarGel®, Bisosyntec Inc., Laval, Quebec,
Canada) from 33 patients have demonstrated the safety of
this technique with improvement of WOMAC scores after
12 to 24 months. Improved repair tissue quality was dem-
onstrated in tissue biopsies from the knees of 22 patients
for the chitosan-treated group compared to microfracture
alone, with better cell morphology, cell viability, superfi-
cial zone morphology, repair tissue thickness, surface
architecture, and collagen structure, resulting in signifi-
cantly better overall International Cartilage Repair Society
(ICRS) II scores (64.5 v. 36.9; P = 0.045). Macroscopic
grading of the cartilage repair by the surgeon at the time of
biopsy, which included the extent of lesion filling, tissue
surface characteristics, and integration with surrounding
tissue, was also significantly improved (P = 0.016).
Prospective multicenter trials are currently ongoing, with
results expected in the first half of 2010.%°

Other authors have developed a novel method that aug-
ments microfracture with a combination of a multifunc-
tional chondroitin sulfate for peripheral adhesion and an
injectable, biodegradable hydrogel scaffold to enhance
microfracture repair. Photopolymerization of the hydrogel
allows for rapid stabilization of the combined cellular

implant’ (Fig. 2). Preliminary clinical trials out of Europe
including 13 patients using this technique (ChonDux®,
Biomet Inc., Warsaw, IN) have shown repair cartilage fill
of greater than 75% in more than 90% of patients on mag-
netic resonance imaging (MRI) taken 6 to 12 months after
implantation, with pain reduction and improved
International Knee Documentation Committee (IKDC)
scores noted in 12 of the 13 patients.”

In another approach, a polyethylene glycol (PEG) poly-
mer hydrogel that is cross-linked with less than 1% fibrino-
gen chains, acting as a biodegradable scaffold, has been
used as an adjunct to the microfracture technique. The
speed of implant degradation by local proteases can be
modified, and the material can be photopolymerized into a
hydrogel in situ, allowing for minimally invasive delivery.
The matrix can also be modified as a delivery vehicle for
inductive growth factors. Preclinical animal studies have
demonstrated increased hyaline differentiation of the result-
ing cartilage regenerate, and human trials (Gelrin C,
Regentis Biomaterials Ltd., Or Akiva, Israel) to evaluate
the safety and performance of this approach on lesions of
the femoral condyle are currently being initiated.*

In a recently published report, Zantop and Petersen
describe 2 clinical cases where the microfracture procedure
was successfully augmented by the arthroscopic implanta-
tion of a 3-dimensional matrix coupled with a cell-free
chondroinductive cover composed of a resorbable polymer
felt and sodium hyaluronan.*® Their patients were a 35-year-
old male with a 4-cm?” full-thickness chondral lesion of the
lateral femoral condyle and a 54-year-old female with a
3-cm” defect of the medial femoral condyle. Following sur-
gical microfracture, the matrix was soaked in autologous
serum for 10 minutes, fashioned to the size and shape of the
defect, and inserted into the knee through a cannula. Fixation
of the implant was achieved using two 1.5-mm bioabsorb-
able, polylactic acid (PLA) pins. At 1 year postoperatively,
both patients were symptom free, and follow-up MRI dem-
onstrated excellent defect fill with repair tissue.

Scaffold and Chondrocyte Augmentation

The use of an implanted matrix composed of types I, I, and
IIT collagen seeded with cultured autologous chondrocytes
to augment the microfracture procedure was investigated
by Dorotka et al.* In the in vitro portion of their study, the
authors found that viable, metabolically active chondro-
cytes were present within the matrix up to 3 weeks follow-
ing seeding. The cell-seeded matrix was also investigated
in the treatment of articular defects in a sheep model.
Evaluation of treated sheep at 4 months postoperatively
demonstrated that compared to untreated controls, those
treated with microfracture alone and those treated with
microfracture augmented by an unseeded collagen matrix,
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Figure 1. Animal study showing cartilage regeneration with
chitosan-based hydrogel (BST—CarGeI®). Microfracture of the
defect (A) is followed by application of the gel (B), resulting in
excellent macroscopic (C) and microscopic (D) repair cartilage.

the specimens that received the seeded matrix following
microfracture, generated repair tissue with the greatest
defect fill and largest quantity of hyaline-like tissue. Using
the same experimental model, Dorotka et al. examined the
quality of the repair tissue at 12 months postoperatively.*®
The authors noted that even though microfractured speci-
mens augmented with the cell-seeded matrix had greater
defect fill and better integration with the adjacent cartilage

=T —

Step 1

Figure 2. Schematic drawing showing the principle of the enhanced
microfracture technique. Following microfracture of the defect, a
chondroitin-sulfate adhesive is applied to the surface of the cartilage
defect (step ). A pregel macromer solution is added to the
defects treated with the adhesive (step 2). Photopolymerization
is then performed, resulting in a solid hydrogel that is covalently
bound to the cartilage surface via the chondroitin-sulfate bridge.
Mesenchymal stem cells from the marrow stimulation can be easily
incorporated the hydrogel layer. From Mithoefer et al.”’

compared to what was seen at 4 months, the amount of
hyaline tissue present had decreased, and specimens dis-
played histological evidence of deterioration.

Although the available experimental and particularly
clinical data are still limited and variable, these recent stud-
ies demonstrate the potential benefits of scaffold augmenta-
tion for the resultant repair tissue following microfracture
of focal chondral defects. Continued research into scaffold
composition and the efficacy of chondrocyte seeding may
allow this emerging technology to expand into further
clinical application as a successful adjunctive treatment.

Hyaluronic Acid Augmentation

Hyaluronic acid (HA) is a high molecular weight
glycosaminoglycan component of joint synovial fluid that
is responsible for its viscoelastic properties. In addition
to providing joint lubrication and shock absorbancy,
HA serves as the backbone for the proteoglycans of the
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extracellular matrix, creating a hydrated pathway through
which cells can migrate.””*" Recent in vitro and animal
studies have suggested that HA viscosupplementation
promotes both chondrocyte proliferation and differentia-
tion while enhancing cartilage proteoglycan content, spur-
ring interest in its use as an augmentation technique for
chondral defect repair strategies including the microfrac-
ture procedure.*'™

In a recent study utilizing a rabbit chondral defect
model, Strauss et al. reported that HA augmentation follow-
ing surgical microfracture resulted in repair tissue that was
significantly improved compared to controls with respect to
both gross and histological appearance.** At 3 months post-
operatively, the authors found that specimens treated with
microfracture followed by 3 weekly HA injections demon-
strated significantly better defect fill with more normal,
hyaline-like tissue with higher mean ICRS scores than that
seen in control specimens treated with microfracture alone.
Additionally, postoperative HA viscosupplementation pro-
vided an anti-inflammatory effect, limiting the develop-
ment of degenerative changes within the knee at the
6-month evaluation.

Legovic et al. used a similar experimental model in their
evaluation of HA augmentation to the microfracture proce-
dure.* Following microfracture, half of their specimens
received 5 weekly injections of 1% HA, with the effect on the
resultant repair tissue evaluated at 6 and 10 weeks following
the procedure. At the early follow-up time point, the authors
found only minor differences between the experimental and
control groups, with the repair tissue in specimens treated
with HA having a smoother surface and more organized his-
tological appearance. At 10 weeks postmicrofracture, HA
supplementation resulted in repair tissue with significantly
higher ICRS scores than controls, with more complete defect
fill, clusters of mitotically active chondrocytes, and better
integration with the surrounding articular cartilage.

A positive effect of exogenous HA following microfrac-
ture was also demonstrated by Kang et al. in their rabbit
model.*® In their study, 4% HA gel with or without the addi-
tion of transforming growth factor (TGF)—3 was applied
to their microfractured chondral defects. Although no effect
of TGF-B3 was noted, repair tissue in the specimens receiv-
ing HA supplementation showed greater defect fill, with a
thicker, more hyaline-like tissue than that seen in the con-
trol specimens. Additionally, histological evaluation dem-
onstrated that repair tissue from defects treated with the HA
gel had a greater glycosaminoglycan content than those
treated with microfracture alone.

It is thought that the use of HA as an augmentation tool
following cartilage repair techniques creates an environ-
ment within the treated defect that is favorable for the car-
tilage regeneration process.’**’ In addition to providing a

framework for the mesenchymal cells introduced into the
lesion by the microfracture procedure, the potential for the
promotion of chondrocyte differentiation and proliferation
by HA has created interest in its use as an adjunctive treat-
ment for cartilage repair. Although these early animal stud-
ies show promising results, further study is necessary to
determine the long-term effects of HA supplementation fol-
lowing microfracture in addition to identifying the optimal
dose and frequency of application for repair tissue with
improved appearance and composition.

Growth Factor Augmentation

The application of growth factors is another potential
method of enhancing cartilage repair following microfrac-
ture. The goal in application of growth factors is to stimu-
late differentiation of the mesenchymal cells in the initial
fibrin clot to create a phenotype that is closer in appearance
and biomechanical properties to normal articular cartilage.
Research in this area has evaluated both the use of scaffold-
ing and osmosis as means of delivering growth factors to
the area of cartilage injury. Several recent in vivo studies
utilizing animal models have been published, demonstrat-
ing improvement in cartilage properties with the use of
growth factors as an adjunct to microfracture.

Bone morphogenetic protein 7 (BMP-7), also known as
osteogenic protein-1, is a growth factor found in normal
articular cartilage that has been shown to stimulate chondro-
cyte proliferation, differentiation, and metabolism.**'
These features of BMP-7 have made it attractive for use as
an adjunctive treatment for cartilage repair strategies. In a
sheep model where BMP-7 was delivered via a mini—
osmotic pump, Jelic et al. demonstrated enhanced articular
cartilage repair of chondral lesions.’® A recent study by Kuo
et al. evaluated the use of BMP-7 in a rabbit model.” In this
study, full-thickness defects were created in the articular
cartilage of the patellar groove in 40 rabbits. Four different
study groups were used consisting of control, microfracture
only, microfracture with BMP-7 in a collagen sponge, and
microfracture with just a collagen sponge. The authors
found that BMP-7 alone increased the amount of repair tis-
sue without affecting the quality of repair tissue. When
BMP-7 was combined with microfracture, both the quality
and quantity of repair tissue were increased. This study
demonstrated a promising synergistic reaction with BMP-7
and microfracture, likely related to the ability of the BMP-7
to act directly on the pluripotent mesenchymal stem cells
introduced into the chondral defect by penetration of the
subchondral bone plate.

Other members of the bone morphogenetic protein super-
family have been studied in articular cartilage injury. Steinert
et al. found an extremely high expression of chondrogenic
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markers in BMP-4—transfected mesenchymal progenitor
cells.’® Additionally, in a rat model of full-thickness
articular cartilage defects, local delivery of BMP-4
enhanced muscle-derived stem cell chondrogenesis and
improved articular cartilage repair.”> BMP-4 was recently
combined with microfracture to treat full-thickness carti-
lage defects created in the trochlear groove of rabbits.’® In
this study, an adenovirus-BMP-4 was placed in a biomate-
rial scaffold of perforated decalcified cortical bone matrix
(DCBM) and delivered to the microfracture site. In com-
parison to the DCBM-alone group, the DCBM-perforated
group, and the microfracture-alone group, the addition
of adenovirus-BMP-4 led to a more vigorous and rapid
repair, leading to regeneration of hyaline articular carti-
lage at 6 weeks and to complete repair of articular carti-
lage and subchondral bone by 12 weeks. This study
demonstrated that composite technology may provide a
useful tool for repair of cartilage injury. Additional stud-
ies are being performed with both in vitro and in vivo
models to further study the BMP superfamily and its role
in articular cartilage regeneration.

Cytokine Modulation

Besides the use of growth factors that stimulate hyaline
cartilage formation, studies are also being performed where
gene therapy is used to block inhibitors of articular carti-
lage formation. Inflammatory cytokines such as IL-1 can
lead to matrix degradation and loss of articular cartilage.”’
By use of inhibitors that block inflammatory cytokines,
such as IL-1ra, decreased proteoglycan breakdown in artic-
ular cartilage has been observed in animal models.’®*’
In vitro studies using IL-1ra to inhibit inflammatory cytokine
production, coupled with the use of insulin-like growth fac-
tor 1 (IGF-1), have led to increased restoration of prote-
oglycan content in IL-1—depleted cartilage.*®” This treatment
takes advantage of both the inhibition of cytokines, as well
as the growth factor IGF-1, which has previously been
shown to promote cartilage healing in chondral defects.®"*?
A recent study by Morisset et al. combined IL-1ra and
IGF-1 with microfracture in an equine chondral defect
model.”” The goal of this study was to take advantage of
mesenchymal cell proliferation (microfracture), a potent
growth factor (IGF-1), and an inflammatory inhibitor
(IL-1ra). This treatment was injected as an IL-1ra/IGF-1
adenoviral preparation and compared to a salt solution con-
trol. The treatment group resulted in increased proteogly-
can content and augmented type II collagen. This study
demonstrated that, ultimately, a combination of both growth
factors and inflammatory inhibitors may result in improved
cartilage repair. Clearly, additional research is needed both
with in vitro and in vivo models, with the ultimate goal
being clinical applications for the use of coupling growth
factors with the microfracture technique.

Summary

Full-thickness chondral defects remain a significant chal-
lenge to the treating orthopedic surgeon secondary to the
limited healing potential that is present in the native tissue.
While the microfracture procedure has demonstrated clini-
cal success in the short term, concerns about long-term
outcomes have been raised secondary to the inferior bio-
chemical and biomechanical properties of the fibrocartilagi-
nous repair tissue that results from this treatment method.
By improving repair tissue quality and quantity after micro-
fracture, researchers are hoping to improve the current
shortcomings of this technique and to improve durability of
the initial functional improvement. This review demon-
strates that many researchers are actively evaluating and
developing new second-generation technologies for effec-
tive and reliable augmentation of microfracture. Although to
date, most available data regarding these augmentation
techniques are limited to experimental studies, the results
uniformly demonstrate improvement of the repair tissue
quality and offer exciting potential options for clinical appli-
cation. Early clinical studies using some of these augmenta-
tion strategies show great promise for improved cartilage
repair following the microfracture procedure but require
more systematic and long-term evaluation.
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