
In part 1 of this 2-part Current Concepts article, we
reviewed the basic science of normal articular and menis-
cal cartilage and its response to injury. We reviewed the
historical perspectives and basic science of various carti-
lage restoration methods and presented a rationale for
patient evaluation, treatment selection, and timing. In
part 2, we review the specific indications for the treatment
of chondral injuries and describe the techniques and out-
comes of the various treatment options. In addition, we
examine specific complex clinical scenarios emphasizing
comorbid conditions including ligament instability, menis-
cal deficiency, and malalignment. A limited review of the
application of these techniques in joints other than the
knee is also presented. A conceptual algorithm is devel-
oped to assist in clinical decision making.

After each technique description, a brief review of out-
comes is presented. In these outcomes, there is a prepon-
derance of subjective data related to patients’ reports of
decreased symptoms and increased function. Objective
data, including direct arthroscopic visualization, MRI, and
biopsies of the treated lesions, are included where avail-
able.

TECHNIQUES

Fixation of Osteochondral Fractures/
Osteochondritis Dissecans Lesions

Symptomatic focal chondral lesions are often associated
with a specific traumatic event resulting in a true osteo-
chondral fracture. Decision making regarding fixation of
osteochondral fragments will depend on the condition and
quantity of articular cartilage, the size of the associated
subchondral bone, as well as the shape, thickness, viability
(extent of necrosis and measure of chronicity), and site of
the lesion in the knee. We attempt repair of a long-stand-
ing osteochondritis dissecans (OCD) lesion only if it
becomes truly symptomatic or becomes traumatically dis-
placed.

In cases involving chronic symptomatic fragments,
fibrous tissue is often interposed under the fragment,
which can impede anatomical reduction and healing. If the
fragment is severely comminuted, avascular, deformed, or
otherwise irreparable, it may require removal. If at all pos-
sible, however, articular surface fractures or symptomatic
OCD fragments should be reduced, stabilized, and bone
grafted if required.87,92,97 Osteochondritis dissecans has
long been recognized to occur in the capitellum,67 wrist,27

distal tibia,7 talus,4 femoral head,71 and patella85 but is
most commonly found on the femoral condyle,2 and there-
fore we will focus on the surgical techniques of fixation on
the femoral condyle.

First, nonviable or necrotic debris under the fragment is
removed with a shaver, rasp, or curette. Fixation is advised
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for symptomatic unstable OCD fragments with adequate
subchondral bone as seen on plain radiographs (Figure 1)
that are detached or mobile when probed or that have evi-
dence on T2-weighted images of synovial fluid dissection
through or behind the base of the lesion (Figures 2 A and
B). For lesions located at readily accessible surfaces of the
femoral condyle, arthroscopic reduction and fixation are
often possible. Less common patella and tibial plateau
lesions are more challenging locations; an arthrotomy is
usually required to ensure adequate exposure, reduction,
and secure fixation. For arthroscopic fixation, accessory
portals should be used if needed to ensure that the fixation
device is inserted perpendicular to the fracture plane.
Often, 2 or more points of fixation are required to provide
rotational stability. Drilling an OCD lesion is thought to
create a biologic stimulus for healing. To promote the local
biologic response, a 0.062-inch-diameter smooth Kirschner
wire may be used with either a retrograde or antegrade
technique.1 Retrograde drilling necessitates care to avoid
the open physis, and antegrade requires care to avoid pen-
etrating normal or intact articular cartilage.3 Alternatively,
a microfracture awe [IS AWE CORRECT?] is used to vio-
late the subchondral bone and to induce bleeding and
egress of marrow elements. Cancellous bone graft may be
obtained from the Gerdy tubercle or the intercondylar femoral
notch, using osteochondral autograft harvest devices.
Postoperative care includes nonweightbearing for up to 6
to 8 weeks and early range of motion, including continuous
passive motion (CPM), if available to the patient.

For fixation, we recommend headless metallic cannulated
screws with a differential thread pitch, which provide a lag
effect, compressing the fragment into its native bed. These
screws are easily countersunk below the articular surface,
and although they often provide optimal fixation, they
may require staged arthroscopic removal. If metallic fixa-
tion is used, then the hardware is removed after clinical
and radiographic signs of healing at up to 3 months post-

operatively. After this technique, success rates of 80% to
90% have been reported, with poorer results in lateral
femoral condyle lesions.2,23,97 Metallic staple fixation is not
recommended, as these staples are associated with low
(50%) healing rates and a significant rate (30%) of staple
breakage.54 Bioabsorbable devices are available for smaller
lesions or if the lesion consists mostly of cartilage with
scant subchondral bone available for fixation. Advantages
of bioabsorbable fixation devices are a lower profile with
smaller bore perforation of the articular surface and
unlikely need for staged removal of hardware. The disad-

Figure 1. An AP radiograph demonstrating osteochondritis
dissecans lesion with subchondral bone involvement on the
lateral aspect of the medial femoral condyle.

Figure 2. An MRI of osteochondritis dissecans on lateral
aspect of medial femoral condyle, (A) coronal view and (B)
sagittal view, demonstrating fluid dissection behind the base
of the lesion.
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vantages of these devices include potentially inferior fixa-
tion strength, less interfragmentary compression com-
pared to metallic devices, higher implant cost, and the
potential for osteolysis in the case of rapid polymer break-
down causing localized lactic acid overload.94 Series with
small numbers and short follow-up cautiously recommend
bioresorbable fixation as first-line treatment of nondis-
placed fragments, with metallic fixation reserved for pri-
mary failures or more unstable fragments in the femoral
condyles.96 Successful biologic fixation of femoral condyle
OCD with autologous osteochondral plugs has also been
reported.9,68

Reports of OCD fixation in the patella,80 including tech-
niques for retrograde fixation of OCD lesions of the patella
using fluoroscopic guidance, are present in the literature,
but outcomes of such an uncommon entity remain
unclear.81 Series with small numbers demonstrate encour-
aging results after arthroscopic fixation of OCD of the
capitellum.18,58,76

There are currently no randomized clinical trials exam-
ining the treatment of OCD of the talar dome. One recent
comprehensive review by Verhagen et al identified 39
studies comparing the options of nonoperative treatment,
excision, excision and curettage, excision curettage and
drilling, bone graft after excision and curettage, osteo-
chondral transplantation, or fixation and retrograde
drilling. In that review, excision curettage and drilling had
the best subjective outcome of 86% good to excellent at a
minimum of 2 years, but a definitive conclusion could not
be drawn from the data available.93 Finally, OCD of the
capitellum has also been reported with fixation leading to
successful symptom resolution.48

Marrow-Stimulating Techniques

Abrasion Arthroplasty. Abrasion arthroplasty is tradi-
tionally performed arthroscopically with a shaver or burr,
with recommendations to remove 1 to 2 mm of exposed
sclerotic bone down to the vasculature of the subchondral
plate.10 This results in a fibrin clot that later develops into
fibrocartilage. Although based on sound biologic princi-
ples, results comparing simple debridement with the addi-
tion of abrasion arthroplasty indicate that for both groups,
roughly half of the patients improved, but 33% of the abra-
sion arthroplasty group reported a worse Hospital for
Special Surgery (HSS) knee score than before surgery.10

Abrasion arthroplasty appears to be technique sensitive,
and minimizing the amount of subchondral bone destruc-
tion remains challenging.

Microfracture. The microfracture technique uses the
same sound biologic principles as the abrasion arthroplasty
without systematic bone removal. Arthroscopically, angled
awls are used to perforate the subchondral bone of focal
articular cartilage surface lesions.11,35,36,90 By creating per-
forations without power drilling, the potential risk for
thermal necrosis is eliminated, and a more controlled and
precise subchondral bone perforation depth and location
can be obtained. The perforations should access the under-
lying cancellous bone, resulting in release of blood and
mesenchymal cells, leading to reparative tissue formation.

Under protected loading conditions and CPM, the cells in
the resulting “superclot” proliferate and differentiate into
a fibrous or fibrocartilage mosaic repair tissue.28

Ideal indications for microfracture treatment include
focal grade III or IV articular surface lesions without bone
loss that are surrounded by normal articular cartilage in a
young patient. Contraindications include significant sub-
chondral bone loss, mechanical axis malalignment, bipolar
lesions, or a high risk of noncompliance with postoperative
rehabilitation protocols. A disadvantage of this technique
is that at best, repair tissue will be composed of predomi-
nantly type I collagen-rich fibrocartilage, which does not
resist compression and shear loads as predictably as hya-
line cartilage does and is likely less durable over time.

The first step in this procedure is critical to its success
and involves creating precise perpendicular edges of the
lesion at the transition zone adjacent to the healthy artic-
ular cartilage. Thus, a “well-shouldered” lesion will
improve the local mechanical environment by reducing
shear and compression on the lesion, thereby allowing the
formation of fibrocartilage. All unstable cartilage should
be removed. Animal studies suggest that removing the cal-
cified cartilage with a curette greatly enhances the per-
centage and quality of defect fill.29 A surgical awl is then
used to create holes placed 2 to 3 mm apart beginning first
at the periphery of the lesion. Great care should be taken
to prevent confluence of the holes, as this will cause unsta-
ble bone fragments that may break free from between the
holes. When fat droplets can be seen coming from the mar-
row cavity, the approximate depth (2-4 mm) has been
reached.89 The arthroscopy fluid inflow is then clamped to
allow visual confirmation that blood and marrow fat
droplets are emerging from each hole.

The success of the procedure depends as much on
patient compliance with the rehabilitation protocol as it
does on proper surgical technique. For lesions of the
weightbearing surfaces of the femoral condyle and tibial
plateau, the patient remains strictly nonweightbearing for
6 weeks and on protected weightbearing for an additional
2 weeks. Early passive motion is implemented. For lesions
in the patellofemoral joint, the patient is braced with a
flexion stop of 30° to 40° to limit patellofemoral contact.
The brace is removed only for therapist-supervised range
of motion and strengthening. Surgeon adherence to and
patient compliance with these postoperative limitations
are paramount to the success of this procedure.

Following proper technique and postoperative protocol,
this relatively benign, inexpensive outpatient procedure
can provide symptomatic relief and functional improve-
ment in properly selected patients without eliminating
further treatment options should the microfracture fail.
Optimal outcome has been noted in younger patients with
smaller lesions and a well-defined history of trauma.38

One explanation for this finding is that the marrow of
younger patients has a greater number of mesenchymal
cells, and with increasing age, the pluripotential cell count
drops off precipitously. In addition, a traumatic lesion, in
contrast to a degenerative one, is likely to be surrounded
by normal cartilage outside the zone of impact, which
allows for the creation of “shoulders” at the periphery of
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the lesion. Steadman et al recently reported a series of 72
patients with a mean 11-year follow-up who demonstrated
significant subjective improvement in the Tegner, Western
Ontario and McMaster Universities Osteoarthritis Index,
Lysholm, and Short Form–36 (SF-36) scores. At 7 years, 80%
of patients reported themselves as improved. Younger age
(<45 years) at surgery was correlated with a better out-
come.88

Osteochondral Autograft Transfer

This technique involves transfer of an osteochondral plug
from a relatively nonweightbearing region of the knee to
restore a damaged articular surface. The application of the
technique is limited by the amount of donor tissue avail-
able in the knee. Ideal indications include symptomatic,
distal femoral condyle articular cartilage lesions with
intact menisci and tibial cartilage in a nondegenerative
joint with proper mechanical alignment. Although large
lesions have been treated with this technique, we believe
the ideal lesion size is 1 to 2 cm in diameter. Lesions up to
3 to 4 cm in diameter can be treated, although graft limi-
tations tend to limit optimal indications to treating smaller
lesions. The treatment of patella or tibial surface lesions as
well as intact but loose Index Chemicus Registry System
(ICRS) grade II OCD lesions would be relative indica-
tions.46

The risk of donor site morbidity increases as more tissue
is harvested. The typical site of harvest is the femoral
intercondylar notch and the periphery of the lateral femur
just proximal to the sulcus terminalis. Simonian et al86

evaluated these 2 typical sites of harvest and found that
they demonstrated significant contact pressure, although
the clinical relevance is unknown. Garretson et al31

described low contact pressures on the medial trochlea
and relatively low contact forces at the distal lateral
trochlear ridge, near the sulcus terminalis, identifying this
as a possible harvest location on the lateral trochlea.
Topographic mapping of the articular surface may allow
for selection of donor sites to create plugs whose contour
matches the recipient locations.6

All stages of the procedure, including graft plug harvest,
recipient tunnel preparation, and plug insertion, can be
done through a small arthrotomy or arthroscopically,
depending on the location of the lesion. There are several
commercially available systems available to perform this
procedure. A sizer is used to determine the number and
size of grafts that will be needed. The properly sized graft
harvester with collared pin is introduced perpendicular to
the donor site. It is lightly tapped into bone to a depth of
approximately 12 to 15 mm (Figure 3). For removal, the
harvester is twisted abruptly 90° clockwise and counter-
clockwise with a parallel pull to remove the donor plug.
The harvester has a plunger that will push the donor plug
into the recipient hole.

The recipient hole is created at a depth of 2 mm less
than the donor graft just harvested and extracted in the
same manner as the donor core. It is important to main-
tain a perpendicular relationship with the articular sur-
face to create well-defined vertical walls in the recipient

hole (Figure 4), which will facilitate congruent plug place-
ment. This requires a constant knee flexion angle and
often multiple accessory portals; implanting the graft plug
immediately after harvesting will facilitate maintaining
the proper insertion angle. The donor tube harvester is
then placed over the recipient site, taking care to maintain
perpendicular orientation, and the donor plug is gently
advanced atraumatically into the defect, often leaving the
plug slightly proud (Figure 5A). Premature advancement
of the plug before it is well seated in the recipient tunnel
may result in loss of control of the plug and may require
plug collection using loose body retrieval techniques. The
final seating of the plug can be done with an oversized
tamp, taking care not to damage the articular cartilage on
the surface of the plug graft (Figure 5B). The final plug
position should be flush with the surrounding articular
cartilage (Figure 5C). Graft congruence is key to minimiz-
ing shear. Studies indicate that tunnel depth should equal
plug length precisely. Supported grafts heal well, but
unsupported grafts tend to subside, eventually becoming
covered by fibrous tissue.72,83

If performing several transfers in a single lesion, the
location of all plugs should be planned before placing the
first one to minimize risk of tunnel confluence or tunnel
wall fracture. Beginning at the periphery of a lesion, loca-
tion and depth of the recipient tunnels and donor plugs are
selected to create a convexity to match the surrounding
joint surface.

Postoperatively, passive and active range of motion is
encouraged. The patient is on protective weightbearing for
up to 6 weeks. Graft healing is assessed both clinically and
by plain radiographs to evaluate bone plug position and
integration. Cartilage-specific MRI scans are helpful at 3-
month intervals. After evidence of bone healing on radi-
ographs at 6 to 8 weeks, the patient is advanced to full
weightbearing as tolerated. Closed chain strengthening
only is allowed for 3 months to prevent undo shear on the
articular surface.

Figure 3. The 15-mm calibration marks on harvester seated
in donor site on lateral aspect of lateral femoral condyle of
left knee.



Vol. 33, No. 3, 2005 Cartilage Restoration 5

The greatest amount of shear is seen at the interface of
the donor plug and the recipient bed of cartilage, and a
slightly prominent plug causes more shear than does a
slightly recessed plug.19 Animal studies have demonstrated
chondrocyte loss in areas of high shear at the edges of
implanted plugs.50 Perhaps combining microfracture and
autologous plug transfer would provide a fibrocartilage
interface for improved graft integration, reduced shear,
and improved graft strength. Pull-out strength of properly
placed press-fit plugs averages 93 N and correlates with
plug length. It has been demonstrated that the force
required to dislodge the graft is reduced by half with graft
reinsertion or levering at the time of harvest.25

The advantages of using autologous plug transfer to
treat focal chondral lesions are graft availability (ie, there
is no ordering or waiting for grafts), the absence of disease
transmission risk, and the relatively low cost of a single-
stage procedure. The disadvantages include donor site
morbidity and limited available graft volume.25,45,46 In
addition, it is technically difficult to position the plugs to
re-create the contour of curved surfaces. Despite these lim-
itations, in small- and medium-size lesions, this technique
has been reported to result in 91% good to excellent results
after more than 3 years for femoral condyle lesions that
are isolated,25,42,45 if combined with ACL reconstruction,12

or as treatment of OCD.13,47 Overall, autologous osteo-
chondral plug transfer has been shown to result in a
greater percentage of good to excellent results for femoral
condyle lesions (92%) than for tibial plateau (87%) or the
patellofemoral joint surface (79%).45

Autologous osteochondral transfer is often used to treat
focal lesions in other joints as well. Encouraging results
have been reported in treatment of OCD of the talus47 at
up to 7 years after treatment. In treating traumatic focal
chondral lesions of the talus, autologous plug transfer
resulted in a favorable outcome in 94% of patients when
compared to marrow-stimulation techniques (ie,
microfracture).44 In addition, reports of the use of osteo-
chondral transfer to treat focal chondral lesions in the

Figure 4. Autograft recipient hole on medial femoral condyle
of left knee should have well-contained vertical walls.

Figure 5. To protect graft viability and plug structure, the
plug is inserted gently into graft site, often temporarily leav-
ing a proud plug (A). An oversized tamp (B) is used to com-
pletely seat the autograft plug to create a flush surface on the
femoral condyle (C).

A

B
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femoral head45 and elbow OCD13 demonstrate encouraging
results.

Further refinements of this technique will minimize
donor site morbidity by careful selection of the harvest
site. In the future, a refined technique may avail autolo-
gous hyaline cartilage plugs to treat focal chondral defects
in any synovial joint with hyaline cartilage. Just as the
iliac crest has become the utility source of autogenous
bone graft, so too may the relatively nonweightbearing
surfaces of the femoral condyle provide osteochondral
plugs for routine transfer to other joints.

Autologous Chondrocyte Implantation

Autologous chondrocyte implantation (ACI) is employed
when traditional first-line treatments fail to improve on
the patient’s clinical presentation after adequate time for
recovery and response. It is ideal for symptomatic, unipo-
lar, well-contained chondral or shallow osteochondral
defects measuring roughly 2 to 10 cm2. Commonly,
patients have failed previous treatments. It is traditionally
indicated for treatment of focal defects in the knee, but its
off-label use has recently been expanded to include the
treatment of chondral defects in the ankle,34,56 shoulder,78

elbow,13 wrist,70 and hip.51 In the knee, off-label usage for
the patella and tibia has also met with success rates that
parallel those for the femoral condyle and trochlea. Bipolar
lesions (greater than grade II change on the opposing sur-
face) are a relative contraindication to ACI. As already dis-
cussed, malalignment, ligament instability, and meniscus
deficiency are not considered absolute contraindications to
ACI as long as they are addressed concomitantly or in a
staged fashion.

The first stage involves an arthroscopic evaluation of
the focal chondral lesion to assess containment, depth, and
potential bone loss (Figure 6). Biopsy of normal hyaline
cartilage is performed from either the superomedial edge
of the trochlea64 or our preferred site, the lateral edge of

the intercondylar notch (ie, where bone is removed for an
ACL notchplasty) using a curved bone graft harvesting
gouge (Figure 7). If the biopsy is obtained from the
trochlear ridge, it is recommended that an open-ring
curette be used to allow for visualization of the biopsy
process. The total volume of the biopsy should be approxi-
mately 200 to 300 mg, preferably in 3 “Tic-Tac–sized” frag-
ments. The prepared shipping container has a collection
vial that is clearly marked to indicate adequate biopsy
volume (Figure 8). As when performing an ACL notchplasty,
it is important not to violate weightbearing articular car-
tilage. We send the biopsy to Genzyme Biosurgery
Corporation (Cambridge, Mass) for processing and cellular
expansion.

The second stage of the procedure is cell implantation,
which typically takes place between 6 weeks and 18
months after the biopsy, although the cells can be cryopre-
served for up to 4 years. A tourniquet is typically used
until after the defect is prepared and the periosteal patch
is harvested. The surgical exposure depends on defect loca-
tion. Patellofemoral lesions are approached through a mid-
line incision, allowing a simultaneously performed tibial
tubercle osteotomy. We prefer to access patellofemoral
lesions through a lateral retinacular release without com-
pletely everting the patella. We also avoid disruption of the
fat pad and dissection around the patellar tendon to
reduce potential for postoperative stiffness. A tibial tuber-
cle osteotomy affords some increased patellar mobility,
facilitating access to the defect, but we intentionally avoid
complete elevation and “flipping” of the tibial tubercle to
minimize trauma to the fat pad and patellar tendon.

Femoral condyle lesions are addressed through limited
parapatellar arthrotomies. For medial defects, we use a
limited subvastus medialis approach that has, in our expe-
rience, reduced the magnitude of postoperative pain,
allowing earlier and more complete return of motion.
Lateral defects are approached through a limited lateral
retinacular release. We then use a separate 3-cm incision

Figure 6. Arthroscopic evaluation of focal chondral lesion
provides direct measurement and evaluation of containment
and potential bone loss.

Figure 7. Arthroscopic biopsy of articular cartilage cells
taken from nonweightbearing portion of lateral femoral
condyle in a left knee.
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beneath the pes anserine tendon insertion to harvest the
periosteal patch. These modifications have greatly reduced
postoperative pain and have allowed us to perform the
majority of our ACI procedures on an outpatient basis.

Defect preparation involves removing any existing fibro-
cartilage covering the lesion, as well as loose articular car-
tilage flaps, leaving healthy surrounding hyaline cartilage
to form stable vertical walls shouldering the lesion.
Circular or oval-shaped prepared defects are biomechani-
cally more stable.24 A No. 15 scalpel and sharp-ring
curettes are used to incise the defect border to but not
through the level of the subchondral bone (Figures 9 A and
B). Hemostasis is controlled with the use of neuro-patties
soaked with a dilute 1:1000 epinephrine solution.

The periosteal patch is harvested through a 3-cm inci-
sion on the proximal medial tibia, 4 fingerbreadths distal
to the pes anserine tendon attachments. More distal and
anteromedial locations tend to provide the best source for
the periosteal patch. If a simultaneous tibial tubercle
osteotomy is performed, we use a single extensile incision
and harvest the periosteum before performing the osteoto-
my. Superficial subcutaneous fat is carefully removed with
sharp dissection from the periosteum on the anteromedial
tibia to avoid inadvertent penetration. Smokers tend to
have a poor-quality periosteum, and obese patients have a
larger amount of adherent adipose tissue to separate from
the periosteum and will require extra care. In addition,
older patients tend to have a thin periosteum. A patch that

is at least 2 mm larger than the defect is harvested to
account for slight shrinkage after detachment. The patch

Figure 8. Prepared shipping vial, demonstrating collection
well to assess adequate biopsy volume.

Figure 9. Focal chondral defect on the medial femoral
condyle of a right knee before (A) and after (B) preparation.

B

A
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edges are scored to bone with a No. 15 scalpel and elevated
with a sharp, curved periosteal elevator beginning distally
and moving toward the inferior edge of the pes and over-
lying sartorius fascia (Figure 10). The character of the
periosteum will change as the sartorius fascia fibers are
encountered. It is recommended that the fat and small
blood vessels found on the periosteum be dissected off
after the periosteum is safely elevated from the bone but
before detaching the final superior edge. The outer surface
is marked to distinguish it from the inner cambium layer.
Additional sources for periosteum, if necessary, are the dis-
tal femur, which is thicker and more vascular than the
periosteum on the proximal tibia, and the contralateral
tibia, which carries the disadvantage of a second surgical
site. In extreme cases, 2 periosteal patches may be sewn
together, taking care to minimize suture bulk at the seam.

After defect preparation and periosteal harvest, the
tourniquet is deflated and meticulous hemostasis is
obtained. The patch is then sewn onto the cartilage so as
to remain taut over the defect with the cambium layer fac-
ing the defect base. The periosteum is secured with a 6-0
absorbable Vicryl suture (Ethicon Inc, Johnson & Johnson,
Somerville, NJ) on a P-1 cutting needle. The suture is
passed first through the periosteum patch and then
through the articular cartilage. The goal is to anchor the
periosteum flush with the surrounding articular cartilage
surface. A gap should be maintained between the final
sutures to allow for chondrocyte implantation with an
angiocatheter. If small holes are inadvertently created in
the patch, they may be carefully repaired with a single 6-
0 Vicryl suture. If the surrounding cartilage is unable to
hold suture, micro-anchors loaded with absorbable suture
may be used. At the edge of an articular surface, bone tun-
nels may be created with a 0.45 Kirschner wire to pass
transosseous 6-0 sutures.

Watertightness testing is performed with a nonantibiot-
ic saline-filled tuberculin syringe and 18-gauge catheter.
After the saline is injected for the watertightness test, it
should be removed completely. Additional sutures are
placed at leakage locations, and after gently drying the
cartilage surrounding the patch, the edges of the patch are
sealed with fibrin glue (Tisseel, Baxter Healthcare Corp,
Glendale, Calif) and a second watertightness test is per-
formed as previously described.

The chondrocytes are delivered and stored in vials that
should remain upright at all times. Meticulous attention
to sterile technique is paramount during this step, as the
vial’s exterior is not sterile. The vials are held vertical
without disturbing the pellet of cells in the bottom of the
vial. An 18-gauge angiocatheter is inserted into the vial
and advanced so the tip is submerged in the fluid but
above the pellet of cells in the bottom of the vial to allow
repetitive gentle aspirations and reinjections of the fluid to
atraumatically suspend the chondrocytes (Figure 11). The
total volume of the homogeneous suspension in the vial is
then drawn into the syringe. A new sterile angiocatheter
tip is used for the implantation step.

To implant the cells into the prepared defect, the
catheter is placed through an opening at the top of the

Figure 10. Periosteal harvest from anteromedial tibia, using
curved-tipped elevator to minimize risk of penetrating
periosteum during harvest.

Figure 11. The angiocatheter tip is submerged in fluid while
the vial containing chondrocytes is held vertical. Meticulous
attention to sterile technique during this step is paramount.
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periosteal patch and advanced to the distal end of the
defect. The cells are slowly injected into the bed of the
defect to ensure even dispersal while the catheter is slowly
withdrawn. The opening is then closed with additional
sutures and sealed with fibrin glue (Figure 12).

Technical Considerations

Most defects are easily accessible on the weightbearing
surface of the femoral condyle through a standard parap-
atellar arthrotomy. However, far posterior condylar lesions
or focal cartilage defects of the tibial plateau may require
additional strategies for exposure, including an open sub-
meniscal approach or even en bloc osteotomy of the collat-
eral ligaments.

Traditionally, ACI has been applied to treat relatively
shallow articular cartilage lesions with minimal involve-
ment of the subchondral bone. For osteochondral defects of
more than 8 to 10 mm in depth, bone grafting is recom-
mended. The bone graft may be performed at the time of
biopsy and the implantation delayed to allow for bone
graft consolidation. Alternatively, the “sandwich tech-
nique” has been used to graft and resurface the defect in a
single step. A layer of periosteum is sealed against the
grafted defect with the cambium layer facing outward

toward the joint and fixed with 6-0 Vicryl sutures (Ethicon
Inc) and fibrin glue. A second periosteal patch is placed
with the cambium layer facing into the defect, creating a
cambium-lined chamber overlying the bone graft. The
chondrocytes are then injected between the 2 layers of
periosteum. A complete description of the procedure is
reported elsewhere.15

It is commonly believed that for all of these techniques,
realignment osteotomy should be performed as an adjunct
procedure if the lesion is in a compartment under more
than physiological compression.42 Outcome data clearly
indicate that poorer results are expected if mechanical
axis or patellofemoral joint malalignment is left uncor-
rected at the time of the cartilage restoration procedure.15

The rehabilitation protocol for ACI in the knee is based
on the 3 phases of the natural maturation process of the
chondrocytes.37,65,66 The proliferative phase occurs soon
after the cells are implanted, followed by the matrix pro-
duction phase, during which the tissue becomes incorpo-
rated and integrated into the host. To assist cellular orien-
tation and to prevent adhesions, early passive motion is
crucial. The graft must be protected from mechanical over-
load; closed chain strengthening exercises are initiated to
allow for a functional gait. Continuous passive motion for
6 to 8 hours per day at 1 cycle/min and restricted weight-
bearing are required until 4 to 6 weeks, when progression
to full weightbearing is allowed. The third recovery phase
is the maturation phase, which results in stiffness closely
resembling the surrounding articular cartilage. During
this extended phase, various impact loading activities are
phased in with increased strength work. Return to normal
activities of daily living and light sporting activity is con-
sidered at 4 to 6 months.

Outcomes of ACI in the Knee

It is estimated that ACI has been performed on 10 000
patients worldwide.15 Micheli et al63 reported on 50
patients who were followed for a minimum of 36 months
and demonstrated a significant subjective improvement of
5 points on the modified Cincinnati scale measuring over-
all knee function (10-point scale). Eighty-four percent had
an improvement in their conditions, 2% were unchanged,
and 13% deteriorated. One third of these patients had
failed a previous marrow-stimulation procedure. Peterson
et al75 published their results on 94 patients with 2- to 9-
year follow-up. The results varied considerably based on
defect location. The results of ACI when treating the patella
initially were only 62% good to excellent. However, later in
the series, anteromedialization tibial tubercle osteotomies
were performed simultaneously when treating patellar
lesions, and results improved to 85% good or excellent.
Twenty-four of the 25 isolated femoral condyle lesions
were graded as having good to excellent results with a 92%
success rate. In the OCD group, 16 of 18 patients were
rated good to excellent, representing an 89% success rate.
The majority of follow-up biopsies revealed objective evi-
dence of hyaline-like tissue that demonstrated type II col-
lagen on immunohistochemical staining. In 10% to 15% of
cases, the biopsy site demonstrated an exaggerated heal-

Figure 12. After cell implantation, the sutured periosteal
patch is sealed with fibrin glue.



10 Alford and Cole The American Journal of Sports Medicine

ing response in the notch, resulting in discomfort and
catching, which may occur between 3 and 9 months. This
routinely responded well to simple arthroscopic debride-
ment.

To study the long-term durability of ACI, Peterson et al
followed 61 patients for a mean of 7.4 years after ACI.
Good or excellent subjective results were found in 81% at
2 years and 83% at 5- to 11-year evaluation. The total fail-
ure rate was 16%, all of which occurred in the first 2 years.
In this series, patients with the longer outcome were early
patients who underwent ACI before full maturation of the
surgical technique. As all failures occurred before 2 years,
this study illustrated the durability of results at 2 years.73

Cole et al22 reported on a series of 103 defects in 83
patients who had been evaluated prospectively after their
ACI procedures. Cincinnati, International Knee
Documentation Committee, Tegner, Lysholm, Knee Injury
and Osteoarthritis Outcome, and SF-12 physical scores all
showed significant (P < .05) subjective improvement in 30
patients evaluated at a minimum of 2 years compared to
preoperative ratings. Although patients were not pain free,
nearly all reported approximately a 50% reduction in pain.
In this series, patient satisfaction was high; 79.3% stated
that they were completely satisfied, and 92.9% stated that
they would have the surgery again, given similar circum-
stances.

To compare microfracture to ACI, Knutsen et al55 ran-
domized 80 patients with single focal chondral defects in
stable, nonarthritic knees with proper mechanical align-
ment to receive either ACI or microfracture as a primary
treatment. At 2 years, objective arthroscopic evaluation
and biopsy combined with subjective clinical evaluation
using Tegner, Lysholm, ICRS, and SF-36 demonstrated
significant improvement in both groups, with statistically
significantly greater improvement in the microfracture
group than in the ACI group (P = .004). Younger and active
patients did better in both groups. In this series, both
groups of patients were allowed immediate partial weight-
bearing (up to 50 lb), which may have been disruptive for
the fragile ACI patch.

Horas et al49 compared ACI to osteochondral autograft
transplantation at 2 years in 40 patients with a single femoral
condyle chondral defect. Both treatments decreased symp-
toms, but the subjective improvement provided by ACI
lagged behind that provided by the osteochondral auto-
graft transplant. Objective histologic data revealed that
the ACI tissue was primarily fibrocartilage, whereas the
osteochondral transplants retained their hyaline charac-
ter. There was a persistent gap and lack of integration
between the bone plugs and the surrounding articular car-
tilage. This study had a small number of patients in each
group, a relatively short follow-up, and no control group.

To compare mosaicplasty to ACI, Bentley et al8 random-
ized 100 patients with a mean age of 31 years with isolated
traumatic focal chondral defects to receive either ACI or
mosaicplasty. Modified Cincinnati scores and clinical
assessment measures rated subjective good to excellent
results in 88% of ACI patients and only 69% of the mosaic-
plasty patients. Objective arthroscopic visualization at 1

year demonstrated 82% healing among ACI patients but
only 34% healing among mosaicplasty patients. This is the
only prospective, randomized, controlled comparison of
ACI and mosaicplasty and appears to demonstrate the
superiority of ACI over small-plug autologous mosaicplasty.

Autologous Chondrocyte Implantation in Other Joints

Although ACI technology has traditionally been applied to
treat focal chondral lesions in the knee, it has recently
been used to treat lesions on other joint surfaces. Verbal
reports of resurfacing a femoral head defect (Lars
Peterson, J.W.A. personal communication, December 7,
2003) and published reports of using ACI to treat elbow
lesions13,15 are emerging. The senior author recently
reported the use of ACI to treat a young athlete with a
large full-thickness 6-cm2 articular cartilage defect of the
proximal humerus.78

In addition to the shoulder, ACI technology has recently
been applied to treating osteochondral defects of the talus.
Because of the traumatic nature of these lesions, the osteo-
chondral fragment of the talus is carefully evaluated dur-
ing an initial ankle arthroscopy, and a decision whether to
attempt fixation is made. Successful results of fixation
efforts overall are reported to be between 36% and 81%
and are more thoroughly discussed elsewhere.5,53,79 After
completion of the ankle arthroscopy, an arthroscopic artic-
ular cartilage biopsy is obtained from the ipsilateral knee.
In evaluating the chondral lesion, important variables to
consider include the size and dimensions of the lesion, the
location of the lesion, and whether an osteotomy would be
required for an open exposure for an ACI procedure. The
need for bone grafting via the “sandwich technique” can
also be predicted and is determined by the depth of the
talar lesion. The need for osteotomy of the medial or lateral
malleoli at the time of cell implantation depends on both
the size and location of the defect.

Comorbidities of the ankle including instability or frac-
tures requiring fixation must be carefully evaluated, and
the decision to perform a concomitant ankle stabilization
procedure should be predetermined and incorporated into
the surgical plan. If the patient would benefit from lateral
ligament reconstruction, then this is carried out in con-
junction with the ACI procedure in a single stage. If the
patient has an OCD in the anterolateral aspect of the
talus, the lateral ligament reconstruction can be per-
formed at the completion of the ACI implantation via the
same anterolateral incision. Treating an OCD lesion at a
second location on the talus will likely require an osteotomy.61

Once surgical exposure and a plan for treating comorbid
conditions are established, lesion preparation, periosteal
harvest, graft suturing, and cell implantation are per-
formed according to standard ACI protocol as described
above.

Postoperatively, the patient is placed in a hinged ankle
brace that allows for a 20° arc of dorsiflexion and plantar
flexion. Continuous passive motion is initiated 8 hours
postoperatively. The patient is permitted toe-touch weight-
bearing during the first 2 weeks and is progressively
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increased to 75% weightbearing at the end of 6 weeks and
to full weightbearing by 8 weeks. At 6 months, a gradual
return to jogging and sport-specific training may be initi-
ated.

To date, there are 3 published series of reported subjec-
tive improvement after ACI as treatment of chondral
lesions of the talus. Giannini et al34 reported the outcomes
of 8 patients who were treated with ACI as a second-line
treatment, and in their series, American Orthopaedic Foot
and Ankle Society scores improved from 32 points preop-
eratively to 91 points at 2 years after implantation. In
2002, Koulalis et al57 reported on 8 patients at a mean of
17 months who also universally reported subjective
improvement after failing other treatments, despite no
objective evidence of type II collagen at follow-up biopsy.
Mandelbaum et al61 recently reported a series of 14
patients at 32 months with 79% good and 21% poor out-
comes; half of the patients in this series required arthro-
scopic debridement for periosteal patch hypertrophy.

Future Directions for ACI

In the future, techniques using minimally invasive
implantation will spare the patient the morbidity of an
open arthrotomy. All-arthroscopic techniques have been
reported but are not currently implemented in the United
States.26 The technique is based on implanting a 2-mm-thick
polymer fleece preloaded with autologous chondrocytes in
a fibrin gel that is anchored to the condyle arthroscopical-
ly. Other techniques have implemented in vitro culturing
of a chondrocyte-laden scaffold before implantation.59 In a
canine model, Lee et al59 evaluated full-thickness focal
chondral defects without bone involvement 15 weeks after
implantation of an autologous articular chondrocyte–
laden type II collagen scaffold that had been cultured in
vitro before implantation. In these cultured scaffolds, the
reparative tissue formed from the scaffolds filled 88% of
the cross-sectional area of the original defect, with hyaline
cartilage accounting for a mean of 42% (range, 7%-67%) of
the defect area. Further work is necessary to identify the
specific culture and cell density parameters needed to
maximize this advantage of in vitro scaffold culture before
final implantation compared to the results of noncultured
implantation.14,74 In the future, allogenic sources of cells or
single-stage biologic techniques may offer the added
advantage of eliminating the need for biopsy before
implantation.

Osteochondral Allograft Transplantation

To treat large lesions (ie, 2.5 cm2) or those with significant
bone loss, osteochondral allograft transplantation provides
a valuable treatment option. The advantage of osteochon-
dral allografts is the ability to provide fully formed articu-
lar cartilage without specific limitations with respect to
defect size. In addition, there is no concern for donor site
morbidity. Potential disadvantages include graft availabil-
ity, cell viability at the time of implantation, immuno-
genicity, and the potential for disease transmission. A

more complete discussion of allograft tissue processing can
be found in part 1 of this 2-part “Current Concepts” article.

Although there is no specific limitation as to the largest
size of a defect that can be treated with an allograft, the
minimum size is debated. Although surgeons have used
allografts to treat lesions as small as 1 cm2, most reports
recommend the lesion be 2 to 3 cm2 or greater.20,32,33,41 The
ultimate decision of limits of graft size and patient age will
require a careful measure of risks and benefits with
respect to each specific patient’s needs.

Technique

In many cases, a medial or lateral peripatellar mini-
arthrotomy can be used to expose the lesion. The lesion is
then assessed to determine the graft shape that would
best fit the defect. Well-contained, centrally located lesions
can generally be replaced with a dowel-shaped graft
(Figure 13). An instrumentation system (Arthrex Inc,
Naples, Fla) is used to size and harvest a cylindrical graft
plug from the allograft. Because of the close tolerance
between the donor plug and recipient socket that results
from this technique, it is usually possible to press fit the
graft, eliminating the need for supplemental internal fixa-
tion.

The diameter of the defect is matched to the sizing cylin-
der (range, 12-35 mm) that best incorporates the majority
of the defect. Holding the sizing cylinder centered and per-
pendicular to the defect, a guide pin is drilled in the cen-
ter of the lesion to a depth of 2 to 3 cm. While irrigating
with normal saline, the cannulated counter bore is drilled
over the pin to create a cylindrical defect to a depth of 8 to
10 mm, and the bottom of the prepared defect is penetrated
with a small drill to create vascular access channels
(Figure 14). Bone depth is limited to between 8 and 10 mm
to facilitate graft implantation and to limit the volume of

Figure 13. Chondral lesion with bone involvement on the
medial femoral condyle of the right leg.
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immunogenic donor bone implanted. Shallower grafts will
not achieve adequate press fit. A sterile marking pen is
used to mark the 12-o’clock position of the lesion to appro-
priately orient the donor plug, as the depth of each quad-
rant of the recipient lesion is measured and used to tailor
the exact depth of the final cut of the donor plug.

If an entire hemicondyle is made available, it is first sec-
tioned to create a flat surface perpendicular to the pro-
posed harvest site (Figure 15). The allograft is secured in
the allograft workstation. The bushing is secured such
that the contour of the donor site matches the contour of
the recipient site from a low-angle side view of the work-
station, using the sizing cylinder for orientation (Figures
16 A-C). Although matching the location of the defect on
the donor condyle is preferred, defects smaller than 2 cm2

are easily matched from most regions of the hemicondyle.
The 12-o’clock position of the donor graft is marked. While
irrigating with normal saline, the donor graft is then

drilled through its entire depth with a harvester, and the
graft is extracted. A ruler is used to measure and mark the
graft at the depth of the 4 quadrants of the previously
measured recipient site. Holding forceps are used to secure
the allograft while it is irrigated and cut using an oscillat-
ing saw. To facilitate insertion, the edge of the allograft is
slightly beveled with a rongeur. Before insertion, pulsatile
lavage is used to remove residual blood and bone marrow
elements from the allograft, which further reduces the
chance of disease transmission and graft immunogenicity.

A calibrated dilator is inserted in the recipient socket to
dilate the socket an additional 0.5 mm. The graft is press
fit into the socket by hand after carefully aligning the 4
quadrants to the recipient site. Further impaction is
achieved with gentle use of an oversized tamp, remaining
mindful that excessive force will damage chondrocytes.
The goal is a secure, well-seated plug that matches the
host contour and is flush with the surrounding articular
surface (Figures 17 A and B). For large lesions, 2 or more
allograft plugs may be placed tangentially. If the implanted
allograft is particularly large, fixation may be augmented
with bioabsorbable pins or metal screws. When necessary,
we prefer a headless screw with differential thread pitch
that provides low-profile compression, but it may need to
be removed at a later date if not properly recessed.

If the lesion is not amendable to a cylindrical graft, a
shell graft can be fashioned freehand, typically in a trape-
zoidal configuration that matches a hand-prepared defect
bed using a motorized burr and oscillating saw with cold
irrigation. Freehand sizing of a graft is more time con-
suming and usually requires fixation.

After osteochondral allograft implantation, restricted
weightbearing is recommended for at least 8 weeks to pro-
tect the cartilage surface and to minimize the chance for
subchondral collapse during the creeping substitution
phase of graft healing. Continuous passive motion is used

Figure 14. Defect preparation (A) with guide pin in place to
identify perpendicular orientation to articular surface and (B)
after creation of vascular access channels.

A

B

Figure 15. Allograft is cut to fit into the workstation anchor
apparatus.
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for 6 to 8 hours per day at 1 cycle/min for the first 4 to 6
weeks. Return to normal activities of daily living and light
sporting activity is considered at 4 to 6 months. In general,
high-impact sports are not recommended after osteochon-
dral allografting for large articular cartilage lesions
because of the theoretical risk of graft collapse and poten-
tial deterioration in the long-term survival of the graft.69

Outcomes of Osteochondral Allograft Transplantation

Clinical studies have indicated that younger patients with
an isolated lesion secondary to trauma or OCD, and with-
out other joint abnormality, tend to have more optimal out-
comes after osteochondral allografting. In 1985, the
University of Toronto reported the subjective outcomes of
their first 100 fresh allograft shell grafts used to treat
lesions of the femur, tibia, patella, and talus. At a mean of
3.8 years, modified HSS scores were good or excellent in
only 56% overall. However, within this group, traumatic
lesions had a 75% (36/48) success rate, whereas
osteoarthritic lesions had 42% (10/24) success, and lesions
from avascular necrosis had only a 27% (3/11) success

Figure 16. Allograft (A) mounted in workstation and cutting
guide (B) are positioned to create a cylinder perpendicular to
the allograft articular surface. (C) Allograft is irrigated to pre-
vent heat damage to allograft tissue while using power cylin-
drical saw to create desired osteochondral plug.

A

B

C

Figure 17. A, allograft press fit often requires gentle tamp-
ing to establish the proper depth of insertion. B, allograft
implanted flush to host articular surface.

A

B
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rate.62 In 1999, Chu et al20 reported the results of 123
patients with a purely traumatic cause to their articular
cartilage lesions. In this series, a success rate of 86% was
reported at a mean of 7.5 years. There was a survivorship
of 95% at 5 years and 71% at 10 years. Early failure was
found in patients older than 50 years, those with bipolar
lesions or mechanical axis malalignment, or those on
workers’ compensation. In another series of OCD of the
femur, 94% (16/17) of patients treated with 10 dowel grafts
and 7 shell grafts were asymptomatic at a mean of 3.5
years.32 Bugbee16 reported on 211 knees at more than 4
years; femoral grafts had a 93% (116/125) success rate,
patellofemoral grafts had 76% (35/46) success, but
tibiofemoral bipolar lesions had only a 65% (26/40) success
rate. Uncorrected ligamentous instability and mechanical
limb malalignment were associated with worse outcomes.17

In summary, it is reasonable to expect subjective
improvement in 75% to 85% of patients after osteochon-
dral allograft implantation treatment of properly selected
chondral lesions, provided that the surgeon practice care-
ful patient selection and accurately identify and correct
concomitant knee abnormality.

TREATMENT ALGORITHM

For isolated focal chondral defects of articular cartilage,
success or failure of first-line treatments guides future
treatment options, all of which leave options for further
restoration treatments or arthroplasty (Figure 18). The
location of the lesion, assuming minimal bone loss, will
determine other necessary evaluations of the appropriate
mechanical alignment, ligament stability, or meniscal defi-
ciency. The size of the lesion and the degree to which it is
contained, or surrounded by healthy cartilage, will further
influence treatment selections. In addition, the success or
failure of first-line treatments will influence future treat-
ment selections, as will the relative demands placed on the
knee by the patient. For patellofemoral lesions, an antero-
medialization tibial tubercle osteotomy is generally recom-
mended concomitantly.

Palliative techniques, including arthroscopic
lavage/debridement and in some cases marrow stimula-
tion, are typically implemented as a first line of treatment
with the intention of temporarily, if not permanently,
reducing the symptoms associated with chondral lesions.
Secondary procedures include reparative techniques of

Figure 18. Treatment algorithms for isolated femoral and patellofemoral focal chondral lesions. For condylar lesions, comor-
bidities of ligament instability, meniscal deficiency, and malalignment must be assessed and corrected if needed. For trochlear
and patellar lesions, surgical treatment should be considered after exhausting rehabilitation options. Patellofemoral alignment
must be evaluated to select the proper angle of the anteromedialization tibial tubercle osteotomy. High-demand patients are
more likely to require a secondary line of treatment (red). OC, osteochondral; ACI, autologous chondrocyte implantation; AMZ,
anteromedialization tibial tubercle osteotomy. #Assumes minimal bone loss. *AMZ is often performed for lateral and central
patellofemoral lesions and is of questionable benefit for medially located patellofemoral lesions. Osteotomy angle is selected by
preoperative assessment of patellofemoral tracking and presence or absence of instability.
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ACI and in some cases osteochondral grafts, which strive
to restore true hyaline cartilage and are associated with
greater morbidity because they usually require an open
exposure. The ACI is best used in relatively young
patients’ focal-contained shallow lesions. The preferable
size is approximately 2 to 10 cm2. Larger, deeper lesions
with bone loss in an older patient may require a restora-
tive procedure using an osteochondral implant, either
autograft or allograft, depending on the lesion’s size.
Deficient menisci often require transplantation concomi-
tantly with an articular cartilage procedure. Other comor-
bidities that require assessment and often simultaneous
treatment include ligamentous instability and malalign-
ment of the mechanical limb axis or the patellofemoral
joint. With these guidelines in mind, we have constructed
a conceptual treatment algorithm based on lesion size,
patient age, and success or failure of previous treatments.
In this conceptual diagram, first-line treatments are
selected based on lesion size and location in the context of
other patient characteristics.

Concomitant Knee Abnormality

It has been well established that regardless of the tech-
nology employed, cartilage restoration procedures have
better outcomes when comorbidities are corrected. This is
particularly true when treating lesions in the knee, but the
same principles apply to other joints in which cartilage
restoration technology is used. When performing a carti-
lage restoration procedure, the surgeon must identify and
correct a deficient meniscus, ligamentous instability, or
malalignment of the mechanical limb axis or
patellofemoral joint. Often, the most difficult step in cor-
recting these associated abnormalities is identifying them.
As “the eye sees only what the mind knows” (Rene
Descartes, 1642), we are at risk of not properly identifying
and correcting comorbid conditions unless we are looking
carefully for them at the time of initial patient evaluation.
Left uncorrected, comorbidities represent a relative con-
traindication to cartilage resurfacing. The following sec-
tion will discuss the issues of meniscal transplant, liga-
ment reconstruction, and corrective osteotomies in the set-
ting of cartilage restoration procedures.

Meniscus Transplant

In part 1, we discussed the role the meniscus plays in pro-
tecting the articular surface through load transmission. A
step-by-step technique of meniscal transplants has been
described elsewhere.21,52,77,84,95 Attaining bone anchorage
of the anterior and posterior horns is essential to provid-
ing a functional meniscus transplant. Although securing
the graft with soft tissue alone is technically easier, load
transmission is superior when the graft is secured with
bone.21,91 Either bone plugs or a bone bridge in the form of
a “trough,” “slot,” or “keyhole” is used to anchor the anterior
and posterior horns. In the setting of a combined cartilage
restoration and meniscal transplant, it may be necessary
to use a bone plug technique, even on the lateral meniscus,
to allow greater versatility and exposure of the articular

cartilage. When combining cartilage restoration with a
meniscal transplantation in the same compartment, it is
important to plan the exact sequence of events in a
detailed preoperative plan. For example, implanting an
osteochondral allograft and performing a meniscal trans-
plant to treat a deep articular cartilage defect on the lat-
eral femoral condyle in a previously lateral meniscec-
tomized knee will require that the posterior horn anchor
be established before preparing the articular cartilage
defect and implanting the osteochondral allograft plug.
The bone plug and anterior horn of the meniscal allograft
are gently retracted out of harm’s way during implanta-
tion of the osteochondral graft and inserted in a blind tun-
nel at the anatomical site of the anterior horn after the
osteochondral graft implantation is completed.

Corrective Osteotomies

It is commonly believed that for all of these techniques,
realignment osteotomy should be performed as an adjunct
procedure if the lesion is in a compartment under more
than physiological compression.41

Patellofemoral joint realignment with a tibial tubercle is
a familiar procedure and has been in mainstream
orthopaedics for decades.30 We recommend that most car-
tilage restoration procedures performed on the
patellofemoral joint be combined with a distal realignment
procedure, which anteriorizes the patella to unload the
newly resurfaced patellofemoral joint. Medially based
patellofemoral chondral lesions may be an exception to
this generalization. Subtleties of the patellar tracking
problems must be appreciated to plan the correct osteotomy.
Anteriorizing the patella will unload the patellofemoral
joint, whereas medializing patellar tracking may help cor-
rect lateral instability associated with a pathologic Q
angle. Flatter angles will medialize more than anteriorize,
and steeper angles will provide more anteriorization than
medialization. There are commercially available surgical
instruments to make the procedure technically easier and
more precise (Tracker AMZ guide, Mitek, Norwood, Mass).

A high tibial osteotomy is required to correct the varus
angulation of the lower limb mechanical axis when per-
forming a cartilage restoration procedure in the medial
compartment of a varus knee. Unlike standard high tibial
osteotomy for isolated medical compartment osteoarthri-
tis, in which the aim is to correct the mechanical axis lat-
erally to 66% of the width of the tibial plateau in the lat-
eral compartment,60 high tibial osteotomies combined with
cartilage restoration in the medial compartment should
correct the mechanical axis to just beyond neutral.
Commercially available instrumentation (Arthrex) allows
for a technically simple, rapidly performed opening medial
osteotomy with precision and rigid fixation. Although the
opening medial osteotomy allows exposure to the medial
tibia for ACL reconstruction or meniscus transplantation,
there is no absolute reason to choose opening medial over
closing lateral osteotomies, as long as the goals of realign-
ment are met and the osteotomy heals without sequelae.

For valgus angulation of a knee joint with lateral com-
partment disease, a distal femoral osteotomy is required to
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restore a normal mechanical axis. As with a high tibial
osteotomy to treat varus disease, the goal with a distal
femoral osteotomy is to correct the mechanical axis to neu-
tral. Care must be taken to avoid overcorrection, which
creates a varus alignment. Generally, we recommend an
opening lateral distal femoral osteotomy with rigid plate
fixation, although other techniques and fixation methods
have been described, including a percutaneous dome
osteotomy combined with temporary external fixation and
intramedullary nail fixation.43

When performing a corrective osteotomy combined with
a cartilage restoration procedure, it is critical to establish
a preoperative plan that allows for a stepwise incorpora-
tion of both procedures. For example, when performing an
ACI of the patellofemoral joint with a combined distal
realignment, the periosteal patch must be harvested from
the anteromedial tibia before making the osteotomy of the
tubercle through that area. Articular cartilage lesion
preparation, graft suturing, and cell implantation require
subluxation or eversion of the patella and should be per-
formed before establishing rigid fixation of the tubercle
osteotomy distally.

Ligamentous Instability

Uncorrected ligamentous instability is a contraindication
to cartilage restoration procedures. Methods of ligament
reconstruction are well established and will not be
reviewed here. It is important to carefully plan a sequence
of treatment options for each patient and to consider stag-
ing procedures if needed. If a single stage will incorporate
ligament reconstruction with cartilage restoration or
meniscus transplant, a preoperative plan that allows for a
stepwise incorporation of both procedures is crucial. The
type of concomitant procedure may affect the graft selec-
tion for ACL reconstruction. For example, when perform-
ing an ACL reconstruction in the setting of an ACI,
periosteal patch harvest would occur before hamstring
harvest or tibial drilling. If treating patellar defect with
ACI and distal realignment, hamstring autograft or an
allograft graft source would be required, as the
osteotomized patellar tendon insertion would be unavail-
able as autograft.

If an opening medial high tibial osteotomy is required in
association with an ACL reconstruction, the osteotomy can
be tailored to reduce the posterior slope of the tibial
plateau, which will protect the ACL reconstruction and
increase anterior stability. Medialization of the tibial tun-
nel by rotation of the guide will limit the possibility of
inadvertent communication with the osteotomy. In the set-
ting of a high tibial osteotomy, a hamstring graft for ACL
reconstruction may be considered, as it may allow for
smaller tunnel diameter, thereby reducing the risk of com-
municating with the osteotomy. Whichever graft is selected,
interference screws for tibial fixation should be used with
caution, as they will create hoop stresses in the tibial tun-
nel aperture near the osteotomy.

If a meniscus transplant is combined with either pri-
mary or revision ACL, there are several issues to consider
related to the 3-dimensional relationship of tunnels in the

tibial metaphysis. Prior tunnel expansion and position,
intended locations of new tunnels, ACL graft selection, and
meniscus anchor method offer variability to address the
needs of each particular patient. For example, the ideal
entry of the ACL tunnel is at the level of the posterior edge
of the anterior horn of the lateral meniscus; if performing
a concomitant ACL reconstruction and lateral meniscal
transplant, a slot and bone bridge technique will allow for
adequate fixation even if the bone bridge is partially vio-
lated by the tibial tunnel,21 and a hamstring ACL graft
will allow for narrower tunnels in the tibia.

If necessary, procedures should be staged and bone graft
applied to metaphysial defects. A guideline of 2 procedures
per operation and staging subsequent procedures should
be followed. Generally, osteotomies should be performed
first, with a 6-month interval between procedures to allow
for complete bone healing and remodeling. Subsequent
hardware removal should be planned, and a strategy for
dealing with resulting stress risers from residual empty
screw holes should be devised.

FUTURE DIRECTIONS

Current research efforts are paving the way for future
advances to improve results and further limit the morbid-
ity associated with cartilage restoration. Advances in engi-
neered matrix tissue scaffolds and bioadhesives40 have
combined with greater controlled manipulation of gene-
modified tissues.39 A greater understanding of the scope of
pluripotential cells’ differentiation and the most efficient
pulse sequence of growth factor manipulation with bone
morphogenic proteins82 will enhance our ability to process
and expand tissue ex vivo in tissue-loading bioreactors.
Advancing toward a common goal of improving the clinical
outcomes of cartilage restoration will require a coordinat-
ed comprehensive approach incorporating the basic sci-
ence of genetic engineering and biochemistry with out-
come analyses and surgical decision making and tech-
niques developed by clinicians.

SUMMARY

Articular cartilage damage is a problem that has posed a
seemingly insurmountable challenge to the medical com-
munity for centuries. Recent advancements have allowed
aggressive repair in properly selected patients, often with
combined procedures. Of critical importance are issues of
careful patient selection, patient counseling, and preoper-
ative planning, especially when combined procedures are
planned.
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