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Background: Treating symptomatic osteochondral defects is challenging, especially in young adults with deep (.8-10 mm)
empty defects after osteochondritis dissecans (OCD) or collapsed condyles secondary to avascular necrosis (AVN). For this pop-
ulation, osteoarthritis (OA) is inevitable if articular congruence is not restored.

Purpose: To describe the autologous chondrocyte implantation (ACI) ‘‘sandwich’’ technique with autologous bone grafting (ABG)
and compare it with ABG alone for restoration of the osteochondral unit. The midterm to long-term outcomes in patients after the
treatment for OCD and AVN will be reported and compared.

Study Design: Cohort study; Level of evidence, 3.

Methods: The outcomes for a consecutive cohort of 24 patients who underwent combined ABG with the ACI sandwich technique
between 2001 and 2013 (ACI sandwich group) was compared with a historical control group of 17 consecutive patients who
underwent ABG alone between 1995 and 2002 (ABG group) by a single surgeon for symptomatic deep (.8 mm) osteochondral
lesions. Patients who were followed up with a minimum of 2 years were included in this study. The modified Cincinnati Knee Rat-
ing System, the Western Ontario and McMaster Universities Osteoarthritis Index, a visual analog scale (VAS), the Short Form–36,
and a patient satisfaction survey were used to evaluate clinical outcomes. Survival analysis was performed using the Kaplan-
Meier method, with no clinical improvement, graft failure, or conversion to prosthetic arthroplasty as the endpoint (failure).
Kellgren-Lawrence (K-L) grading to assess OA progression was also performed.

Results: In the ABG group, 13 of 17 patients (76%) were available with a mean follow-up of 15.7 years postoperatively (range, 5-
21 years). In the ACI sandwich group, all 24 patients were available with a mean follow-up of 7.8 years postoperatively (range, 2-
15 years). No significant differences were observed between the groups in terms of age, sex, side of the operated knee, body
mass index, lesion type, lesion size, lesion depth, lesion location, or the need for realignment osteotomy. Eight patients (62%)
were considered failures in the ABG group, while 3 patients (13%) were considered failures in the ACI sandwich group. The sur-
vival rate was significantly better in the ACI sandwich group than the ABG group (87% vs 54% at 5 years, respectively; P = .0025).
All functional scores in patients with retained grafts significantly improved in the ACI sandwich group, whereas only the VAS score
showed significant improvement in the ABG group. The patient satisfaction survey showed a very high satisfaction rate in the ACI
sandwich group, with over 90% of patients reporting their knees as good or excellent and being satisfied with the procedure. In
the ACI sandwich group, K-L grading demonstrated no significant OA progression from preoperatively to a mean 5.1 years
postoperatively.

Conclusion: Our study showed that the ACI sandwich technique provided excellent and superior survival rates compared to ABG
alone and significant improvements over midterm to long-term follow-up. This unique treatment offers native joint preservation for
conditions that naturally will progress to OA and eventually require prosthetic arthroplasty.

Keywords: autologous chondrocyte implantation; osteochondral lesion; autologous bone grafting; sandwich technique, articular;
cartilage; repair

The treatment of a deep osteochondral defect in the knee is
one of the most difficult conditions for orthopaedic sur-
geons to manage. Fragment removal of an osteochondritis
dissecans (OCD) lesion produces an incongruous joint sur-
face, which uniformly leads to osteoarthritis (OA).29,40

Once a femoral condyle with avascular necrosis (AVN)
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collapses (Ficat stage III12), OA ensues. Although a variety of
surgical procedures have been developed for their manage-
ment, the optimal surgical technique is still controver-
sial.10,15,24 Techniques that include fragment removal,1,2,33,47

debridement,25,33 drilling,26 abrasion chondroplasty,21 and
microfracture41 have been shown to result in fibrocartilage,34

which has inferior mechanical properties to hyaline cartilage.
These techniques may have merit in the short term for shal-
low lesions \5 to 8 mm deep without sclerotic subchondral
bone or subchondral cystic changes. Autologous chondrocyte
implantation (ACI) has demonstrated excellent midterm
results for these lesions.36 However, once defects become
deeper (.8-15 mm) and have associated subchondral cystic
and sclerotic bone changes, the osteochondral unit requires
bone and cartilage restoration. Techniques for deep osteochon-
dral defects include osteochondal autograft transplantation,19

fresh matched osteochondral allograft transplantation
(OCA),14,16,17 autologous bone grafting (ABG) in isolation,22,44

and the recently described ACI sandwich technique.3,4,31,46

When confronted with deep (.8-10 mm), large empty, or
collapsed osteochondral defects arising from OCD or idio-
pathic AVN (not secondary AVN due to chemotherapeutic
agents, steroids, alcohol, sickle cell crises, etc), the single
treating surgeon for both treatment groups sought to
restore the osseous and cartilaginous surface as a functional
osteochondral unit. Background factors including alignment
and joint stability were identified and reconstructed at the
same time. The indications and principles for reconstruction
have not changed over the 2 decades of the study. In the
early 1990s after personal communication with Lanny
Johnson, his described technique of ABG44 was utilized, fol-
lowed by rehabilitation including protected weightbearing
and continuous passive motion (CPM). The goal was to
restore the osseous portion of the distal femur and perform
fibrocartilage surface repair. If the technique failed clini-
cally, as defined by persistent pain and swelling after 6 to
12 months postoperatively, magnetic resonance imaging
(MRI) and arthroscopic surgery would be performed to con-
firm failure by insufficient or poor-quality repair tissue after
ABG. A biopsy for cultured chondrocytes would then be
taken for second-stage ACI (Carticel; Vericel) to restore
the articular surface.

Jones and Peterson23 developed and presented cases of
the ACI ‘‘sandwich’’ technique in the early 2000s (personal
communication) as a single open operative procedure of
ABG and ACI. The cultured chondrocytes were separated
from the graft and marrow space by ‘‘sandwiching’’ the
cells between 2 periosteal membranes on the surface as
single-stage autologous reconstruction of the osteochondral
unit. ABG in isolation was used from 1995 to 2002 and
then abandoned in favor of the ACI sandwich technique
from 2001 to the present. The technique has remained

the same except that the periosteal membrane was
replaced with a type I/III collagen bilayer membrane in
2007 (Bio-Gide; Geistlich Pharma). The ACI sandwich
technique includes 2 types: ACI ‘‘full sandwich,’’ with
ACI cartilage repair covering the ‘‘full’’ area of bone
grafted, and ACI ‘‘segmental sandwich,’’ with the bone
graft just a ‘‘segment’’ of the overall defect area treated
by ACI (which will not be reviewed in this study to main-
tain a homogeneous population of comparators).

The purpose of this study was to evaluate clinical out-
comes after the ACI full sandwich technique and compare
it to ABG in isolation over the midterm to long-term follow-
up in this difficult patient population of large, deep osteo-
chondral defects of the knee.

METHODS

Patient Selection

The study was approved by an institutional review board,
and informed consent was obtained from all patients. A sin-
gle surgeon (T.M.) performed all the procedures over the 2
decades of the study. Data were prospectively collected.
Between March 1995 and April 2002, 17 consecutive
patients underwent ABG alone for symptomatic deep osteo-
chondral lesions secondary to OCD or idiopathic AVN (Ficat
stage III). Between April 2001 and June 2013, 24 consecu-
tive patients underwent combined ABG with the ACI full
sandwich technique. ACI cartilage repair covered the
‘‘full’’ area of bone grafted and consisted of defects similar
in cause and size to the ABG-treated osteochondral defects.
Patients who were followed up with a minimum of 2 years
were included in this study. Indications for surgery included
osteochondral defects larger than 2 cm2 in size and deeper
than 8 to 10 mm, with symptoms matching the defect loca-
tion. The bone defect was measured using a small paper
ruler after radical debridement to healthy bone, measuring
the length, width, and depth of the osteochondral defect.
Surgery was only indicated in patients who were resistant
to nonoperative therapies, including physical therapy and
steroid injections. Patients were evaluated with a physical
examination, radiography, computed tomography, MRI,
and arthroscopic surgery before treatment was considered.
Contraindications to surgery included inflammatory joint
disease; unresolved or recent septic arthritis; metabolic or
crystal disorders; and AVN secondary to steroids, alcohol,
chemotherapeutic agents, and sickle cell crises, among
others. Articular comorbidities, such as malalignment and
patellar maltracking, were corrected at the time of surgery.
Tibiofemoral malaligment .2� to 3� was corrected via
osteotomy of the tibia or femur, with correction of the

*Address correspondence to Tom Minas, MD, MS, Cartilage Repair Center, Brigham and Women’s Hospital, Harvard Medical School, 850 Boylston
Street, Suite 112, Chestnut Hill, MA 02467, USA (email: tminas@outlook.com).

yCartilage Repair Center, Brigham and Women’s Hospital, Harvard Medical School, Boston, Massachusetts, USA.
zSports Medicine Center, Funabashi Orthopaedic Hospital, Funabashi, Japan.
§Center for Orthopedic Surgery, Lubbock, Texas, USA.

One or more of the authors has declared the following potential conflict of interest or source of funding: T.M. is a consultant for Vericel. This study was
supported by a grant from the Cartilage Research Foundation.

2 Minas et al The American Journal of Sports Medicine



mechanical axis to neutral or 0�. Malalignment was deter-
mined by bilateral stance long alignment radiographs to
include the hip-knee-ankle. Before January 2003, high tibial
osteotomy (HTO) with closing-wedge osteotomy was per-
formed, which changed to an opening wedge after February
2003. Patellofemoral maltracking was addressed with ante-
romedialization tibial tubercle osteotomy to centralize patel-
lar tracking13,32 and proximal soft tissue balancing (lateral
release, vastus medialis obliquus advancement) as neces-
sary to centralize the extensor mechanism.

Surgical Technique

ABG and the ACI sandwich technique were performed as
previously described.22,31,46 For ABG, after arthrotomy,
the chondral defect was removed, and the sclerotic or
necrotic bone was debrided back to healthy-appearing
bone and cartilage tissue with a high-speed bur under con-
stant irrigation (Figure 1). The base of the bony cavity was
multiply drilled to enhance the blood supply and healing.
The bony cavity was prepared to slightly undermine the
subchondral bone surface around the articular margins,
with the depth of the cavity wider than the opening, much
like a dental amalgam, so that the cancellous bone chips,
when impacted with a bone tamp, would maintain inherent
stability. Autologous cancellous bone chips were harvested
locally with a core reamer and backfilled with cancellous
allograft chips or used from closing-wedge tibial osteotomy
or the iliac crest when necessary. The autologous cancellous
bone was morselized and impacted up to the level of the
native subchondral bone plate. If the bone graft appeared
to be unstable, an absorbable 5.0 or 6.0 Vicryl suture (Ethi-
con) was woven across the articular surface (n = 5) (Figure
1). The knee was brought into full extension and the tourni-
quet let down to allow the bone marrow–derived cells to
form a ‘‘superclot’’ at the surface of the graft, hopefully pro-
ducing repair tissue on the surface under the influence of
CPM and protected weightbearing postoperatively.

For the ACI sandwich technique, a periosteal patch (n =
11) was used before May 2007, whereas a type I/III colla-
gen bilayer membrane (n = 13), derived from porcine peri-
toneum and skin (Bio-Gide), was used after May 2007. In
conjunction with ABG, when a periosteal patch was used,
the first periosteal patch was glued with Tisseel fibrin
glue (Baxter International) and a few tacking sutures
used circumferentially over the bone graft with 6-0 resorb-
able suture with the cambium layer facing out. The perios-
teum was then covered with a neural patty, the leg brought
into full extension, and the tourniquet let down. The knee
was gently flexed up and the neural patty gently removed,
ensuring that the base of the defect was dry with no
marrow-derived blood present. Then, a second periosteal
patch was microsutured on the articular surface at intervals
of 3 to 5 mm circumferentially, with the cambium layer fac-
ing the defect. The margins were then sealed watertight
with Tisseel fibrin glue, and the autologous cultured chon-
drocytes were then injected between the 2 membranes,
where they were ‘‘sandwiched’’ between the cambium layers
of the periosteum or collagen membranes. The ACI full
sandwich technique is described in Figure 2.

Postoperative Course

Postoperatively, patients were instructed to use a CPM
machine for 6 to 8 hours daily for 6 weeks. Patients were
encouraged to start riding a stationary bicycle with no resis-
tance as early as 3 weeks, and to increase resistance after 6
weeks as long as there was no joint crepitus or pain.
Patients were flat-foot touch weightbearing for 6 weeks,
with a gradual progression to full weightbearing between
7 and 12 weeks. Patients were allowed to return to most
activities of daily living after 3 months and to noncontact
inline sporting activities without cutting movements after
4 to 6 months, such as outdoor bicycling, treadmill walking,
elliptical training, swimming, rollerblading, and hiking.

Figure 1. Technique for autologous bone grafting. (A) An
osteochondral cavitary defect .8 to 10 mm deep is shown.
(B) After removing the abnormal bone and widening the
base, the surface opening is narrower like a dental amalgam
to hold the graft to be delivered. (C) Drilling is performed to
enhance the blood supply. (D) Cancellous autologous bone
chips are then packed into the base of the defect up to the
surface. (E) Microsutures are added if the graft is unstable
when placed through several cycles of range of motion,
and the tourniquet is let down with the knee in extension to
obtain a marrow-derived ‘‘superclot,’’ which can then differ-
entiate into repair tissue during careful rehabilitation. (F) Top
view after microsuturing as a ‘‘fishnet’’ pattern to maintain
the graft in place if unstable. (Reprinted with permission
from Minas.31)
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After 12 to 14 months, inline jogging was permitted if there
was no swelling or pain evident. Pivoting activities were
permitted from 14 to 18 months postoperatively. The post-
operative recovery protocol was individually adjusted
according to the defect location, concurrent procedures,
degree of graft maturation, and previous activity level.

Failure Definition

Treatment failure for ABG alone was defined as no clinical
improvement and evidence on MRI and arthroscopic sur-
gery of insufficient or poor-quality repair tissue, at which
time a biopsy specimen was taken for articular resurfacing
by ACI. Failure for the ACI sandwich group was defined as
recurrent symptoms of pain and catching leading to MRI or
arthroscopic surgery demonstrating graft failure that
required repeat biological osteochondral debridement,
repair, or conversion to prosthetic arthroplasty.

Survival Analysis and Clinical Outcome Evaluation

Survival analysis was performed using the Kaplan-Meier
method. Outcome measures included the modified Cincinnati
Knee Rating System (Figure 3),8,30 Western Ontario and
McMaster Universities Osteoarthritis Index (WOMAC),6

visual analog scale (VAS), and Short Form–36 (SF-36).
Patients also self-reported knee function and satisfaction.
Scores were collected preoperatively and at the latest follow-
up during consultations or via a mailed questionnaire.

Radiographic Evaluation

Anteroposterior and lateral standing radiographs of the
knee were assessed in accordance with the Kellgren-
Lawrence (K-L) grade27 to determine if there was any
OA progression from baseline.

Statistical Analysis

Differences in patient demographics and characteristics of
osteochondral defects were compared using an unpaired t
test or the Mann-Whitney U test for continuous data based
on the distribution of data determined by the Shapiro-Wilk
test. For categorical data, the Fisher exact test or Pearson
chi-square test was used as appropriate. Kaplan-Meier
curves were used for survival analyses, followed by log-
rank analysis. The Wilcoxon signed-rank test was used to
compare differences in functional scores (obtained from
the modified Cincinnati, VAS, WOMAC, and SF-36)
between the 2 time points (preoperatively and at last
follow-up). Mann-Whitney U tests were used to compare
the improvement in scores between the groups. The level of
significance was set a priori at P \ .05. All statistical analy-
ses were performed with Stata (version 13; StataCorp).

RESULTS

Patient Cohort

In the ABG group, 13 of 17 patients were available for
follow-up (76%) at a mean of 15.7 years postoperatively
(range, 5-21 years; 2 patients were lost to follow-up, and 2
were deceased). In the ACI full sandwich group, 24 patients
were available for follow-up (100%) at a mean of 7.8 years
postoperatively (range, 2-15 years). No significant differen-
ces were observed between the groups in terms of age,
sex, side of the operated knee, body mass index, lesion
type, lesion size, lesion depth, and lesion location at the
time of the index surgery (Tables 1 and 2). In addition to
the osteochondral lesions in the ACI full sandwich group,
6 patients had a total of 6 chondral defects (4 lesions in
the patella, 1 in the trochlea, and 1 in the lateral tibial

Figure 2. Technique for autologous chondrocyte implantation full sandwich. (A) The osteochondral defect shows that the size of
the bone defect and overlying chondral defect are similar. (B) A high-speed bur, usually 8 mm in diameter, removes all subchon-
dral sclerotic bone back to healthy-appearing spongy bone. The base is multiply drilled with a Kirschner wire to enhance the
blood supply to the autologous bone grafting site. Then, a 3 mm–diameter bur undermines the subchondral bone to secure
the membrane when it is glued to the graft with overlying gentle pressure, covered by a neural patty, as the tourniquet is let
down when the knee is brought into full extension. The neural patty is removed, and the defect is separated and dry from the
underlying marrow space and bone graft. (C) The second membrane is then sutured to the surface and sealed with fibrin glue.
Cultured chondrocytes are then injected or ‘‘sandwiched’’ between the 2 membranes.
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plateau) with a mean size of 3.4 6 1.5 cm2 (range, 2.0-5.3
cm2), which were treated as a secondary defect with ACI
during the index surgery. Before the index surgery, 7 of
the 13 patients in the ABG group had undergone a mean
of 1.3 surgeries (range, 1-2), and 18 of the 24 patients in
the ACI full sandwich group had undergone a mean of 1.8
surgeries (range, 1-3). Seven patients underwent concomi-
tant osteotomy in the ABG group and 17 patients in the
ACI full sandwich group (P = .287) (Table 3). During ACI
full sandwich surgery, a periosteal patch was used in 11
patients and a collagen membrane in 13 patients.

Survival Analysis

In the ABG group, all patients had 5 and 10 year follow-up.
In the ACI full sandwich group, 22 and 12 patients had 5
and 10 year follow-up, respectively. In the ABG group,
the survival rate was 54% (95% CI, 25%-76%) and 45%
(95% CI, 18%-70%) at 5 and 10 years postoperatively,
respectively. In the ACI full sandwich group, the survival
rate was 87% (95% CI, 66%-96%) at 5 and 10 years postop-
eratively. There was a significant difference between these
2 groups (P = .0025) (Figure 4).

TABLE 1
Patient Characteristicsa

ABG (n = 13) ACI Full Sandwich (n = 24) P Value

Age at surgery, mean (range), y 33 (15-54) 30 (14-51) .3843
Sex, male/female, n 8/5 13/11 .739
Knee, right/left, n 6/7 15/9 .489
Body mass index, mean (range), kg/m2 26.3 (19.2-35.9) 26.3 (19.7-37.1) .9908
Lesion type, n (%) .639

Osteochondritis dissecans 8 (61.5) 16 (66.7)
Avascular necrosis 3 (23.1) 4 (16.7)
Cyst 0 (0.0) 2 (8.3)
Failed microfracture 2 (15.4) 2 (8.3)

aABG, autologous bone grafting; ACI, autologous chondrocyte implantation.

TABLE 2
Defect Size and Locationa

ABG (n = 13) ACI Full Sandwich (n = 24) P Value

Area, mean 6 SD (range), cm2 7.1 6 2.7 (3-12) 6.9 6 3.1 (2-12.5) .6631
Depth, mean 6 SD (range), cm 1.2 6 0.4 (0.7-1.8) 1.1 6 0.3 (0.8-1.5) .6256
Defect location, n (%) .593

Medial femoral condyle 10 (77) 17 (71)
Lateral femoral condyle 3 (23) 3 (13)
Trochlea 0 (0) 2 (8)
Patella 0 (0) 1 (4)
Medial tibial plateau 0 (0) 1 (4)

aABG, autologous bone grafting; ACI, autologous chondrocyte implantation.

1  2        3          4       5      6 7 8 9 10

POOR  FAIR             GOOD VERY GOOD EXCELLENT

Poor              (1-2) I have significant limitations that affect activities of daily living.
Fair               (3-4) I have moderate limitations that affect activities of daily living. No 

sports possible.
Good             (5-6) I have some limitations with sports but I can participate; I 

compensate.
Very Good    (7-8) I have only a few limitations with sports.
Excellent       (9-10) I am able to do whatever I wish (any sport) with no problem.

Figure 3. Modified Cincinnati Knee Rating System: overall score.
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In the ABG group without concomitant osteotomy (n =
6), the survival rate was 17% (95% CI, 1%-52%) at 5 years
and 0% at 10 years postoperatively. In the ACI full sand-
wich group without concomitant osteotomy (n = 7), 7 and
5 patients had 5 and 10 year follow-up, respectively. The
survival rate was 71% (95% CI, 26%-92%) at 5, 10, and
15 years postoperatively. There was a significant differ-
ence between these 2 groups (P = .0025) (Figure 5).

In the ABG group with concomitant osteotomy (n = 7), the
survival rate was 86% (95% CI, 33%-98%) at 5 and 10 years
postoperatively but deteriorated to 43% (95% CI, 1.1%-85%)
at 15 years. In the ACI full sandwich group with concomitant
osteotomy (n = 17), 15 and 7 patients had 5 and 10 year fol-
low-up, respectively. The survival rate was 94% (95% CI,
63%-99%) at 5, 10, and 15 years postoperatively. Although

the trend was that the ACI sandwich technique did better
at 15 years, it did not reach statistical significance between
these 2 groups (P = .2476) (Figure 6).

Functional Outcomes

There were 5 patients with intact grafts in the ABG group at
final follow-up. In these patients, only the VAS score showed
significant improvement. All other scores except the SF-36
improved but failed to reach statistical significance. In the
ACI full sandwich group, all functional scores showed signif-
icant clinical and statistical improvements (Table 4).

Figure 4. Kaplan-Meier survival curve. Overall survival rate in
the autologous bone grafting (ABG) group (n = 13) and autol-
ogous chondrocyte implantation (ACI) full sandwich group (n =
24). The endpoint was defined as failure of the graft.

Figure 5. Kaplan-Meier survival curve. Survival rate without
concomitant osteotomy in the autologous bone grafting
(ABG) group (n = 6) and autologous chondrocyte implanta-
tion (ACI) full sandwich group (n = 7). The endpoint was
defined as failure of the graft.

Figure 6. Kaplan-Meier survival curve. Survival rate with
concomitant osteotomy in the autologous bone grafting
(ABG) group (n = 7) and autologous chondrocyte implanta-
tion (ACI) sandwich group (n = 17). The endpoint was defined
as failure of the graft.

TABLE 3
Concomitant Osteotomya

ABG
(n = 13)

ACI Full Sandwich
(n = 24) P Value

HTO 6 (46)
(closing wedge)

8 (33)
(closing/open
wedge: 4/4)

.287

TTO 0 (0) 5 (21)
HTO 1 TTO 1 (8)

(closing wedge)
3 (13)

(closing/open
wedge: 1/2)

DFO 1 TTO 0 (0) 1 (4)
Total 7 (54) 17 (71)
No concomitant

osteotomy
6 (46) 7 (29)

aData are presented as n (%). ABG, autologous bone grafting;
ACI, autologous chondrocyte implantation; DFO, distal femoral
osteotomy; HTO, high tibial osteotomy; TTO, tibial tubercle
osteotomy.
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Patient Satisfaction

Satisfaction in patients with retained grafts after ABG
(60%) was acceptable, whereas it was excellent in patients
after the ACI sandwich technique at 96% (Table 5). Nota-
bly, all patients who underwent the ACI full sandwich
technique answered that they would choose to undergo
their surgery if they could go back.

Radiographic Evaluation

In the ABG group, 5 of 13 patients were available to
review. The other films were not available because many
films were destroyed after the conversion to digital radiog-
raphy. These 5 patients included 1 successfully treated
patient with ABG, 1 patient who converted to total knee
arthroplasty (TKA), and 3 patients who required subse-
quent ACI surgery. Details are shown in Table 6.

In the ACI full sandwich group, 16 of 24 patients (includ-
ing 3 patients with treatment failure) were available for

a radiographic evaluation at a mean of 5.1 years postopera-
tively (with a minimum of 2 years postoperatively; range, 2-
11.4 years). There was no significant difference in the level
of OA based on K-L grading before and after surgery (P =
.0833). The OA grade did not increase in 13 patients
(81.3%). An increase of 1 point based on K-L grading was
observed in 3 patients (18.7%) (Table 7).

Subsequent Surgical Procedures

In the ABG group, 3 patients (23%) required a mean of 1 sub-
sequent surgical procedure at a mean of 2.7 years (range, 0.9-
6.2 years) postoperatively, including arthroscopic chondro-
plasty, free body removal, and hardware removal. All 3
patients proceeded to treatment failure.

In the ACI full sandwich group, 16 patients (67%)
required a mean of 1.8 subsequent surgical procedures
(range, 1-4) at a mean of 2.1 years (range, 1 month to
11.4 years) postoperatively, including ACI graft hypertro-
phy in 9, lysis of adhesion in 7, removal of painful hard-
ware in 4, debridement of the membrane flap in 2,
trochleoplasty in 1, removal of retained sutures in 1,
removal of a loose body in 1, arthroscopic meniscectomy
in 1, and compartment syndrome in 1. The majority of

TABLE 4
Preoperative and Postoperative Functional Scores in Patients With Retained Graftsa

ABG (n = 5) ACI Full Sandwich (n = 24)

Preoperative Postoperative P Value Preoperative Postoperative P Value

Modified Cincinnati 2.6 6 0.9 4.6 6 2.3 .0556 3.0 6 0.8 5.7 6 2.0 .0001
VAS 6.4 6 1.1 3.4 6 0.9 .0412 6.7 6 1.4 2.9 6 1.6 \.0001
WOMAC total 59.0 6 34.7 25.2 6 21.8 .0796 48.7 6 17.5 18.6 6 11.1 \.0001
WOMAC pain 12.6 6 1.5 7.4 6 3.8 .0796 10.3 6 3.9 3.6 6 2.6 \.0001
WOMAC stiffness 4.6 6 2.1 2.2 6 1.9 .0545 4.2 6 2.3 2.0 6 1.2 .0012
WOMAC function 41.8 6 5.1 15.6 6 16.5 .0782 34.2 6 13.6 13.0 6 8.0 .0001
SF-36 PCS 38.2 6 6.2 36.9 6 3.4 .8927 37.7 6 9.5 47.3 6 10.5 .0004
SF-36 MCS 41.5 6 6.9 41.1 6 4.4 .5002 48.8 6 6.4 54.2 6 4.5 .0036

aData are presented as mean 6 SD at final follow-up. ABG, autologous bone grafting; ACI, autologous chondrocyte implantation; MCS,
mental component summary; PCS, physical component summary; SF-36, Short Form–36; VAS, visual analog scale; WOMAC, Western
Ontario and McMaster Universities Osteoarthritis Index.

TABLE 5
Satisfaction With Surgery at Final Follow-upa

Question
ABG

(n = 5/13)
ACI Full Sandwich

(n = 24/24)

What is your overall satisfaction level with your joint surgery?
Satisfied 3 (60) 23 (96)
Neutral 1 (20) 1 (4)
Dissatisfied 1 (20) 0 (0)

If you could go back in time and make the decision again,
would you choose to have your joint surgery?
Yes 3 (60) 24 (100)
Uncertain 2 (40) 0 (0)
No 0 (0) 0 (0)

How would you rate the results of your joint surgery?
Good/excellent 4 (80) 22 (92)
Fair 1 (20) 2 (8)
Poor 0 (0) 0 (0)

aData are presented as n (%). ABG, autologous bone grafting;
ACI, autologous chondrocyte implantation.

TABLE 6
Preoperative and Postoperative

K-L Grading in ABG Groupa

Patient Outcome

Preoperative/
Postoperative

K-L Grade
Radiographic
Follow-up, y

Revision
Surgery

1 Success 1/2 16.3 None
2 Failure 2/3 12.6 TKA at 15 y
3 Failure 1/1 4.5 ACI at 2.0 y
4 Failure 1/1 5.2 ACI at 1.1 y
5 Failure 1/2 10.5 ACI at 6.2 y

aABG, autologous bone grafting; ACI, autologous chondrocyte
implantation; K-L, Kellgren-Lawrence; TKA, total knee arthroplasty.
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subsequent surgical procedures were performed arthro-
scopically and successfully managed. Among them, 2
patients who had periosteal hypertrophy proceeded to
treatment failure.

Failures

In the ABG group, 8 patients were considered to have fail-
ures. One patient underwent tibial tubercle osteotomy and
removal of an allogenic bone graft to the lateral femoral
condyle at 2.4 years postoperatively. However, this patient
failed again and underwent ABG again at 3.4 years after
the index surgery. Then, this patient eventually under-
went ACI and revision tibial tubercle osteotomy at 8.3
years after the index surgery. Seven patients, including
the first patient, underwent ACI at a mean of 1.9 years
postoperatively because of persistent pain. Of these 7
patients, all but 1 (patient 5) were successfully managed
with ACI and have continued to do well. One patient
(patient 5) underwent revision ACI, followed by arthro-
plasty at 6.2 years postoperatively. One patient (patient
2) was converted to TKA at 15 years postoperatively.

In the ACI full sandwich group, 3 patients were consid-
ered to have failures at a mean of 1.9 years postoperatively
because of partial graft failure. They underwent arthro-
scopic chondroplasty, did well, and required no further
treatment (Table 8).

DISCUSSION

In this review of prospectively collected data, we compared
the outcomes for patients who underwent combined
ABG with ACI (ACI sandwich technique) and those for
patients who underwent ABG alone for symptomatic
deep osteochondral lesions. Our study showed that the
ACI sandwich technique provided excellent and superior
survival rates compared with ABG alone, with significant
and clinically meaningful improvements in pain and func-
tion over midterm to long-term follow-up. Additionally, the
ACI sandwich technique provided a very high patient sat-
isfaction rate (96% for ACI sandwich vs 60% for ABG).

Moreover, this technique could prevent the progression of
OA based on K-L grading and allowed all patients to avoid
arthroplasty during this study period.

Recently, Johnson et al22 have reported long-term out-
comes after ABG for the treatment of OCD and osteonecro-
sis. Their cohort of patients with OCD included 2 different
groups: one with ABG plus repair of the cartilage fragment
and the other one with ABG without the cartilage frag-
ment. The former group underwent ABG with fixation of
the fragment, and the latter underwent ABG alone. They
reported clinical improvement in both the groups; however,
no validated score system was reported. Additionally, it
should be noted that half of the patients with osteonecrosis
who had undergone ABG were converted to arthroplasty
within an average of 6 years (range, 1-12 years). This rel-
atively high failure rate was consistent with our results
that showed that 2 of 3 patients with AVN failed after
ABG alone (1 patient with ACI at 5 months; the other
patient with TKA at 15 years). Moreover, when consider-
ing that they treated an older population (mean age, 47
years) than our cohort (mean age, 30 years in the ACI
sandwich group), ABG alone appears not to be a suitable
option for young, active patients who were counseled to
have lessened expectations for symptoms and activities
after ABG by Johnson et al.22

Our results of the ACI sandwich technique were compa-
rable with those of previous studies that reported good
clinical outcomes after ACI combined with ABG for the
treatment of osteochondral defects but our study had
more patients and much longer follow-ups. These previous
studies included sandwich matrix-induced ACI with ABG
as a modification of the ACI sandwich technique,4,45 sin-
gle-layer matrix-induced ACI with ABG,35,42 and ACI
with a monocortical autologous bone cylinder.7 Peterson
et al36 reported good outcomes after first-generation ACI,
including the ACI sandwich technique for deep osteochon-
dal defects. However, specific results focusing on the
patients who underwent the ACI sandwich technique
were not reported. There were a few case reports regarding
outcomes after the ACI sandwich technique.3,46 To our
knowledge, our study reporting outcomes after ACI with
ABG was the longest follow-up study with the largest sam-
ple size and with a historical control of patients treated
with ABG alone.

Recently, Sadr et al39 evaluated the clinical outcomes of
135 patients (149 knees) who underwent OCA for the treat-
ment of OCD with a mean of 6.3 years’ follow-up. They
reported an excellent survival rate of 95% at 5 years and
93% at 10 years, which were comparable with our results
in the patients who underwent the ACI full sandwich tech-
nique (87% at 5 and 10 years). When compared with the
study by Sadr et al,39 however, our cohort consisted of
older patients, additional chondral lesions treated with
ACI, and a greater number of previous surgeries before
the index surgery, which lead us to believe that we treated
more patients with more complex issues. Nevertheless, the
ACI sandwich technique provided an excellent and compa-
rable survival rate. Previous studies reported that the
results of fresh OCA were unfavorable in patients older
than 30 years and with a previous number of surgeries

TABLE 7
Preoperative and Postoperative

K-L Grading in ACI Full Sandwich Groupa

ACI Full
Sandwich (n = 16)

K-L grade
Preoperative, mean 6 SD 1.1 6 0.3
Postoperative, mean 6 SD 1.3 6 0.4
P value .0833

Time to evaluation, mean 6 SD (range), y 5.1 6 2.8 (2-11.4)
Increase in K-L grade, n (%)

10 13 (81.3)
11 3 (18.7)

aMinimum 2 years postoperatively. ACI, autologous chondro-
cyte implantation; K-L, Kellgren-Lawrence.
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greater than 2.9,28 No prior study has had such excellent sur-
vivorship for OCA as Sadr et al39 likely because of the ter-
tiary nature, high volume, and surgical skill at that
institution. It is difficult to make a direct comparison because
of the variations in patient and lesion demographics. Only
a randomized controlled study will determine the optimal
treatment for deep osteochondral defects. Controversy still
exists regarding the outcome after OCA in patients with
osteonecrosis. Bayne et al5 showed worse outcomes in
patients with steroid-induced osteonecrosis, whereas Gortz
et al16 reported reasonable outcomes.

Although 67% of the patients who underwent the ACI
full sandwich technique required a mean of 1.8 subsequent
surgical procedures, the very high patient satisfaction rate
is encouraging. This observation can be probably explained
by the fact that the majority of the subsequent surgical
procedures were performed arthroscopically and that the
patients were able to recover quickly after the procedures.

Our radiographic evaluation demonstrated the possible
prevention of OA progression in the ACI full sandwich
group. Given that previous studies have shown that empty
OCD defects lead to degenerative changes in the joint,29,40,43

the ACI full sandwich technique delayed or prevented the
development of OA progression over a mean of 5.1 years
(range, 2-11.4 years) by restoring congruence of the osteo-
chondral unit. Further evaluations with a longer follow-up
will be needed to confirm this observation.

Regarding the functional scores at the latest follow-up,
significant improvements in all functional scores were
observed in the ACI sandwich group, whereas only the
VAS score significantly improved in the ABG group. The
smaller size of the ABG group may have limited its power
to demonstrate statistically significant differences between
preoperative and postoperative scores. The difference in
the follow-up period made a direct comparison impossible
between these 2 groups. However, patients who underwent
ABG did not function well even at the earlier follow-up. A
previous study showed that patients after ABG exhibited
persistent low-grade pain and swelling,22 which was con-
sistent with our results after ABG. Thus, the ACI

sandwich technique that provided significantly and clini-
cally meaningful improvements can be an option to allow
a more active lifestyle.

Subanalysis for the survival rate showed that there was
a significant difference between ABG and the ACI sandwich
technique when performed without concomitant osteotomy,
whereas there was a trend toward a better outcome with
the ACI sandwich technique that did not reach a significant
difference between the groups when performed with concom-
itant osteotomy. Our results showed that ABG with osteot-
omy provided a good survival rate within 10 years (survival
rate, 86%) but deteriorated at 15 years (survival rate, 43%),
which were consistent with several studies that showed
that isolated HTO resulted in a good survival rate within
10 years but deteriorated after 15 years.18,20,37,38 On the
other hand, the survival rate for the ACI sandwich technique
with concomitant osteotomy was sustained to 15 years (sur-
vival rate, 94%), which we believe is because of more durable
regenerative tissue than ABG. A small sample size might
have hindered the detection of a statistical difference
between ABG with osteotomy and the ACI sandwich tech-
nique with osteotomy. Thus, a further investigation with
a larger sample size and longer follow-up will be warranted
to find any benefits of cartilage procedures when performed
with osteotomy.

Changing the surgical technique from closing-wedge
osteotomy to open-wedge osteotomy should be noted. The
principles utilized consistently over the 2 decades of this
study have remained the same for the same indications
and stages of disease: a midline skin incision, rigid internal
fixation, long alignment axial correction to the middle of
the intercondylar eminences (midline), and identical post-
operative rehabilitation. However, according to a recent
systematic review,11 3.5% of patients undergoing open-
wedge HTO (20/573 patients) progressed to TKA at
a mean of 4.8 years (range, 1.2-14 years), whereas 7.1%
of patients undergoing closing-wedge HTO (17/238
patients) progressed to TKA at a mean of 9.6 years (range,
2-15 years). Thus, closing-wedge HTO appears to be twice
as likely to fail than open-wedge HTO. Nevertheless, in our

TABLE 8
Outcomes in Patients Who Faileda

Patient Group Age and Sex Cause Cartilage Lesion Area, cm2/Depth, cm Revision Surgery

1 ABG 18 M OCD LFC 8.0/1.0 Bone allograft at 2.4 y, ABG at 3.4 y, ACI at 8.3 y
2 ABG 54 M AVN MFC 7.0/1.0 TKA at 15 y
3 ABG 15 F OCD LFC 4.0/2.0 ACI at 2.0 y
4 ABG 23 F OCD MFC 10.0/1.5 ACI at 8 mo
5 ABG 33 F OCD MFC 10.5/1.0 ACI at 1.1 y, revision ACI at 2.8 y, UKA at 6.2 y
6 ABG 50 M AVN MFC 8.8/1.0 ACI at 5 mo
7 ABG 17 M OCD LFC 12.0/0.7 ACI at 8 mo
8 ABG 29 M OCD MFC 3.0/0.8 ACI at 6.2 y
9 ACI 14 F OCD LFC 7.8/1.5 ASC at 2 y
10 ACI 14 M OCD LFC 12.5/1.5 ASC at 1 y
11 ACI 28 M OCD MFC 11.3/2.0 ASC at 2.7 y

aABG, autologous bone grafting; ACI, autologous chondrocyte implantation; ASC, arthroscopic chondroplasty; AVN, avascular necrosis; F,
female; LFC, lateral femoral condyle; M, male; MFC, medial femoral condyle; OCD, osteochondritis dissecans; TKA, total knee arthroplasty;
UKA, unicompartmental knee arthroplasty.
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study, all 5 patients undergoing closing-wedge HTO in the
ACI sandwich group did not fail during the study period,
although a longer follow-up is needed. We believe that the
difference in the surgical technique (closing- vs open-wedge
osteotomy) did not influence the survival rate in our pre-
sented results likely because of the adherence of our consis-
tent principles for both types of osteotomy.

The strength of this study was that this was a single-
surgeon series with the same indications and rehabilita-
tion for both treatment groups. However, there were sev-
eral limitations. First, we did not have an empty defect
group as a control. However, given that the patients were
resistant to nonoperative treatment with disabling symp-
toms before surgery, it was unacceptable to not offer
them a surgical treatment. Second, this study set the
ABG group as a historical control and was not a random-
ized study. However, the baseline patient and defect demo-
graphics were comparable. Third, some patients were lost
to follow-up in the ABG group (2 were deceased, and 2
were lost to follow-up), although we had a relatively high
and acceptable follow-up rate (76%). Fourth, 7 patients
who underwent ABG alone were considered as failures
when they were salvaged by ACI, as their symptoms
remained unacceptable by ABG alone. Although this deci-
sion was made based on the clinical symptoms, MRI, and
arthroscopic surgery, it possibly introduced an observer
bias. Fifth, the length of follow-up was different substan-
tially in the 2 groups, although we tried to mitigate it by
performing Kaplan-Meier analysis. Finally, we were
unable to review all the radiographs because of the conver-
sion to digital films over the 20 years of this study. How-
ever, as other studies failed to report a radiographic
follow-up, we believe that even a limited number of radio-
graphs available could offer important information about
OA prevention.

In conclusion, our study showed that the ACI full sand-
wich technique provided excellent and superior survival
rates (87% at 5 and 10 years) compared with ABG alone
(54% and 45% at 5 and 10 years, respectively) and signifi-
cant improvements in pain and function over the midterm
to long-term follow-up. Moreover, a very high patient satis-
faction rate of 96% was predictable. This unique treatment
offers native joint preservation for conditions that natu-
rally will progress to OA and require prosthetic arthro-
plasty by restoring congruence and the osteochondral unit.
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