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Background: Autologous chondrocyte implantation (ACI) and microfracture are established treatments for large, full-thickness
cartilage defects, but there is still a need to expand the clinical and health economic knowledge of these procedures.

Purpose: To confirm the noninferiority of ACI compared with microfracture.

Study Design: Randomized controlled trial; Level of evidence, 2.

Methods: Patients were randomized to be treated with matrix-associated ACI using spheroid technology (n ¼ 52) or microfracture
(n ¼ 50). Both procedures followed standard methods. Patients were assessed by the Knee injury and Osteoarthritis Outcome
Score (KOOS), MOCART (magnetic resonance observation of cartilage repair tissue) scoring system, Bern score, modified
Lysholm score, International Cartilage Repair Society (ICRS) rating (histological and immunochemical scoring after rebiopsy 24
months after implantation), and International Knee Documentation Committee (IKDC) examination form. The main assessments
were conducted 24 months after study treatment.

Results: In the primary intention-to-treat analysis, the overall KOOS score for both ACI and microfracture yielded a statistically
significant improvement relative to baseline. According to the between-group analysis, ACI passed the test of noninferiority com-
pared with microfracture; thus, the primary goal of the study was achieved. The KOOS subscores yielded the same qualitative results
as the overall KOOS score (ie, for each of these, noninferiority was demonstrated), and in 1 case (Activities of Daily Living subscore),
the threshold for superiority was passed. The subgroup analyses did not yield any clear evidence of an association between treatment
effect and any of the categories investigated (age, diagnosis, defect localization, sex). A histological analysis of biopsies from
16 patients (ACI: n ¼ 9; microfracture: n ¼ 7) suggested a better quality of repair in the patients treated with ACI.

Conclusion: The efficacy of both ACI and microfracture was demonstrated with respect to both functional outcomes and morpho-
logical repair. The primary analysis confirmed the statistical hypothesis of the noninferiority of ACI, even for relatively small cartilage
defects (1-4 cm2) treated in this study, the indication for which microfracture is generally accepted as the standard of care. ACI showed
significant superiority in the KOOS subscores of Activities of Daily Living at 24 months and Knee-related Quality of Life at 12 months.

Registration: NCT01222559 (ClinicalTrials.gov identifier).
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Autologous chondrocyte implantation (ACI) was introduced
by Brittberg et al6 in 1994 and has since occupied an
increasingly important position in the treatment of
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cartilage defects. Currently, ACI is a standard procedure
for the treatment of moderately large to large cartilage
defects of the knee18 and is recommended by national and
international medical associations. Such recommendations
are based on ever-stronger clinical and scientific evidence.
Long-term results of the treatment are now available,
including patient data obtained up to 20 years. Moreover,
many prospective randomized studies have been reported
in which this therapeutic approach has been compared sys-
tematically with other methods—above all, the techniques
of bone marrow stimulation.3,13,14,24,25 Hitherto, studies
have revealed unambiguously that the structural results
of ACI are superior to those of therapies based on bone
marrow stimulation.10,22,25,26 However, not all these stud-
ies yielded a clear demonstration of the clinical superiority
of ACI, and this appears to have been dependent, at least in
part, on the exact microfracture method used. The superi-
ority of advanced (ie, second- or third-generation) ACI com-
pared with bone marrow stimulation is further supported
by studies in which a direct comparison was made between
the various ACI techniques and by meta-analyses that
revealed the superiority of the more recent ACI modali-
ties.17,20,22 These studies confirmed the superiority of ACI,
particularly for larger defect sizes; in contrast, the hypoth-
esis of superiority for smaller defect sizes remains uncon-
firmed, so that expert associations recommend ACI only as
a second-line treatment for this indication.18

Against this background, it seems important also to exam-
ine more recent developments of ACI and to adduce scientific
evidence for its effectiveness. The matrix-associated ACI
procedure used in this study is based on spheroid technology
(Spherox; CO.DON).27 The general principle is based on the
acquisition of the patient’s own healthy chondrocytes
derived from a nonweightbearing part of the knee. These
chondrocytes are cultured in vitro in monolayer and 3-
dimensional culture, where they form spheroids (¼active
substance), which are then transplanted into the cartilage
defect. The cultivation process does not employ any exoge-
nous stimuli or growth factors. The finished product is
applied as spheroids consisting of chondrocytes and their
own extracellular matrix in a physiological NaCl solution.
The transplanted spheroids adhere to the debrided surface
of the defect, synthesize hyaline-like matrix components

de novo, and thereby are integrated into the surrounding
tissue, filling the clefts of the defect. The product is able to
adhere to the various cartilage defect areas, where it fills the
defects with an extracellular matrix protein without the
need for an exogenous matrix material (as in other matrix-
associated ACI procedures) or exogenous fixation with a
periosteal flap (as in first-generation ACI).1,2,27

Several nonrandomized studies, as well as a recently
completed prospective, randomized, multicenter, phase II
study, have confirmed the effective and safe treatment by
matrix-associated ACI with spheroid technology, especially
for defect sizes up to 10 cm2.4,19

In the present trial, our aim was not only to assess the
clinical results of the treatment in direct comparison with
arthroscopic microfracture by using a prospective random-
ized study design but also to judge the quality of the regen-
erated cartilage by means of standardized magnetic
resonance imaging (MRI).

Since 2007, ACI has been classified by European regula-
tors as an advanced therapy medicinal product and placed
formally under medical law. Moreover, as ACI, unlike
microfracture, involves 2 surgical procedures, the present
study focused in particular on the aspect of patient safety in
connection with the use of the product.

METHODS

Study Design and Surgical Treatment

This multicenter, phase III clinical trial was designed
prospectively to compare the efficacy and safety of 2 treat-
ments: (1) ACI using Spherox (formerly called chondro-
sphere) and (2) microfracture. The trial was randomized
with a fixed block size ( 6) stratified prospectively by age
into 2 classes (18-34 and 35-50 years). Patients were allo-
cated randomly to the ACI or microfracture group on a 1:1
basis. Randomization was performed by telephone by the
research staff immediately during surgery because defect
size (criterion for inclusion in this study: 1-4 cm2) could not
be determined earlier.

The different procedures required by the 2 treatments
prevented blinding. However, MRI scans were assessed
by an independent reader, and histological assessments
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were conducted by an independent pathologist, both of
whom were blinded to the treatment performed.

Sample size calculation considered the overall Knee
injury and Osteoarthritis Outcome Score (KOOS) result
(change from baseline) and was focused on the test of non-
inferiority to compare ACI with microfracture (1-sided a ¼
.025; power ¼ 80%; lower confidence limit ¼ –8.5; expected
mean difference ¼ 0; SD ¼ 15). The margin was derived
from a minimal important difference of 8 to 10 points
reported for the KOOS. It was possible to reduce the sample
size by using repeated-measures analysis of covariance
(ANCOVA) to estimate the overall effect (10% reduction).
Hence, a minimum sample size of 90 (ie, 45 microfracture
and 45 ACI) was calculated; this included an assumed drop-
out rate of 7.5% for the microfracture group and 15.5% for
the ACI group (greater for ACI than for microfracture
because of the risk of insufficient cell culture). This led to
a final sample size of 102 (50 microfracture and 52 ACI).

The study was conducted in full compliance with stan-
dard protocols, the principles laid down in the Declaration
of Helsinki, Good Clinical Practice guidelines, and all rel-
evant laws and regulations. The protocol and informed
consent form for this study were approved in writing by
the appropriate ethics committees in Germany and
Poland, where the study was conducted, before any
patient was recruited.

After approval of the protocol and informed consent form
by the appropriate ethics committees and registration of
the study, patients who consented to take part in the trial
were included, between December 2010 and December
2014, at 8 German and 3 Polish orthopaedic centers.
Follow-up was planned for up to 5 years, to be completed
in August 2020. The results presented here are derived
from the 2-year follow-up analysis, which was completed
in August 2017.

In all patients, the indication for study participation was
determined during routine arthroscopic surgery of the
affected knee joint. Only symptomatic, unipolar, full-
thickness focal cartilage defects of International Cartilage
Repair Society (ICRS) grade 3 or 4, with a defect size
between 1 and 4 cm2 and with intact adjacent cartilage,
were included. Final eligibility was assessed by arthro-
scopic surgery of the affected knee. Inclusion and exclusion
criteria are summarized in Table 1. Patients were stratified
at recruitment by age group (see above); there was no other
stratification of recruitment.

Surgical Techniques and Rehabilitation

Patients were randomized (1:1) to treatment by ACI or
microfracture. Treatment by ACI required 2 surgical inter-
ventions: biopsy to obtain cartilage cells that were used to
grow chondrocytes in vitro and subsequent implantation of
the chondrocytes; details have been given in an earlier
publication.19 Both biopsy and transplantation could be
performed either mini-open or arthroscopically. Microfrac-
ture, a single intervention, was performed according to
Steadman et al.28 The number of spheroids implanted was
to be within the manufacturer’s normal recommended

range of 10 to 70 per cm2, which was confirmed in the phase
II clinical trial.4,19

After surgery, all patients followed a standardized reha-
bilitation protocol appropriate for their respective surgical
treatment. Partial weightbearing was recommended for
6 weeks with 10 to 20 kg, starting on the first day after
surgery. Regaining full weightbearing was recommended
within weeks 7 to 8 and at the latest after 12 weeks.

TABLE 1
Main Inclusion and Exclusion Criteriaa

Inclusion Criteria
– Age of 18-50 years inclusive (male or female patient)
– Isolated, symptomatic full-thickness cartilage defects (ICRS

grade 3 or 4)
– Chondral defect size of 1-4 cm2 after debridement to healthy

cartilage and maximum depth of 6 mm
– Nearly intact chondral structure surrounding the defect as

well as the corresponding joint area
– Willingness to accept restrictions on analgesics (only

paracetamol and/or topical nonsteroidal anti-inflammatory
drugs allowed during trial and discontinuation of pain
medication required 1 week before each visit) and to follow
the strict rehabilitation protocol and follow-up program

Exclusion Criteria
– Defects in both knees at the same time
– Radiological signs of osteoarthritis
– Any signs of knee instability
– Valgus or varus malalignment (>5� over the mechanical

axis)
– Clinically relevant second cartilage lesion on the same knee
– More than 50% resection of the meniscus in the affected

knee or an incomplete meniscal rim
– Rheumatoid arthritis, parainfectious or infectious arthritis,

or a condition after these diseases
– Pregnancy and planned pregnancy (because MRI was thus

impossible)
– Obesity (body mass index >30 kg/m2)
– Previous treatment with ACI in the affected knee
– Microfracture performed less than 1 year before screening

in the affected knee
– Meniscal implant in the affected knee
– Meniscal suture (in the affected knee) 3 months before

baseline
– Mosaicplasty (osteoarticular implant system) in the affected

knee
– Hyaluronic acid intra-articular injections in the affected

knee within 3 months before baseline
– Specific osteoarthritis drugs (such as chondroitin sulfate,

diacerein, N-glucosamine, piascledine, or capsaicin) in the 2
weeks before baseline

– Corticosteroid treatment by an intra-articular route within
the month before baseline or systemic (all routes)
corticosteroids within 2 weeks before baseline

– Chronic use of anticoagulants
– Current diagnosis of osteomyelitis, human

immunodeficiency virus (1 or 2), and/or hepatitis C infection

aComplete inclusion and exclusion criteria are provided in the pub-
lic database at ClinicalTrials.gov (identifier: NCT01222559). ACI,
autologous chondrocyte implantation; ICRS, International Cartilage
Repair Society; MRI, magnetic resonance imaging.
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Continuous passive motion was started from the day after
surgery for 6 weeks, increasing from 0�-0�-60� in the first
week to 0�-0�-90� by week 6. Within the first 6 weeks, phys-
ical therapy was aimed primarily at the reduction of swell-
ing, isometric quadriceps activity, and mobilization. From
week 7 onward, an increase to full range of motion was
encouraged, proprioceptive and muscular training was
increased, and cycling or aquajogging was permitted. Phys-
ical therapy was adjusted to the individual joint status and
complaints, while return to high-impact sports was recom-
mended after 12 months at the earliest.

Assessment Criteria

Patients were assessed at baseline and then 6 weeks and 3,
6, 12, 18, and 24 months after treatment. The principal
assessment was performed by using the KOOS, which has
been validated for focal cartilage lesions.5,12,23 Other
assessments included the MOCART (magnetic resonance
observation of cartilage repair tissue) scoring system,9

the modified Lysholm score, the International Knee
Documentation Committee (IKDC) examination form, the
histological Bern score, and the ICRS (histological and
immunochemical) rating.8,23 Safety variables were adverse
events, vital signs, electrocardiography findings, physical
examination findings, concomitant pain medications, and
laboratory values.

Statistical Analysis

The primary variable was the overall KOOS score at
24 ± 2 months after treatment. The primary analysis was
performed according to a prospectively defined hierarchical
scheme. First, the ACI group was tested for relevant clini-
cal improvement from baseline. If a significant difference
(P < .05) was found, then the 2 treatment groups were
compared by repeated-measures ANCOVA: if the lower
95% confidence limit for the difference between the
changes in the overall KOOS score was above –8.5, ACI
was to be regarded as significantly noninferior to micro-
fracture, and if this lower confidence limit was positive,
then ACI was to be regarded as superior to microfracture.
The study was powered for noninferiority but not for supe-
riority. All testing other than the above was at the descrip-
tive level or analyzed exploratively at the full level of
significance (a ¼ 5%).

The analyses described here were performed with the
intention-to-treat (ITT) population, defined as comprising
all patients who (1) were successfully randomized,
(2) underwent either ACI on the day of implantation or
microfracture on the day of arthroscopic surgery, and
(3) completed the KOOS questionnaire at baseline. A sup-
porting per-protocol (PP) analysis was performed. The over-
all KOOS and MOCART scores were investigated for
prospectively defined subgroups for the ITT and PP popu-
lations (age as stratified variable [as defined above], diag-
nosis, defect localization, sex). All parameters were
tabulated by treatment group, in which categorically scaled
variables are presented as absolute and relative frequen-
cies and continuously scaled variables are reported as mean

± SD. In case of relevant clinical improvement, the least
squares mean (difference in the KOOS score from baseline
to 24 months) was used to estimate the adjusted 1-sided
97.5% CI. The mean overall KOOS score as well as the
change from baseline were illustrated using error bars by
treatment.

The clinical improvement from baseline was also ana-
lyzed for secondary variables using a 1-sample t test:
the Bern score, modified Lysholm score, and IKDC score
(current health assessment form, subjective knee evalua-
tion form). Furthermore, noninferiority and superiority
analyses were performed for the KOOS subscales (Pain,
Other Symptoms, Function in Activities of Daily Living,
Function in Sports and Recreation, and Knee-related
Quality of Life).

The Kruskal-Wallis test was applied for the final grade
or IKDC knee examination form. The change in the grade
from baseline was analyzed by the Wilcoxon signed-rank
test.

The change from baseline of the overall KOOS and
MOCART scores was further investigated for prospectively
defined subgroups: age as a stratification variable (18-34
and 35-50 years), diagnosis (traumatic cartilage lesion,
osteochondritis dissecans, osteoarthritis, avascular necro-
sis, and other), defect localization (femur, tibia, and
patella), and sex (male and female). For the overall KOOS
and MOCART scores, a Spearman correlation analysis was
performed for each visit and dosage group.

The frequencies of adverse events (or serious adverse
events) were tabulated by severity, relationship to the
study drug, preferred term/system organ class, and out-
come for each treatment group as well as overall. Statistical
analyses were performed by StatConsult.

RESULTS

Patient Population

The total population comprised 102 patients (61 male, 41
female) aged 37 ± 9 years. Figure 1 shows an illustration
of the grouping and flow of patients within the trial.
Demographic and baseline data are summarized in Table
2. The treatment groups were well balanced with respect
to demographics and disease background. A minor
imbalance with respect to smoking habit was considered
irrelevant. Primary defect locations were all in the
femur (70% medial and 30% lateral in both groups), with
1 patient also showing a patellar defect (and thus violat-
ing an inclusion criterion); defects of the patella alone or
the tibia were not represented. ICRS grades were ade-
quately balanced between the treatment groups, with
more than one-half of defects in both groups being of
grade 4.

Defect sizes before debridement ranged from 0.5 to 4.0
cm2 and were likewise well balanced between groups.
Compliance with the study treatment and subsequent
rehabilitation measures (which were completed by all the
study patients) was good. Major protocol violations were
mainly missed visits including loss to follow-up (8 and 5
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patients in the ACI and microfracture groups, respec-
tively) or prohibited analgesics (4 and 8 patients, respec-
tively); for 2 patients in the ACI group, the minimum
spheroid dose was not attained, as the defect was found
to be larger than expected, and 1 patient in the ACI group
was found after debridement to have a defect larger than
allowed (5 cm2).

The treatment groups were well balanced with respect to
medical history; the only conspicuous difference was in
immune system disorders, which were more frequent in the
ACI group: 17 patients in the ACI group reported 33 prior
or concomitant immune system–related events, while 16
patients in the microfracture group reported 17 such events
(most frequent in both groups: drug hypersensitivity,

Screened
N = 163

Did not meet eligibility criteria:
n = 61

Included in the study and 
randomized

n = 102

ACI Microfracture

n = 52 n = 50

No baseline value
n = 3 n = 0

ITT2
n = 49

ITT2
n = 50

No cell growth
n = 1

Microfracture not 
performed

n = 1

ITT1
n = 48

ITT1
n = 49

Loss to follow-up
n = 4

Withdrawal
n =  3

Loss to follow-up 
n = 3

Withdrawal
n =  2

Major protocol 
devia�on

n =  1

Early termina�on 
due to AE

n =  1

Pregnancy
n =  2

Observed cases at 2-year
assessment

n = 41

Observed cases at 2-year
assessment n = 40

Figure 1. Patient disposition. ACI, autologous chondrocyte implantation; AE, adverse event; ITT, intention-to-treat.
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seasonal allergy). This difference was not considered likely
to have affected the study results.

Clinical Efficacy Results: KOOS

The overall KOOS score and its subscores are measured on
a scale from 0 (worst) to 100 (best). Results for the overall
KOOS after 24 months compared with baseline are shown
in Table 3; the interim 12-month results are also shown. An
improvement in both treatment groups was seen, although
notably greater for ACI than for microfracture; the
improvement in both groups relative to baseline was statis-
tically significant (P < .0001). The lower confidence limit
was determined by repeated-measures ANCOVA to be –0.4,
clearly greater than the prespecified noninferiority margin
of –8.5 (see Methods) and thus implying that the treatment
by ACI is to be regarded as significantly noninferior to the
treatment by microfracture. The corresponding PP analysis
(Table 3) revealed a lower confidence limit of –0.01, very
close to implying the significant superiority of ACI, for
which, however, the study was not powered. The time
courses of the KOOS (absolute values and changes from
baseline) for the 2 treatment groups are plotted in Figure
2. The 12-month results, obtained in an interim analysis,
are similar (Table 3); in fact, for the ITT population, the
significance threshold for the superiority of ACI was nar-
rowly crossed. Subgroup analyses (by age, diagnosis, defect
localization, sex) were performed but did not yield any clear
evidence of the dependence of the treatment effect on any of
the categories mentioned.

At the study visit 24 months after treatment, there was
continued improvement in both treatment groups com-
pared with the 12-month assessment, but the difference
at the 24-month assessment was smaller, as the results in
the microfracture group showed a more pronounced
improvement during the second year after treatment. How-
ever, the results for microfracture at the 24-month visit
remained inferior to those for ACI at any given visit.

KOOS subscores for the ITT population are shown in
Table 4. For each subscale, a result similar to that for the
overall KOOS was obtained: the explorative statistical test
at the descriptive level implied the significant noninferior-
ity of ACI. For the Function in Activities of Daily Living
subscale, the threshold for superiority was crossed, as was
also the case for the Knee-related Quality of Life subscale in
the interim 12-month analysis.

Clinical Efficacy Results: MOCART

For the MOCART score, 0 represents the worst possible
diagnosis and 100 a normal joint. Results for all MOCART
assessments up to 24 months after treatment are shown in
Table 5. The validity of the MOCART analysis is limited,
owing to the reduced numbers of patients (Table 5) and the
fact that scores were not assessable at baseline. In view of
the patients’ clinical condition and the assessment of the
cartilage defect (ICRS grade 3 or 4), the baseline score must
be regarded as having been very poor. As Table 5 shows,
there was a wide range of MOCART scores, and no clear
conclusion could be drawn. The MOCART items showing

TABLE 2
Patient Demographic and Baseline Dataa

ACI (n ¼ 52) Microfracture (n ¼ 50) All Patients (N ¼ 102)

Sex, n
Female 19 22 41
Male 33 28 61

Age, mean ± SD, y 36 ± 10 37 ± 9 37 ± 9
Body mass index,b kg/m2 25.7 ± 3.3 (18.8-31.2) 25.8 ± 3.0 (18.2-30.0) 25.8 ± 3.1 (18.2-31.2)
Smoker, n

Yes 14 20 34
No 38 30 68

Defect size, cm2

Before debridement 2.2 ± 0.7 (0.5-3.5) 2.0 ± 0.8 (0.8-4.0) 2.1 ± 0.8 (0.5-4.0)
After debridement 2.7 ± 0.8 (1.4-5.0) 2.4 ± 0.8 (1.0-4.0) 2.6 ± 0.8 (1.0-5.0)

Defect location, n
Femur 52 49 101
Femur and patella — 1 1
Tibia or patella — — —

ICRS grade,b n
3 17 20 37
4 31 29 60

Presence of further defects with ICRS grade <3, n
Femur — — —
Tibia 2 3 5
Patella 10 10 20

aData are shown as mean ± SD (range) unless otherwise indicated. ACI, autologous chondrocyte implantation; ICRS, International
Cartilage Repair Society.

bOnly assessed for treated patients (intention-to-treat population).
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the greatest improvements were defect repair, surface, sig-
nal intensity, subchondral bone, and synovitis. However, a
systematic difference between the 2 treatment groups could
not be established.

No correlation between the clinical outcome, measured
by the KOOS, and the structural outcome, measured by the
MOCART scoring system, was observed.

Clinical Efficacy Results: Other Criteria

Arthroscopic assessments were performed at the 24-month
examination for a subset of patients (ACI group, n ¼ 9;
microfracture group, n ¼ 7) who consented to this addi-
tional invasive procedure, which included a biopsy of regen-
erated tissue (R biopsy). In the ACI group, 2 patients
showed normal (ICRS grade 1) and 8 patients showed
nearly normal (ICRS grade 2) cartilage, while in the micro-
fracture group, 1 patient showed cartilage that was normal,
4 nearly normal, and 2 abnormal (ICRS grade 3).

The R biopsies showed the normal presence of predomi-
nantly viable cells (9/9 patients from the ACI group and 6/7
patients from the microfracture group) and normal carti-
lage mineralization (all patients). Subchondral bone was
also predominantly normal (6/6 and 5/7 patients, respec-
tively). Thus, both treatments resulted in cartilage repair
tissue of good to mixed quality; results tended to be slightly
better in the ACI group than in the microfracture group
(with the exception of surface), but the small number of
patients investigated renders this observation uncertain.

Further analyses (visual histological assessment, Bern
score, and histological staining) were conducted on these
samples but likewise without clear differences emerging
between the 2 treatment groups. The IKDC examination
form revealed a score that improved in both treatment

groups between baseline and the 24-month visit; the
improvement was somewhat greater in the ACI group than
in the microfracture group. Similar results were obtained for
the IKDC subjective knee evaluation form (changes from
baseline of 24.2 ± 16.9 for ACI and 20.3 ± 16.8 for microfrac-
ture) and modified Lysholm score (improvements on a 24-
point scale of 4.9 ± 4.3 and 4.4 ± 3.5 points, respectively).

In summary, all efficacy assessments showed a clear
response in both treatment groups. At 12 months, a better
response was seen in the ACI group than in the microfrac-
ture group for the KOOS and for some other study variables.
After 24 months, there was a continued improvement in the
KOOS in both treatment groups, but the difference between
groups was smaller, as the results in the microfracture
group showed more pronounced improvement during the
second year after treatment. Nevertheless, the change from
baseline in the KOOS for ACI remained greater than that for
microfracture at any given visit. Statistical significance test-
ing, both at the formal level of the primary analysis and at
the descriptive level of the numerous secondary and post hoc
analyses, supported the noninferiority of ACI compared
with microfracture. Significant superiority was approached
for the KOOS (in the PP analysis, closely), but as noted, this
study was not powered for superiority.

Safety Results

All patients in the ACI group received the standard
spheroid dose, except for 2 who received less (see above).
The mean number of spheroids administered was 64 ± 40,
with a range of 12 to 175. No adverse events were fatal, and
none in the ACI group led to withdrawal from the study or
permanent sequelae; in the microfracture group, 1 event
(joint adhesion, considered possibly treatment related)

TABLE 3
KOOS Scores 12 and 24 Months After Treatmenta

ACI (n ¼ 48) Microfracture (n ¼ 49)

Score Change From Baseline Score Change From Baseline

ITT population
Baseline 56.6 ± 15.4 — 51.7 ± 16.5 —
12 mo 78.7 ± 18.6 22.2 ± 18.3 68.1 ± 18.6 16.4 ± 15.1

Treatment difference 7.8 (P < .0001) with lower confidence limit equal to þ1.4b

24 mo 81.5 ± 17.3 24.9 ± 17.4 73.2 ± 18.8 21.5 ± 15.7
Treatment difference 6.1 (P < .0001) with lower confidence limit equal to –0.4c

PP population
Baselined 56.2 ± 14.9 — 55.2 ± 14.9 —
12 mo 78.2 ± 18.3 21.9 ± 17.6 71.3 ± 17.2 16.1 ± 15.9

Treatment difference 6.3 (P < .0001) with lower confidence limit equal to –0.7c

Baselined 56.5 ± 14.4 — 53.4 ± 14.7 —
24 mo 84.7 ± 14.9 28.2 ± 16.1 75.9 ± 18.8 22.4 ± 14.3

Treatment difference 7.0 (P < .0001) with lower confidence limit equal to –0.01c

aData are shown as mean ± SD unless otherwise indicated. ACI, autologous chondrocyte implantation; ITT, intention-to-treat; KOOS,
Knee injury and Osteoarthritis Outcome Score; PP, per-protocol.

bSuggesting significant superiority of ACI compared with microfracture (lower limit > 0).
cSuggesting significant noninferiority of ACI compared with microfracture (0 > lower limit > –8.5).
dBased on the respective PP population (n ¼ 39 vs 34 for ACI at 12 and 24 months, respectively, and n ¼ 41 vs 32 for MF at 12 and 24

months, respectively).
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resulted in permanent sequelae, and 2 patients were with-
drawn from the study because of adverse events.

The overall incidence of adverse events, of patients with
any adverse events and of patients with treatment-related
adverse events, did not differ substantially between the
treatment groups. In both groups, the system organ class
most frequently affected was, as expected, musculoskeletal
and connective tissue disorders, affecting 32 patients in the
ACI group and 27 in the microfracture group; specifically,
joint effusion affected 18 and 15 patients, arthralgia 16 and
18 patients, joint swelling 9 and 8 patients, and back pain 3
and 2 patients, respectively. Such a pattern is to be
expected in view of the procedures carried out. Other
adverse events were notably less frequent and appeared
to reflect the long (24-month) observation period. Adverse
events considered related to the study treatment or proce-
dures were almost entirely in the above categories, and
most others were not recorded more than once each.

No patient experienced more than 1 serious adverse
event. In the ACI group, there were 4 such events: abdom-
inal neoplasm, cystitis, Hodgkin disease, and malaise (all
treatment unrelated); in the microfracture group, there
were 6 events: cartilage injury, cellulitis, meniscal lesion,
deep vein thrombosis, joint adhesion, and arthralgia, of
which the last 3 were considered to be at least possibly
treatment related. The 2 severe adverse events in the ACI
group were conjunctivitis and Hodgkin disease (both con-
sidered treatment unrelated). The 13 severe events in the
microfracture group affected 7 patients; of these events,
skin dystrophy, nausea, bone marrow edema, arthralgia,
and joint swelling were considered at least possibly treat-
ment related.

While none of the reported serious adverse events were
assessed as treatment related in the ACI group, in the
microfracture group, 3 at least possibly treatment-related
serious adverse events were reported, affecting 2 patients,
all occurring within 6 weeks after treatment: one patient
suffered from deep vein thrombosis (moderate intensity,
probably related), while the other patient suffered from a
cartilage injury and persistent pain after treatment (mod-
erate intensity, possibly related), which must be inter-
preted as treatment failure.
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Figure 2. Improvement in KOOS results for the 2 treatment
groups (A) overall and (B) compared with baseline. ACT3D-CS,
autologous chondrocyte implantation-chondrosphere; KOOS,
Knee injuryandOsteoarthritisOutcomeScore;MF,microfracture.

TABLE 4
KOOS Subscores 24 Months After Treatmenta

Difference

Lower
Confidence

Limit

Pain 4.6 –2.0
Other Symptoms 5.3 –0.3
Function in Activities of Daily Living 6.8 1.5
Function in Sports and Recreation 8.3 –1.9
Knee-related Quality of Life 8.0 –1.1

aSubscores for intention-to-treat population. KOOS, Knee
injury and Osteoarthritis Outcome Score.

TABLE 5
MOCART Scores Up to 24 Months After Treatmenta

Mean ± SD (Range)

Visit 2 (3 mo)
ACI (n ¼ 31) 66 ± 16 (30-95)
Microfracture (n ¼ 31) 62 ± 11 (45-95)

Visit 4 (12 mo)
ACI (n ¼ 33) 79 ± 14 (50-100)
Microfracture (n ¼ 36) 76 ± 13 (45-100)

Visit 5 (18 mo)
ACI (n ¼ 42) 77 ± 14 (35-100)
Microfracture (n ¼ 41) 76 ± 14 (55-100)

Visit 6 (24 mo)
ACI (n ¼ 46) 76 ± 16 (25-100)
Microfracture (n ¼ 43) 79 ± 13 (50-100)

aDifferences from total population sizes are because of missing
results. ACI, autologous chondrocyte implantation; MOCART,
magnetic resonance observation of cartilage repair tissue.
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Specifically, no cartilage formation outside the region of
the implant was found; similarly, MRI revealed no case of
hypertrophy of the regenerated tissue, such as was seen in
first-generation ACI procedures. Vital signs, electrocardi-
ography findings, and recorded concomitant pain medica-
tions were monitored but did not yield any sign of a safety
concern associated with either treatment.

DISCUSSION

We describe here the 2-year results of a prospectively
designed randomized study to compare the efficacy and
safety of 2 treatment modalities for cartilage defects of the
knee: (1) matrix-associated ACI with spheroid technology
and (2) microfracture. Our most important finding was
the observation of a trend toward the advantages of
spheroid-based ACI in direct comparison with arthro-
scopic microfracture. The principal results of this study
can be summarized as follows:

� Both ACI and microfracture led to lasting improvement
in the clinical function of the joint treated over the
entire 2-year observation period.

� There were no differences between the 2 treatments
with respect to complication rates or the incidence of
adverse events.

� The primary analysis confirmed the statistical hypoth-
esis of the noninferiority of ACI, even for the relatively
small cartilage defects treated in this study. This was
supported by the secondary analyses.

� At the descriptive level, ACI showed superiority in
the KOOS subscores of Function in Activities of Daily
Living after 24 months and Knee-related Quality of
Life after 12 months.

Today, it is generally recognized that microfracture is
not well suited to treating relatively large cartilage
defects16,18 and that ACI appears to offer advantages (espe-
cially for larger defects) and for this reason is generally
recommended for such indications by expert associations.
A study of this kind nonetheless remains the best method of
obtaining well-grounded information about the efficacy of
ACI, especially because there are currently no other stan-
dard therapies for large cartilage defects except ACI, and in
their absence, a randomized comparative study in this
defect size range would be ethically indefensible. Against
this background, this study included only patients with
cartilage defects up to 4 cm2 in size and, with existing
knowledge of the efficacy of microfracture in this defect size
range,18 was conducted as a noninferiority study. Analo-
gous trials to test other ACI procedures have been
described by other authors.7,24,25

These findings are in broad agreement with the results of
earlier studies in which recent ACI products and microfrac-
ture were compared directly for the same indication. While
a study comparing these procedures using first-generation
ACI did not reveal any significant difference between the
treatments, even in the long term,13,14 studies in which
recent products were used did show systematic advantages
of ACI in subgroups or on subscales, even though they did

not reveal the clear overall superiority of ACI in treating
small defects.3,7,24,25

Thus, Saris et al25 and Vanlauwe et al29 found superior-
ity of the product ChondroCelect (TiGenix) after 2 years,
and also superiority in functional outcomes after 5 years, in
the subgroup of patients whose symptoms had only been
short term at the time of surgery. In the same study, the
structural superiority of ACI (ie, better histological quality
of the regenerated cartilage) after 12 months was also
demonstrated.26 In another study by Saris et al24 using
matrix-associated ACI that employed a collagen type 1/3
membrane (MACI; Genzyme), ACI likewise showed an
advantage in functional outcomes as measured by 2 KOOS
subscales (Pain and Function in Activities of Daily Living)
after 24 months, thus confirming the results of an earlier
study by Basad and coworkers3 in which a clear superiority
of ACI over microfracture after 24 months was found. Inter-
estingly, a closer examination of these studies shows a
direct relationship between the superiority of ACI on one
hand and the size of the defects treated on the other hand.
In the present study, the mean defect size was 2.1 cm2, and
in the study of Saris et al,25 using characterized chondro-
cytes, it was 2.6 cm2. Both studies revealed scattered sig-
nificances supporting the superiority of ACI. However, in
studies on the efficacy of MACI (mean defect size, 4.8
cm2),24 and especially the study by Basad et al3 (which
alone recruited only patients within the indication range
of microfracture), ACI proved clearly superior in terms of
functional outcomes, which irrespective of the question
addressed is difficult to demonstrate, owing to the large
number of factors influencing the result.

The present study concerned not only the question of
efficacy but also that of patient safety in the 2 procedures
applied. ACI today continues to require 2 invasive proce-
dures, each of which is less harmful for the subchondral
bone than microfracture but together are more so. There-
fore, attention must be paid to the incidence of adverse
events and undesirable complications, and this must natu-
rally also enter into a global assessment of the 2 procedures
and, for individual patients, the choice of therapy. In this
study, no difference was seen between the 2 treatment
groups with respect to adverse events and complications,
confirming the observations already published that ACI is
largely free of complications and provides a high degree of
patient safety.4 Although with the limited number of cases
observed the possibility of hypertrophy cannot be excluded,
and it was described for this product in an earlier case
report,21 its complete absence in the 52-patient cohort of
this study does imply that its general incidence rate is nota-
bly lower than that so far reported in the literature.20 Also,
the other typical complications of ACI (disturbed fusion,
delamination, and graft failure) were not recorded in the
present clinical trial, while 1 case of treatment failure and 1
serious case of deep vein thrombosis were reported as
related to microfracture.

Despite the prospective, controlled randomized design of
this study with its high evidence level, some limitations are
to be noted. At the time when the study was set up (in
2010), the evidence for clinical superiority was not as clear
as it is today (partly, of course, through the results of
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precisely this study). In 2010, as still is the case today, the
recommended treatment for cartilage therapy in smaller
defects was microfracture16; therefore, at the time, power-
ing for superiority was considered overambitious and would
also have raised an ethical issue concerning the number of
patients to be recruited. Therefore, the formal aim of the
study was chosen to be noninferiority, albeit with a hierar-
chical statistical design allowing additional testing for
superiority if noninferiority was achieved (as it was). How-
ever, for the reasons stated, this was chosen as a second-
ary objective and was not included in the powering
(sample size calculation), so that an assessment of superi-
ority was only possible at the descriptive level. Nonethe-
less, it is conspicuous that (descriptively) significant
superiority was, despite the low powering, only narrowly
missed, and most of the comparisons, irrespective of sta-
tistical testing, showed a better result for ACI than for
microfracture. This provides an important signal for
future studies.

From a clinical perspective, in view of the greater oper-
ative effort and financial costs of ACI compared with micro-
fracture, a demonstration of superiority would naturally
have been preferred to justify the use of ACI in a clinical
setting. However, the economic question includes other
aspects (such as follow-up costs for physical therapy, med-
ication, reoperation rate, etc) that are well outside the scope
of a randomized controlled trial, which necessarily focuses
primarily on the medical and scientific issues. To assess the
broader picture, a detailed economic comparison between
ACI and microfracture is required. The fact that superiority
was found, or closely approached, in spite of inadequate
powering for this, underlines the significance of the results
found and is of particular interest in view of the fact (see
above) that large cartilage defects were not included in this
study.

Another limitation of the study was the impossibility of
blinding the patients because of the different numbers of
procedures involved; thus, the possibility of bias due to a
placebo effect cannot be completely ruled out. However, this
appears unlikely to explain the superiority of ACI, as the
radiological assessment, which confirmed the efficacy of
ACI, was conducted in a fully blinded manner. However,
even here, there is a limitation because, as in all cartilage
regeneration studies, the MOCART scoring system before
treatment is technically impossible because the score is
designed to assess the quality of repair tissue, which does
not yet exist before treatment. Thus, a strict “before-after”
comparison is impossible. The lack of correlation between
the MOCART score and patient-reported outcome scores is
consistent with numerous literature reports.11,15,19,30 Thus,
the evidence whether a radiological score is reliable in pre-
dicting clinical outcomes (patient’s situation including pain
and functionality) after cartilage repair is still lacking.9

Moreover, there may have been minor differences between
study centers with respect to the operative technique or
(despite standardization) rehabilitation therapy.

Even when the above factors are taken into account, this
study leads to the following important conclusions: (1) The
use of matrix-associated ACI with spheroid technology for
the treatment of full-thickness cartilage defects of the knee

seems safe and efficient with respect to an unambiguous
improvement in symptoms, compared with the preopera-
tive situation, on all objective and subjective scores. (2)
Even though the defect sizes in this study lay within the
range for which bone marrow stimulation is regarded as
an appropriate treatment, the relevant subscores with
clinical benefit after 24 months showed the superiority of
ACI compared with microfracture at the descriptive level.
These results are thus in line with earlier studies in which
the efficacy and safety of other ACI products were inves-
tigated, and they underline the clinical relevance and suit-
ability of this procedure for the treatment of cartilage
defects of the knee.

ACKNOWLEDGMENT

Professional writing assistance for an early version of the
article was provided by manu scripta.

REFERENCES

1. Anderer U, Libera J. In vitro engineering of human autogenous carti-

lage. J Bone Miner Res. 2002;17(8):1420-1429.

2. Bartz C, Meixner M, Giesemann P, Roel G, Bulwin GC, Smink JJ. An

ex vivo human cartilage repair model to evaluate the potency of a

cartilage cell transplant. J Transl Med. 2016;14(1):317.

3. Basad E, Ishaque B, Bachmann G, Sturz H, Steinmeyer J. Matrix-

induced autologous chondrocyte implantation versus microfracture

in the treatment of cartilage defects of the knee: a 2-year randomised

study. Knee Surg Sports Traumatol Arthrosc. 2010;18(4):519-527.

4. Becher C, Laute V, Fickert S, et al. Safety of three different product

doses in autologous chondrocyte implantation: results of a prospec-

tive, randomised, controlled trial. J Orthop Surg Res. 2017;12(1):71.

5. Bekkers JE, de Windt TS, Raijmakers NJ, Dhert WJ, Saris DB. Vali-

dation of the Knee injury and Osteoarthritis Outcome Score (KOOS)

for the treatment of focal cartilage lesions. Osteoarthritis Cartilage.

2009;17(11):1434-1439.

6. Brittberg M, Lindahl A, Nilsson A, Ohlsson C, Isaksson O, Peterson L.

Treatment of deep cartilage defects in the knee with autologous chon-

drocyte transplantation. N Engl J Med. 1994;331(14):889-895.

7. Brittberg M, Recker D, Ilgenfritz J, Saris DBF, Group SES. Matrix-

applied characterized autologous cultured chondrocytes versus

microfracture: five-year follow-up of a prospective randomized trial.

Am J Sports Med. 2018;46(6):1343-1351.

8. Brittberg M, Winalski CS. Evaluation of cartilage injuries and repair.

J Bone Joint Surg Am. 2003;85(suppl 2):58-69.

9. de Windt TS, Welsch GH, Brittberg M, et al. Is magnetic resonance

imaging reliable in predicting clinical outcome after articular cartilage

repair of the knee? A systematic review and meta-analysis. Am J

Sports Med. 2013;41(7):1695-1702.

10. DiBartola AC, Everhart JS, Magnussen RA, et al. Correlation between

histological outcome and surgical cartilage repair technique in the

knee: a meta-analysis. Knee. 2016;23(3):344-349.

11. Ebert JR, Smith A, Fallon M, Wood DJ, Ackland TR. Correlation

between clinical and radiological outcomes after matrix-induced

autologous chondrocyte implantation in the femoral condyles. Am J

Sports Med. 2014;42(8):1857-1864.

12. Engelhart L, Nelson L, Lewis S, et al. Validation of the Knee injury and

Osteoarthritis Outcome Score subscales for patients with articular

cartilage lesions of the knee. Am J Sports Med. 2012;40(10):

2264-2272.

13. Knutsen G, Drogset JO, Engebretsen L, et al. A randomized trial com-

paring autologous chondrocyte implantation with microfracture: find-

ings at five years. J Bone Joint Surg Am. 2007;89(10):2105-2112.

10 Niemeyer et al The Orthopaedic Journal of Sports Medicine



14. Knutsen G, Drogset JO, Engebretsen L, et al. A randomized multicen-

ter trial comparing autologous chondrocyte implantation with micro-

fracture: long-term follow-up at 14 to 15 years. J Bone Joint Surg Am.

2016;98(16):1332-1339.

15. Marlovits S, Singer P, Zeller P, Mandl I, Haller J, Trattnig S. Magnetic

resonance observation of cartilage repair tissue (MOCART) for the

evaluation of autologous chondrocyte transplantation: determination

of interobserver variability and correlation to clinical outcome after 2

years. Eur J Radiol. 2006;57(1):16-23.

16. Mithoefer K, McAdams T, Williams RJ, Kreuz PC, Mandelbaum BR.

Clinical efficacy of the microfracture technique for articular cartilage

repair in the knee: an evidence-based systematic analysis. Am J

Sports Med. 2009;37(10):2053-2063.

17. Negrin LL, Vecsei V. Do meta-analyses reveal time-dependent differ-

ences between the clinical outcomes achieved by microfracture and

autologous chondrocyte implantation in the treatment of cartilage

defects of the knee? J Orthop Sci. 2013;18(6):940-948.

18. Niemeyer P, Albrecht D, Andereya S, et al. Autologous chondro-

cyte implantation (ACI) for cartilage defects of the knee: a guide-

line by the working group “Clinical Tissue Regeneration” of the

German Society of Orthopaedics and Trauma (DGOU). Knee.

2016;23(3):426-435.

19. Niemeyer P, Laute V, John T, et al. The effect of cell dose on the early

magnetic resonance morphological outcomes of autologous cell

implantation for articular cartilage defects in the knee: a randomized

clinical trial. Am J Sports Med. 2016;44(8):2005-2014.

20. Niemeyer P, Pestka JM, Kreuz P, et al. Characteristic complications

after autologous chondrocyte implantation for cartilage defects of the

knee joint. Am J Sports Med. 2008;36(11):2091-2099.

21. Niemeyer P, Uhl M, Salzmann GM, Morscheid YP, Sudkamp NP,

Madry H. Evaluation and analysis of graft hypertrophy by means of

arthroscopy, biochemical MRI and osteochondral biopsies in a

patient following autologous chondrocyte implantation for treatment

of a full-thickness-cartilage defect of the knee. Arch Orthop Trauma

Surg. 2015;135(6):819-830.

22. Riboh JC, Cvetanovich GL, Cole BJ, Yanke AB. Comparative efficacy

of cartilage repair procedures in the knee: a network meta-analysis.

Knee Surg Sports Traumatol Arthrosc. 2017;25(12):3786-3799.

23. Roos EM, Engelhart L, Ranstam J, et al. ICRS recommendation doc-

ument: patient-reported outcome instruments for use in patients with

articular cartilage defects. Cartilage. 2011;2(2):122-136.

24. Saris D, Price A, Widuchowski W, et al. Matrix-applied characterized

autologous cultured chondrocytes versus microfracture: two-year

follow-up of a prospective randomized trial. Am J Sports Med.

2014;42(6):1384-1394.

25. Saris DB,Vanlauwe J, Victor J, et al. Treatment of symptomatic cartilage

defects of the knee: characterized chondrocyte implantation results in

better clinical outcome at 36 months in a randomized trial compared to

microfracture. Am J Sports Med. 2009;37(suppl 1):10S-19S.

26. Saris DB, Vanlauwe J, Victor J, et al. Characterized chondrocyte

implantation results in better structural repair when treating symp-

tomatic cartilage defects of the knee in a randomized controlled trial

versus microfracture. Am J Sports Med. 2008;36(2):235-246.

27. Schubert T, Anders S, Neumann E, et al. Long-term effects of chon-

drospheres on cartilage lesions in an autologous chondrocyte implan-

tation model as investigated in the SCID mouse model. Int J Mol Med.

2009;23(4):455-460.

28. Steadman JR, Rodkey WG, Briggs KK. Microfracture to treat full-

thickness chondral defects: surgical technique, rehabilitation, and

outcomes. J Knee Surg. 2002;15(3):170-176.

29. Vanlauwe J, Saris DB, Victor J, Almqvist KF, Bellemans J, Luyten FP.

Five-year outcome of characterized chondrocyte implantation versus

microfracture for symptomatic cartilage defects of the knee: early

treatment matters. Am J Sports Med. 2011;39(12):2566-2574.

30. Welsch GH, Zak L, Mamisch TC, Resinger C, Marlovits S, Trattnig S.

Three-dimensional magnetic resonance observation of cartilage

repair tissue (MOCART) score assessed with an isotropic three-

dimensional true fast imaging with steady-state precession sequence

at 3.0 Tesla. Invest Radiol. 2009;44(9):603-612.

The Orthopaedic Journal of Sports Medicine RCT of Spheroid Implantation vs Microfracture 11



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


