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Graft Hypertrophy After Third-Generation
Autologous Chondrocyte Implantation
Has No Correlation With Reduced
Cartilage Quality
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Background: Graft hypertrophy is common after matrix-based autologous chondrocyte implantation (ACI) in the knee joint. How-
ever, it is not clear whether graft hypertrophy is a complication or an adjustment reaction in the cartilage regeneration after ACI.

Purpose: To analyze the cartilage quality of the ACI regeneration with graft hypertrophy using T2-weighted mapping.
Study Design: Cohort study; Level of evidence, 2.

Methods: A total of 91 patients with isolated cartilage defects (International Cartilage Repair Society [ICRS] grade llI-IV) of the
knee were treated with Novocart 3D, a third-generation, matrix-based, ACI procedure in the knee joint. All patients were evaluated
with a standardized magnetic resonance imaging protocol after 3, 6, 12, 24, 36, and 48 months postoperatively. For morpholog-
ical and biochemical assessment, the T2-weighted relaxation times of the ACI grafts as well as the healthy surrounding cartilage
were determined. The results of the 20 patients with graft hypertrophy (hypertrophic group) were compared with the results of 21
matched patients without graft hypertrophy (nonhypertrophic group) after ACI. Match-paired analysis was performed by compar-
ison of age, defect size, and body mass index.

Results: The T2-weighted relaxation times of the ACI graft showed significant improvement, with values decreasing from 52.1
milliseconds to 33.3 milliseconds after 48 months. After 12 months, the T2-weighted relaxation times were constant and compa-
rable with the healthy surrounding cartilage. Graft hypertrophy was seen in 22% (n = 20) of the patients who underwent ACI. A
significant difference in T2-weighted relaxation times between the hypertrophic and nonhypertrophic ACI grafts could not be
found except after 36 months (hypertrophic T2-weighted relaxation time/nonhypertrophic T2-weighted relaxation time: 3 months,
48.0/56.4 ms, P = .666; 6 months, 45.6/42.5 ms, P = .280; 12 months, 39.3/34.7 ms, P = .850; 24 months, 34.8/32.2 ms, P = .742;
36 months, 34.6/38.2 ms, P = .030; 48 months, 34.2/32.3 ms, P = .693).

Conclusion: The T2-weighted relaxation time of the ACI graft cartilage showed significant improvements over the observation
period of 4 years postoperatively. After 2 years, graft maturation was completed. Graft hypertrophy after AClI was seen in
22% of the patients. Reduced cartilage quality could not be found in patients with graft hypertrophy after ACI.
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Autologous chondrocyte implantation (ACI) was estab- to cover the implanted autologous chondrocytes. In sec-
lished in Sweden in the late 1980s by Brittberg and ond-generation ACI, the chondrocytes were covered with
others®* and published for the first time in 1994. In the a collagenous flap. Currently, a matrix-based ACI
so-called first-generation ACI, a periosteal flap was used is most frequently used, which is referred to as third-

generation ACI. In matrix-based ACI, the chondrocytes

are seeded in a collagenous matrix and are then fixed in
. o the defected cartilage.

;B??:;?;ga; AZE;T; 1°f Sports Medicine The majority (88.5%) of post-ACI complications, which
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hypertrophy, poor healing of the ACI graft onto the sur-
rounding healthy cartilage, poor quality of the ACI graft,
and graft delamination.'®

Graft hypertrophy after ACI in the knee joint was most
frequently observed in the first-generation ACI, which
used a periosteal flap for coverage.'®?® The use of the
second-generation ACI, which substituted the periosteal
flap with a type I or III collagen membrane, resulted in
a significant decrease in observed graft hypertrophy.52
This leads to the assumption that the periosteal flap is
the cause of graft hypertrophy. However, graft hypertro-
phy is still observed with third-generation ACI without
affecting the clinical outcome.?®

The question arises whether there is a difference in car-
tilage quality between ACI grafts with or without graft
hypertrophy. To answer this question, we analyzed ACI
graft regeneration using MRI examinations and deter-
mined T2-weighted relaxation times with T2-weighted
mapping, which is an established method for the assess-
ment of cartilage quality.>'®2 We performed a prospective
study, determining the T2-weighted relaxation times at
follow-up of 4 years after third-generation ACI with deter-
mination of the graft hypertrophy.

The aim of the present study was to assess cartilage
quality of the implanted ACI graft in the knee joint in
patients with graft hypertrophy. Our hypothesis was that
graft hypertrophy of matrix-based ACI has equal cartilage
quality in the T2-weighted relaxation time values com-
pared with the ACI graft without graft hypertrophy.

METHODS
Patients

With institutional review board approval, a total 91 patients
were included in this study, consisting of 39 women (42.9%)
and 52 men (57.1%). All patients were treated between
2004 and 2011 with Novocart 3D (TETEC AG), a third-
generation ACIL. The ACI procedure and rehabilitation were
performed as described in a previous study.?® The inclusion
criteria were full-thickness cartilage defects of grades III or
IV according to the International Cartilage Repair Society
classification, defect size between 2 and 15 cm?, patient age
between 16 and 50 years, and intact menisci and ligaments
with a regular mechanical axis (<5° malalignment). Patients
with osteoarthritis of the knee, joint instability, arthritis, cor-
responding chondral defects, or more than 2 focal cartilage
defects were excluded from the study.

Graft Hypertrophy

The radiological evaluation was performed with an MRI
examination of the knee using a 1.5-T device (Magnetom
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TABLE 1
Overview of the MRI Examination Protocol®

Sequences Time, min:s
1. PD TSE fs coronal 384 matrix 3:50
2. T1-weighted coronal 384 matrix 2:36
3. PD TSE fs sagittal 384 matrix 3:50
4. PD TSE fs axial 384 matrix 4:37
5. T1-weighted FLASH 3D WE sagittal 5:18
6. T2-weighted MAP coronal or axial 12:50
7. T1-weighted FLASH 3D WE coronal or axial 3:03
After injection of contrast agent:

8. T1-weighted coronal fs 384 matrix 2:36
9. T1-weighted axial fs 384 matrix 2:53

“3D, 3-dimensional; FLASH, fast low-angle shot; fs, fat satura-
tion; MRI, magnetic resonance imaging; PD, proton density; TSE,
turbo spin echo; WE, water excitation.

Avanto, Sonata, Symphony; Siemens Medical Solutions).
The MRI examinations were conducted at 3, 6, 12, 24, 36,
and 48 months postoperatively based on a standardized
protocol including a proton density—weighted sequence
(Table 1). The data were collected using the software Syngo
(Siemens Medical Solutions).

To identify patients with hypertrophic ACI grafts, the
graft thickness was measured in a blinded fashion by an
experienced orthopaedic surgeon and a radiologist special-
izing in musculoskeletal assessment (T.N.).

The thickest areas of the ACI grafts were measured in 3
regions, and the thickness of the healthy surrounding car-
tilage was measured in the same manner. A mean value
was calculated from the 3 measurements. Subsequently,
the relative graft thickness was calculated as a ratio
between the ACI graft thickness and the thickness of the
healthy surrounding cartilage. This relative graft thick-
ness was used to classify graft hypertrophy according to
Kreuz et al'® (grade 1, <125%; grade 2, <150%; grade 3,
<200%; grade 4, >200%) (Figure 1). To compare the
results of the MRI evaluation of the hypertrophic group,
a matched-pair nonhypertrophic group was formed from
the database. The criteria for pairwise matching were
age, defect size (cm?), and body mass index (BMI; kg/m?).
The International Knee Documentation Committee
(IKDC) subjective evaluation form was used to evaluate
clinical outcomes.

T2-Weighted Relaxation Time

The acquired Digital Imaging and Communications in Med-
icine (DICOM) data sets were used to segment the cartilage
into 3 images. Articular cartilage was segmented in the fast
low-angle shot (FLASH) sequence by use of the in-house
software PaCaSe.'® After segmentation, the cartilage plate
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Figure 1. Determination of relative graft thickness of the
autologous chondrocyte implantation (ACl) grafts at the
femur in a T1-weighted, fast low-angle shot, 3-dimensional
sagittal sequence. Green shading, ACI graft; yellow shading,
healthy surrounding cartilage.

was reconstructed 3-dimensionally with the overlay of the
segmentation sequences with the multiecho data sets. Man-
ual corrections were performed when the water excitation
sequences and the multiecho sequences differed due to
movement of the patients during MRI examination.

For the calculation of T2-weighted relaxation time, PMI
software was used.?’ The segmented cartilage was subdi-
vided into 3 zones from the subchondral bone to the carti-
lage surface. Nine further subdivisions were made from
the medial to lateral border. A total of 27 regions of inter-
est, with 70 picture elements per region of interest for each
cartilage plate, were created. The T2-weighted relaxation
times were expressed as a mean value per segmentation
layer of the segmented 3 consecutive slices.

Statistical Analysis

The T2-weighted relaxation times at each time point were
assessed according to the age or the sex of the patient, graft
location, defect size, and hypertrophy grade by random
intercept models. These models were fitted with the
MIXED procedure of SAS version 9.2 for Linux (SAS Insti-
tute). The ¢ test was used to compare the hypertrophic and
nonhypertrophic groups. To compare the T2-weighted
relaxation times at different control points, nonparametric
tests were used depending on the sample. For independent
samples, the Whitney U test was used. The Wilcoxon test
was used in connected samples. The tests were carried
out with IBM SPSS Statistics 21. The level of statistical
significance was set at P < .05.

The American Journal of Sports Medicine

RESULTS

The mean patient age was 34.4 years (SD, 12.2 years). The
mean BMI was 25.9 kg/m? (SD, 4.3 kg/m?). The cartilage
defects had a mean size of 5.4 cm? (SD, 2.6 cm?) (Table
2). The location of the cartilage defects was at the medial
femoral condyle (n = 44, 48%), lateral femoral condyle
(n =6, 7%), and patella (n = 41, 45%). Two patients missed
the 3-month follow-up and 1 patient the 6-month follow-up.
No one missed the 12-month follow-up. Two patients
missed the 24-month follow-up, 7 patients the 36-month
follow-up, and 8 patients the 48-month follow-up.

Graft Hypertrophy

The development of graft hypertrophy was found on MRI
examination of 20 patients (the hypertrophic group). This
corresponds to a total graft hypertrophy rate of 22%. In 12
patients (60%), the affected graft was located at the medial
femoral condyle (n = 10; 50%) and lateral femoral condyle
(n =2; 10%). In 8 patients (40%), graft hypertrophy occurred
in the medial patella (5; 25%) and lateral patella (3; 15%).

New occurrences of graft hypertrophy were found up to
24 months postoperatively. Fifteen patients (75%) devel-
oped graft hypertrophy in the first year after ACI. In 5
patients (25%), a new graft hypertrophy could be detected
24 months postoperatively.

In the hypertrophic group, 75% (n = 15) of patients had
grade 1 graft hypertrophy. In 25% of patients (n = 5), grade
2 graft hypertrophy was detected. A de novo development of
grade 3 graft hypertrophy was not observed. One patient
(5%) who had a grade 2 graft hypertrophy after 12 months
went on to develop a grade 3 graft hypertrophy after 24
months. After 36 months postoperatively, this patient had
a grade 1 graft hypertrophy. The individual parameters
analyzed (BMI, age, sex, and defect size/localization) were
not found to influence the occurrence of graft hypertrophy.

Relative Graft Thickness

In the observed postoperative course of 4 years, we found
a significant difference in the development of graft thick-
ness of the ACI grafts in patients with graft hypertrophy
(n = 20; 22%) and those without graft hypertrophy (n =
21; 78%). In the first MRI follow-up after 3 months, no rel-
evant difference was found between the hypertrophic (94%
relative graft thickness compared with the healthy sur-
rounding cartilage) and the nonhypertrophic ACI grafts
(86%). After 24 months, a significant difference was
detected (P = .005). The hypertrophic group had a maxi-
mum mean graft thickness of 124%, with a total increase
in graft thickness of 32% in the postoperative course. In
comparison, the nonhypertrophic group had a graft thick-
ness of 90% after 24 months (Table 3).

In the following course after 24 months, we found
decreasing graft thickness with normalization at the end
of the observation period. A significant difference between
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TABLE 2
Overview of the Patient Collective®

Entire Patient Collective

Hypertrophic Group Nonhypertrophic Group

No. of patients 91
Body mass index, kg/m? 259 = 4.3
(19.0-38.3)
Age, years 344 + 12.2
(11-66)
Defect size, cm? 5.4+ 2.6
(2.0-15.0)

20 21
24.7 = 3.9 26.3 = 4.5
(19.0-32.1) (19.6-35.3)

33.7 + 12.9 35.2 + 12.3
(12.0-57.8) (17.3-66.0)
58 * 2.7 53 * 2.9
(2.0-15.0) (4.0-12.0)

“All values except for number of patients are expressed as mean * SD (range).

TABLE 3
Overview of the Development of Relative Graft Thickness
in the Hypertrophic and Nonhypertrophic Groups

Follow-up Hypertrophic Group” Nonhypertrophic Group®
3 months 94 89
6 months 106 90
12 months 119 89
24 months 124 90
36 months 120 88
48 months 116 89

“Values for relative graft thickness are expressed as percentage
of the healthy surrounding cartilage.

the hypertrophic group and the nonhypertrophic group
was found after 24 months. The nonhypertrophic group
showed no relevant change of the graft thickness during
the entire observation period (Figure 2).

Clinical Evaluation

The patients included in our study showed significantly
higher IKDC scores after 6, 12, 24, 36, and 48 months post-
operatively compared with the preoperative findings. The
mean [KDC score was 38.2 (SD, 22.2; range, 2.3-99.6). The
mean IKDC score increased to 59.8 (SD, 22.0; range, 13.8-
93.1) after 48 months. We found no significant differences
in IKDC scores between the hypertrophic group (preopera-
tive, 37.4; 6 months, 49.9; 12 months, 51.2; 24 months,
55.1; 36 months, 51.6; 48 months, 56.4) and the nonhypertro-
phic group (preoperative, 39.1; 6 months, 51.2; 12 months,
57.1; 24 months, 59.6; 36 months, 59.9; 48 months, 61.9) dur-
ing the course of the entire observation period (preoperative,
P =.728; 6 months, P = .830; 12 months, P = .393; 24 months,
P = .558; 36 months, P = .207; 48 months, P = .484).

T2-Weighted Relaxation Time

The T2-weighted relaxation times of all ACI grafts were
52.1 milliseconds after 3 months. In the course of the
study, we detected a significant reduction of T2-weighted
relaxation time by 36%—to 33.3 milliseconds—after 48
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Figure 2. Development of relative graft thickness in the
hypertrophic (top line) and nonhypertrophic (bottom line)
groups.

months (P = .000) compared with the T2-weighted relaxa-
tion time after 3 months (Table 4).

In a matched-pair analysis, we analyzed the T2-
weighted relaxation times of the hypertrophic grafts (n =
20) and the nonhypertrophic grafts (n = 21). No significant
difference (P > .05) between the hypertrophic and the non-
hypertrophic grafts was found after 6, 12, and 24 months
(Table 5).

After 36 months, a significant difference was found (P =
.03). However, this difference was not noticeable after 48
months. At the end of the follow-up, an absolute difference
of the T2-weighted relaxation time of 1.9 milliseconds was
found in the comparison of the two groups, without signif-
icant difference between the two groups (Figure 3). No cor-
relation was found regarding the T2-weighted relaxation
times and the grade of graft hypertrophy.

DISCUSSION

The most important finding of the present study was that
graft hypertrophy after third-generation ACI is a transient
phenomenon, as we noted equal T2-weighted relaxation
times compared with the nonhypertrophic ACI grafts
over the observation period of 4 years. Graft hypertrophy
can therefore be seen as an adjustment reaction after
third-generation ACI.
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TABLE 4
Overview of the T2-Weighted Relaxation Times of All ACI Grafts and the Healthy Surrounding Cartilage
Follow-up All ACI Grafts® All Healthy Surrounding Cartilage® P Value
3 months 52.1 £ 18.5 33.2 6.9 .018°
6 months 441 £ 13.0 31.8 = 4.8 .020°
12 months 37.1 £ 8.0 31.0 = 4.7 .098
24 months 33.6 £ 7.3 314 = 5.1 .163
36 months 36.4 = 10.6 29.9 £ 55 .825
48 months 33.3 = 8.2 31.6 = 3.3 .300
“Values expressed in milliseconds as mean *= SD. ACI, autologous chondrocyte implantation.
bAfter 12 months, no significant differences between the ACI grafts and the healthy surrounding cartilage were found.
TABLE 5
T2-Weighted Relaxation Times of the Autologous Chondrocyte Implantation Grafts
in the Hypertrophic and Nonhypertrophic Groups
Follow-up Hypertrophic Group® Nonhypertrophic Group® P Value
3 months 48.0 = 18.4 56.4 + 18.2 .666
6 months 45.6 = 16.3 42.5 = 8.6 .280
12 months 39.3 = 8.3 34.7 = 7.3 .850
24 months 34.8 £ 7.7 32.2 7.0 742
36 months 34.6 = 5.7 38.2 + 13.9 .03°
48 months 342 £ 74 32.3 £ 9.1 .693

“Values expressed in milliseconds as mean = SD.

bAfter 36 months, a significant difference was found (P = .03). However, this difference was not noticeable after 48 months.

60.0
* %k % * %k %
55.0
50.0
45.0
40.0 _
35.0
25.0
3 months 6 months 12 months 24 months 36 months 48 months

B All ACI Grafts B Hypertrophic = Nonhypertrophic Healthy Surrounding Cartilage

Figure 3. Development of T2-weighted relaxation times (ms) in all autologous chondrocyte implantation (ACI) grafts, in hypertro-
phic and nonhypertrophic groups. After 3 and 6 months, significantly different T2-weighted relaxation times were found compared
with the healthy surrounding cartilage (*P < .005). After 6 months, no significant differences were observed. No differences
between the hypertrophic and nonhypertrophic grafts were found after 3, 6, 12, 24, and 48 months. After 36 months, a difference

was observed with a temporary increase in the T2-weighted relaxation times of the nonhypertrophic group (line).

Graft hypertrophy after ACI is often observed in the
postoperative course and is seen as a potential cause of
postoperative pain, which can lead to an operative revision
surgery. In previous studies, no worse clinical results were
observed in patients with graft hypertrophy after third-
generation ACI.253* These results could be confirmed by
the findings of the present study. However, less knowledge

is available about the cartilage quality of the ACI grafts in
patients with graft hypertrophy. For the first time, we ana-
lyzed hypertrophic ACI grafts with T2-weighted relaxation
times in a 4-year observation.

In the present prospective study, a radiological evalua-
tion of the implanted, cell-seeded collagenous scaffolds
was carried out with standardized MRI examination in
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postoperative follow-up. For comparative reasons, all
patients were treated with the same third-generation
ACI product (Novocart 3D).

MRI examination after ACI is an established and suit-
able method for analyzing the healing of ACI grafts for car-
tilage regeneration.”'%2® The T2-weighted relaxation time
is a complex method for quantitative analysis of ACI carti-
lage maturation and has been used in previous stud-
ies. 222731 To jdentify patients with graft hypertrophy, we
measured the relative graft thickness according to the
method established by Kreuz et al.'®

For the assessment of hyaline articular cartilage, bio-
chemical MRI (eg, T2-weighted relaxation time) is a more
sensitive method for detecting chondral lesions than con-
ventional magnetic resonance tomography.® Determina-
tion of T2-weighted relaxation time and the use of
T2-weighted mapping are already regularly used in the
context of cartilage repair procedures.>%18:22.27

The incidence of graft hypertrophy in the present study
was 22%. Previous studies have found similar incidences of
graft hypertrophy. Zak et al®* found an incidence of 24%
after 6 months. In another study, the graft hypertrophy
incidence in patients with third-generation ACI was
27%.2* The incidence of graft hypertrophy in other studies
in the literature has ranged from 9% to 40%.%'73% All
observed graft hypertrophies occurred within 24 months
after the operation; 75% of the diagnosed graft hypertro-
phies occurred in the first year postoperatively.

Our detailed analysis of hypertrophic and nonhypertro-
phic patients shows that the hypertrophic patients had
a significant increase in graft thickness after 12 to 24
months. The nonhypertrophic grafts, however, showed no
additional growth between 12 and 24 months. After this
period, the relative graft thickness declined in the hyper-
trophic group.

In this study, a majority of cases of graft hypertrophy
were grades 1 and 2. Clinical results in the literature did
not show worse outcomes.?*3* A grade 3 graft hypertrophy
was observed in only 1 patient in the current study, and no
revision surgery was performed. No cases of grade 4 graft
hypertrophy were observed. In previous studies, more cases
with a higher grade of graft hypertrophy have been observed
with the use of a periosteal flap (Kreuz et al'®: grade 1,
20.7%; grade 2, 37.9%; grade 3, 24.1%; grade 4, 10.3%).

The causes for graft hypertrophy after ACI remain
unclear. Previously, osteochondritis dissecans and acute
trauma were seen as risk factors.®® Henderson et al'!
observed a possible influence of the defect size and graft
localization in first-generation ACI using a periosteal
flap. It was thought that the BMI, the patient’s age or
sex, the defect size, and the defect location (femoral con-
dyle/patella) were risk factors that could lead to the devel-
opment of graft hypertrophy in the postoperative course. In
the present study, we found no influence of the analyzed
parameters (BMI, age, sex, and defect size/localization)
on the occurrence of graft hypertrophy.

We suggest that the cause of graft hypertrophy after
third-generation ACI without periosteal flap seems to be
intrinsic. Li et al'® found that static compressive stress
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had a relevant influence on chondrocyte proliferation in
vitro, which possibly may influence graft hypertrophy after
cartilage repair procedures. The assumption that graft
hypertrophy is a temporary adaptation process might be
affirmed by the results of our study. At the end of the
observation period, we found a mild relative graft hyper-
trophy of 116% in the hypertrophic group without com-
plaints, which supports this assumption.

The T2-weighted values for healthy cartilage and carti-
lage transplants were measured postoperatively between
30 and 34 milliseconds for 24 to 48 months, parameters
which were described by Dunn et al® and Nissi et al.2*
One major finding of this study is that we did not find a sig-
nificant difference in the T2-weighted relaxation times
between hypertrophic and nonhypertrophic ACI grafts
over the course of the entire observation period. We found
no evidence for different amounts of collagen, a different
collagen fiber course, or increased water content in hyper-
trophic ACI grafts compared with nonhypertrophic ACI
grafts. Only once, after 36 months, was a temporary differ-
ence detected between the hypertrophic and the nonhyper-
trophic groups. The single, observed significant difference
of the T2-weighted relaxation time might have been caused
by the increased thickness of the hypertrophic group before
36 months with an intermediate content of water of the
hypertrophic grafts. After 36 months, no significant differ-
ences were observed, suggesting that the overwhelming
growth of the hypertrophic grafts had ended.

This observation coincides with the published results of
Niemeyer et al.2® In their case report, no significant differ-
ence could be found in the histological analysis of a hyper-
trophic ACI graft of a 49-year-old female patient. The
authors concluded that graft hypertrophy did not cause
histological changes with hypertrophic chondrocytes.

A defective collagen network, which can be assessed
with T2-weighted relaxation time, is an indicator of defec-
tive cartilage tissue.?® Increased T2-weighted relaxation
times for the ACI grafts were seen in general at the begin-
ning of the maturation process, about 6 months after the
ACI procedure. A completed maturation process can be
found by an adjustment of the T2-weighted relaxation
times between the ACI grafts and healthy surrounding
cartilage.

For both groups (hypertrophic and nonhypertrophic),
we showed an adjustment of the T2-weighted relaxation
times in the postoperative course with decreasing standard
deviation from 18 milliseconds after 3 months to 7 millisec-
onds after 48 months postoperatively. This corresponds to
a homogenization of the T2-weighted relaxation times in
the analyzed groups. This assumption is in agreement
with the findings of previous studies.??

Breinan et al® observed a proliferation of chondrocytes
in rabbits during the first 3 months after cartilage cell
implantation. A significant difference in T2-weighted
relaxation times between the ACI grafts and the healthy
surrounding cartilage was seen up to 6 months postopera-
tively in the current study. Through these findings, we
hypothesize that the maturation of the ACI grafts is not
completed before 12 months.
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One limitation of the study is the lack of histological
biopsy specimens of the ACI grafts. An additional histolog-
ical analysis would improve the results of this study. This
analysis could confirm the measurements of T2-weighted
relaxation time. Furthermore, it would be interesting to
get more information about the cartilage structure and
content of problematic ACI graft therapies, such as those
that entail graft hypertrophy or postoperative pain.

CONCLUSION

The analysis of T2-weighted relaxation times of all ACI
graft cartilage shows significant improvements during
the postoperative observation time of 4 years. The T2-
weighted relaxation times of the ACI grafts showed similar
values compared with normal hyaline cartilage after 12 to
24 months. Graft hypertrophy after matrix-based ACI was
seen in 22% of the patients. No differences in T2-weighted
relaxation times could be found between patients with or
without graft hypertrophy after ACI. Graft hypertrophy
seems to be an adjustment reaction that declined in the
postoperative course without operative intervention.
Hypertrophic ACI grafts show no worse cartilage quality
compared with regular ACI grafts.

ACKNOWLEDGMENT

The statistical evaluation was carried out under the direc-
tion of Dr. Dr. med. Alexander Crispin, MPH (research
assistant at the IBE of the Ludwig-Maximilians-University
of Munich). A modification of the software for reading the
Slic files and optimizing the segmentation was made by
Mr Lukas Havla (MSc, BiomEng, Josef-Lissner-Laboratory
for Biomedical Imaging, Institute of Clinical Radiology,
Klinikum der Ludwig-Maximilians-University of Munich).

REFERENCES

1. Bartlett W, Skinner JA, Gooding CR, et al. Autologous chondrocyte
implantation versus matrix-induced autologous chondrocyte implan-
tation for osteochondral defects of the knee: a prospective, rando-
mised study. J Bone Joint Surg Br. 2005;87(5):640-645.

2. Breinan HA, Martin SD, Hsu HP, Spector M. Healing of canine artic-
ular cartilage defects treated with microfracture, a type-ll collagen
matrix, or cultured autologous chondrocytes. J Orthop Res. 2000;
18(5):781-789.

3. Brittberg M. Autologous chondrocyte transplantation. Clin Orthop
Relat Res. 1999;367(suppl):S147-S155.

4. Brittberg M, Lindahl A, Nilsson A, Ohlsson C, Isaksson O, Peterson L.
Treatment of deep cartilage defects in the knee with autologous
chondrocyte transplantation. N Engl J Med. 1994;331(14):889-895.

5. Dunn TC, Lu Y, Jin H, Ries MD, Majumdar S. T2 relaxation time of
cartilage at MR imaging: comparison with severity of knee osteoar-
thritis. Radliology. 2004;232(2):592-598.

6. Friedrich KM, Shepard T, de Oliveira VS, et al. T2 measurements of
cartilage in osteoarthritis patients with meniscal tears. AUJR Am J
Roentgenol. 2009;193(5):W411-W415.

7. Gomoll AH, Ambra LF, Phan A, Mastrocola M, Shah N. Cell-seeded
autologous chondrocyte implantation: a simplified implantation

10.

11.

12.

18.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

The American Journal of Sports Medicine

technique that maintains high clinical outcomes. Am J Sports Med.
2017;45(5):1028-1036.

. Gomoll AH, Probst C, Farr J, Cole BJ, Minas T. Use of a type I/lll bila-

yer collagen membrane decreases reoperation rates for symptomatic
hypertrophy after autologous chondrocyte implantation. Am J Sports
Med. 2009;37(suppl 1):20S-23S.

. Hannila I, Nieminen MT, Rauvala E, Tervonen O, Ojala R. Patellar car-

tilage lesions: comparison of magnetic resonance imaging and T2
relaxation-time mapping. Acta Radiol. 2007;48(4):444-448.

Harris JD, Siston RA, Brophy RH, Lattermann C, Carey JL, Flanigan
DC. Failures, re-operations, and complications after autologous
chondrocyte implantation—a systematic review. Osteoarthritis Carti-
lage. 2011;19(7):779-791.

Henderson I, Gui J, Lavigne P. Autologous chondrocyte implantation:
natural history of postimplantation periosteal hypertrophy and effects
of repair-site debridement on outcome. Arthroscopy. 2006;22(12):
1318-1324 e1311.

Kon E, Gobbi A, Filardo G, Delcogliano M, Zaffagnini S, Marcacci M.
Arthroscopic second-generation autologous chondrocyte implanta-
tion compared with microfracture for chondral lesions of the knee:
prospective nonrandomized study at 5 years. Am J Sports Med.
2009;37(1):33-41.

K&nig L Groher M, Keil A, Glaser C, Reiser M, Navab N. Semi-auto-
matic segmentation of the patellar cartilage in MRI. Bildverarbeitung
fur die Medizin. 2007;17:404-408.

Kraeutler MJ, Belk JW, Purcell JM, McCarty EC. Microfracture versus
autologous chondrocyte implantation for articular cartilage lesions in
the knee: a systematic review of 5-year outcomes. Am J Sports Med.
2018;46(4):995-999.

Kreuz PC, Steinwachs M, Erggelet C, et al. Classification of graft
hypertrophy after autologous chondrocyte implantation of full-
thickness chondral defects in the knee. Osteoarthritis Cartilage.
2007;15(12):1339-1347.

Li KW, Falcovitz YH, Nagrampa JP, et al. Mechanical compression
modulates proliferation of transplanted chondrocytes. J Orthop
Res. 2000;18(3):374-382.

Micheli LJ, Browne JE, Erggelet C, et al. Autologous chondrocyte
implantation of the knee: multicenter experience and minimum 3-
year follow-up. Clin J Sport Med. 2001;11(4):223-228.

Mosher TJ, Dardzinski BJ. Cartilage MRI T2 relaxation time mapping:
overview and applications. Semin Musculoskelet Radiol. 2004;8(4):
355-368.

Niemeyer P, Pestka JM, Kreuz PC, et al. Characteristic complications
after autologous chondrocyte implantation for cartilage defects of the
knee joint. Am J Sports Med. 2008;36(11):2091-2099.

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 treat-
ment of a full-thickness-cartilage defect of the knee. Arch Orthop
Trauma Surg. 2015;135(6):819-830.

Niethammer TR, Pietschmann MF, Horng A, et al. Graft hypertrophy
of matrix-based autologous chondrocyte implantation: a two-year
follow-up study of NOVOCART 3D implantation in the knee. Knee
Surg Sports Traumatol Arthrosc. 2014;22(6):1329-1336.
Niethammer TR, Safi E, Ficklscherer A, et al. Graft maturation
of autologous chondrocyte implantation: magnetic resonance
investigation with T2 mapping. Am J Sports Med. 2014;42(9):2199-
2204.

Niethammer TR, Valentin S, Gulecyuz MF, et al. Bone marrow edema
in the knee and its influence on clinical outcome after matrix-based
autologous chondrocyte implantation: results after 3-year follow-
up. Am J Sports Med. 2015;43(5):1172-1179.

Nissi MJ, Toyras J, Laasanen MS, et al. Proteoglycan and collagen
sensitive MRI evaluation of normal and degenerated articular carti-
lage. J Orthop Res. 2004;22(3):557-564.

Peterson L, Minas T, Brittberg M, Nilsson A, Sjogren-Jansson E, Lin-
dahl A. Two- to 9-year outcome after autologous chondrocyte trans-
plantation of the knee. Clin Orthop Relat Res. 2000;374:212-234.



AJSM Vol. 46, No. 10, 2018

26.

27.

28.

29.

30.

31.

Pietschmann MF, Niethammer TR, Horng A, et al. The incidence and
clinical relevance of graft hypertrophy after matrix-based autologous
chondrocyte implantation. Am J Sports Med. 2012;40(1):68-74.
Salzmann GM, Erdle B, Porichis S, et al. Long-term T2 and qualitative
MRI morphology after first-generation knee autologous chondrocyte
implantation: cartilage ultrastructure is not correlated to clinical or
qualitative MRI outcome. Am J Sports Med. 2014;42(8):1832-1840.
Siebold R, Suezer F, Schmitt B, Trattnig S, Essig M. Good clinical
and MRI outcome after arthroscopic autologous chondrocyte
implantation for cartilage repair in the knee. Knee Surg Sports Trau-
matol Arthrosc. 2018;26(3):831-839.

Sourbron S Biffar A, Ingrisch M, Fierens Y, Luypaert R. PMI: platform
for research in medical imaging. Magn Reson Mater Phy. 2009;22(1):
539.

Steinmann J, Buer J, Pietschmann T, Steinmann E. Anti-infective
properties of Epigallocatechin-3-gallate (EGCG), a component of
green tea. Br J Pharmacol. 2013;168(5):1059-1073.

Tadenuma T, Uchio Y, Kumahashi N, et al. Delayed gadolinium-
enhanced MRI of cartilage and T2 mapping for evaluation of repara-
tive cartilage-like tissue after autologous chondrocyte implantation

Matched-Pair Analysis Using T2-Weighted Mapping

32.

33.

34.

35.

2421

associated with Atelocollagen-based scaffold in the knee. Skeletal
Radiol. 2016;45(10):1357-1363.

Trattnig S, Ba-Ssalamah A, Pinker K, Plank C, Vecsei V, Marlovits S.
Matrix-based autologous chondrocyte implantation for cartilage
repair: noninvasive monitoring by high-resolution magnetic reso-
nance imaging. Magn Reson Imaging. 2005;23(7):779-787.

Welsch GH, Mamisch TC, Marlovits S, et al. Quantitative T2 mapping
during follow-up after matrix-associated autologous chondrocyte
transplantation (MACT): full-thickness and zonal evaluation to visual-
ize the maturation of cartilage repair tissue. J Orthop Res. 2009;
27(7):957-963.

Zak L, Albrecht C, Wondrasch B, et al. Results 2 years after matrix-
associated autologous chondrocyte transplantation using the Novo-
cart 3D scaffold: an analysis of clinical and radiological data. Am J
Sports Med. 2014;42(7):1618-1627.

Zeifang F, Oberle D, Nierhoff C, Richter W, Moradi B, Schmitt H.
Autologous chondrocyte implantation using the original periosteum-
cover technique versus matrix-associated autologous chondrocyte
implantation: a randomized clinical trial. Am J Sports Med.
2010;38(5):924-933.

For reprints and permission queries, please visit SAGE’s Web site at http://www.sagepub.com/journalsPermissions.nav.



