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A b s t r a c t

Introduction: Third generation autologous chondrocyte implantation (ACI) 
is a suitable method for the treatment of cartilage defects in the knee joint. 
However, knowledge about the development of graft thickness and the clin-
ical relevance of incomplete defect filling in the postoperative course is low. 
This prospective study analyses the graft integration into the surrounding 
cartilage, with special consideration of the graft thickness.
Material and methods: A total of 71 consecutive patients with 79 cartilage 
defects were treated with third generation autologous chondrocyte implan-
tation (NOVOCART 3D) in the knee. Follow-up magnetic resonance imag-
ing (MRI) was performed at 0.25, 0.5, 1 and 2 years. Graft thickness was 
measured compared to the surrounding healthy cartilage. The International 
Knee Documentation Committee (IKDC) scoring system and the visual an-
alogue scale (VAS) were used for clinical evaluation. Cartilage defect filling 
was classified as the percentage of the surrounding cartilage.
Results: The average graft thickness showed a significant increase between 
3 and 6 months after autologous chondrocyte implantation. Incomplete 
defect filling occurred in 44 (55.7%) cases. Of these, 33 cases showed in-
complete defect filling grade I (> 75%), 10 cases were grade II (> 50%) and 
one case grade III (> 25%). Incomplete defect filling grade IV (< 25%) was 
not observed. Incomplete defect filling occurred significantly more often in 
women (p = 0.021), without worse clinical results.
Conclusions: Graft thickness after third generation autologous chondrocyte 
implantation shows increasing graft thickness over the period of 2 years 
postoperatively. A high rate of incomplete defect filling in the surrounding 
cartilage was observed, without worse clinical results.

Key words: autologous chondrocyte implantation, cartilage defect, 
incomplete defect filling.

Introduction

Autologous chondrocyte implantation (ACI) has become an estab-
lished method for treating isolated cartilage defects in the past decades 
[1–4]. Third generation autologous chondrocyte implantation is a further 
development of the first generation ACI as first described by Brittberg  
et al. in 1994 using a periosteal flap [1]. Third generation ACI has proved 
to be an efficient procedure especially for the treatment of large cartilage 
defects over 4 cm² as a cost effective procedure [5]. 
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However, incomplete defect filling in the sur-
rounding cartilage in the postoperative course 
after third generation ACI could be observed in 
clinical practice. It must be assumed that the used 
collagen-chondroitin sulfate based biphasic scaf-
fold (NOVOCART 3D) will be rebuilt and will col-
lapse in the following first postoperative weeks. 
Therefore, a lower graft thickness with incomplete 
defect filling would be expected. There have been 
no studies regarding the development of graft 
thickness in the following months after the oper-
ation. Therefore, it is unclear whether incomplete 
defect filling is responsible for pain and dysfunc-
tion after third generation ACI.

The aim of this study was to analyse the graft 
thickness in the 2-year postoperative course after 
third generation ACI and the clinical relevance of 
incomplete defect filling. The following hypothe-
ses were put forward: 
– �Graft thickness after third generation ACI in-

creases in the first 2 postoperative years; 
– �Incomplete defect filling leads to worse clinical 

results after third generation ACI in the 2-year 
postoperative course.
Individual factors that could favour the occur-

rence of incomplete defect filling were examined 
in this study for the first time. In addition, the 
International Knee Documentation Committee 
(IKDC) scoring system and the visual analogue 
scale (VAS) were assessed to determine whether 
there is any indication for surgical revision in cas-
es with worse clinical results.

Material and methods

With institutional review board approval from 
the ethical committee of the Ludwig Maximilian 
University (LMU) of Munich, 79 consecutive car-
tilage defects were treated with third generation 
ACI by multiple surgeons and were included in 
this study. The criteria for inclusion follow the 
recommendations of the German Working Group 
Tissue Regeneration [6]. The following exclusion 
criteria were applied: osteoarthritis of the knee, 
joint instability, arthritis, corresponding cartilage 
defects and more than two focal cartilage de-
fects. All treated cartilage defects were classified 
arthroscopically using the International Cartilage 
Repair Society (ICRS) classification of grades 3–4. 
All patients were treated with a  collagen-chon-
droitin sulfate based biphasic scaffold (Novocart 
3D, TETEC AG, Reutlingen, Germany). The scaf-
folds are bovine-derived, with a  firm and dense 
membrane and a spongy part of pores arranged 
in columns of a set size. All implants were fixed to 
the healthy surrounding cartilage with an absorb-
able Vicryl USP 5-0 suture (Ethicon Inc., Johnson 
& Johnson, Norderstedt, Germany). Fibrin glue 
was not used.

Postoperative rehabilitation was conducted 
according to the guidelines of the German Work-
ing Group on Tissue Regeneration [6]. Patients, 
who were treated with third generation ACI be-
cause of femoral cartilage defects, started with 
postoperative after-care on the second postop-
erative day with a  continuous passive motion 
(CPM) device. Weight bearing was limited to 20 
kg for a period of 6 weeks, while flexion was in-
creased quickly. If an ACI procedure was conduct-
ed because of patellar defects, the postoperative 
after-care was adapted and patients were fitted 
with a  knee brace with limited flexion of 30°  
for 2 to 3 weeks. Afterwards, flexion was gradual-
ly increased and full weight bearing was allowed 
with full extension.

In order to assess the clinical outcome, we 
used the “IKDC subjective knee evaluation form” 
[7] and the VAS for pain prior to surgery and at 6, 
12 and 24 months after the surgery. The symptom 
“pain” was divided into pain at rest and in motion.

Magnetic resonance imaging

The magnetic resonance examination was 
performed on a 1.5 Tesla unit (Magnetom Sona-
ta, Siemens Medical Solutions, Erlangen, Germa-
ny). A  commercially available circularly polarized 
1-channel knee coil was used. As described in the 
literature, the fast spin-echo (dual T2-FSE) and 
fat-saturated gradient echo (3D FS GE) images are 
particularly suitable for the assessment of carti-
lage. The study patients underwent a modified ex-
amination, which consisted of a proton-weighted 
fat-saturated T1-weighted sequence and a  fast-
low-angle shot sequence (FLASH) with selective 
water excitation. This is an established sequence 
for the measurement of articular cartilage in the 
knee joint [8–11].

Incomplete defect filling

Graft thickness was measured using the 
MagicView VB33a/MagicWeb 1000 software (Sie-
mens Medical Systems, Erlangen, Germany) for 
evaluation and measurement of DICOM (Digital 
Imaging and Communications in Medicine) data 
sets (Rosslyn, Virginia, USA). The measurement 
was done by two independent orthopaedic sur-
geons as described in the literature [10, 12]. Fem-
oral cartilage defects were assessed in sagittal 
planes. Patellar cartilage defects were measured 
on axial planes. The thickest area of the graft as 
well as the adjacent normal cartilage was mea-
sured in 3 regions (Figure 1). The standardized 
measurements of graft and healthy cartilage were 
conducted by determining the mean values of  
3 measurement points in the thickest region of 
the tissue. The ratio between the thickness of the 
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graft and the thickness of the healthy cartilage 
was determined.

The level of defect filling was analysed as the 
percentage of the surrounding cartilage. Classifi-
cation of incomplete defect filling was carried out 
on the basis of the ICRS classification system after 
0.25, 0.5, 1 and 2 years: grade I (> 75%), grade II  
(> 50%), grade III (> 25%), grade IV (< 25%).

Statistical analysis

The statistical analysis was performed using 
the statistical program SPSS (Statistical Package 
of Social Sciences, version 21, Chicago, IL, USA). 
The non-parametric Wilcoxon test for paired sam-
ples was used for identifying significant differenc-
es between pre- and postoperative and between 
specific postoperative dates. The non-parametric 
Mann-Whitney U-test for independent samples 
was used for comparisons between two groups at 
a  time. An intraclass correlation coefficient (ICC) 
analysis was performed to assess the intra-ob-
server reliability. Post hoc power analysis was done 
with G*Power version 3.1.6 [13]. For all calculations 
with an error probability less than 5% (p < 0.05), 
the result was considered significant. P-values  
< 0.01 were considered strongly significant.

Results

The mean surrounding healthy cartilage thick-
ness was 3.0 mm (standard deviation 0.53) with 
a  range within 2.3–4.4 mm. At the subsequent 
measurements after 0.25, 0.5, 1 and 2 years the 
cartilage thickness was constant between 3.1 and  
3.2 mm without significant changes. The mean fem-
oral cartilage thickness was 3.0 (SD 0.65) mm. The 
mean patellar cartilage thickness was 3.4 ±0.70 mm.

The graft thickness of the implanted cell 
seeded scaffolds was 2.8 mm before the opera-
tion. Three months after implantation, the mean 
graft thickness was still 2.8 mm. Subsequent to 
this measurement we could detect a  significant 
increase of graft thickness of 0.3 mm (+10.7%) 
between 3 and 6 months (Figure 2). Accordingly, 
there was a  consistent increase of the average 
graft thickness, without significant changes. Af-
ter 2 years, the ACI grafts reached their maximum 
thickness of 3.2 mm (Table I). In total, graft thick-
ness showed an increase of 0.44 mm (+15.7%) in 
the 2-year postoperative course.

Incomplete defect filling was detected in rela-
tion to the surrounding healthy cartilage. A total 
of 44 implants (55.7% of our patient population) 
showed an incomplete defect filling. Thirty-three 
patients (20.2% of the total implants) had a grade I  
incomplete defect filling. Ten (6.1%) implants 
showed grade II, and only 1 (0.6%) implant 
showed a  grade III incomplete defect filling. No 

patient showed incomplete defect filling grade IV. 
There was a high rate of incomplete defect filling 
in the first 6 months (Figure 3). Patients with an 
incomplete defect filling showed an early loss of 
graft thickness after 3 months. Accordingly, we 
could detect continuous growth during the ob-
servation period. This patient population showed 
a  late accommodation to the surrounding carti-
lage without a significant increase between 3 and 
6 months (Figure 4). Graft hypertrophy was seen 
in 25% (n = 20) of the study population.

Figure 1. Graft thickness was assessed in sagittal 
planes (femoral defect) and axial planes (patel-
lar defects). The thickest area of the graft (green) 
as well as the adjacent normal cartilage (orange) 
was measured in 3 regions. The ratio between the 
thickness of the graft and the thickness of the 
healthy cartilage was determined

	 0.25	 0.5	 1.0	 2.0

Time [years]

Figure 2. Graft thickness in the 2-year postoper-
ative course. The thickness of the implanted cell 
seeded scaffolds was 2.8 mm. Three months (0.25 
years) after implantation, the mean graft thickness 
was still 2.8 mm. We detected a significant increase 
of graft thickness of 0.3 mm (+10.7%) between 3 
and 6 months (“1”: 0.25–0.5 years, p = 0.001)
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Risk factors

Analysing the influence of risk factors for devel-
opment of incomplete defect filling, we detected 
42 (53.2% of the total patient population) femo-
ral defects and 37 (46.8%) cartilage defects of the 

retropatellar joint. The area of treated cartilage 
defects was on average 6.7 cm². We included 45 
(57.0%) men and 34 (43.0%) women with an aver-
age age of 34.1 (14–57) years and an average BMI 
of 25.6 (range 19–35.3; men 26.8, women 25.0) 
kg/m2 (Table II). Our findings did not show an in-
fluence of the localization and defect size of the 
treated cartilage defects. 

Incomplete defect filling was seen in both 
femoral and patellar cartilage defects without 
a  correlation with the defect size. Analysing the 
individual risk factors, we found the following. 
Gender seems to be a risk factor for development 
of incomplete defect filling. Incomplete defect fill-
ing occurred significantly more often in women. 
Incomplete defect filling was seen in 24 (70.6%) 
female cases and only 20 (44.4%) in male cases 
(Table II). This study did not show a  correlation 
between age or BMI and incomplete defect filling.

Clinical relevance

In a  more detailed analysis of the outcomes 
of our patient population, we analysed the graft 
thickness and the clinical relevance. No associa-
tion could be detected between the IKDC subjec-
tive score and VAS. Graft thickness does not cor-
relate with the clinical outcomes in the IKDC in the 
postoperative period. Also the incomplete defect 
filling showed no significantly worse result in the 
analysed clinical scores. Patients with incomplete 
defect filling showed comparable IKDC results in 
the observation follow-up period of 2 years after 
the operation. When analysing the influence of 
graft thickness on the VAS, there was also no as-
sociation (Table II). There was no need for revision 
surgery due to incomplete defect filling.

Discussion

The aim of this study was to analyse the graft 
thickness in the 2-year postoperative course after 
third generation ACI and the clinical relevance of 
incomplete defect filling. It was hypothesized that 
graft thickness increases in the early postopera-
tive course without worse clinical results in cases 
with incomplete defect filling.

The most important finding of the present study 
was that graft thickness increases in the 2-year 
postoperative course, with a  significant increase 

	 0.25	 0.5	 1.0	 2.0

Time [years]

Incomplete defect filling: 
 Grade I         Grade II         Grade III

Figure 3. There was a high rate of incomplete de-
fect filling in the first 6 months. Incomplete defect 
filling appeared over the whole assessment period 
with a declining trend. No patients showed incom-
plete defect filling grade IV
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Figure 4. Patients with an incomplete defect fill-
ing showed an early loss of graft thickness after  
3 months (0.25 years). Accordingly, we could detect 
continuous growth during the observation period. 
This patient population showed a  late accommoda-
tion to the surrounding cartilage without a significant 
increase between 3 and 6 months (0.25–0.5 years)
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Table I. After 2 years, the mb-ACI Implants reached their maximum thickness of 3.2 mm. In total, graft thickness 
showed an increase of 0.44 mm (+15.7%) in the 2-year postoperative course

Variable N (%) PreOP 0.25 years 0.5 years 1 year 2 years

All defects 79 2.8 2.8 (+0%) 3.1 (+10.7%) 3.2 (+3.2%) 3.2 (+0%)

Incomplete defect filling 44 2.8 2.6 (–7.1%) 2.9 (+11.5%) 3.1 (+6.9%) 3.2 (+3.2%)

Regular graft thickness 35 2.8 2.9 (+3.6%) 3.4 (+17.2%) 3.3 (–2.9%) 3.4 (+3.0%)
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between 3 and 6 months. Also there is a high rate 
of incomplete defect filling in the 2-year postoper-
ative course without clinical relevance. 

Seventy-nine cartilage defects were investi-
gated clinically and radiologically. This study is 
based on a standardized postoperative follow-up 
magnetic resonance imaging (MRI), which allows 
determination of ACI graft thickness in the 2-year 
postoperative course. The graft thickness as well 
as the adjacent healthy surrounding cartilage was 
measured in 3 regions as described in previous 
studies [10, 12]. In addition, the intra-observer 
reliability was assessed with intraclass correla-
tion coefficient (ICC) analysis of “substantial” to 
“almost perfect” intra-observer reliability (ICC: 
0.73–0.83). IKDC subjective score and VAS were 
used for clinical evaluation in the postoperative 
course after 0.5, 1 and 2 years. These are well-es-
tablished scores for clinical evaluation of cartilage 
repair procedures with high reliability [14] and 
have been used in several studies [15, 16].

In total, maximum graft thickness showed an 
increase of 0.44 mm (+15.7%) in the 2-year post-
operative course. The course of graft growth was 
not constant in the observation period. There 
was significant graft growth between 3 and  
6 months by 0.31 mm (+10.7%). This growth be-
tween 3 and 6 months represents 70.5% of the 
total graft growth in the whole 2-year observation 
period (Figure 5). In the subsequent periods we 
observed only a  small graft growth of 3.2% af-
ter 1 and 2 years. It appears that graft thickness 
reached a  plateau after 1–2 years. This may be 
an indication of maturation and adaption to the 
surrounding cartilage. In a previous study, it was 
demonstrated that graft hypertrophy emerges in 
the first postoperative year [10]. The increase of 

graft thickness may thus be seen as an adaptive 
response, with a high regenerative capacity espe-
cially during the first 6 postoperative months. This 
is in line with our results.

Therefore it remains questionable how graft 
thickness is connected with histological appear-
ance. Especially in cases with incomplete defect 
filling it must be assumed that cartilage matura-
tion and matrix synthesis are limited, which could 
be a  sign of cell death/apoptosis. Tins et al. ex-
amined in a previously study graft thickness after 
first generation ACI using a  periosteal patch. In 
this study graft thickness was correlated with the 
histological analysis. The authors could not detect 
a  correlation between graft thickness and histo-
logical appearance after 12 months [11].

Also, it is known that chondrogenesis is en-
hanced by cyclic deformation and load [17, 18]. 
The main increase of the graft thickness between 
3 and 6 months could therefore be explained by 
increasing weight-bearing in the first postopera-
tive months. 

In cases with incomplete defect filling a  late 
accommodation to the surrounding cartilage 
without a  significant increase between 3 and  
6 months could be found. In this study a high rate 
of incomplete defect filling was observed. Inter-
estingly, incomplete defect filling occurred at all 
times during the follow-up.

Cartilage thickness has been used in previous 
studies as a  parameter indicating joint damage 
and disease progression [19, 20]. Therefore, it 
could be expected that incomplete defect filling 
correlates with a  worse clinical outcome. In the 
present study we could not detect worse clinical 
results in the raised scores (IKDC and VAS) during 
the observation period.

Table II. Gender seems to be a risk factor for development of incomplete defect filling. Incomplete defect filling 
occurred significantly more often in women. There was no correlation of age, BMI defect size or localization with 
incomplete defect filling. Patients with incomplete defect filling did not have a significantly worse result in the 
IKDC subjective score or VAS after 0.5, 1 and 2 years

Parameter Incomplete defect filling Regular graft thickness P-value

Number of patients 44 35 NS

BMI, male/female (range) [kg/m2] 25.8 ±4.0 (19.6–34) 25.2 ±4.1 (19–35.3) NS

26.9/25.2 26.0/23.2 NS

Defect size (range) 5.5 ±2.9 (0.5–12) 6.4 ±2.5 (3.5–15) NS

Age (range) [years] 33.6 ±10.8 (14–49) 34.9 ±11.7 (15–57) NS

Sex – male/female 20/24 25/10 0.021

Localization – femoral/patellar 20/24 22/13 NS

IKDC – 6 months 52.2 ±18.6 (9.8–98.9) 51.8 ±21.8 (16.1–95.4) NS

IKDC – 12 months 59.6 ±19.6 (24.1–100) 58.3 ±21.5 (19.5–94.3) NS

IKDC – 24 months 62.8 ±22.2 (10.3–100) 61.4 ±23.1 (20.7–100) NS
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Figure 5. MRI follow-up after 3 months (A), 6 months (B), 1 year (C) and 2 years (D) of a 45-year-old woman with 
a treated cartilage defect an the left medial femoral condyle. Incomplete defect filling was observed after 3 and 
6 months (A–B). After 1 and 2 years (C–D) graft thickness increased with good integration into the surrounding 
healthy cartilage

A

C

B

D

Analysing the individual risk factors, women 
showed a significantly greater risk of developing 
incomplete defect filling in the 2-year observation 
period. Incomplete defect filling was observed in 

65% (n = 13) of the female cases. In a previous 
study, Kreuz et al. found that isokinetic muscle 
strength measures were significantly worse in 
women with worse clinical outcomes [21, 22].
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In our study, we could not detect a  worse 
clinical outcome in the examined IKDC and VAS 
scores. The clinical influence of gender after ACI is 
controversial. Kreuz et al. reported worse clinical 
results [22], which was confirmed by Jungmann  
et al. In our study we did not confirm these find-
ings in the clinical results. 

Ding et al. found that women have substantial-
ly higher knee cartilage loss than men per annum. 
These findings appear especially with increasing 
age over 40 years. A potentially decisive factor of 
gender differences in cartilage loss could be the 
effects of hormones. For example, androgens stim-
ulate human chondrocyte proliferation as well as 
collagen and proteoglycan synthesis [23]. In anoth-
er study, it was demonstrated that serum testoster-
one affects medial femoral cartilage volume [24]. 

Two limitations of the study are the lack of 
a  control group and the lack of a  histological 
analysis. Only the thickest area of the graft was 
measured. It would be interesting to obtain more 
information about the influence of gender on graft 
growth and maturation. In vivo biopsies were not 
performed for ethical reasons. Therefore it would 
be interesting to obtain more detailed information 
of MRI examinations for in vivo evaluation of graft 
maturation. Another acknowledged limitation of 
this study is the missing hormonal analysis, espe-
cially of older women. Potentially, there is a hor-
monal influence on graft thickness after ACI in the 
postoperative course. More clinical studies over 
a longer observation period are needed in order to 
answer these questions.

The high incidence of incomplete defect filling 
required a  detailed examination of the clinical 
relevance. Patients with incomplete defect filling 
showed a slow further graft increase at the sub-
sequent observed time points. Without significant 
growth between 3 and 6 months, this group of 
patients could be interpreted as late responders. 
Women are at especially high risk of developing 
incomplete defect filling as late responders. How-
ever, worse clinical results were not detected in 
this patient population. In a  case of incomplete 
defect filling, it should be clarified whether there 
is an adaptive response of the graft thickness in 
the postoperative course. In such cases, without 
partial deficiency of the graft cartilage surgical re-
visions should be avoided and other pathologies 
should be verified first.

In conclusion, the most important finding of 
this study is that third generation autologous 
chondrocyte implantation shows increasing graft 
thickness over the period of 2 years after the op-
eration, with a high rate of incomplete defect fill-
ing in the surrounding cartilage. Gender specific 
differences in graft thickness after third genera-
tion ACI were observed with a  higher incidence 

of incomplete defect filling. However, incomplete 
defect filling did not affect clinical outcomes after 
third generation ACI in the first 2 postoperative 
years.
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