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Abstract
Objective To elucidate the quality of tissue-engineered carti-
lage after an autologous chondrocyte implantation (ACI) tech-
nique with Atelocollagen gel as a scaffold in the knee in the
short- to midterm postoperatively, we assessed delayed
gadolinium-enhanced magnetic resonance imaging (MRI) of
cartilage (dGEMRIC) and T2 mapping and clarified the rela-
tionship between T1 and T2 values and clinical results.
Materials and Methods In this cross-sectional study, T1 and
T2 mapping were performed on 11 knees of 8 patients (mean
age at ACI, 37.2 years) with a 3.0-T MRI scanner. T1implant
and T2implant values were compared with those of the control
cartilage region (T1control and T2control). Lysholm scores were
also assessed for clinical evaluation. The relationships be-
tween the T1 and T2 values and the clinical Lysholm score
were also assessed.
Results There were no significant differences in the T1 values
between the T1implant (386.64 ± 101.78 ms) and T1control
(375.82 ± 62.89 ms) at the final follow-up. The implants
showed significantly longer T2 values compared to the control
cartilage (53.83 ± 13.89 vs. 38.21 ± 4.43 ms). The postopera-
tive Lysholm scores were significantly higher than the

preoperative scores. A significant correlation was observed
between T1implant and clinical outcomes, but not between
T2implant and clinical outcomes.
Conclusion Third-generation ACI implants might have ob-
tained an almost equivalent glycosaminoglycan concentration
compared to the normal cartilage, but they had lower collagen
density at least 3 years after transplantation. The T1implant

value, but not the T2 value, might be a predictor of clinical
outcome after ACI.

Keyword Cartilage injury . Autologous chondrocyte
implantation (ACI) . dGEMRIC . T2map

Introduction

Articular cartilage is histologically characterized by a lack of
blood vessels and an inability of chondrocytes to migrate
through the extracellular matrix. Therefore, articular cartilage
has poor regenerative ability and is unable to repair itself.
Many attempts have been made to treat articular cartilage
injury, but treatment that can completely regenerate hyaline
cartilage has not yet been established. Surgical methods to
treat cartilage injuries include bone marrow stimulation using
microfracture [1–3], autologous osteochondral transplantation
(AOT) [4–6], mosaicplasty [7, 8], and autologous chondro-
cyte implantation (ACI) [9, 10]. Bone marrow stimulation can
be performed arthroscopically; however, because the repaired
tissue is not hyaline cartilage, but actually fibrocartilage,
which deteriorates with time, its durability is short-lived, as
has been shown in long-term clinical trials. Also, the indica-
tion for bone marrow stimulation can be limited by age, dura-
tion from onset, cartilage defect size, body mass index, and
preoperative activities [2, 3]. Although AOT can repair the
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defect with hyaline cartilage tissue, it is limited by the size of
the donor site [7].

ACI was developed by Brittberg et al. [9] in 1994 and is a
promising method to repair defects; expanded chondrocytes
harvested from a non-weight-bearing area are cultured in a
monolayer culture system and injected. This cell-based meth-
od is representative of first-generation, conventional ACI and
has shown excellent clinical results; however, some adverse
events related to ACI have been reported [10]. This method
has raised concerns about re-expression of the chondrocyte
phenotype of the monolayer-cultured fibroblastic cells after
transplantation, uneven distribution of cells in the defect,
and leakage of the chondrocyte suspension [11]. To resolve
these problems, we developed tissue-engineered cartilage, i.e.,
the third-generation matrix-associated ACI, in which cultured
cells are embedded in Atelocollagen gel and cartilage-like
tissue is produced ex vivo [11]. Our method preserves the
phenotype of the cultured chondrocytes and enables even dis-
tribution of cells in the transplanted tissue [12, 13]. It also has
a lower risk of chondrocytes leakage from the grafted site [13].
It produced good clinical outcomes in early and mid-term
postoperative evaluations [11, 14, 15].

Arthroscopy enables macroscopic examination and mea-
surement of stiffness at the transplantation site [11, 16], and
tissue biopsy enables qualitative evaluation of tissue.
However, these methods are invasive and difficult to perform
repeatedly over time. On the other hand, MRI is useful in
evaluations because of its non-invasiveness compared with
arthroscopy; however, it is difficult for conventional MRI to
evaluate the quality of the cartilage and ACI implants.

In recent years, delayed gadolinium-enhanced MRI
for cartilage (dGEMRIC) [17–20] and T2 mapping
[20–23] have been introduced as diagnostic imaging
methods that are less invasive and can yield more qual-
itative information about cartilage compared with con-
ventional MRI. The dGEMRIC T1 value reflects the
amount of glycosaminoglycan (GAG) in the cartilage
tissue [17, 19, 20, 24]. On the other hand, T2 mapping
is an imaging method that reflects proton movements in
the tissue and is affected by the density of collagen
fibers and free water content in the cartilage [22–24].
The cartilage tissue transplanted using the method of
Brittberg et al. (i.e. first-generation ACI) has already
been validated by dGEMRIC and T2 mapping, and the
qualitative characteristics of such cartilage tissue have
been clarified [24]. However, to date, there has been
no report of third-generation matrix-associated ACI with
a scaffold of Atelocollagen gel evaluated by dGEMRIC
and T2 mapping at 3.0-T MRI.

The purpose of this cross-sectional study was to elucidate
the quality of tissue-engineered cartilage by third-generation
matrix-associated ACI using dGEMRIC and T2 mapping in
the short- to midterm postoperatively.

Materials and methods

Patients

The subjects were 8 patients (11 knees) who felt pain, a
catching sensation, and swelling and were diagnosed with
full-thickness cartilage injury on a loadbearing site of the
femoral condyle or on the patellar facet (Outerbridge
grade IV) of the knee who could undergo follow-up for
more than 3 years. The Outerbridge classification is a
grading system for chondral and osteochondral injuries
of the knee by arthroscopy, (grade 0: normal cartilage;
grade I: cartilage with softening and swelling; grade II: a
partial-thickness defect with fissures on the surface that do
not reach subchondral bone or exceed 1.5 cm in diameter;
grade III: fissuring to the level of subchondral bone in an
area with a diameter more than 1.5 cm; grade IV, exposed
subchondral bone) [25]. Table 1 shows demographic data,
including the transplantation site and size, and the number
of isolated chondrocytes for all subjects. The average
follow-up period after surgery was 5.9 years. Between
1998 and 2005, these patients (3 males and 5 females)
underwent a third-generation ACI [mean (± SD) age at
ACI, 37.2 ± 12.5 years; age range, 15–52 years]. The
mean size of the lesion was 370 mm2 (range, 70–
1440 mm2). The causes of osteochondral defects were
trauma (8 knees), localized osteoarthritis (2 knees), and
osteochondritis dissecans (1 knee). Subjects had under-
gone ACI transplantation to the medial condyle of the
femur (n = 7) and patella (n = 4). The mean time between
surgery and evaluation was 5 years and 11 months (range,
3–10 years). The study was approved by the Institutional
Committee on Ethics of Shimane University School of
Medicine (#362), and informed consent was obtained
from all participants included in the study.

Transplantation of tissue-engineered cartilage

The ACI procedure described by Ochi et al. [11] was per-
formed. Briefly, under general or spinal anesthesia, approxi-
mately 300 mg of carti lage tissue was harvested
arthroscopically from the non-weight-bearing areas of the
knee with the articular cartilage injury. The cartilage tissue
was subjected to enzymatic digestion, the extracellular matrix
was removed, and the chondrocytes were isolated [11]. These
chondrocytes were embedded in a three-dimensional culture
using Atelocollagen gel (Koken Atelocollagen Implant,
Koken Co., Ltd., Tokyo, Japan) for 4 weeks. Transplantation
surgery was performed according to the method of Brittberg
et al. [9]. The cultured chondrocytes embedded in
Atelocollagen were transplanted into a cartilage defect be-
neath a periosteal patch (Fig. 1).
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Equipment and imaging

Imaging was performed on a 3.0-TMRI scanner (SignaHDxT
3.0 T, GE Healthcare, Milwaukee, WI, USA) equipped with a
knee array coil at a time point more than 3 years after ACI.
Imaging was performed in the coronal plane if the transplan-
tation site was the femorotibial joint and in the transverse
plane if the transplantation site was the patellofemoral joint.
The imaging protocol was based on the method of Burstein
et al. [18]. First, proton-density-weighted imaging was per-
formed for morphological assessments. The resulting images
were used to determine the slice positions, and T2 mapping
was performed. Next, 0.2 mmol/l/kg of Gd-DOTA (gadoterate
meglumine) (Magnescope® intravenous injection 38 %

Syringe, Guerbet Japan KK, Tokyo, Japan) contrast agent
was administered. The subjects performed walking exercise
on a treadmill at 3 km/h for 10 min. T1 mapping was per-
formed 120 min after intravenous injection, and the same slice
positions were used for the T2 mapping.

The T1 and T2 values were obtained by measuring a
3-mm2 region of interest (ROI) in the center of the
transplantation site of the cultured chondrocytes and
the adjacent non-injured cartilage by a senior radiologist
who has more than 15 years of experience in the ortho-
pedic field and has specialized in reading orthopedic
images. For image analysis, a DT1 map was used for
the T1 map, and Cartigram was used for the T2 map
(both from GE Healthcare).

1
2

3

periosteum patch

Fig. 1 ACI technique with
Atelocollagen gel as a scaffold:
the hyaline cartilage cells were
gathered from a non-weight-
bearing area (1). The cells were
embedded in Atelocollagen gel
and cultured for 4 weeks (2). The
cultured tissue was transplanted to
the cartilage lesion and covered
with the periosteum (3)

Table 1 Demographic data in 11 knees treated with ACI

Case
no.

Gender Age at
ACI

Causes Transplantation
region

Size
(mm2)

Isolated
chondrocytes
(104)

Combined
surgery

Postoperative
interval
(years)

1 F 37 Trauma Lt. patella 525 58 3y2m

2 F 52 Localized OA* Lt. MFC** 1440 69 4y

3 F 49 Trauma Rt. patella 180 182 3y4m

4 F 37 Trauma Lt. patella 525 58 4y2m

5 F 47 Trauma Rt. patella 180 182 4y

6 F 52 Localized OA Lt. MFC 1440 69 5y6m

7 M 15 OCD*** Rt. MFC 180 250 6y1m

8 F 19 Trauma Lt. MFC 378 120 ACL* * * * 6y

9 F 36 Trauma Lt. MFC 70 130 ACL 10y

10 F 35 Trauma Rt. MFC 225 66 10y4m

11 M 30 Trauma Rt. MFC 110 120 ACL 8y 9 m

Av. 37.2 477.5 118.5 5.9y

SD 12.5 499.8 63.6 2.6y

*OA osteoarthritis, **MFC medial femoral condyle, ***OCD osteochondritis dissecans, ****ACL anterior cruciate ligament
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T1 and T2 values for pre-transplanted tissue

Atelocollagen gel and cultured, tissue-engineered cartilage
were imaged to determine the T1 and T2 values for
pretransplanted tissue. Imaging was performed on
Atelocollagen gel alone (Fig. 2a) and on tissue-engineered
cartilage after 4 weeks of culture (immediately before trans-
plantation); the chondrocytes (n = 1.0 × 106) were derived
from another patient (a 76-year-old female) with knee osteo-
arthritis who had received a total knee arthroplasty (Fig. 2b)
for this study. Each sample was immersed in a 0.2 mmol/l
solution of Gd-DOTA contrast agent for 24 h and then im-
aged. The imaging conditions and T1 and T2 measurement
method were the same as previously described.

Clinical evaluation

The Lysholm score [26], used for the clinical assessment of
knee function, was calculated before surgery and at the same
time as MR imaging. The Lysholm score is a clinical outcome
measure of knee injuries that contains eight domains: limp,
locking, pain, stair-climbing, support, instability, swelling,
and squatting; a score of 0 to 100 is calculated, which was
divided into four categories: 95 to 100 indicates an excellent
result; 84 to 94 indicates a good result; 65 to 83 indicates a fair
result; less than 65 indicates a poor result.

Statistical analysis

The Wilcoxon test was performed to compare pre- and post-
operative Lysholm scores and to compare T1 and T2 values
between the transplanted tissue (implant) and peripheral healthy
cartilage (control). Spearman’s rank order correlation was used
to evaluate the correlation between clinical outcome (Lysholm
score) and T1 and T2. The significance level was set at P ≤
0.05. Statistical computer software (IBM SPSS 16, IBM
Japan, Ltd., Tokyo, Japan) was used to perform all statistical
analyses.

Results

Image analysis findings

The mean transplanted tissue T1 value after contrast enhance-
ment (T1implant) was 386.64 ± 101.78 ms, and for the adjacent
non-injured cartilage (T1control) it was 375.82 ± 62.89 ms
(Fig. 3a and Table 2). There was no statistically significant
difference between the T1implant and the T1control (P = 0.424).
The mean T2implant value was 53.83 ± 13.89 ms for the
transplanted tissue, and for T2control it was 38.21 ± 4.43 ms
for the adjacent non-injured cartilage, indicating a significant-
ly higher value for T2implant (P = 0.008) (Fig. 3b and Table 2).
By contrast, the mean T1 and T2 values were 2434 ms and
409 ms, respectively, for the center of the Atelocollagen gel
without chondrocytes. These values decreased to 1439ms and
269 ms, respectively, in the implant (chondrocytes embedded
in the Atelocollagen gel) cultured for 4 weeks.

Clinical findings

Preoperatively, there were no excellent cases, two good cases,
five fair cases, and four poor cases based on the Lysholm
score. Postoperatively, there were five excellent, three good,
one fair, and one poor case. Clinical scores showed that
symptom-free and almost normal function were achieved for
all except two cases. One patient (no. 3) showed a low post-
operative score for the categories of pain and climbing stairs
because of weakness of the femoral quadriceps. The other
patient (no. 11) experienced re-injury by trauma 7 years after
the ACI transplantation. Overall, the mean Lysholm score was
71.3 ± 13.8 points preoperatively and 86.7 ± 17.1 points post-
operatively. There was a significant improvement in the mean
Lysholm score after the ACI (P = 0.050).

Relationships among the T1, T2 values and postoperative
Lysholm scores

There was a significant correlation between the T1implant and
clinical outcomes (r = 0.823, P = 0.002) (Fig. 4a). There was a
no significant correlation between the T2implant and clinical
outcomes (r = −0.128, P = 0.707) (Fig. 4b).

Discussion

In this study, mean postoperative T1 (dGEMRIC) values for
the ACI implant at 3.0 T, at least 3 years after implantation,
were not significantly different from those in the adjacent non-
injured cartilage, whereas T2 mapping of the implant showed
a significantly higher mean value than did the adjacent non-
injured cartilage. The T1 and T2 values for both the
Atelocollagen gel without chondrocytes and the implant

a b
Fig. 2 Atelocollagen gel without chondrocytes (a) and implant
(chondrocytes embedded in an Atelocollagen gel) cultured for 4 weeks (b)
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cultured for 4 weeks differed greatly from those of cartilage
tissue obtained from the subjects. To the best of our knowl-
edge, this is the first study to reveal the relationship between
the dGEMRIC data at 3.0-T MRI and clinical outcomes after
third-generation matrix-associated ACI in the short- to mid-
term postoperatively.

This study demonstrated a significant correlation between
the T1 values and Lysholm score after ACI at short- to mid-
term. Neuman reported that dGEMRIC values for the medial
condyle were correlated with the KOOS subgroup QOL after
ACL injury at 1.5-T MRI [27]. Furthermore, Årøen showed
that dGEMRIC readings in the focal cartilage lesions of the
femoral condyle correlated with the KOOS pain score at 1.5-T
MRI [28]. These reports were consistent with our results that
dGEMRIC might be a predictive factor for mid-term clinical
outcome.

In the dGEMRIC, our study showed that there was no
significant difference in the T1 value between the
transplanted, tissue-engineered cartilage and the adjacent
non-injured cartilage for an average 5.9 years after surgery
(range, 3–10 years after ACI surgery). Based on this finding,
it is speculated that the ACI site might contain similar amounts
of GAG as the adjacent area for more than 3 years after third-

generation matrix-associated ACI. Watanabe et al. [24] eval-
uated subjects with a mean age of 22.3 years and on average
1.5 years after first-generation ACI surgery at 1.5-T MRI. The
mean T1 value of the transplantation site was significantly
lower than that of the unaffected area, and the GAG concen-
tration from biopsy specimens was also significantly lower.
On the other hand, Brix reported a significant decrease in
the T1 value at the grafted site after second-generation
matrix-associated ACI (HyalograftⓇ) compared to the
reference site over a follow-up period of 1 year at
3.0-T MRI at midterm [29].

In the T2 mapping, our study showed a significantly higher
T2 value for transplanted, tissue-engineered cartilage com-
pared with that of the adjacent non-injured cartilage. This
result suggested that the collagen fiber density in the trans-
plantation site might be lower than that of the surrounding
cartilage after at least 3 years after third-generation matrix-
associated ACI. Salzman reported that the cartilage ultrastruc-
ture of first-generation knee ACI was not correlated with clin-
ical or T2 values at 1.5-T MRI [30]. However, he showed a
correlation between the Lysholm score and T2 values in the
repair tissue after second-generation knee ACI at 1.5-T MRI
[31]. Further studies are necessary to determine whether the

Table 2 Image analysis findings
and clinical outcomes in 11 knees
treated with ACI

Case no. T1 implant
(ms)

T1 control
(ms)

T2 implant
(ms)

T2 control
(ms)

Lysholm score

Case no. Post-op.

1 428.00 428.32 40.06 32.18 56 91

2 316.80 312.20 56.42 38.73 56 95

3 222.70 305.66 73.31 34.11 77 65

4 479.80 329.50 36.30 37.80 56 91

5 340.70 371.90 31.50 35.00 77 90

6 386.48 366.13 57.42 38.54 56 95

7 498.96 487.54 57.79 40.65 90 100

8 489.10 389.20 50.30 40.20 82 100

9 374.70 324.33 53.22 39.46 91 87

10 489.10 346.50 60.50 48.70 77 96

11 226.68 472.75 75.30 34.92 66 44

Av. 386.64 375.82 53.83 38.21 71.3 86.7

SD 101.78 62.89 13.89 4.43 13.8 17.1

a b

Fig. 3 T1 (dGEMRIC) and T2
mapping. Case 9. Postoperative
interval = 10 years. The T1 (a)
and T2 (b) values of implanted
tissue were 374.70 ms and
53.22 ms, respectively. The
Lysholm score was 87 points. The
white circles are the regions of
interest (ROIs)
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inconsistency between our results and other works on
dGEMRIC and T2 mapping is due to differences in subjects,
time from surgery until evaluation, MRI Tesla, or differences
between the monolayer culture method and the three-
dimensional culture method used in the current study.

There have been no reference T1 and T2 values for
transplanted cartilage tissue, especially Atelocollagen gel, be-
cause no published values are available from past reports. The
T1 and T2 values for the Atelocollagen gel alone differed from
those of the cartilage. As chondrocytes embedded in the
Atelocollagen gel proliferated, the values of the resulting car-
tilage tissue approached those of healthy cartilage tissue.
These findings suggest that the values might be reduced over
time, but after implantation, they may approach the values of
healthy cartilage tissue.

Limitations

First, our study had a cross-sectional design and was unable to
elucidate the changes in T1 and T2 values over time or the
effects of age. Because a contrast agent is used in dGEMRIC,
there was a risk of drug allergy. In addition, the study could not
be conducted in patients with a renal disorder. The imaging time
is longer than that of conventional MRI, and the cost is higher.
Second, accurate evaluation is difficult if the cartilage is too thin
because of the performance limit of the equipment. Third, the
age range was wide, and the follow-up periods varied, although
all were more than 3 years. Lastly, biopsy was not performed,
so a comparison could not be made between the results of a
histological evaluation and the results of imaging.

Conclusion

Our study suggested that the third-generation matrix-associat-
ed ACI implants might have obtained an almost equivalent
GAG concentration compared to healthy cartilage, but with

a lower collagen density, at least 3 years after transplantation.
T1 values, but not T2 values, might be predictors of poor
clinical outcome after ACI. This study was useful in its pro-
vision of a less invasive, quantitative method to evaluate
transplanted tissue or other treatments in cartilage repair com-
pared with an invasive biopsy.
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