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Abstract
Purpose The aim of this study was to assess the stability of
the glycosaminoglycan (GAG) content in the long term after
matrix-associated autologous chondrocyte transplantation
(MACT) with Hyalograft C in the knee over a follow-up
period of one year.
Methods In this cross-sectional evaluation, 11 patients after
MACT of the knee consented to delayed gadolinium-
enhanced magnetic resonance imaging of cartilage
(dGEMRIC) measurements. The mean post-operative inter-
val before the first MR examination was 40.6±22.0 months,
and the second MR examination was carried out after an-
other 12 months. The Lysholm score was assessed for clin-
ical evaluation. Quantitative T1 measurements after
intravenous negatively charged MR contrast agent adminis-
tration were performed. Global post-contrast T1 of the ref-
erence cartilage and the repair tissue and a relative post-
contrast T1 value were calculated.
Results The Lysholm score improved significantly from
59.8±12.9 at baseline to 86.1±15.7 at the second visit (p<
0.01). The mean global T1 of the repair tissue (1st visit
581.3±126.4 ms; 2nd visit 684.1±169.9 ms; p00.104) and
the mean relative T1 value showed stable results over
one year (1st visit 0.81±0.28; 2nd visit 0.76±0.32; p00.4).
Conclusions The study demonstrated stable glycosamino-
glycan content of the repair tissue after MACT at midterm.

Introduction

The treatment of deep cartilage defects remains a complex
and demanding field in orthopaedic surgery. There is a wide
variety of different surgical techniques for the treatment of
singular defects available; however, despite partly encour-
aging results, we still lack a strategy to restore full joint
function in the long term. Cell-based techniques originating
from autologous chondrocyte implantation (ACI) technique
introduced by Brittberg et al. [1] still have the best potential
to introduce repair tissue (RT) into the defect in sufficient
quality to withstand joint loading in the long term in order to
relieve symptoms and, above all, to significantly delay the
onset of osteoarthritis (OA) [2].

Among others, matrix-associated ACT (MACT) with a
hyaluronan matrix (Hyalograft C) has been widely applied
and the technique shows good midterm results [3, 4]. In a
study by Marcacci et al., 71.4 % of patients reported that
they had unlimited joint function in everyday activities
three years after surgery and 76 % stated that they had no
pain [5]. Several studies demonstrated that the major ad-
verse events associated with the periosteal flap in the orig-
inal ACI technique such as hypertrophy (2.4–20 %) and
adhesions (4.8–19.6 %) have been significantly reduced in
MACT [5, 6].

In addition to ligament stability and orthograde joint axis,
the long-term clinical outcome will depend on RT quality.
Glycosaminoglycans (GAG) are the main source of fixed
charge density (FCD) in articular cartilage, which are
thought to be the first component of the extracellular matrix
to be lost in early cartilage degeneration. Several studies
have demonstrated that cases with hyaline cartilage, regard-
less of the respective technique that is used to introduce the
RT, will have a lower probability of failure than cases with
fibrous RT [7–10]. Knutsen et al. suggested that good two-
year results can predict good outcome at the five-year follow-
up [8, 11]. Nehrer et al. reported a more fibrous composition in
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failed cartilage repair before 18 months [10]. Therefore, it is
of interest to assess the GAG content, since it seems that a
stable GAG content has a positive predictive value for the
future clinical outcome.

Histological evaluation after cartilage repair remains the
gold standard to evaluate cartilage repair techniques; how-
ever, it is restricted by its invasiveness. Quantitative mag-
netic resonance (MR) mapping techniques have become a
valid alternative to histology for cartilage repair monitoring
[12, 13]. In particular, delayed gadolinium-enhanced mag-
netic resonance imaging of cartilage (dGEMRIC) allows
one to assess the GAG content both of cartilage and RT.
Briefly, the technique is based on the principle that cartilage
GAG confers a negative FCD to the cartilage matrix; neg-
atively charged contrast agent (gadolinium diethylenetri-
amine pentaacetate anion, Gd-DTPA2−) will therefore
accumulate in areas with lower GAG content after adminis-
tration. This specific mechanism can be quantified by MR
T1 mapping and has been shown to be feasible for the
assessment of cartilage RT GAG content [14–17]. The ma-
jor advantage of quantitative MR mapping is that it allows
one to directly compare different case series in terms of RT
quality, provided that the MR protocols are adequate.
dGEMRIC is still the most commonly used technique to
evaluate cartilage RT GAG content. In a study by Trattnig et
al., the authors demonstrated a maturation of the graft over
time in 15 patients after MACT in the knee [16].

With the availability of dGEMRIC in clinics, we aimed to
obtain additional data on the RT quality after Hyalograft C.
The specific aim of this study was to determine if the GAG
content was constant over a follow-up period of one year in
patients two to four years after surgery.

Methods

Patient population

Out of a case series of 53 patients treated with Hyalograft C
between 2001 and 2006 [4], 11 cases consented to undergo
repeated dGEMRIC measurements for this cross-sectional
evaluation. The surgical technique and post-operative reha-
bilitation protocol have been reported on in detail [4, 18].

Briefly, surgery took place in two steps. First, arthrosco-
py was performed to harvest chondrocytes from a non-
weight-bearing area and to measure the exact defect size.
After this procedure, the harvested material was stored in a
sterile transport medium and shipped to the laboratory,
where the chondrocytes were expanded in culture and the
MACT implant was prepared. In the second operation the
autograft was implanted through an arthrotomy.

After surgery, all patients underwent rehabilitation to
restore function while protecting the RT. Immediately after

the surgery, all patients wore a brace. On the next day, con-
tinuous passive motion from 0 to 30° of flexion was started
and continued until full flexion was possible after four weeks.
Crutch-assisted non-weight-bearing ambulation was ordered
for six weeks. During weeks seven to 12 patients walked with
touch-down weight-bearing until full weight-bearing was
achieved. Afterwards, rehabilitation was not monitored. Mod-
erate exercise such as cycling and swimming was started three
to six months after surgery, but sports with stop-and-go activ-
ity and jumping were prohibited for the first year.

Regarding the specific study group, four patients were
female (36.4 %) and seven male (63.6 %); the average age
(± standard deviation) was 31.8±10.3 years, the body mass
index (BMI) was 24.5±3.7 kg/m2 and the average lesion
size was 4.0±1.9 cm2. The defect was located on the medial
femoral condyle (MFC) in ten and on the lateral femoral
condyle (LFC) in one case. All defects were classified as
Outerbridge grade III or IV [19]. The modality of the onset
of symptoms was gradual (n05), osteochondritis dissecans
(n04), trauma (n01) and not otherwise specified trauma
(n01). There were eight patients (72.7 %) who had surgical
procedures before MACT surgery: anterior cruciate liga-
ment reconstruction (n03), partial meniscectomy (n02),
subchondral drilling (n02), microfracturing (n02), spongio-
saplasty (n01) and corrective osteotomy (n01).

The minimum post-operative interval before the first MR
examination was 12 months (mean 40.6±22.0 months). The
second MR examination was carried out after a further
12 months.

Clinical examination

For clinical examination the Lysholm score was evaluated
[20]. The Lysholm score was assessed before surgery and at
both MR visits. The main focus of this score is on instabil-
ity, pain, locking, swelling, possibility of stair climbing,
limping, need for a walker and if a crouch is possible.

MR technique

The recommendations given by Burstein et al. [14] were
followed: after an intravenous bolus injection of 0.2 mmol
gadolinium per kilogram body weight, 20 minutes of exer-
cise was carried out and the interval until the MR measure-
ment was 90 minutes. The images were obtained in the
sagittal plane with a 3 T MR unit (Magnetom TIM Trio,
Siemens, Erlangen, Germany) using an eight-channel
(phased array) flexible multipurpose coil (Noras, Würzburg,
Germany). For quantitative T1 mapping a dual flip angle (24
and 4°) 3D gradient echo (GRE) sequence, volumetric in-
terpolated breath-hold examination (VIBE) with a repetition
time (TR) of 50 ms, an echo time (TE) of 3.6 ms, a field of
view (FOV) of 183×200 and a matrix size of 317×384 mm
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was used, resulting in a resolution in plane of 0.6×0.5 mm
with a slice thickness of 1 mm. The slab had 36 slices with
20 % distance factor. The bandwidth was 130 Hz/pixel, and
the scan time was six minutes 53 seconds [16, 21].

In all patients, three contiguous slices were assessed to
cover the majority of the graft (two contiguous slices at
small grafts) and were taken for further analyses. The slab
was positioned in a way that the graft was in the middle of
the slab [17]. The regions of interest (ROI) for assessment of
T1 relaxation time values were manually drawn to cover the
region of cartilage RT and in an area of morphologically
intact reference cartilage (RC) of the femoral condyle. At
the repair site the whole cartilage layer was covered; how-
ever, care was taken not to include subchondral bone or joint
fluid (Fig. 1). Quantitative T1 measurements were per-
formed for all examinations.

According to the report of Trattnig et al., only T1 after
contrast administration was considered for the evaluation of
the RT [16]. The global T1 both of the reference (T1RC) and of
the repair site (T1 RT) was calculated under consideration of all
ROIs. A relative T1 value (rT1) was then calculated to account
for individual differences in cartilage GAG and for differences
in contrast agent (CA) dynamics: rT10T1 RT/T1 RC. In
contrast to the relativeΔR1 [22], rT1 needs no pre-contrast T1.

Statistical analyses

The statistical analyses were carried out with SPSS 17.0
(SPSS Inc., Chicago, IL, USA) and Microsoft Excel (Micro-
soft, Redmond, WA, USA). Paired Student’s t tests were
used to test for the differences between RC and RT and
between rT1 at the different MR examinations. The level
of significance was p<0.05.

Results

The mean baseline preoperative Lysholm score was 59.8±
12.9. It improved at the first visit to 83.3±13.03 points and

was 86.1±15.7 points at the second visit. The differences
were statistically significant (visit 1 p<0.01; visit 2 p<0.01)
in comparison to the preoperative Lysholm score. The mean
values and the results for every patient are shown in Table 1.

The global post-contrast T1 of the RC was significantly
higher than the global post-contrast T1 of the RT at both
time points. As seen in Table 2, the mean T1 of the RC at the
first visit was 778.2±231.3 ms and the T1 of the RT at the
first visit was 581.3±126.4 ms. The difference was statisti-
cally significant (p<0.05). When compared at the second
visit, the mean T1 of the RC was 959.8±216.4 ms and the
T1 of the RT was 684.1±169.9 ms (Fig. 2). The difference
was again statistically significant (p00.01). The mean val-
ues of the RT showed no statistically significant difference
between the first and the second visit when tested with the
paired t test (p00.104).

The mean relative T1 value at the first visit was 0.81±
0.28, whereas on the second visit it was 0.76±0.32. The
results were stable over one year; the difference was not
statistically significant (p00.4).

Discussion

The aim of this study was to further evaluate the GAG
content of the RT after Hyalograft C, which has been shown
in several studies to yield good midterm results: In the study
described by Nehrer et al. [4] with a follow-up period up to
seven years, all clinical scores improved significantly
[Lysholm score, objective International Knee Documenta-
tion Committee (IKDC) knee form, subjective IKDC knee
form, modified Cincinnati score]. In another study with a
seven year follow-up period by Filardo et al. [3], all clinical
scores [subjective and objective IKDC knee form, Tegner
score, EuroQol visual analogue scale (EQ VAS)] improved
significantly again. Marcacci et al. [5] demonstrated in a
study on 192 patients treated with Hyalograft C that 71.4 %
of the patients reported they could do everything or nearly
everything with their joint (at a mean follow-up of

Fig. 1 a Sagittal T1-weighted
image of a 25-year-old male
patient. The borders of the im-
plant are marked with the
arrows. b Corresponding
colour-coded contrast-enhanced
T1 map
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38 months) compared to 4.3 % prior to surgery. In a study
by Gobbi et al. [6], where 32 patients with patellofemoral
full-thickness chondral defects were treated with Hyalograft
C, a clinical improvement was found in 90.7 % of the
patients after a follow-up of 24 months. All authors con-
cluded that Hyalograft C provides good clinical improve-
ment in healthy young patients with singular defects. The
cases included in this study were comparable to the other
Hyalograft C case series in terms of the clinical outcome and
the clinical baseline data: Lysholm score improved signifi-
cantly from a preoperative score of 59.8±12.9 up to 86.1±
15.7 at the second assessment.

dGEMRIC has proven its feasibility to assess the carti-
lage GAG content in several studies [14, 15, 17]. The
dGEMRIC technique used in this study had already been
applied in previous studies [16, 21]. In a study on 30
patients after MACT, with a mean follow-up of 19.61±
8.81 months, Trattnig et al. [16] found a mean T1 RT of
427±159 ms and a mean T1 RC of 636±189 ms. Multanen
et al. depicted that dGEMRIC imaging is a reliable instru-
ment for cartilage assessment with a day-to-day reproduc-
ibility of 7 % for full-thickness ROIs [23]. Our study
demonstrated comparable RT with relatively high GAG
contents (T1 RT 684.1 ±169.9 ms, T1 RC 959.8 ±
216.4 ms, mean follow-up 52.8±21.7 months). Further-
more, rT1 showed stable GAG content in the RT over a

follow-up period of one year. The study demonstrated a
wide range of rT1 values from 0.36 to 1.51 resulting from
a wide range of T1 values in both RC and transplanted
cartilage, coinciding with former dGEMRIC analyses of
Hyalograft C transplants [13, 17]. Further long-term studies
have to show whether rT1 values will remain stable.

The results substantiate the notion that the technique
produces RTwith relatively high GAG content, but also that
there is a wide range of tissue quality, as seen in other
cartilage repair techniques [11]. Knutsen et al. [8] reported
that ACI samples tended to have more hyaline repair carti-
lage then microfracture (MFX) samples; however, this was
not statistically significant. In a later study with the same
study population, Knutsen et al. [11] demonstrated that after
a follow-up period of five years none of the patients with the
best-quality cartilage (predominantly hyaline-like) had a
treatment failure. Therefore, the histological results after
two years [8] demonstrated a positive predictive value for
the results after five years [11]. Also Saris et al. [9, 24]
stated that ACI results in superior structural repair compared
with MFX, which was statistically significant. It is further
worth noting, regardless of the respective technique that is
used to introduce the RT, that cases with hyaline-like RT
will have a better outcome than cases with fibrous RT [7–9].

In light of these findings we believe it is of substantial
interest to evaluate if the RT after a particular cartilage repair
technique has a high GAG content, and if the quality of the
RT is stable over time. The outcome after MFX has been
reported to deteriorate after 18 months, and it seems that the

Table 1 Single case data for the Lysholm score and rT1 values

Patient no. Lysholm Lysholm Lysholm rT1 rT1
Pre-op Visit 1 Visit 2 Visit 1 Visit 2

1 80 80 90 1.28 1.51

2 45 100 100 0.36 0.59

3 50 81 76 0.93 0.85

4 61 87 94 0.52 0.45

5 66 74 95 0.97 0.70

6 69 90 92 0.97 0.55

7 56 62 43 0.85 0.53

8 37 71 82 1.03 1.12

9 69 100 91 0.72 0.78

10 53 72 90 0.88 0.76

11 72 99 94 0.44 0.50

Mean 59.8 83.3 86.1 0.81 0.76

± SD 12.9 13.03 15.7 0.28 0.32

Table 2 Mean global T1 of the repair tissue and the reference cartilage

T1 RC T1 RT T1 RC T1 RT
Visit 1 Visit 1 Visit 2 Visit2

Mean 778.2 581.3 959.8 684.1

± SD 231.3 126.4 216.4 169.9

Tissue Type

First VisitFirst VisitSecond VisitFirst Visit

T
1 
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Fig. 2 Box plot showing T1 values for RC and RT at the first and
second visits
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period between 18 and 36 months is decisive for the mid-
and long-term outcome [8, 11, 25]. Therefore, it was our aim
to demonstrate constant GAG values after MACT over this
period of time.

We are aware of the limitations of this study regarding the
small number of cases, the lack of a histological control and
possible selection bias; however, we think it is worthwhile
to add these data to the existing knowledge on Hyalograft C.

In accordance with the clinical outcome, Hyalograft C
yielded RT with a relatively high GAG content that was
stable over time at midterm. Further follow-up will be
required to determine if there is a predictive value of dGEM-
RIC for the long-term outcome.
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