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Kinematic biomechanical assessment of human

articular cartilage transplants in the knee

using 3-T MRI: an in vivo reproducibility study

Abstract The aims of this study were
to examine the clinical feasibility and
reproducibility of kinematic MR im-
aging with respect to changes in T2 in
the femoral condyle articular cartilage.
We used a flexible knee coil, which
allows acquisition of data in different
positions from 40° flexion to full
extension during MR examinations.
The reproducibility of T2 measure-
ments was evaluated for inter-rater
and inter-individual variability and
determined as a coefficient of varia-
tion (CV) for each volunteer and rater.
Three different volunteers were mea-
sured twice and regions of interest

(ROIs) were selected by three raters at
different time points. To prove the
clinical feasibility of this method, 20
subjects (10 patients and 10 age- and
sex-matched volunteers) were en-
rolled in the study. Inter-rater vari-
ability ranged from 2 to 9 and from 2
to 10% in the deep and superficial
zones, respectively. Mean inter-indi-
vidual variability was 7% for both
zones. Different T2 values were ob-
served in the superficial cartilage zone
of patients compared with volunteers.
Since repair tissue showed a different
behavior in the contact zone compared
with healthy cartilage, a possible
marker for improved evaluation of
repair tissue quality after matrix-
associated autologous chondrocyte
transplantation (MACT) may be
available and may allow biomechani-
cal assessment of cartilage transplants.
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Introduction

The articular cartilage supports weight-bearing mechanics
through its highly organized collagen architecture and
osmotic pressure via water flux [1]. After injury or in
diseased cartilage, normal function may be impaired.
Articular cartilage itself has limited capability for repair;
however, several surgical procedures have been developed

to treat cartilage defects [2]. The idea of using a patient’s
own chondrocytes for treatment of cartilage defects was
developed by Brittberg et al. in 1994 [3]. Autologous
chondrocyte implantation (ACI) has been recommended
for defects from 2 to 12 cm2. Briefly, the procedure
involves harvesting a specimen of articular cartilage from a
relatively low load-bearing area of the patient’s own joint
during an initial arthroscopy. The cells are then cultivated
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for several weeks to expand the chondrocyte population in
order to develop a suitable graft for implantation;
subsequently, the graft is inserted into the defect during a
second operation via a miniarthrotomy. Due to technical
difficulties associated with ACI, such as periosteal hyper-
trophy, delamination, and alteration of chondrocyte
phenotypes that lead to decreased ability to produce
proteoglycans and collagen type II, matrix-associated
autologous chondrocyte transplantation (MACT, Verigen
Transplantation Service, Copenhagen, Denmark) has been
developed [4]. MACT uses a carrier on which cells are
seeded and this carrier is trimmed into the cartilage defect,
which simplifies the second stage of classical ACI, since a
periosteal flap is no longer necessary. ACI and MACT lead
to a maturation of cartilage matrix over time, with the
development of an organized collagen architecture. Thus,
depending on the postoperative interval, variations in the
degree of collagen organization and water content in
cartilage repair tissue are seen, which result in altered
biomechanical properties compared with healthy native
cartilage.

Valuable information can be provided by clinical
scoring. Furthermore, histological evaluation from arthro-
scopic biopsies offers a gold standard for the assessment of
cartilage repair tissue. However, this process is invasive,
associated with potential morbidity, and has come to be
considered an ethically unacceptable way of following up
patients after cartilage repair surgery. On the other hand,
MRI is a noninvasive technique that can be used for the
morphological and biochemical assessment of articular
cartilage [5–7]. MRI studies have shown the significant
potential of dGEMRIC, T2 mapping, and diffusion-
weighted imaging for the quantitative assessment of
cartilage repair tissue [8–14]. dGEMRIC has been proven
to be a suitable method for the assessment of proteoglycan
(PG) content in healthy and repair cartilages and is widely
used in clinical practice [14–17]. T2 mapping has been
extensively studied under loading conditions, either
through the use of special compression devices ex vacuo
[18–21] or by exposing subjects to exercise and performing
consecutive in vivo measurements [22–24]. In general, T2
relaxation time mapping is indicative of the integrity and
arrangement of the collagen network [25, 26], and MRI has
been proven to be a sufficiently sensitive modality for
evaluating the status of the collagen network [2, 27–29].
Since T2 was shown in previous studies to be sensitive to
loading [30, 31], and T2 assessment was proved to be a
suitable marker for cartilage transplant evaluation in
clinical applications [32–34], quantitative T2 assessment
was chosen for our method.

Additional information on the compositional and func-
tional integrity of cartilage may be provided by evaluating
the diffusivity within the tissue [35]. Diffusion coefficients
have been previously investigated by MRI and have been
indicated as a possible marker of early degeneration in
articular cartilage [9, 35, 36].

During routine MRI examination of the knee joint,
patients are supine with a nearly fully extended knee. In
this position, there are only minimal joint reaction forces
across the knee as a result of resting muscle tone and so
only a fixed area of cartilage is exposed to a small amount
of load. If load is applied, as occurs with standing or
changing knee flexion, cartilage loading and contact area
change, and, as a consequence, water is ‘squeezed’ out of
the cartilage tissue to redistribute the load. Evaluation of
this behavior is vital to understanding the response of the
knee joint and cartilage repair tissue to load.

In our unit, we have a flexible knee coil that allows
acquisition of data throughout a continuous range of
movement from 0° to 40° within a conventional, closed 3-T
MRI scanner. This potentially allows us to assess articular
cartilage response to a range of knee movement, which is
clinically relevant to the normal gait cycle.

The aims of this study were: first, to examine the
clinical feasibility and reproducibility of kinematic MR
imaging, with respect to changes in T2 in the femoral
articular cartilage; and second, to assess variations in
articular cartilage properties in joint contact areas and
nonjoint contact areas in patients after MACT of the
femoral condyle, compared with healthy volunteers, as a
possible clinical marker for the overall status of transplant
maturation.

Materials and methods

MR measurements with a flexible knee coil

MR examinations were performed on a 3-T MR unit
(Magnetom Tim Trio, Siemens Erlangen, Germany) with a
gradient strength of 40 mT/m using a flexible eight-channel
(phased array) knee coil (Fig. 1), consisting of two separate
components with four channels on each side (Noras,
Germany). The MR examination was performed twice:
once with the knee joint in 40° flexion (the maximum
possible in a 60-cm magnet bore) and once with the knee
joint in full extension (0°). The T2 relaxation times were
obtained from T2 maps that were reconstructed using a
multi-echo, spin-echo technique with a repetition time (TR)
of 1650 ms. Six echo times (TE) were collected (12.9 ms,
25.8 ms, 38.7 ms, 51.6 ms, 65.5 ms, and 77.4 ms). Knees
were imaged in the sagittal plane and 10 slices in each
sequence were used. A 20.0 cm×20.0 cm FOV, 320×320
pixel matrix, a slice thickness of 1 mm, and an in-plane
resolution of 0.6 mm×0.6 mmwere used. From the acquired
data, a pixel-by-pixel basis fitting of signal intensities was
performed according to the function S TEð Þ ¼ S 0ð Þ �
e�TE=T2 , which describes transversal relaxation. Total scan
time for both knee positions was 11 min 50 s. Maps were
reconstructed using software incorporated in the clinical
scanner (Syngo, Siemens, Erlangen, Germany).
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Reproducibility of MR assessment

To evaluate the reproducibility of T2 measurements, the
patellofemoral joints of three different volunteers were
imaged in two positions (flexed and extended) twice at
different time points. Subsequently, the ROI selection was
performed separately within the same slices, at maximal
zoom, by three observers experienced in musculoskeletal
imaging (Fig. 2). Two sets of ROI were selected in each
volunteer: the first in the place where the contact area was
observed in extremity extension, and the second in the place
where the femoral and tibial cartilage are close to each other
during flexion but with no interaction. Analysis was
performed on a multimodal workstation (Leonardo, Siemens
Medical Solutions, Erlangen, Germany). Reproducibilities,
with regard to inter-rater and inter-individual variability, were
determined as a coefficient of variation (CV, %) for each
volunteer and rater, respectively, and averaged as a root mean
square (RMSA, %). Statistical evaluation of reproducibility
was performed using analysis of variance (ANOVA) in SPSS
version 15 (SPSS Institute, Chicago, IL, USA) for Windows
(Microsoft, Redmont, WA, USA).

Volunteer and patient studies

Twenty subjects, 10 patients and 10 age- and sex-matched
volunteers, were enrolled in the study. The mean ages of

the patients and volunteers were 28.0±6.5 and 28.4±3.6,
respectively. There were six males and four females in each
group. The MACT graft (mean size of 4 cm2) was on the
medial femoral condyle in six patients and on the lateral
femoral condyle in four patients. All patients and
volunteers provided written, informed consent to partici-
pate in the study, and ethical approval for the study was
granted by the Medical University of Vienna Ethics
Commission.

In patients, two regions of interest (ROIs) were defined
and localized by an experienced musculoskeletal radiolo-
gist on two consecutive slices, comprising the MACT graft
region. Each ROI was also separated into two equal zones
covering the superficial (first half of cartilage from the
surface down to deep tissue) and deep (second half) portion
of the cartilage layer. In the flexed position, the femoral
condyle MACT graft and tibial condyle showed no contact
area; however, with the knee in the extended position, a
broad contact area for the corresponding femoral and tibial
cartilage layers could be seen. In volunteers, identical ROIs
were positioned over the femoral cartilage layer in regions
corresponding to the ROIs of the age- and sex-matched
controls with MACT grafts in both the flexed and extended
positions. To allow for the different measurements within
each patient, an analysis of variance, using a three-way
ANOVA with random factors, was performed using SPSS
version 15 (SPSS Inc., Chicago, USA). Values were
considered to be statistically significantly different at p<
0.05.

Results

Reproducibility of quantitative T2 assessment

With regard to qualitative T2 measurements, the coefficient
of variance (CV%) in volunteers ranged from 3 to 15 and 2
to 13 in the deep and superficial zones, respectively;
RMSA was 7% for both zones. The CV (%) of inter-rater
variability ranged from 2 to 9 and 2 to 10 in the deep and
superficial zones, respectively; RMSAwas 7% in the deep
zone and 6% in superficial zone.

Volunteer study

Zonal ROI differentiation in the volunteer group’s cartilage
showed features characteristic of healthy cartilage, i.e., an
increasing trend of T2 values from the deep to the
superficial cartilage zone [11, 12]. In the noncontact
regions (flexed positions of the knee joint), T2 values
increased significantly (p<0.05) from the deep zone (T2=
41.88±13.07 ms) to superficial zone (T2=55.17±
19.95 ms). Within contact areas (extended knee position),
the T2 values also increased from the deep zone (T2=44.25±
10.94ms) to the superficial zone (T2=55.91±11.05ms). This

Fig. 1 Flexible eight-channel knee coil used for knee imaging in
different flexion positions: a complete extension (0°); b maximal
flexion allowed in scanner bore (40°) 181×195 mm (300×300 DPI)
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difference was also statistically significant (p<0.05). The
difference in mean T2 values between contact (50.03±
10.84 ms) and noncontact (48.53±16.29 ms) areas was
1.56 ms and was not significant (p>0.05).

Patient study

When considering patients with MACT grafts, the T2
values in noncontact areas were significantly higher in the
superficial zone, 56.67±12.45 ms, compared with the deep
zone, 48.61±16.63 ms, p<0.05. In the contact areas a
slight, but nonsignificant, decrease in T2 was observed
from the superficial to deep zones, 48.41±9.2 ms and
46.29±12.44 ms, respectively. The comparison of the deep
zone in contact and noncontact areas showed no significant
difference, but, in the superficial zone, T2 values were
significantly higher in the noncontact regions compared
with the contact regions, 56.67±12.44 ms and 48.41±
9.32 ms, respectively. When considering the entire
thickness of articular cartilage, mean T2 values were
52.64±14.03 ms in noncontact areas, but were 47.32±
10.40 ms in contact areas; however, this increase was not

statistically significant (p=0.061). An example of T2 maps
of a patient in different flexion positions is depicted in
Fig. 3.

Discussion

The biomechanical properties of repair tissue are different
from native articular cartilage due to variations in collagen
organization and type, glycosaminoglycan content, and
distribution and water content. MRI plays an important
role, not only in the diagnosis of chondral lesions, but also
in planning the appropriate surgical procedure and in the
evaluation of such treatment [37, 38]. MRI has significant
potential for the objective evaluation of the morphological
properties of transplants, such as filling of the defect,
integration into adjacent normal cartilage and bone, as well
as the surface, structure, and signal intensity of repair tissue
[7, 39–41]. Another advantage is the ability to noninva-
sively monitor the maturation of transplant tissue in terms
of biochemical and ultrastructural development [42–44].

We found that T2 values vary in both native cartilage and
cartilage repair tissue due to joint reactive forces that occur

Fig. 2 T2 map of volunteer in
40° flexion. Multi-echo spin-
echo sequence; TR 1650 ms;
matrix size 320×320 pixels;
FOV 20.0 cm×20.0 cm; TE
12.9 ms, 25.8 ms, 38.7 ms,
51.6 ms, 65.5 ms, and 77.4 ms.
Original T2 map is on the left;
maximal zoom used for ROI
selection is on the right. 186×
87 mm (300×300 DPI)

Fig. 3 Color-coded T2 maps of
patient with MACT are de-
picted; multi-echo spin-echo;
TE 12.9 ms, 25.8 ms, 38.7 ms,
51.6 ms, 65.5 ms, and 77.4 ms
sequence; TR 1650 ms; matrix
size 320×320 pixels; FOV
20.0 cm×20.0 cm. a 40° knee
joint flexion, b full extension;
arrows indicate the borders of
MACT site. 279×121 mm
(300×300 DPI)
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in contact areas when the knee is examined in flexion and
extension, even without weight bearing on the joint.
Comparison of contact and noncontact area T2 values
showed statistically significant decreases in T2 from
superficial noncontact areas to superficial contact areas.

One of the significant advances achieved in this study
was the implementation of a flexible knee coil combined
with our custom-made, MR-compatible joint positioning
device. This allowed us to perform scans with the knee in a
variety of positions. Most importantly, the degree of flexion
could be accurately set and, if required, the device could be
positioned at any angle throughout its full range of motion.
Measurements were reproducible, with inter-rater variance
<7% and inter-individual variance of 7%.

Niitsu et al. highlighted the importance of being able to
examine the knee in a flexed position, albeit for evaluation
of the anterior cruciate as opposed to articular cartilage.
However, these authors were limited by the achievable
joint position using a standard knee coil. The joint position
was approximately 30°, but this was not accurately and
reproducibly measured [45]. The device used in our study
allows the joint position to be smoothly set anywhere in the
range from full extension to 45°, within a conventional
closed MRI scanner. Beyond this degree of flexion, the
limiting factor becomes the diameter of the scanner bore. In
other studies where the aim was to image the knee in flexed
position, only general-purpose surface coils have been used
[46, 47].

In our study, the joint contact areas were exposed to joint
reactive forces caused by resting muscle tone. While the
level of loading is much lower than that which occurs in
standing, walking, running, and jumping, etc., we feel that
these results provide an initial insight into the articular
cartilage response to varying load and joint positions and
that the response to increased load is likely to follow a
broadly similar pattern but with a greater magnitude.

The biochemical behavior of cartilage tissue during
loading has been widely tested in many in vitro studies, in
both animal [18, 48] and human [21, 49] models. In a
number of these studies, specialized MR-compatible
compression devices were used [21, 24, 50]; however,
these devices were relatively primitive, difficult to use,
unsuitable for in vivo use, or required an open MRI
scanner. Subsequent in vivo studies verified the results
from in vitro studies. Mosher et al. found a statistically

significant decrease in T2 of the superficial 40% of weight-
bearing femoral cartilage after exercise [22]. This supports
the hypothesis that cartilage compression results in greater
anisotropy of superficial collagen fibers. When normal
cartilage is compressed, cartilage water is the major
weight-bearing pathway, carrying more than 90% of the
load [51]. During compression, there is movement of water
through the solid matrix and exudation of fluid from the
cartilage surface [52]. Lusse and colleagues have demon-
strated a linear relationship between inverse water content
and transverse relaxation rates, supporting fast exchange
between bound and unbound cartilage water [53]. MACT
shows maturation of its matrix over time, with develop-
ment of an organized collagen structure; thus, a different
tissue response in native and transplant tissue to static
loading occurs. Proteoglycan content could also be related
to observed changes in transversal relaxation time. Reggate
and coworkers found no significant change in cartilage T2
after enzymatic degradation of cartilage proteoglycans in
the uncompressed state; however, when proteoglycan-
depleted cartilage was placed under compression, there
was a statistically significant decrease in T2 compared with
normal cartilage [18]. Therefore, a T2 decrease can
potentially detect differences in transplant tissue, depending
on the degree of maturation, compared with native cartilage.

One limitation of our study may be the restriction of
maximal flexion, which is related to scanner bore diameter.
Flexion in larger angles could provide additional information
for patient assessment after MACT, but most commercially
available scanners do not allow flexion of more than 40°.

The presented findings indicate the clinical feasibility and
reproducibility of kinematic biochemical MR imaging, as the
results show significant changes in T2 in zones of cartilage
contact areas. A decrease of T2 values in the cartilage contact
zones may reflect efflux of water content or change of
collagen fiber orientation produced by the position-dependent
contact of two cartilage layers alone. Since repair tissue
shows a different behavior in the contact zone compared with
healthy cartilage, a possible marker for improved evaluation
of the repair tissue quality after MACT may be available and
will allow biomechanical assessment of cartilage transplants.
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