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Abstract

Purpose To determine in vivo biomechanical properties
of articular cartilage and cartilage repair tissue of the
patella, using biochemical MRI by means of quantitative
T2 mapping.

Methods Twenty MR scans were achieved at 3T MRI,
using a new 8-channel multi-function coil allowing con-
trolled bending of the knee. Multi-echo spin-echo T2
mapping was prepared in healthy volunteers and in age-
and sex-matched patients after matrix-associated autolo-
gous chondrocyte transplantation (MACT) of the patella.
MRI was performed at 0° and 45° of flexion of the knee
after 0 min and after 1 h. A semi-automatic region-of-
interest analysis was performed for the whole patella car-
tilage. To allow stratification with regard to the anatomical
(collagen) structure, further subregional analysis was car-
ried out (deep—middle—superficial cartilage layer). Statis-
tical analysis of variance was performed.
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Results  During 0° flexion (decompression), full-thickness
T2 values showed no significant difference between vol-
unteers (43 ms) and patients (41 ms). Stratification was
more pronounced for healthy cartilage compared to carti-
lage repair tissue. During 45° flexion (compression), full-
thickness T2 values within volunteers were significantly
increased (54 ms) compared to patients (44 ms)
(p < 0.001). Again, stratification was more pronounced in
volunteers compared to patients. The volunteer group
showed no significant increase in T2 values measured in
straight position and in bended position. There was no
significant difference between the 0- and the 60-min MRI
examination. T2 values in the patient group increased
between the 0- and the 60-min examination. However, the
increase was only significant in the superior cartilage layer
of the straight position (p = 0.021).

Conclusion During compression (at 45° flexion), healthy
patellar cartilage showed a significant increase in T2-val-
ues, indicating adaptations of water content and collagen
fibril orientation to mechanical load. This could not be
observed within the patella cartilage after cartilage repair
(MACT) of the patella, most obvious due to a lack of
biomechanical adjustment.

Level of evidence 1II.

Keywords Cartilage repair - MRI - T2 mapping -
Patellofemoral joint - Biomechanical MRI

Introduction

Human articular cartilage contributes to the physiological
function of joints. Articular cartilage lesions are a common
pathology, particularly in the knee (joint). The spontaneous
repair capacity of hyaline cartilage is limited. In general,
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there is no complete regeneration of hyaline cartilage, but
rather the development of repair tissue with potentially
inferior properties compared to hyaline cartilage [16].
Consequently, there is a higher risk of developing osteo-
arthritis (OA) in the injured joint [10]. The ability to detect
this usually progressive pathology of the joint at an early
stage is important for therapy planning. In addition, a high-
quality follow-up visualization is important after cartilage
repair procedures. The advantage of MRI is the opportunity
to assess and evaluate cartilage non-invasively. In contrast
to arthroscopic biopsies, MRI does not have the associated
surgical morbidity [32].

Thus, non-invasive conventional magnetic resonance
imaging is the method of choice for the evaluation of
articular cartilage in the knee. It has also been shown to be
sensitive for the detection of morphologic changes in car-
tilage repair zones [1, 24, 30]. In addition to the morpho-
logical aspects, an assessment of the biochemical
characteristics of cartilage is possible with MRI [7, 18, 20].
The biomechanical properties of cartilage have their origin
in the composition of the extracellular matrix, which con-
tains about 75 % water, about 20 % collagen, and about
5 % proteoglycan aggregates [23].

Cartilage can be divided into different layers according
to the orientation of collagen within a three-dimensional
network. The superficial zone is characterized by flattened
chondrocytes, low quantities of proteoglycan, and high
quantities of collagen fibrils. Those fibrils are arranged
parallel to the articular surface. In the middle zone, the
chondrocytes are round and embedded in a random
arrangement of the collagen fibres. The proteoglycan
quantity is high. The deep zone shows a characteristic low
cell density, thick collagen fibrils perpendicular to the
bone, and columns of chondrocytes. The layer under the
deep zone is partly mineralized and connects cartilage and
subchondral bone [11].

One of the most important treatment options in cartilage
repair is matrix-associated autologous chondrocyte trans-
plantation (MACT) [18, 19]. It has been shown in 12- and
24-month follow-up arthroscopic evaluations after MACT
that the repair tissue can be described as hyaline or “hya-
line-like” [8].

Nevertheless, in the clinical follow-up, MACT of the
patella shows inferior results compared to the femoral
condyles [4, 5]. One reason for the less favourable results
of cartilage repair in the patellofemoral joint are differ-
ences in contact pressure due to movement, where flexion
of the knee increases the pressure and the patellofemoral
force [12].

The aim of this study was to determine the in vivo
biomechanical/biochemical properties of articular cartilage
and cartilage repair tissue of the patella using kinematic

quantitative MR imaging. Our study design was based on
the hypothesis that cartilage after MACT should ideally
have the same biochemical and biomechanical properties
as hyaline cartilage. Differences in cartilage contact areas
reflected by changes in T2 in the patella cartilage in
patients after MACT of the patella were compared to those
parameters in healthy volunteers (as a possible clinical
marker of the overall status of transplant maturation).

T2 mapping after MACT could become a clinically
relevant parameter for the prognosis of clinical outcomes
after cartilage transplantation and hence could give early
information about transplant maturation or failure.

Materials and methods

Inclusion criteria for the volunteer group were no history of
severe trauma of the knee or surgery of the lower
extremity. For inclusion into the study, the patients also
had to have a single, symptomatic, full-thickness cartilage
defect treated with MACT. MACT is a two-step surgical
approach for the treatment of middle to large full-thickness
cartilage defects using a hyaluronan-based scaffold (Hy-
alograft®C, Fidia Advanced Biopolymers, Abano Terme,
Italy). The defects were located on the patella. Exclusion
criterion for the patient group was a defect size at the time
of MACT surgery <4 cm?, as one aim of this study was to
include patients with a large area of possibly altered car-
tilage in the patella.

Both the volunteer and the patient group consisted of
five subjects each. The mean age of the volunteers was
24.8 £ 2.2, all are males; the patients’ mean age was
34.3 £ 4.2 years, with four males and one female. Exclu-
sion criterion for both groups was a BMI >30 kg/m”.

Twenty magnetic resonance scans were performed on a
3T whole-body system (Trio, Siemens Healthcare, Erlan-
gen, Germany). An eight-channel multi-function coil
(NORAS, Wiirzburg, Germany) was used in order to allow
controlled bending of the knee.

Two examinations were performed in each of the five
patients and each of the five volunteers, as follows:

Multi-echo spin-echo T2 was obtained at 0° and 45° of
flexion on two consecutive days in healthy volunteers and
patients after matrix-associated autologous chondrocyte
transplantation of the patella.

On one day, the first T2 scanning/measurement series
was performed after O min with a flexion of 0°. The second
measurement on day one, with the knee straight, began
after 60 min.

The other day started similarly with a series of T2
measurements while the knee was flexed to 45° and mea-
sured after 0 and after 60 min.
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The approximately 1-h measurement session was per-
formed at the same time of the day and after a comparable
amount of activity before the measurements.

The patients and volunteers had to stand and walk before
the examination. Two of five patients and volunteers,
respectively, began the scanning with the knee straight, and
half of each group began with the flexed position and
switched to the other position the following day in order to
avoid a bias because of the order of measurements.

The extended knee (flexion of 0°) was seen as the model
of full decompression of the patellofemoral cartilage.
Flexion of the knee to 45° simulated the application of
pressure to the patellar cartilage.

With each examination, the quantitative T2 measure-
ments were performed at O and after 60 min to assess the
unloading during MRI. Studies that have reported using
this approach show that unloading is a sensitive measure-
ment for cartilage alteration based on the biomechanical
status [2, 17].

Magnetic resonance imaging

The protocol for both groups was identical. For T2 relax-
ation, an axial multi-echo gradient echo was obtained. The
repetition time (TR) was set as 2.060 s. The echo times
(TE) were 16.4, 32.8, 49.2, 65.6, 82.0, and 96.4 ms. Field
of view (FOV) was 180 x 200 mm, with a 320 x 288
matrix size. A bandwidth (BW) of 130 Hz/pixel was used,
and the slice thickness was 1 mm. The flip angle was 180°.
The total acquisition time was 6:43 min.

To assess the morphological condition of the patella, the
image protocol consisted of the following parameters for a
morphological 3D-DESS sequence:

TR was 15.1 ms, and echo time (TE) was 5.11 ms. A
flip angle (FA) of 25° was used. The field of view (FOV)
was 150 x 150 mm, and the matrix size was 250 x 250.
The voxel size was 0.6 x 0.6 x 0.6 mm, with a total scan
time of 5:39 min.

With respect to the main magnetic field, for the extended
knee (0°), the orientation of the MR slices (slab) was about
90° (relative to the magnetic field), whereas for the image
acquisition of the 45° bent knee, the slab was near a pos-
sible magic angle of about 55° (relative to the main mag-
netic field), with respect to the quantitative T2 mapping
examination (see Fig. 1).

Image analysis

T2 maps were obtained in-line by a pixel-wise, monoex-
ponential, non-negative least squares (NNLS) fit analysis
using the built-in Maplt software (Siemens Medical Solu-
tions, Erlangen, Germany). Regions of interest (ROIs) were
drawn manually by an experienced senior musculoskeletal
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radiologist, in consensus with an orthopaedic surgeon with
a special interest in musculoskeletal MRI. Since we
selected only MACT patients with an initial cartilage defect
>4 cm?, and thus the size of the implants covered almost
the whole surface of the patella, it was not possible to
segment a region of morphologically normal-appearing
cartilage within the same anatomical region as the control
cartilage. The ROIs divided the full thickness of the car-
tilage repair tissue and the healthy cartilage into equal-
sized deep, mid, and superficial layers in the central part of
the patella. The region of interest was defined on three
consecutive slices covering the implant.

Clinical outcomes

Clinical outcomes for each patient were assessed using the
Lysholm score [29], a knee scoring system that includes
eight sub-criteria, three of which were functional and five of
which were subjective. With a total of 100 possible points
that can be achieved, the Lysholm knee scale is a condition-
specific outcome measurement tool validated for chondral
disorders of the knee [14]. Clinical testing was performed
preoperatively and on the same day as the MRI examination.

Ethical approval for this study was granted by the local
ethics commission [Medical University of Vienna (IRB
approval 627/2007)], and written informed consent was
obtained from all volunteers and patients before enrolment
into the study.

Statistical analysis

Continuous variables are given as mean =+ standard devi-
ation. Statistical tests were used to perform the data anal-
yses. Quantitative evaluation was accomplished using a
one-way ANOVA with random factors. SPSS version 16.0
(SPSS Institute, Chicago, IL, USA) was used. Differences
with a p value <0.05 were considered statistically signifi-
cant. For reproducibility measurements, the intraclass
correlation coefficient (ICC) was analysed.

Results

Mean T2 values for all zones and the average values for all
three zones were evaluated. Differences between layers and
dependence on the degree of flexion were compared.

Stratification

Three zones were determined in each region of interest.
Comparing the zones within one ROI, the notable stratifi-
cation in T2 values in the cartilage layer was more pro-
nounced in the healthy cartilage (deep = 35, middle = 42,
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Fig. 1 The two images (a, b) show the relative angle to the main
magnetic field of the slab (white stack of slices, perpendicular to the
patella cartilage). a The angle of the slices towards the main magnetic
field is 90° in the straight knee. b In the bent knee (45°), the slices

superficial = 52) compared to cartilage repair tissue
(deep = 36, middle = 39, superficial = 44).

Stratification during flexion was more pronounced in
volunteers (48; 55; 59 ms) compared to patients (42; 43;
47 ms), as well. This distribution was comparable at 0 and
after 60 min of unloading the knee during the MR exam-
ination. Examples of T2 mapping images of a volunteer
and a patient are shown in Figs. 2 and 3. Additionally, T2
maps (0 min) of all patients and volunteers are added in
Figs. 4 and 5.

Volunteers

All results from the volunteer group are provided in
Table 1. In the volunteer group, for both the measurement
with the knee in a straight position (flexion 0°) and the
measurement in the bended position (flexion 45°), there
was no significant increase between the 0- and the 60-min
MRI examination (n.s.).

Patients

All results from the patient group are presented in Table 2.
In the patient group, there was an increase in T2 values
between the 0- and the 60-min MRI examinations in all
assessed areas. However, this increase was only significant
in the superior cartilage layer of the straight (flexion 0°)
position (p = 0.021).

When comparing the straight (flexion 0°) position to the
bended position (flexion 45°) of the knee joint, there was
no significant increase in the T2 values for the middle and
the superior cartilage layer, or for the full-thickness

(b)

have an angle of about 55° relative to the main magnetic field and
thus near to the possible magic angle, important for the T2 relaxation
time mapping

cartilage measurement (n.s.). There was no significant
increase in T2 values during flexion in the deep cartilage
layer (n.s.).

The post-operative MOCART score was 79.0 + 14.3
points. The preoperative Lysholm score for the patient
group was 51.0 £ 6.8. The clinical results post-operatively
showed significant better results with a Lysholm score of
78.8 £ 10.4 points (p < 0.001).

To validate the reliability of our measurements, we
analysed the plausibility of the results measured by the
ICC. The analysis of reliability of our T2 mapping results
showed an intraclass correlation coefficient between 0.923
and 0.955 for the volunteers and between 0.905 and 0.951
for the patients.

Discussion

The most important finding of the present study was that
MACT cartilage of the patella seems to have lower adap-
tion abilities towards pressure than healthy cartilage.

In this study, differences in the patellar cartilage during
flexion could be detected in healthy joints compared to
patients after MACT of the patella.

Flexion of the knee is seen to increase contact pressure
and the patellofemoral force [12]. In most studies, contact
areas have been measured in vitro. Salsich et al. [26],
however, assessed the contact areas of the patellofemoral
joint in vivo using MRI. Rubenstein et al. [25] examined
the effects of compression on (bovine) articular cartilage
and the associated appearance on MR images. According
to their findings, the varying appearance and the signal
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STRAIGHT

T2 (ms)

(a) PD TSE (b) T2map 0 min.

FLEXION

Fig. 2 A set of images of a volunteer measurement is presented. T2 (morphological imaging) b T2 map, first measurement right at the
mapping of the patellar cartilage of the straight (upper line) and the beginning of the MR measurement and ¢ T2 map, second measure-
bent knee (bottom line). a PD-weighted TSE sequence ment after 60 min of rest

STRAIGHT

(a) PD TSE
FLEXION

Fig. 3 A set of images of a patient measurement is presented. T2 a PD-weighted TSE sequence (morphological imaging), b T2 map,
mapping of the patellar cartilage of the straight (upper line) and the first measurement right at the beginning of the MR measurement and
bent knee (bottom line). The area of MACT is marked with arrows. ¢ T2 map, second measurement after 60 min of rest
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Fig. 4 Quantitative T2 maps
(ms) of axial slices are provided
for every patient during flexion
(left column) and extension
(right column). The areas of
cartilage repair are marked with
arrows. Colour bars show the
scale of T2 times in ms

Flexion Straight

100

75;
0

l*\\\
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Fig. 5 Quantitative T2 maps Flexion Straight
(ms) of axial slices are provided . %

for every volunteer during
flexion (left column) and
extension (right column). The
areas of cartilage repair are
marked with arrows. Colour
bars show the scale of T2 times
in ms
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Table 1 Volunteers, T2 values in the 3 zones and as mean value

Volunteers Time T2 deep T2 middle T2 superior T2 mean
Straight O min 35.1 424 52.2 432

SD 32 4.8 6.3 33
Straight 60 min 36.0 439 539 44.6

SD 33 4.8 55 3.6
Flexion 0O min  46.6 53.7 58.1 52.8

SD 7.5 8.7 8.1 7.2
Flexion 60 min 46.5 50.5 554 50.8

SD 8.1 9.5 9.7 8.6

All values are given in ms

Table 2 Patients, T2 values in the 3 zones and as mean value

Patients Time T2 deep T2 middle T2 superior T2 mean
Straight O min 359 38.6 44.3 39.6

SD 45 5.8 6.8 5.0
Straight 60 min  37.0 414 48.1 422

SD 4.5 5.8 8.4 5.4
Flexion O min 404 41.9 449 424

SD 7.6 7.1 6.2 6.4
Flexion 60 min 42.2 432 47.6 443

SD 7.9 7.0 5.7 6.3

All values are given in ms

intensity characteristics of cartilage under pressure may
result from a combination of net water loss and alteration in
collagen fibre arrangement.

Magnetic resonance T2 relaxation times can detect
spatial variation in cartilage depth, probably due to the fact
that T2 reflects the content and distribution of interstitial
water and the solid matrix [21]. In healthy cartilage, T2
values increase from the deep to the superficial layers. This
observation is based on the anisotropy of collagen fibres
running perpendicular to cortical bone in the deep zone of
cartilage [28]. The zonal increase in T2 values has been
proven to indicate the presence of hyaline or hyaline-like
cartilage after cartilage repair procedures in the knee [31,
34]. The combination of morphological and biochemical
MRI after cartilage repair promises to detect the constitu-
tion of the repair tissue [33].

In the present study, we could demonstrate that in the
volunteer group as well as in the patient group after
MACT, T2 values increase from the deep to the superficial
layers whether the knee was straight or bent. Thus, the
findings for the T2 values of cartilage without the appli-
cation of pressure were seen to be congruent with previous
study results.

The effect of pressure on cartilage has been a subject of
controversy in the literature. Mosher et al. [22] assessed T2
in the femorotibial cartilage of healthy volunteers before

and after 30 min of running. They found a significant
decrease in the T2 of the superficial zone of the femoral
cartilage after running. One group evaluated the changes in
the patellar cartilage after knee bends and during the sub-
sequent recovery time [15]. During 45 min of rest after the
knee bends, T2 values increased, as did cartilage thickness.
Our findings of increasing T2 values under the application
of pressure onto the patella of healthy subjects were seen—
to a certain extent—consistent with these results. The
increased T2 values of the second measurement after
45 min might conform to a state of relaxation in the
cartilage.

Different types of loading and unloading result in dif-
ferent types of deformation of the patellar surface [9]. In
general, if pressure is applied perpendicularly on the car-
tilage surface for a short time, collagen fibres in the radial
region will be deformed under different angles. These
changes lead to increased T2 values.

This might be one explanation for our results of
increasing T2 values after loading in contrast to the
decreased T2 values of other studies after longer or
repeated loading. While high loading forces squeeze water
out of the cartilage (T2 decrease) and regeneration leads
to reabsorption of water (T2 increase), a light loading
pressure might cause (in addition to the changes in col-
lagen fibre orientation) an increase in the water content, as
well.

The thinner the cartilage layer, particularly in the
superficial zone, the less change in fibre orientation occurs
due to loading, and T2 values do not change substantially.
This might be one of the reasons for the lack of T2 chan-
ges, especially in the superficial zones of repair cartilage.
In cartilage implants, the collagen orientation is, for the
most part, not as regular and perpendicular to the bone
zone as native cartilage. This may explain why the effect of
loading on the T2 changes in our patients was lower than in
the healthy subjects.

Hence, the implanted cartilage (MACT) seems to have
less ability to adapt to changes in loading than the healthy
cartilage, which is possibly the most important finding of
this study.

Quantitative T2 mapping has been assessed with regard
to the potential to serve as a non-invasive tool for the
differentiation of cartilage repair tissue after surgical
treatments such as MACT and microfracture therapy
(MFX). After MACT, the mean T2 values showed no
significant difference compared to normal controls without
loading [32]. This implies that the structure of cartilage
after MACT is very close to that of normal hyaline carti-
lage. Still, our findings could imply that the complete
biomechanical properties of hyaline cartilage are not
present in the patellar cartilage after MACT, based on the
reported inability of the repair tissue to adapt to pressure.
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The MACT cartilage in this study does not have the
same degree of adaptation abilities as healthy cartilage.
This conclusion has been underlined by the findings of
Jones et al. [13]. They showed, in an animal model, that the
hyaline-like cartilage after MACT showed a significantly
decreased stiffness compared to healthy cartilage in the
compression experiment.

While global T2 times and histological findings have
confirmed the presence of hyaline-like properties in carti-
lage after MACT, the mechanical properties seem to differ,
at least during the first years after transplantation. Further
long-term studies on this topic are needed to investigate
outcomes, as well as the possible improvement of the
mechanical properties of the graft after longer follow-ups.
Battaglia et al. reported in a 5-year follow-up after autol-
ogous chondrocyte implantation in the talus that the clin-
ical and morphological results improved over time. Further
follow-up studies will be needed to evaluate whether the
biomechanical properties of transplanted cartilage improve
[3].

The used model of pressure required the flexion of the
knee in order to develop pressure on the patellar cartilage.
A possible side effect of the change in position of the
articular surface towards the scanner might be the devel-
opment of a so-called magic angle, and thus, a possible
increase in our T2 values. Shiomi et al. [27] described a
significant increase in T2 values after bending of the knee
in an animal model due to the effect of the magic angle.
The orientation of fibres is crucial in determining the magic
angle effect, which manifests as an increase in signal
intensity of tendons, ligaments, and cartilage at 55°, com-
pared to the static magnetic field (BO) [6]. Although the
MR measurements of 45° knee flexion in this study might
provoke a magic angle effect, we still see clear differences
between the repair tissue (patients) and the native cartilage
(controls).

The limitations of the present study are a relatively low
number of patients and the varying points of time during
follow-up. However, we performed 20 MR measurements
in these patients and volunteers, and this initial study
should be viewed as a proof of principle. In addition, the
lack of histological correlation with the MR findings
should be mentioned. Nevertheless, all patients had a
good clinical outcome at the time of enrolment into this
study.

Due to the fact that the repair sites almost covered the
whole cartilage surface of the patella, it was not possible to
define a region of morphologically normal-appearing car-
tilage within the same anatomical region. Therefore, the
comparison between healthy cartilage and cartilage after
MACT was only possible between subjects (patients vs.
controls), and not within the same subject. This can be seen
as another limitation of our approach. The lower T2
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changes in the cartilage under pressure after MACT pro-
vided indirect information about the possible lack of
adaptive capability towards load stress. However, we did
not biomechanically prove this directly with additional
tests. This could be a topic for further investigations

Conclusion

During compression (at 45°-flexion), healthy patellar car-
tilage showed a significant increase in T2 values, indicating
adaptations of water content and collagen fibril orientation
near a possible magic angle of 55°. This could not be
observed within cartilage repair tissue, due to an obvious
lack of biomechanical adjustment. This initial study is, to
our knowledge, the first in vivo approach designed to
understand the biomechanical properties of cartilage repair
tissue and possibly predict the limited long-term outcome
of this surgical treatment, especially in the patellofemoral
joint.
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