
MUSCULOSKELETAL

Biochemical (T2, T2* and magnetisation transfer ratio)
MRI of knee cartilage: feasibility at ultra-high field (7T)
compared with high field (3T) strength

Goetz H. Welsch & Sebastian Apprich & Stefan Zbyn &

Tallal C. Mamisch & Vladimir Mlynarik &

Klaus Scheffler & Oliver Bieri & Siegfried Trattnig

Received: 29 March 2010 /Revised: 15 October 2010 /Accepted: 18 October 2010 /Published online: 12 December 2010
# European Society of Radiology 2010

Abstract
Objective This study compares the performance and the
reproducibility of quantitative T2, T2* and the magnetisation
transfer ratio (MTR) of articular cartilage at 7T and 3T.
Methods Axial MRI of the patella was performed in 17 knees
of healthy volunteers (25.8±5.7 years) at 3T and 7T using a
comparable surface coil and whole-body MR systems from
the same vendor, side-by-side. Thirteen knee joints were
assessed once, and four knee joints were measured three
times to assess reproducibility. T2 relaxation was prepared by
a multi-echo, spin-echo sequence and T2* relaxation by a
multi-echo, gradient-echo sequence. MTR was based on a
magnetisation transfer-sensitized, steady-state free precession

approach. Statistical analysis-of-variance and coefficient-
of-variation (CV) were prepared.
Results For T2 and T2*, global values were significantly
lower at 7T compared with 3T; the zonal evaluation
revealed significantly less pronounced stratification at 7T
(p<0.05). MTR provided higher values at 7T (p<0.05). CV,
indicating reproducibility, showed slightly lower values at
7T, but only for T2 and T2*.
Conclusion Although lower T2 and T2* relaxation times
were expected at 7T, the differences in stratification
between the field strengths were reported for the first time.
The assessment of MT is feasible at 7T, but requires further
investigation.
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Introduction

Cartilage lesions that subsequently develop osteoarthritis
(OA) are the most common musculoskeletal diseases
affecting millions of people [1]. In the evaluation of
articular cartilage, cartilage repair and OA, biochemical
magnetic resonance imaging (MRI) plays an important role.
Different biochemical methods have been exploited for
their potential use at 1.5 Tesla and 3.0 Tesla (3T) in various
studies, and, recently, in clinical routine protocols, as well
[2, 3]. Advances in coil technology and high- to ultra-high-
field systems (3T to 7.0 Tesla (7T) and above) significantly
improve the ability of biochemical imaging to diagnose
cartilage disorders at an earlier stage than morphological
imaging can provide [4]. While delayed gadolinium-
enhanced MRI of cartilage (dGEMRIC) focuses on the
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visualisation of the glycosaminoglycan content of cartilage,
techniques such as T2 and T2* relaxation time mapping
and magnetisation transfer (MT) imaging are likely to be
strongly influenced by the orientational behaviour of
collagen, the collagen content and tissue hydration [5–7].
Initial results with T2 and T2* relaxation time mapping
have already been presented at ultra-high field strengths [8,
9], whereas a recently described magnetisation transfer-
sensitised, steady-state free precession (SSFP)-based ap-
proach [10] was developed to generate MT contrast at high
field strengths [11]. However, to our knowledge, no direct
in vivo comparison of biochemical MRI methodologies at
high and ultra-high field strengths is available.

The aim of this study was to compare the performance
and the reproducibility of T2, T2* and MTR mapping of
articular cartilage at 3T and 7T.

Materials and methods

Volunteers

Ethical approval for this study was given by our University
ethics commission, and written, informed consent was
obtained from all volunteers before enrolment in the study.

Axial MRI of the patella was performed in 17 knee
joints of healthy volunteers (mean age, 25.8±5.7 years)
with no known musculoskeletal disease and no history of
trauma or pain prospectively. Thirteen knee joints in eight
volunteers were measured once (7 right, 6 left knees; 4
female, 9 male), four knee joints in four volunteers (2 right,
2 left knees; all male) were measured three times on
different days to assess reproducibility. All volunteers
underwent imaging after at least half an hour of rest to
avoid changes in biochemical T2, T2*, or MTR values
because of different loading before MR measurement [12].
The volunteers who were included three times for repro-
ducibility measurements underwent imaging at the same
time of day; the three different MR measurements were
performed over a period of no more than 10 days.

Image acquisition

Magnetic resonance imaging was performed on a 3T
whole-body system (Tim-Trio, Siemens Healthcare,
Erlangen, Germany) and a side-by-side 7T whole-body
system (Magnetom 7 Tesla, Siemens Healthcare, Erlangen,
Germany). Comparable surface coils (diameter 10 cm)
(Rapid, Rimpar, Germany) were used at 3T (1H
123 MHz) and at 7T (1H 297 MHz). Half the patients
started with the 3T MR protocol followed by the 7T MR
protocol, and the other half began with the 7T MR
protocol followed by the 3T protocol.

The MR protocol consisted of an axial, high-resolution,
proton-density, turbo spin-echo sequence (PD-TSE) to
morphologically evaluate cartilage and exclude volunteers
with possible morphological alterations. For T2 relaxation,
an axial, multi-echo, spin-echo (me-SE) sequence (six
echoes) was performed, whereas T2* relaxation was
obtained by an axial, multi-echo gradient-echo (me-GRE)
sequence (six echoes). MTR images were calculated from
MT-weighted and non-MT-weighted images of an axial,
magnetisation transfer-sensitised, steady-state free preces-
sion sequence, as described in detail elsewhere [10].

Most sequence parameters were set identically for both
field strengths to ensure comparability, although all
sequences must be adapted to ultra-high-field MRI in
future approaches.

For me-SE-T2 mapping, to minimise T1 weighting, as
well as to reduce application time, the repetition time (TR)
was set as TR≥T1. This resulted in a TR of 1200 ms for T2
mapping at 3T, and, due to the scarce available data for T2
mapping at 7T, in two SE-T2 mapping sequences with
different repetition times (TR1=1600 ms and TR2=
2000 ms). Other me-SE parameters were: echo times TE=
13.8 ms, 27.6 ms, 41.4 ms, 55.2 ms, 69 ms and 82.8 ms; a
flip-angle (FA) of 180°; and a field-of-view (FoV) of 120×
120 mm2 with 256×256 matrix size, yielding a 0.47×
0.47 mm2 resolution . A bandwidth of 230 Hz/pixel was
used, no fat saturation, with 12 slices (3 mm thickness), and
the total acquisition times were 5:11 (TR1200ms), 6:54
(TR1600ms), and 8:36 min (TR2000ms), respectively.

The me-GRE-T2* measurements were conducted with a
TR of 600 ms at 3T and a TR of 800 ms at 7T (adapted as
½ TR of the me-SE-T2 sequence), with TEs of 4.2 ms,
11.3 ms, 18.5 ms, 25.6 ms, 32.7 ms, and 39.9 ms and an FA
of 60°. Essentially identical FoV, matrix, slice thickness,
and voxel size were used as with the me-SE T2 acquisition.
The bandwidth was 260 Hz/pixel, no fat saturation, 12
slices, and the total acquisition time was 2:35 (TR600) and
3:26 min (TR800), respectively.

The MT sequence was prepared with a TR of 5.0 ms, a
TE of 2.0 ms and an FA of up to 40° at 3T, and with a TR
of 5.03 ms, a TE of 2.52 ms, and an FA of up to 40° at 7T.
The FAwas prepared as high as possible in accordance with
the applied specific absorption rate. The resolution param-
eters were again identical to the T2 and T2* sequences. The
bandwidth was 425 Hz/pixel at 3T and 558 Hz/pixel at 7T,
no fat saturation, with 12 slices, and the total acquisition
time was 1:54 min at 3T and 2:09 min at 7T. MT images
were acquired with a short 0.27 ms RF pulse duration and a
long 2.7 ms RF pulse duration.

Morphological images were acquired using a PD-TSE
sequence with a TR of 2400 ms at 3T and a TR of 4000 at
7T, a TE of 36 ms, and a flip angle of 160°. FoV was 120×
120mm, the pixel matrix was 512×512, and the voxel size
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was 0.23×0.23×2mm. The bandwidth was 244 Hz/pixel,
and total imaging time for 12 slices was 3:28 (TR2400) and
4:22 (TR4000), respectively.

Image analysis

T2 and T2* maps were obtained in-line using a pixel-wise,
non-negative, least-squares (NNLS) mono-exponential fit-
ting analysis (with the first echo included). MTR maps
were also calculated in-line (from the steady-state signal
intensities (S) according to MTR=(S(MTnone) – S(MTsat))/S
(MTnone); expressed in percentage units [%]). Exemplary
T2, T2* and MTR maps at both field strengths are
presented in Figs. 1, 2 and 3.

Region of interest (ROI) analyses were manually
performed for evaluation. ROIs were drawn by an ortho-
paedic surgeon with a special interest in musculoskeletal
MR imaging (10 years‘experience), in consensus with a
young radiologist (2 years’ experience), under the supervi-
sion of an experienced senior musculoskeletal radiologist
(25 years’ experience). The ROIs had to cover the full
thickness of articular cartilage of the whole patella; in
addition, a zonal ROI evaluation was performed on equal-
sized deep and superficial ROIs. Three consecutive slices
in the middle of the patella were assessed. The mean
number of pixels for each of the different zones was
1147±607. The analysis of mean (full-thickness) and
zonal (deep and superficial) T2, T2* and MTR values
was performed based on 17 knee joints (13 knee joints
with one MRI and the first MRI of the four knee joints
assessed three times for reproducibility). The zonal
variation was also provided as a percentage increase
between deep and superficial cartilage layers: ROIsuper-
ficial–ROIdeep)/ROIsuperficial*100.

Furthermore intra-observer and inter-observer reproduc-
ibility was evaluated based on the assessment of 10 knee
joints with one MRI. For the intra-observer reliability, the
orthopaedic imaging expert re-analyzed the images after
more than 3 months in a randomized order. For inter-
observer reliability, all three observers with different
experience levels (25 years, 10 years and 2 years) assessed
the images independently.

The coefficient of variation (CV) was performed for T2,
T2* and MTR based on the three repeated measurements
from four volunteers as a marker of reproducibility.

Additionally signal-to-noise ratio (SNR) was assessed
based on the evaluation of 10 knee joints with one MRI.
The measurements were performed by the orthopaedic
surgeon with a special interest in musculoskeletal MR
imaging (10 years‘experience), in consensus with the young
radiologist (2 years’ experience). The SNR was assessed as
the mean signal intensity of patellar cartilage divided by the
standard deviation of the background regions (noise). The

signal intensity of cartilage and the background regions
were measured three times for each sequence with each
system (3T and 7T). As provided above, noise was defined
as the standard deviation of signal intensity in air outside of
the extremity. The SNR assessment was performed for the
biochemical T2 and T2* sequences (all 6 echoes) and the
MT sequence (MT weighted and MT free).

Statistical analysis

Statistical evaluation was performed for all mean and
zonal T2, T2* and MTR values. To account for multiple
measurements within one volunteer, univariate ANOVA
with random factors and post-hoc tests, according to
Games-Howell, was applied for quantitative analysis.
The intra-observer and inter-observer reproducibility was
assessed using intraclass correlation coefficient (ICC).
The reproducibility is given for each volunteer as a
coefficient of variation (CV, given in%), averaged over
all volunteers, and was interpreted as a grade of
precision by apportionment of the standard deviation
relating to the mean. For statistical analysis, SPSS
version 17.0 (SPSS Institute, Chicago, IL, USA) for
Windows (Microsoft, Redmond, WA, USA) was used,
and a P value of less than 0.05 was considered to be
statistically significant.

Results

Morphological MRI revealed healthy articular cartilage and
no visible alterations in the patellofemoral cartilage in all
knee joints.

T2 relaxation

Mean T2 values (ms) at 3T (44.1±8.4) were significantly
longer compared with those at 7T (41.8±5.5) (p=0.043). The
zonal evaluation revealed no significant differences between
3T and 7T for the deep cartilage layer (3T: 32.7±6.5; 7T:
35.1±5.9; p=0.154); however, significantly higher values
were observed for the superficial cartilage layer at 3T
compared with 7T (3T: 55.6±11.5; 7T: 48.4±6.5; p<0.001).
The given T2 values at 7T were assessed with a TR of
1600 ms and showed no difference from the T2 values
assessed with a TR of 2000 ms (mean: 42.2±4.7 (p=0.171;
deep: 35.9±5.1 (p=0.365); superficial: 48.5±5.7 (p=0.340).

The zonal evaluation revealed a highly significant stra-
tification: an increase in T2 between the deep and the
superficial cartilage layer was found for all evaluations
(p<0.001), but was significantly more pronounced at 3T
(41.2%) compared with 7T (27.5%) (p<0.001). The zonal
evaluation is depicted in Fig. 4a.
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T2* relaxation

Mean as well as zonal T2* relaxation times (ms) were
significantly higher at 3T (mean: 22.2±4.3; deep: 17.6±
3.7; superficial: 26.9±5.4) compared with 7T (mean: 18.3±
4.9; deep: 15.5±3.7; superficial: 21.0±4.5) (p<0.001).

With respect to the zonal stratification, comparable to T2
relaxation time mapping, both evaluations, at 3T and at 7T,
revealed a significant increase in T2* values from deep to
superficial (p<0.001). Likewise, the zonal increase in T2*
from deep to superficial cartilage was significantly more
pronounced at 3T (34.6%) compared with 7T (26.2%) (p<
0.001) (Fig. 4b).

Magnetisation transfer contrast

Magnetisation transfer ratio values were found to be
significantly lower at 3T (mean: 27.6±3.8; deep: 28.0±
3.8; superficial: 27.3±3.3) compared with 7T (mean: 35.5±
5.2; deep: 33.2±5.2; superficial: 37.7±5.6) for both the
mean as well as the zonal evaluation (p<0.001). A
significant stratification between deep and superficial
cartilage layers could not be assessed at 3T (p=0.074),

but was visible at 7T (p<0.001). Furthermore, a zonal
evaluation revealed significant differences between 3T
(-2.6%) and 7T (11.9%) (p<0.001). The zonal results are
presented in Fig. 4c.

Intra- and inter- observer reproducibility

The ICC for the inter-observer reproducibility showed to be
slightly higher at 3T compared to 7T. For T2 and T2*, the
evaluation of the deep layer revealed slightly lower results
compared to the superficial layer or the evaluation of the
full-thickness (mean) cartilage values. ICCs of T2 relaxa-
tion time measurements were 0.947 (mean), 0.893 (deep)
and 0.945 (superficial) at 3T and 0.910 (mean), 0.877
(deep) and 0.901 (superficial) at 7T. For T2*, ICCs were
0.903 (mean), 0.875 (deep) and 0.922 (superficial) at 3T
and 0.875 (mean), 0.842 (deep) and 0.887 (superficial) at
7T. The ICCs for the MT evaluation were 0.908 (mean),
0.916 (deep) and 0.845 (superficial) for 3T and 0.844
(mean), 0.808 (deep) and 0.845 (superficial) at 7T. The
ICCs for the intra-observer reproducibility were overall
comparable to the inter-observer results, however in
between 0.002 and 0.065 higher.

Fig. 2 Axial multi-echo gradient-echo T2* mapping at 3T a and 7T b
of the same healthy volunteer as presented in Fig. 1. Comparable to
multi-echo, spin-echo T2 mapping, relaxation times appear to be

shorter at 7T compared with 3T and the zonal stratification is less
pronounced at 7T compared with 3T

Fig. 1 Axial, multi-echo spin-echo T2 mapping at 3T a and 7T b. For
T2 shorter relaxation times are visible at 7T compared with 3T. When
revealing the zonal increase in T2 values from the subchondral border

to the cartilage surface, this stratification is less pronounced at 7T
compared with 3T
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Coefficients of variation

The CV for T2 was slightly higher at 3T (mean: 8.7%;
deep: 9.5%; superficial 8.6%) compared with 7T (mean:
7.2%; deep 8.2%; superficial 7.2%). Similarly, the CV for
T2* was also slightly higher at 3T (mean: 7.8%; deep:
8.8%; superficial: 8.1%) compared with 7T (mean: 6.8%;
deep: 7.9%; superficial: 6.9%). The CV of MTR provided
lower results at 3T (mean: 9.2%; deep: 9.5%; superficial:
9.4%), but was comparable to 7T (mean: 10.8%; deep:
11.4%; superficial: 10.6%).

Signal-to-noise ratio

The SNR as assessed for the biochemical T2, T2* and MT
sequences is provided in Table 1. Throughout the measure-
ments, SNR for 7T was higher compared to 3T (p<0.05).

Discussion

In the present study, biochemical imaging techniques were
compared in vivo, side-by-side, at 3T and 7T. Special care
was taken to perform measurements with a comparable
surface coil. However, for future approaches, further

sequence optimisation, especially for MT, may be benefi-
cial. Mean (full-thickness) T2 and T2* relaxation times
were shorter at 7T compared with 3T, as expected; however,
MT contrast was increased at 7T compared with 3T.
Overall, the zonal evaluation seemed to supply even more
interesting results in the comparison of both field strengths.

This in vivo study clearly demonstrates the differences in
the zonal T2 behaviour at 3T and 7T. Pakin et al. [8]
described T2 mapping at 7T, but no zonal analysis was
performed. The basis of the stratification of T2 values
becomes obvious when considering in vitro studies on
articular cartilage, suggesting that the appearance of T2
relaxation times is strongly influenced by the anisotropic
arrangement of the collagen fibres and by their orientation
to the main magnetic field [13–15]. The importance of
considering the stratification of T2 values from the
subchondral border to the cartilage surface has already
been noted by many in vivo studies [16–19]. Smith and co-
workers [17] reported a zonal stratification in the patella,
with a maximum of 33% at 3 Tesla, which falls between
our findings at 3T and 7T. In the present study, it is notable
that the stratification of T2 values was significantly more
pronounced at 3T compared with 7T.Theoretically, for a
regular exponential decay of magnetization with the echo
time, T2 should be either B0-independent (assuming only

Fig. 3 Axial magnetisation transfer images based on magnetisation
transfer-sensitised, steady-state free precession at 3T a-c and 7T d-f of
the same healthy volunteer as depicted in Fig. 1. The magnetisation

transfer ratio (MTR) c, f is calculated from the MT saturated a, d and
the MT free b, e images
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dipolar relaxation mechanism) or should decrease with
increasing B0 (due to diffusion of water molecules in
susceptibility-induced field inhomogeneities, which are
proportional to B0, and/or due to chemical exchange of

water protons with other acidic protons, which increases
with B0). The magnetisation decay in cartilage is, however,
non-exponential (roughly bi-exponential) with a short,
strongly B0-dependent component, and with a longer
component. In the deep layer, residual magnetisation of
the short T2 component can still contribute at 3T for the
first echo time used, whereas no significant contribution is
expected from the T2 shortening with increasing field
strength at 7T. As a result, the measured apparent T2 is
shorter at 3T compared with 7T. In the superficial layer,
because of random fibre orientation, the short T2 compo-
nent is probably too small to substantially affect the normal,
expected exponential decay [20, 21]. Remarkably the T2
values were even longer in the deep layer at 7T (35.1 ms)
compared to 3T (32.7 ms). Hence when the T2 values are
measured with the minimum TE of 13.8 ms, the short
magnetization component in the deep layer can still be
present (unrelaxed) at this TE at 3 Tesla, whereas it is
already fully relaxed at 7 Tesla. As a result, the measured
T2 at 3 Tesla is “apparently” shorter at 3T than at 7 Tesla.

A further source of error, especially for the relaxation
times of the deep cartilage layer, might be the effect of
chemical shift artefact on quantification, especially at 7T.
As due to a more stable signal at both field strengths, no fat
saturation was applied for T2 and T2* mapping, the
measured zonal variation might be influenced. Also when
looking at the reproducibility assessment (ICC and CV), the
evaluation of the deep cartilage layer shows slightly inferior
results compared to the superficial cartilage layer.Differ-
ences in the zonal variation between the field strengths
could also be detected for T2*. Very recently, T2* has
gained increased interest [22, 23], as 3D me-GRE provides
some advantages, compared with standard me-SE T2. It has
been described, in a comparison with me-SE-T2, in an
initial study at ultra-high field strengths [9], but no direct
comparison between 3T and 7T is available. The present
results indicate similar behaviour for the mean as well as
zonal T2* and T2 with regard to magnetic field strength.
For both biochemical parameters, mean values decrease
with increasing field strength; however, the biochemical

Fig. 4 Zonal (deep and superficial) T2 a, T2* b and MTR c values
between 3T and 7T. For T2 and T2*, at both field strengths, a zonal
increase from deep to superficial becomes visible. This stratification is
less pronounced at 7T compared with 3T. For MTR, lower values are
visible at 3T compared with 7T, whereas a zonal increase from deep to
superficial is only visible at 7T

Table 1 Signal-to-noise ratio (SNR) of the biochemical T2, T2* and magnetization transfer (MT) MR measurements at 3T and 7T. T2 and T2* as
assessed for the different echo times (TE); MT is provided for the MT and the free images

T2 TE=13,8 ms TE=27,6 ms TE=41,4 ms TE=55,2 ms TE=69,0 ms TE=82,2 ms

3T mean 48,1 52,9 35,2 28,2 21,1 17,1

7T mean 67,4 69,9 48,7 39,1 28,8 20,1

T2* TE=4,2 ms TE=27,6 ms TE=41,4 ms TE=55,2 ms TE=69,0 ms TE=82,2 ms

3T mean 111,7 90,4 74,4 60,1 47,3 38,8

7T mean 159,8 141,4 111,4 99,6 71,7 51,2

MT MT weighted MT none

3T mean 54,9 77,9

7T mean 66,8 96,6
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content of articular cartilage, as detected by T2*, shows
differences from T2 [23] that require further validation at
both field strengths. The presence of a zonal variation in
T2* is thus not seen as proof that T2 and T2* visualise the
same biochemical composition of articular cartilage. For
example, the proteoglycan concentration is also known to
show different quantities from deep to superficial cartilage
[24], and the zonal T2* dependence may be caused not
only by the collagenous architecture, but also by macro-
molecular differences and orientation.

Reproducibility, with regard to the coefficient of varia-
tion, reveals a slightly better result for both T2 and T2* at
7T compared with 3T. The intra- and inter-observer
reproducibility measurements however showed slightly
better results for the 3T MR measurements. To date, only
a few other studies have been published on the reproduc-
ibility of biochemical MRI, and further investigations are
needed. Quaia et al. using a fast T2 mapping approach,
found higher CVs than those observed in our study;
however that study was performed at 1.5 Tesla [25].
Comparable values were described by Hannila et al. which
found CVs in between 5.3% and 11% for T2 mapping at
1.5T [26]. Mosher and co-workers report on significantly
reduced CV (down to 3%) by using a positioning device for
the knee joint at 3 Tesla [27]. Another study by Pai et al.
showed a CVof about 5% for quantitative T2 of cartilage in
vivo. Concerning the intra-class correlation coefficients,
Bittersohl et al. [22] reported similarresults, compared to
the present study, for T2* mapping in the hip, ranging in
between 0.826 and 0.954.

When looking at the assessed signal-to-noise ratios, as
expected, there seem to be higher values for 7T compared
to 3T. This however does not lead to a clearly better
reproducibility, which might still be due to limitations
based on the lack of optimization of post-processing
algorithms at ultra high fields.

No study could be found that addressed the reproduc-
ibility of MT contrast in articular cartilage. In the present
approach, the results of both, the ICC and the CV, revealed
a slightly better reproducibility at 3T compared with 7T. It
is well-known that several factors influence MT contrast,
such as instrumental variation, sequence parameters, and,
especially, B0 and B1 effects. Although more and more 7T
systems are now commercially available, problems with
ultra-high-field systems, such as optimisation of B1
homogeneity, are still a matter of current research. It is,
therefore, not unexpected that, especially with MT, higher
variation is observed compared with sophisticated, mature
clinical 3T systems.

Magnetisation transfer ratio values were shown to be
higher at 7T, compared with 3T, in our study. In general, the
measured MTR depends on the efficiency of saturation of
the bound proton pool and on the relaxation properties of

mobile protons: with increasing T1 or increasing T2, an
increase in MT can be expected with MT-sensitised SSFP.
With increasing field strength, however, T2 decreases while
T1 increases, which may counterbalance their effects on the
MT contrast achieved with SSFP. One major issue with 7T
is the prediction of RF power deposition and B1 homoge-
neity, which can have a major impact on the achievable
level of MT contrast. One available study with a compa-
rable MT approach, using MT-sensitised SSFP for healthy
cartilage sites of the femoral condyles in patients after
cartilage repair of the knee joint [11], showed elevated
MTR values at 3T compared with those in our study. The
biochemical cartilage composition, however, differs be-
tween the patella and the femoral condyles [28], and no
healthy volunteers were included in that study [11]. The
zonal MTR evaluation provided no clear direction for
assessment between the deep and the superficial cartilage
layer at 3T, however, suggesting an increase at 7T that must
be assessed in more detail in upcoming studies.

The main limitation of the present study is the lack of
“real” ultra-high-field sequences. Sequence parameters
were simply adapted for both field strengths to gain
comparability, such as the use of a different TR for me-
SE T2 measurements because of the known increase in
T1 with increasing field strength. Other parameters,
however, must be optimised in future approaches, and
new biochemical sequences may have to be implemented
for their use at ultra-high field strengths. The used TR
might nevertheless not be long enough to minimize a
possible T1 effect. In recent articles the used TR at 3T
ranges in between 1200 ms and 2700 ms [27–30]. In
addition, only healthy volunteers were included and no
gold standard was available. The zonal T2 and T2* results,
particularly in their comparison between both field
strengths, as well as MT contrast at ultra-high field
strengths, require further validation. With respect to the
assessed longer relaxation times in the deep layer at 7T
compared to 3T, the longest TE (for both, T2 and T2*
mapping) might be to long for the cartilage in the deep
layer which might produce possible bias during fitting.
Furthermore the effect of chemical shift artefact on
quantification, especially at 7T has to be seen as a
limitation as no fat saturation was applied.

In summary, the present study presents an initial
approach to directly comparing in vivo biochemical
cartilage MRI sequences at 3T and 7T using comparable
coils and MR systems from the same vendor. Our results
demonstrate, for the first time, the feasibility of T2
mapping, T2* mapping and MTR at both field strengths
with an acceptable reproducibility. Furthermore, the ability
and the need for a zonal evaluation of articular cartilage
could be illustrated for all sequences and at both field
strengths.

1142 Eur Radiol (2011) 21:1136–1143



Acknowledgments Funding for this study was provided by the
project “Vienna Advanced Clinical Imaging Center” (VIACLIC),
within the “Vienna Spots Of Excellence” program; a collaboration of
the Medical University of Vienna and Siemens Austria.

References

1. Felson DT (2004) Risk factors for osteoarthritis: understanding
joint vulnerability. Clin Orthop Relat Res:S16-21

2. Potter HG, Black BR, le Chong R (2009) New techniques in
articular cartilage imaging. Clin Sports Med 28:77–94

3. Welsch GH, Mamisch TC, Hughes T, Domayer S, Marlovits S,
Trattnig S (2008) Advanced morphological and biochemical
magnetic resonance imaging of cartilage repair procedures in the
knee joint at 3 Tesla. Semin Musculoskelet Radiol 12:196–211

4. Regatte RR, Schweitzer ME (2008) Novel contrast mechanisms at
3 Tesla and 7 Tesla. Semin Musculoskelet Radiol 12:266–280

5. Burstein D, Velyvis J, Scott KT et al (2001) Protocol issues for
delayed Gd(DTPA)(2-)-enhanced MRI: (dGEMRIC) for clinical
evaluation of articular cartilage. Magnetic Resonance in Medicine
45:36–41

6. Mosher TJ, Dardzinski BJ (2004) Cartilage MRI T2 relaxation
time mapping: overview and applications. Semin Musculoskelet
Radiol 8:355–368

7. Potter K, Butler JJ, Horton WE, Spencer RG (2000) Response of
engineered cartilage tissue to biochemical agents as studied by
proton magnetic resonance microscopy. Arthritis Rheum 43:
1580–1590

8. Pakin SK, Cavalcanti C, La Rocca R, Schweitzer ME, Regatte RR
(2006) Ultra-high-field MRI of knee joint at 7.0T: preliminary
experience. Acad Radiol 13:1135–1142

9. Welsch GH, Mamisch TC, Hughes T et al (2008) In vivo
biochemical 7.0 Tesla magnetic resonance: preliminary results of
dGEMRIC, zonal T2, and T2* mapping of articular cartilage.
Invest Radiol 43:619–626

10. Bieri O, Scheffler K (2007) Optimized balanced steady-state free
precession magnetization transfer imaging. Magn Reson Med
58:511–518

11. Welsch GH, Trattnig S, Scheffler K et al (2008) Magnetization
transfer contrast and T2 mapping in the evaluation of cartilage
repair tissue with 3T MRI. J Magn Reson Imaging 28:979–986

12. Liess C, Lusse S, Karger N, Heller M, Gluer CC (2002) Detection
of changes in cartilage water content using MRI T2-mapping in
vivo. Osteoarthritis Cartilage 10:907–913

13. Goodwin DW, Wadghiri YZ, Dunn JF (1998) Micro-imaging of
articular cartilage: T2, proton density, and the magic angle effect.
Acad Radiol 5:790–798

14. Goodwin DW, Zhu H, Dunn JF (2000) In vitro MR imaging of
hyaline cartilage: correlation with scanning electron microscopy.
AJR Am J Roentgenol 174:405–409

15. Rubenstein JD, Kim JK, Morova-Protzner I, Stanchev PL,
Henkelman RM (1993) Effects of collagen orientation on MR
imaging characteristics of bovine articular cartilage. Radiology
188:219–226

16. Mosher TJ, Collins CM, Smith HE et al (2004) Effect of gender
on in vivo cartilage magnetic resonance imaging T2 mapping. J
Magn Reson Imaging 19:323–328

17. Smith HE, Mosher TJ, Dardzinski BJ et al (2001) Spatial variation
in cartilage T2 of the knee. J Magn Reson Imaging 14:50–55

18. Welsch GH, Mamisch TC, Domayer SE et al (2008) Cartilage T2
assessment at 3-T MR imaging: in vivo differentiation of normal
hyaline cartilage from reparative tissue after two cartilage repair
procedures–initial experience. Radiology 247:154–161

19. Welsch GH, Mamisch TC, Marlovits S et al (2009) Quantitative
T2 mapping during follow-up after matrix-associated autologous
chondrocyte transplantation (MACT): Full-thickness and zonal
evaluation to visualize the maturation of cartilage repair tissue. J
Orthop Res 27:957–963

20. Mlynarik V, Degrassi A, Toffanin R, Vittur F, Cova M, Pozzi-
Mucelli RS (1996) Investigation of laminar appearance of
articular cartilage by means of magnetic resonance microscopy.
Magn Reson Imaging 14:435–442

21. Mlynarik V, Szomolanyi P, Toffanin R, Vittur F, Trattnig S (2004)
Transverse relaxation mechanisms in articular cartilage. J Magn
Reson 169:300–307

22. Bittersohl B, Hosalkar HS, Hughes T et al (2009) Feasibility of
T2* mapping for the evaluation of hip joint cartilage at 1.5T using
a three-dimensional (3D), gradient-echo (GRE) sequence: a
prospective study. Magn Reson Med 62:896–901

23. Welsch GH, Trattnig S, Hughes T et al (2009) T2 and T2*
mapping in patients after matrix-associated autologous chondro-
cyte transplantation: initial results on clinical use with 3.0-Tesla
MRI. Eur Radiol 19:1253–1262

24. Maroudas A, Bayliss MT, Venn MF (1980) Further studies on the
composition of human femoral head cartilage. Ann Rheum Dis
39:514–523

25. Quaia E, Toffanin R, Guglielmi G et al (2008) Fast T2 mapping of
the patellar articular cartilage with gradient and spin-echo
magnetic resonance imaging at 1.5T: validation and initial clinical
experience in patients with osteoarthritis. Skeletal Radiol 37:511–
517

26. Hannila I, Raina SS, Tervonen O, Ojala R, Nieminen MT (2009)
Topographical variation of T2 relaxation time in the young adult
knee cartilage at 1.5T. Osteoarthritis Cartilage 17:1570–1575

27. Mosher TJ, Liu Y, Torok CM (2010) Functional cartilage MRI T2
mapping: evaluating the effect of age and training on knee
cartilage response to running. Osteoarthritis Cartilage 18:358–364

28. Welsch GH, Mamisch TC, Quirbach S, Zak L, Marlovits S,
Trattnig S (2009) Evaluation and comparison of cartilage repair
tissue of the patella and medial femoral condyle by using
morphological MRI and biochemical zonal T2 mapping. Eur
Radiol 19:1253–1262

29. Mamisch TC, Trattnig S, Quirbach S, Marlovits S, White LM,
Welsch GH (2010) Quantitative T2 Mapping of Knee Cartilage:
Differentiation of Healthy Control Cartilage and Cartilage Repair
Tissue in the Knee with Unloading–Initial Results. Radiology
254:812–826

30. Stehling C, Liebl H, Krug R et al (2010) Patellar cartilage: T2
values and morphologic abnormalities at 3.0-T MR imaging in
relation to physical activity in asymptomatic subjects from the
osteoarthritis initiative. Radiology 254:509–520

Eur Radiol (2011) 21:1136–1143 1143


	Biochemical...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Section17
	Volunteers
	Image acquisition
	Image analysis
	Statistical analysis

	Results
	T2 relaxation
	T2* relaxation
	Magnetisation transfer contrast
	Intra- and inter- observer reproducibility
	Coefficients of variation
	Signal-to-noise ratio

	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


