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Abstract

Purpose T2 mapping techniques use the relaxation constant
as an indirect marker of cartilage structure, and the
relaxation constant has also been shown to be a sensitive
parameter for cartilage evaluation. As a possible additional
robust biomarker, T2* relaxation time is a potential,
clinically feasible parameter for the biochemical evaluation
of articular cartilage.

Materials and methods The knees of 15 healthy volunteers
and 15 patients after microfracture therapy (MFX) were
evaluated with a multi-echo spin-echo T2 mapping technique
and a multi-echo gradient-echo T2* mapping sequence at 3.0
Tesla MRI. Inline maps, using a log-linear least squares fitting
method, were assessed with respect to the zonal dependency
of T2 and T2* relaxation for the deep and superficial regions
of healthy articular cartilage and cartilage repair tissue.
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Results There was a statistically significant correlation
between T2 and T2* values. Both parameters demonstrated
similar spatial dependency, with longer values measured
toward the articular surface for healthy articular cartilage.
No spatial variation was observed for cartilage repair tissue
after MFX.

Conclusions Within this feasibility study, both T2 and T2*
relaxation parameters demonstrated a similar response in
the assessment of articular cartilage and cartilage repair
tissue. The potential advantages of T2*-mapping of
cartilage include faster imaging times and the opportunity
for 3D acquisitions, thereby providing greater spatial
resolution and complete coverage of the articular surface.
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Introduction

MRI imaging is well-established as a marker for
diagnosis and therapy monitoring in osteoarthritis and
after cartilage repair procedures [1-3] In addition to
imaging of cartilage morphology for staging and grading
of cartilage lesions [4, 5], the use of parametric mapping
techniques is becoming increasingly important. Quantita-
tive T2 techniques use the relaxation constant as an
indirect marker of cartilage structure, which provides
information about the interaction of water molecules and
the collagen network [6—10].

Although T2 mapping has shown reliable results,
there are limitations to this method in the clinical
setting. Most studies use a 2-D multi-slice, multi-echo,
spin-echo acquisition (MSME-SE) to acquire source
images used to calculate the cartilage T2 maps. The 2-
D acquisition precludes reformatting the data into 3-D
surface maps and requires reliable positioning to achieve
reproducible results. Because of the long echo trains
needed to accurately characterize the cartilage T2 decay
curve, image acquisition times typically exceed 10 min
for complete coverage of the femorotibial joint. The
inherent variability in the 180° refocusing pulses leads
to errors in T2 estimates as a result of the contribution
from simulated echoes and magnetization transfer (MT)
[11].

In the clinical assessment of articular cartilage, both T2-
weighted [12] and T2*-weighted [13] imaging are sensitive
for the diagnosis of severe focal cartilage damage. One of
the major advantages of T2* techniques in clinical imaging
of cartilage is the ability to perform 3-D acquisitions with
high spatial resolution.

The T2* value is related to T2 as follows: 1 / T2*=1/
T2+1/T2° [14], where 1/T2’ can be given by YAB.
Assuming the applied static magnetic field (B0) is uniform
and constant over the region of interest, then the 1/T2’
term will be influenced only by local susceptibility fields.
Such local fields can operate at a macroscopic level, i.c., at
the bone—cartilage interface, or at the microscopic level,
i.e., associated with the underlying microstructure of the
cartilage. If these processes produce local changes in the
macroscopic static field gradients, there is at least a
theoretical potential for T2* measurements to provide
greater sensitivity to injury of the calcified cartilage zone.
The lack of radiofrequency refocusing pulses substantially
decreases the contribution of MT to cartilage contrast, and
thus, may lead to differences in sensitivity of T2* and T2
to changes in the collagen content in cartilage.

The purpose of this feasibility study was to elucidate the
potential of T2* as an additional approach to obtain
information on the ultrastructure of articular cartilage and
cartilage repair tissue after microfracture therapy.
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Materials and methods
Patient selection

The study was performed in compliance with the regu-
lations of the local ethics committee. Subjects provided
written, informed consent prior to enrollment in this study.
Fifteen volunteers with no clinical symptoms or history of
knee pain (seven female, eight male; eight right knees,
seven left; 13 medial femoral condyles (MFC); two lateral
femoral condyles (LFC); mean age, 27.44+4.9 years) and 15
patients with a follow-up period of 32.3+18.3 months after
microfracture therapy (MFX) (four female, 11 male; ten
right knees, five left; 12 MFC, three LFC; mean age, 39.6+
13.7 years) were enrolled.

Image acquisition methods

MRI examination was performed using a Siemens 3.0
Tesla TRIO (Siemens, Erlangen, Germany). The protocol
for the volunteer and patient group was identical and
consisted of (i) a proton density (PD)-weighted turbo
spin-echo (TSE) sequence for morphological cartilage
assessment, (i) a multi echo, spin-echo (MSSE) se-
quence using six echoes for T2 mapping, and (iii) a multi
echo, gradient recalled echo (ME-GRE) sequence using
six echoes for T2* mapping. Geometric acquisition
parameters for all sequences were identical (field-of-
view: 160x 160 mm; matrix: 384 x384; section-thickness:
3 mm). PD-TSE images were obtained with TR
2,400 ms, TE 33 ms, and turbo factor 12, with 18
sections with an image acquisition time of 2.35 min. The
MSME and ME-GRE used six echoes and the parameters
for the two measurements were as follows: MSME—
nominal flip angle 180°, TR 600 ms, TE 13.8 ms,
27.6 ms, 41.4 ms, 55.2 ms, 69 ms, and 82.8 ms; ME-
GRE—nominal flip angle 20°, TR 600 ms, TE 5.7 ms,
9.8 ms, 14 ms, 18.1 ms, 22.2 ms, and 26.4 ms. The
MSME sequence bandwidth was 230 Hz/pixel; six
sections; with a total acquisition time of 3.54 min. For
the ME-GRE sequence, bandwidth was 260 Hz/pixel, 18
sections; with a total acquisition time of 2:27 min.
Although the sequence parameters of the 3D-ME-GRE
T2* sequence could have been changed to a far thinner
slice thickness, and isotropic 3D-imaging would be
feasible with a high enough signal, for comparability
reasons, slice thickness was set to 3 mm. Measurements
for healthy volunteers were obtained in the sagittal
direction over one femoral condyle. Measurements for
patients were obtained in the sagittal direction over the
affected femoral condyle using the surgical reports as
well as the morphological PD sequence to guide
localization of the parametric mapping sequences.
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Image analysis

The T2 and T2* values were derived using an inline
processing package (SyngoMaplt; Siemens, Erlangen,
Germany), which uses a log-linear, least squares method
to fit the echo intensities, where the first echo is discarded
due to the short TE effect on the T2 calculation.

A region of interest (ROI) analysis was undertaken
manually by one senior musculoskeletal radiologist, in
consensus with an orthopedic surgeon with a special interest
in MRIL In healthy volunteers, three ROIs were positioned
within the weight-bearing zone on three consecutive slices.
The number of pixels for each ROI was 335+123. The global
T2 and T2* values were assessed as full-thickness ROIs
covering the whole cartilage site. In addition, to obtain a zonal
evaluation of T2 and T2*, the ROIs were visually divided into
equal one-half sections (deep and superficial) from the
subchondral to the superficial aspect of cartilage.

In the patient group, the affected condyle was chosen; two
ROIs within the repair area, as well as in the healthy
surrounding cartilage (internal control), were selected, based
on the morphological PD TSE images together with the
provided surgical reports. Both areas were located within the
weight-bearing area. The evaluation was done on two to three
consecutive slices. The number of pixels for global evaluation
of selected ROIs in patients was 260+138; the number of
pixels for each of the different zones (deep and superficial)
was 132468. In order to account for the in-plane fat-shift in

Fig. 1 In a-b, T2* and T2 maps
are displayed for a volunteer
who had apparently healthy car-
tilage (no history of OA, no
pain). In c-d, these maps are
displayed for a patient after
MFX

T2* healthy

the read direction, the voxels immediately adjacent to the bone
were excluded from this analysis.

Statistical analysis

Mean values for T2 were used for statistical analysis.
Quantitative evaluation was performed by analysis of
variance using a three-way ANOVA with random factors,
considering the fact of multiple measurements within each
patient or control. For comparison between the cartilage
layers and between different regions, three-way analysis of
variance with random effects and two repeated-measures
factors were performed. For correlation between T2 and
T2* values, a correlation using the Pearson coefficient was
achieved. SPSS version 14.0 (SPSS Institute, Chicago, IL,
USA) for Windows (Microsoft, Redmond, WA, USA) was
used. Differences with a p value less than 0.05 were
considered statistically significant.

Results

Healthy cartilage sites

T2 and T2* values are given as mean+standard deviation.
Representative T2 and T2* maps for a healthy volunteer

and a patient after MFX are shown in Fig. la—d. Global
cartilage values in healthy volunteers were 52.34+5.6 ms

T2 healthy

12" MFX
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(ranging from 35-69 ms) for T2 and 22.6+3.8 ms (12 ms to
30 ms) for T2*. Comparable results were found for healthy
cartilage sites used as an internal control for patients after
MFX (T2: 55.2£7.9 ms (33-70 ms); T2*: 24.1+4.1 ms
(10-32 ms) (p>0.05)). Table 1 shows the results of zonal
T2 and T2* values for healthy volunteers and control
cartilage aspects of patients after MFX. For both T2 and
T2%*, all values of healthy articular cartilage show a clear
and statistically significant zonal increase from the deep to
superficial layer.

Figure 2 shows T2 and T2* values for healthy volunteers
in healthy cartilage sites plotted against each other. The
graph shows an apparent good correlation between the two
relaxation rates, with a statistically significant (p<0.001)
correlation. However, in the articular cartilage of the
healthy volunteers, the Pearson coefficient was 0.828
higher than in the healthy control cartilage of the patient
group, where a Pearson coefficient of 0.764 was found.

Cartilage repair tissue sites

As presented in Table 2, global T2 and T2* values for
cartilage repair tissue after MFX were significantly reduced
compared to healthy cartilage sites in the patient group (T2:
47.14£9.8 ms (29-73 ms); T2*: 19.1£5.9 (9-31 ms)). In
cartilage repair tissue following MFX, no zonal increase
from the deep to superficial layer could be measured for T2
or T2*.

The correlation between T2 and T2* values for cartilage
repair tissue after MFX can be seen in Fig. 3, where a
statistically significant (p<0.001) correlation was apparent;
however, the Pearson coefficient of 0.600 was decreased
compared to healthy cartilage sites.

Discussion

Although T2* values have been used in other body regions,
for example, in the liver for the monitoring of hepatic iron
content [15], they have not been used previously for the
assessment of articular cartilage. As anticipated, the

Table 1 Zonal variation of control cartilage sites in healthy
volunteers and patients after MFX. T2 and T2* in ms. The p value
is given for the trend in increasing T2 and T2* relaxation times from
subchondral to superficial

Deep Superficial p value

Volunteers T2 45.9+5.7 59.7+5.1 p<0.05
T2* 19.2+3.5 26.4+3.6 p<0.05

MFX T2 49.6+9.5 59.8+7.5 p<0.05
T2* 21.0+4.8 27.7+3.4 p<0.05
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T2* values recorded were consistently less than the
corresponding T2 values, with a mean value for T2* of
only 43% of the mean value of T2 for healthy tissue. This is
mirrored in the altered cartilage repair tissue after MFX,
where the average T2* value is 41% of the T2 value. The
lower T2* values observed in cartilage reflect the additional
contribution of microscopic susceptibility fields to relaxa-
tion of the transverse relaxation in the MS-GRE sequence.
This is best exemplified in the bone-to-cartilage interface.
Although in our study we did not attempt to determine the
source of T2*, it is important to remember that regional
variation in T2* reflects a contribution from several factors,
including regional variation in T2 and regional variation in
the microstructure of the cartilage. It remains to be
determined whether the contribution of the magnetic
susceptibility-induced field gradients provides novel infor-
mation regarding cartilage health and structure. In theory,
injury to the calcified cartilage zone, or changes in the
collagen architecture of the anisotropic collagen fibers of
the deep radial zone, could lead to changes in the magnetic
susceptibility of the tissue that could be exploited using
T2* mapping.

An important result from the present study is the
significant correlation between T2 and T2*, which are
significant for healthy articular cartilage, as well as for
cartilage repair tissue; although it appears that for cartilage
repair tissue the correlation is less pronounced than for
healthy cartilage. Both methods measure a significant
difference between healthy cartilage sites and cartilage
repair tissue after MFX. The relative decrease in relaxation
times of repair tissue was greater for T2* (21%) compared
to T2 (15%). The sensitivity to structural differences in
normal and repair tissue supports both methods as potential
biomarkers to compare healthy cartilage and cartilage repair
tissue following MFX, which, based on recent histological
studies, is predominantly fibrocartilage [16—18].

The similar responsiveness of T2 and T2* to the
properties of articular cartilage is further substantiated in
the similar pattern of spatial dependency. In the healthy
cartilage of volunteers, as well as the healthy cartilage seen
in patients after MFX, both T2 and T2* increase, moving
from the deep layer to the superficial layer of cartilage. This
is consistent with the results of Smith et al. [19], which
discuss an increase in T2 values from the osteochondral
interface to the articular cartilage surface in healthy
articular cartilage in the knee. Cartilage repair tissue after
MFX, in contrast, shows no significant increase between
the deep and superficial cartilage layers with either T2 or
T2* assessment. These findings are consistent with results
reported by White et al. [10], which found a clear zonal
variation for healthy cartilage sites, but not for cartilage
repair tissue after MFX in a histologically validated study
in horses.
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Fig. 2 Zonal (deep and superficial) T2 value is plotted against the
zonal T2* value for healthy volunteers (a) and healthy cartilage sites
in patients after MFX (b). Statistical evaluation shows a significant

Although the T2* method is a powerful technique, and
potentially offers significant improvements in scan time
and especially signal-to-noise ratio, it also has limitations
due to greater sensitivity to susceptibility-induced arti-
facts. This would be a limitation in the setting of metallic
implants, or when metallic particles were present as a
result of surgery. Although no clearly visible metallic
susceptibility artifacts were seen in the area of cartilage
repair in patients after MFX in this study, this could be a
limitation in the utilization of T2* for post-operative
cartilage assessment. In future approaches, one next aim
it will be to use the presented technique in patients with
osteoarthritis. Other limitations of the present study were
the relatively small number of volunteers and patients, as
well as the lack of histological validation. Another clear
limitation is the use of a short TR for reasons of time
optimization and adaptation of the two sequences (T2
and T2%*), which could impart a significant T1-weighting
on the data. However, the reported T2 values for healthy
tissue and the observed spatial variation is consistent
with previously reported values. In addition, with regard
to the ranges and the standard deviation of the T2 and
the T2* values, T2 seems to provide more reliable data,
with a lower standard deviation of the quantitative values
compared to T2*.

Table 2 Zonal variation of cartilage repair sites in patients after MFX.
T2 and T2* in ms. A p value is given for the trend in increasing T2
and T2* relaxation times from subchondral to superficial

Deep Superficial P value
MFX T2 46.4+10.2 48.1+8.1 p=0.60
T2* 18.4£5.7 20.1+3.1 p=0.54

T2 (ms)

b R-Cuadral near = 0,655

20

10 15 20 25 30 35 40
T2* (ms)

correlation of (a) (p<0.001; 0.828; R-linear: 0.640) and (b) (p<
0.001; 0.764; R>-linear: 0.685)

A further limitation was discovered during the study
when close examination of the data revealed that when the
bipolar gradients were used, this caused a chemical shift of
1.6 pixels (of the bone), which alternated from echo to echo
and which contaminated the signal from the cartilage. For
future protocols, a monopolar gradient could be used (so
that the fat shift is in a single direction for every echo),
coupled with a fat-suppression technique (such as water
excitation). Furthermore, with the selected echo times, in
the presence of water and fat, there might be voxels
containing both water and fat, and variations due to fat/
water phases may occur.

80

T2 (ms)

R-Quadrat inear = 0,36

20 A

L L Ll Ll T Ll T

10 15 20 25 30 35 40
T2* (ms)

Fig. 3 Zonal (deep and superficial) T2 value is plotted against the
zonal T2* value for cartilage repair tissue sites in patients after MFX.
Statistical evaluation results in a significant correlation (p<0.001;
0.600; R>-linear: 0.36)
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The purpose of this feasibility study was to elucidate the
potential of T2* as an additional approach to obtain
information on the ultrastructure of articular cartilage and
cartilage repair tissue after microfracture therapy. Given the
similarity of T2 and T2* evaluation of cartilage, and the
potential technical advantages of T2* mapping, it is worth-
while to proceed with further studies to fully validate and
optimize this technique. A factor that must be considered is
the magic-angle effect [20], which will increase the T2 (and
therefore T2*) values when the cartilage is oriented at ~56°
to the main magnetic field. For this study, this potential
variation was minimized, as the load-bearing region was
oriented at an angle approximately 90° to the main magnetic
field. The orientational dependency of T2* should be
systematically evaluated in future assessments of articular
cartilage. Further investigation of larger patient groups is
needed to validate T2* in a clinical population. Histological
validation of quantitative T2* mapping after different
cartilage repair procedures is needed to verify this parameter
as a measure of hyaline cartilage repair.

In conclusion, we found that healthy cartilage has higher
global T2 and T2* values than cartilage repair tissue after
MEFX. Furthermore, both measurements demonstrate a similar
pattern of spatial variation with respect to distance from the
articular surface in healthy cartilage. The use of T2* provides
the opportunity for faster imaging times and potentially will
provide greater spatial resolution with 3-D techniques.
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