Technology Tissue function

Biochemical MRI
in Musculoskeletal
Applications
Siegfried Trattnig; Štefan Zbýň; Vladimir Juras; Pavol Szomolanyi; Stephan Domayer; Iris-Melanie Noebauer-Huhmann;
Goetz Welsch; Benjamin Schmitt
MR Centre – High field MR, Department of Radiology, Medical University of Vienna/Vienna General Hospital, Vienna, Austria

1. Biochemical MRI assessment
of cartilage and cartilage
repair
To visualize the constitution of articular
cartilage and cartilage repair tissue,
a variety of different MRI methods are
available. Considering the composition
of healthy hyaline articular cartilage,
these methods can depict relatively specifically either one component of cartilage or a combination of different components. Although some more recent
techniques, in particular CEST, have not
yet been validated sufficiently, studies
have shown promising initial results.
Articular cartilage is complex, dense,
connective tissue that relies on the diffusion of solutes for nutrition [1].
Responsible for the biomechanical properties of articular cartilage is the extracellular matrix, mainly composed of
water (~75%), collagen (~20%), and
proteoglycan aggregates (~5%) [1, 2].
Water either freely moves throughout
the matrix or is bound to macromolecules. Collagen in hyaline cartilage is
largely type II, which creates a stable
network throughout the cartilage. The
negatively-charged proteoglycans are
composed of a central core protein
to which glycosaminoglycans (GAG)
are bound.

1.1) Proteoglycan-sensitive MRI
techniques
Although no MRI sequence is really
100% specific for only proteoglycans or
collagens, there are MRI methods that
reportedly focus mainly on one component of articular cartilage. The negatively-charged proteoglycan, composed
of a central core protein to which GAG
are bound, can be visualized by delayed
gadolinium-enhanced MRI of cartilage
(dGEMRIC*) [3], sodium MR imaging
[4, 5], and, very recently, chemical

1 (1A) Shows a sagittal

3D GRE image in a patient
after microfracturing at 3T.
In the area of microfracture
only slight thinning of the
cartilage layer can be seen.
(1B) Precontrast* T1-map
shows no difference in
T1 relaxation times in the
repair tissue; however, in
the postcontrast* image
(1C) a significant drop in
T1 values in the repair
tissue can be seen, which
corresponds to a low glycosaminoglycan content.
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exchange-dependent saturation transfer
(CEST) [6]. Of these techniques, only
dGEMRIC has so far become clinically useful in cartilage repair imaging.
a) Delayed gadolinium-enhanced MRI
of cartilage (dGEMRIC*)
GAG are important to the cartilage tissue’s
biochemical and biomechanical function. GAG are the main source of fixed
charge density (FCD) in cartilage, and
are often decreased in the early stages
of cartilage degeneration [7], or in repar-
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ative cartilage after cartilage repair [8].
Intravenously administered gadolinium
diethylenetriamine pentaacetate anion,
(Gd-DTPA2-) penetrates the cartilage through
both the articular surface and the subchondral bone. The contrast equilibrates
in inverse relation to the FCD, which is,
in turn, directly related to the GAG concentration. Therefore, T1, which is determined by the Gd-DTPA2- concentration,
becomes a specific measure of tissue
GAG concentration, suggesting that
Gd-DTPA2- enhanced MRI has the potential to monitor the GAG content of cartilage in vivo [9]. Thus, T1-mapping,
enhanced by delayed administration of
Gd-DTPA2- (T1 dGEMRIC*), can be considered the most widely used methodology for detecting proteoglycan depletion
in articular cartilage (Fig. 1), and has
shown promising results [10, 11].
As differences in pre-contrast values
between cartilage repair tissue and normal hyaline cartilage are larger compared
to early cartilage degeneration, in cartilage repair tissue, the pre-contrast T1
values must also be calculated [8]. The
concentration of GAG is represented by
delta ΔR1, i.e., the difference in relaxation rate (R1=1/T1) between T1precontrast
and T1postcontrast. Thus, the sequence must
be performed twice, for pre-contrast
and delayed post-contrast T1-mapping.
This increases the total scan time, and
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requires a break in between the two
MRI scans, where the contrast agent
must be administered and a delay of at
least 90 minutes after injection is needed
for penetration of the contrast agent
into the cartilage. Scan time reduction,
compared to the standard inversion
recovery (IR) evaluation, has been
achieved with a new approach using fast
T1-mapping based on GRE-technique
[12]. Although the 90-minute delay is
still required, this might increase the
clinical applicability of the dGEMRIC*
technique. Other drawbacks of dGEMRIC*
are the use of i. v. contrast agent administration, the necessity of a double dose
of contrast agent, and the fact that
uptake and distribution of contrast agent
is not only dominated by GAG.
Since GAG content is responsible for
cartilage function, particularly its tensile
strength, the monitoring of the development of GAG content in cartilage repair
tissues may provide information about
the quality of the repair tissue. A study
by our group showed that dGEMRIC*
was able to differentiate between different cartilage repair tissues with higher
delta ΔR1 values, and thus, lower GAG
content, in cartilage repair tissue after
MFX, compared to MACT [13]. The applicability of this technique has also been
shown in regions other than the knee
joint [14–16].

b) 23Na (Sodium) imaging of cartilage
The major advantage of sodium MRI in
musculoskeletal applications is that it
is highly specific for glycosaminoglycan
content, and, since the sodium from
surrounding structures in the joint is low
(< 50 mM), cartilage can be visualized
with very high contrast without the
requirement for any exogenous contrast
agent, such as with dGEMRIC*.
The recent proliferation of 7T1 wholebody MRI scanners in clinical research
centers has had a significant impact on
sodium MRI and its potential for clinical
use. Since signal-to-noise (SNR) scales
linearly with increasing field strength,
and because of the lack of B1 penetration
and B0 susceptibility that pose problems
with proton imaging, sodium MRI can
be particularly advantageous at higher
fields. The low gyromagnetic ratio of
sodium also means significantly lower
power deposition compared with proton
imaging, which thus reduces SAR problems at 7T1. It is, therefore, very likely
that the improved SNR sodium MRI at
7T1 can provide a robust tool for quantitative imaging of MSK structures in
particular cartilage. Although sodium
MRI has high specificity and does not
require any exogenous contrast agent,
it does require special hardware capabilities (multinuclear) and specialized
RF coils [5].

1C
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With the application of a 7T whole-body
system and a modified 3D GRE optimized for sodium imaging and dedicated
multi-element sodium coils, we performed a series of clinical studies.
In a small group of 12 patients after
matrix-associated autologous chondrocyte transplantation (MACT), sodium
imaging enabled the differentiation
between sodium content, and thus GAG
in the transplants, compared to native,
healthy cartilage. In all patients, the
sodium SNR was lower in the repair tissue compared to healthy cartilage.
A good correlation between sodium
imaging and dGEMRIC* in the quantification of GAG content was found in
patients after MACT [17].
In another study, 18 patients who had
different cartilage repair surgeries (nine
bone marrow stimulation (BMS) and
nine MACT patients), age-matched, with
similar postoperative intervals and
defect locations, were examined with
sodium imaging. Sodium SNR was significantly lower in BMS (p < .001) and
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MACT (p = .002) repair tissue, compared
to reference cartilage. These differences
were influenced by surgery type, but not
by age and follow-up interval. Although
sodium SNR was not different between
the reference cartilage in the MACT and
BMS patients (p = .528), it was significantly higher in MACT than in BMS repair
tissue (p = .002). There was no difference between the magnetic resonance
observation of cartilage repair tissue
(MOCART) scores for MACT and BMS
patients (p = .889). No correlation was
observed between the MOCART score
and repair tissue SNR with sodium imaging (R = .111). Our results suggest that
MACT provides higher GAG content and,
therefore, higher-quality repair tissue
compared to the BMS techniques. Sodium
MR imaging at 7T1 (Fig. 2) might be
beneficial in the non-invasive evaluation
of cartilage repair procedure efficacy in
the knee [18].
Similar studies in patients after long-term
autologous osteochondral transplantation (AOT) in which hyaline cartilage
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is transplanted, and in patients after
patella dislocation, have demonstrated
the potential of sodium imaging in the
detection of early stages of cartilage
degeneration [19].
c) Chemical Exchange Saturation
Transfer (CEST)
Chemical exchange between bulk water
protons and protons bound to solutes
can be visualized with MR imaging [20]
by using the saturation transfer (ST)
technique, a common approach in
nuclear magnetic resonance (NMR) [21].
Consequently, the corresponding MR
imaging scheme is referred to as CEST
MRI [22, 23]. In principle, CEST MRI
relies on a reduction of bulk water MR
signal as a consequence of selective saturation of off-resonant (solute) spins
and subsequent chemical transfer of the
saturation to spins of bulk water [24].
A prerequisite for observation of CEST
phenomena within a chemical environment is the abundance of sufficiently
labile solute protons that are in contact
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2 Sagittal images of the
knee of a 43-year-old woman
obtained 42 months after
MFX cartilage repair procedure. The proton-densityweighted 2D-TSE image with
fat suppression (2A), sodium
3D-GRE image (2B), and colorcoded sodium 3D-GRE image
(2C). The cartilage repair tissue is situated between the
two arrows. Color scale represents the sodium signal intensity values.
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with bulk water. The offset of the resonance frequency of the labile protons
(Δω) in Hz must be greater than the
exchange rate (k) to provide CEST
effects that can be distinguished from
direct water saturation. For example,
hydroxyl and amide protons of GAG
were shown to be suited for CEST experiments (gagCEST) due to their chemical
exchange properties [25]: GAG –OH
protons resonate at frequency offsets of
1 and 1.5–2 ppm downfield from bulk
water, and k can be on the order of up
to 1000 s-1 [26]. This means that magnetic field strengths greater than 3 Tesla
are beneficial for gagCEST experiments,
as the condition Δω>k will be increasingly fulfilled. At higher fields, i.e., with
increasing frequency differences, the
confounding direct water saturation
(RF spillover) decreases. In combination
with longer T1 relaxation times, this
factor makes ultra high field strengths,
such as 7T1, potentially favorable for
CEST experiments. Consequently, gagCEST
imaging was first demonstrated to be

a sensitive biomarker for cartilage
GAG content in in vitro studies of bovine
cartilage at 11.7T1 [25].
Since the introduction of the gagCEST
imaging, more studies have been performed on animal and human subjects
to assess the feasibility of gagCEST
imaging in vivo [27–29], and a large palette of imaging sequences for fast and
reliable detection of CEST effects have
been proposed [27, 30–32]. The vast
majority of techniques is based on repetitive image acquisition with pre-saturation at different offset frequencies (Δω),
which allows plotting of the remaining
bulk water signal (MSat), normalized to
a reference (MRef), against the RF presaturation offset (z-spectrum). In the
z-spectrum, CEST effects appear asymmetric with respect to the water resonance and, thus, calculation of the
asymmetry of the magnetization transfer
ratio, (Eq. 1) (MTRasym(Δω )=(MSat(-Δω)MSat(+Δω))/MRef), provides a positive measure of CEST effects. In first order, the
magnitude of MTRasym values in cartilage

scales linearly with the ratio of GAG
protons to bulk water protons.
gagCEST imaging (Fig. 3) was shown to
be a valuable tool for the non-invasive
assessment of GAG content in vivo. For
example, we could demonstrate that
gagCEST can be used to reliably detect
GAG in the knee cartilage of patients
after cartilage repair surgery [33]. In this
study, which was performed at 7T1,
a 3D GRE-based gagCEST measurement
technique was used, and results from
23
Na MRI served as a reference for GAG
measurements. Moreover, the potential
of gagCEST for GAG evaluation in intervertebral discs (IVD) at 3T has been
demonstrated in healthy volunteers
[34, 35] and in patients with lower back
pain [36]. Given the results from the
latter studies on IVDs from our group, it
is reasonable to assume that gagCEST
can also be used to assess cartilage GAG
content at 3T. Thus, the indicated potential of gagCEST for the clinical routine
is tremendous because it also offers
advantages compared to other GAG-sen-
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3 High-spatialresolution (3A)
morphologic,
(3B) gagCEST,
and (3C) 23 Na
MR images of the
knee joint cartilage of a patient
after MFX in the
medial femoral
condyle. Color
bars on (3B) and
(3C) represent
MTR asym values
summed over offsets from 0 to 1.3
ppm (gagCEST)
and sodium SNRs,
respectively. Both
techniques show
decreased signals
in repair tissue
compared to surrounding native
tissue.

sitive imaging techniques, such as
dGEMRIC* and sodium imaging. These
advantages include the relatively short
acquisition time, which covers the entire
volume of a knee joint in ~10 minutes
[33], no administration of contrast
agent, and simple implementation into
a standard imaging protocol.
1.2) Collagen and water-sensitive
MRI techniques
Although the differentiation of particular components of articular cartilage
that are visualized by a specific sequence
is not entirely possible, the classic biochemical MR methodology that focuses
on the collagen content of articular cartilage is T2-mapping [37]. In addition to
the transverse relaxation time (T2) of
articular cartilage, recently, T2* relaxation is being discussed for the depiction
of the collagen matrix [38]. Magnetization transfer contrast (MTC) might also
play a more important role in future
approaches [39].
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T2 relaxation time mapping
The transverse relaxation time (T2) of
cartilage is a sensitive parameter for the
evaluation of changes in water and collagen content and tissue anisotropy
[37]. Cartilage T2 reflects the interaction
of water and the extracellular matrix on
a molecular level. The collagen fiber orientation defines the layers of articular
cartilage. Thus, the three-dimensional
organization and curvature of the collagen network, influenced by water mobility, the proteoglycan orientation, and
the resulting magic angle at 55º (with
respect to the main magnetic field B0)
influence the appearance of T2 [40, 41].
In healthy articular cartilage, an increase
in T2 values from deep to superficial cartilage layers can be observed, based on
the anisotropy of collagen fibers running
perpendicular to cortical bone in the
deep layer of cartilage [42]. Histologically
validated animal studies have shown this
zonal increase in T2 values as a marker
of hyaline or hyaline-like cartilage structure after cartilage repair procedures in
the knee [43, 44]. To visualize this zonal
variation in vivo, high spatial resolution
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is essential, which can already be
achieved with high-field MR, together
with dedicated multi-channel coils in
clinical approaches (Fig. 4). In cartilage
repair tissue, global (bulk) T2 values,
as well as line profiles, have shown an
increase in the early post-operative follow-up period, which might enable visualization of cartilage repair maturation
[45]. Another study by our group further
showed the ability of zonal T2 evaluation to differentiate cartilage repair tissue
after microfracture (MFX) and MACT
[46]. Whereas cartilage repair tissue after
MFX – histologically seen as fibrocartilage – shows no zonal increase from deep
to superficial cartilage aspects, repair
tissue after MACT – histologically reported
as hyaline-like – shows a significant
stratification.
The current evidence shows that the
quality of the repair tissue is the key to
success in the long term. Patients with
repair tissue similar to the native articular cartilage are more likely to have good
mid-term results, and in the knee, cellbased techniques result more often in
hyaline-like repair tissue than does
microfracturing.

In addition to the knee joint, studies
have been performed to analyze different repair surgery techniques in the
ankle joint. The initial results at 3T were
highly surprising; the average T2 value
of the repair tissue after microfracture
did not differ significantly from the repair
tissue after matrix associated autologous
chondrocyte transplantation (MACT).
These results were very different from
the analyses in the knee, but did, however, agree with the clinical evidence
in the literature.
A major drawback of T2-mapping in the
ankle was that the SNR even at 3T was
not sufficient to perform a zonal analysis
of the very thin cartilage layer of the
talus. Based on the results in the knee,
this might be crucial for characterizing
the quality of cartilage repair tissue, as
the zonal T2 variation correlates with
the degree of organization of the collagen network, and therefore, with the
general quality of the repair tissue.
The optimization of the multi-echo spin
echo T2-mapping algorithm for 7T yielded
a high SNR, better resolution within a
clinically feasible scan time, and enabled
us to perform an initial comparison of
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20 cases after microfracture and MACT
of the ankle joint cartilage. The analysis
confirmed that there was no significant
difference between the average T2 values of the repair tissue after either technique. The major advance was, however,
the possibility of a zonal analysis of the
healthy cartilage in asymptomatic volunteers, and in patients after cartilage
repair [47].
The values of the superficial layer of
the repair tissue were comparable to
those of articular cartilage; however,
there was a substantial difference in the
deep layer. A significantly higher T2
was demonstrated for the repair tissue
when compared to the healthy reference. Again, there was no difference
between the cartilage repair techniques.
T2-mapping yielded repair tissue with
comparable properties in the MR analysis,
which further substantiates the notion
that cartilage repair of the ankle cannot
be compared to the knee. Bone marrow
stimulation techniques are less invasive
and less costly than MACT, and might
yield a comparable or even better outcome for this joint. It should be noted
that the evidence does not allow for
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4 Axial T2-maps (4A) and T2*-map (4B) of the cartilage layer of the patella at 7 Tesla1 nicely demonstrate the zonal variation in the collagen
fiber network in cartilage in this volunteer.
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a conclusion at this time; however,
biochemical MRI can be of substantial
help in determining future treatment
algorithms in this field.
In osteoarthritis, however, T2-mapping
has shown varying results [48–50] and
the role of T2 as an absolute quantification parameter must be further analyzed. Thus, it is not yet totally clear
whether a slight increase or decrease in
T2 relaxation times can be correlated to
morphological changes. Nevertheless,
T2-mapping seems to offer potential in
this area as well. Conclusions would be
more easily derived, however, from a
longitudinal evaluation of the same subject, with MRI performed at the same
time of day.

5A

5B

2. Biochemical MRI assessment
of the intervertebral disc
For biochemical MR imaging of the intervertebral disc (IVD), the following MR
methods and techniques were optimized
by our group: T2-mapping; T2*-mapping; diffusion-weighted imaging at
3 Tesla; and recently, sodium imaging at
7 Tesla; and Chemical Exchange Saturation Transfer (CEST) at 3 Tesla (Fig. 5).
In an initial trial on 34 patients with lower
back pain but without radicular symptoms we compared standard morphological MRI at 3T with T2-mapping [51, 52].
For T2-mapping, all discs of the lumbar
spine were analyzed by classification
into five equally-sized regions-of-interest
(ROI) (20% each) in the sagittal plane,
where the anterior and posterior 20%
were defined anatomically as the annulus fibrosus (AF) and the 60% area in
between the anterior and posterior represented the nucleus pulposus (NP) of
the IVD. We found a good correlation
between the morphological Pfirrmann
classification and T2 relaxation time values. To further increase the sensitivity
of the analysis, the posterior annulus
fibrosus was further subdivided into two
10% ROIs to consider the axial load on
the posterior column of the spine. This
analysis provided a possible marker for
the early stage of disc degeneration
[51].
Furthermore, a comparison of quantitative T2 values of the IVD with conven-

5 Comparison of morphological and biochemical imaging of the intervertebral discs
of the lumbar spine in a healthy volunteer using T2 FSE (5A), T1 FSE (5B), T2-map (5C),
and T2*-map (5D).

tional MRI findings of the spine at 3T
was performed [53]. In a total of 265
discs, there were 39 focal herniations,
10 annular tears, 123 disc bulgings, and
103 normal discs. We found a statistically significant difference between the
nucleus pulposus T2 values in discs with
annular tears and all other groups with
the discs with annular tears, showing
significantly lower T2 values compared
to discs without annular tears. The difference in NP T2 values between discs
with focal herniations and normal discs
was also significant. However, no significant difference was found between NP
T2 values between disc bulging and
disc herniation. Thus, for the first time,
quantitative T2-mapping of the NP at
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3 Tesla demonstrated significant differences in T2 values between different
dislocations of the discs of the lumbar
spine.
In addition, methodologically, T2-mapping of the IVD was compared to T2*mapping at 3 Tesla in 30 patients with
lower back pain [54]. The highest variation with an increase of T2 and T2*
values from the AF to NP was found in
Pfirrmann grade I and decreased with
higher Pfirrmann grades II-IV. In addition
to T2-mapping, T2*-mapping revealed
further changes in the posterior annulus
fibrosus. The correlation between T2
and T2*-mapping showed a moderate
correlation of 0.21 to 0.356. The clear
differentiation between different stages
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of disc degeneration and the possibility
of quantification by T2 and T2*-mapping may provide a new tool for a more
sensitive monitoring of different therapies in patients with lower back pain.
In a preliminary study, sodium imaging of
the IVD of the lumbar spine at 7 Tesla was
compared with T2-mapping and morphological grading by the Pfirrmann classification. No correlation was found between
sodium imaging and T2-mapping, confirming that both methods detect different
components of the IVD [55].

3. Biochemical MRI assessment
of tendons
3.1) Sodium imaging of tendons
Tendons, which are dense, fibrous connective tissues, are often affected by
tendinopathy. This clinical condition is
defined as a syndrome of tendon pain,
tenderness, and swelling that affects
tendon function. Morphologically, degeneration of the Achilles tendon, for example, leads to thickening of the tendon
[56]. Tendinopathy is accompanied by
a disaggregation of the microfibrillar
bundles due to the greater quantities of
water and proteoglycan macromolecules. In chronic Achilles tendinopathy,
biochemical alterations presage macro-

scopic changes [57]. Glycosaminoglycan
(GAG) content was observed to be doubled in pathologic tendons in biochemical
studies [58]. In a study our group, the
feasibility of sodium magnetic resonance
imaging at 7T1 for the diagnosis of
Achilles tendinopathy was investigated
[59]. The cohort comprised twenty
healthy volunteers with no history of
pain in the Achilles tendon and eight
patients with clinical findings of chronic
Achilles tendinopathy. We used a threedimensional gradient-echo sequence
optimized for sodium imaging. The
parameters were as follows: TR 17 msec,
TE 8.34 msec, FOV 199 x 199 mm, section thickness 3 mm, flip angle 50º; 12
signals acquired, acquisition matrix 224
x 224 pixels. The total measurement
time for sodium imaging, including flip
angle calibration and localizers, was
about 32 minutes. Moreover, five fresh
human cadaver lower legs from four
different subjects (mean age of 48 ±
8 years) were used as a reference for
sodium signal and GAG content relation.
These samples were analyzed biochemically to obtain GAG and water content.
The study found that the mean bulk
sodium SNR was 4.9 ± 2.1 in healthy
control subjects and 9.3 ± 2.3 in patients
with Achilles tendinopathy, and that the
difference between the means was statistically significant. The correlation
between sodium SNR values acquired
from three regions of five cadaver Achilles tendons and GAG content was found
to be high, with a Pearson coefficient
of 0.71.
This study showed a statistically significant increase in sodium SNR in patients
with Achilles tendinopathy, compared
with healthy tendons (Fig. 6C). Moreover, the study also revealed abnormal
sodium signal values in the whole tendon, although morphologically focal
abnormalities with focal thickening were
seen. This suggests that the Achilles
tendon is affected diffusely in tendinopathy rather than focally. Sodium signal
values mostly correspond to GAG content
in the Achilles tendon, which, as shown
in in vitro studies, is increased with tendinopathy [59]. It has been shown that,
despite the relatively challenging techni-
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6 Morphological image (6A), T2*-map measured by 3D-UTE multi-echo sequence (6B) acquired at different echo times
(minimal TE 0.07 ms, maximal TE 9.0 ms), sodium image (6C) of a patient with chronic Achilotendinitis. Sodium image shows
increased sodium SNR and thus higher GAG content.

cal requirements of sodium MRI, it is
possible to clinically use sodium MRI for
diagnostic purposes in the Achilles
tendon in vivo.
3.2) Quantitative analysis of T2*
in the Achilles tendon at 7 Tesla1
With the recent hardware and software
developments, MRI is still more often
used clinically for the evaluation of the
Achilles tendon. Modern MRI methods
provide direct access to signal from fastrelaxing tissues, such as tendons. Since
the relaxation times in the AT are on
the order of 1 ms, a very short echo time
(TE) must be used to acquire signal from
the tendon. These methods were successfully used to detect partial or total
tendon rupture or even the degenerative
processes in the tendon tissue [56].
Pathological and consecutive repair processes may lead to collagen fiber alterations, and thus, relaxation properties
may be changed [60]. This results in signal alterations and changes in relaxation
properties of the bound and free water
molecules. Quantitative analysis of the
relaxation and/or diffusion constants of
the AT, such as T1, T2*, T1ρ, or ADC,
may provide additional information about
the tendon condition. On conventional
high-field MR systems, several parameters
have been investigated in the past as
prospective markers for Achilles tendon

degeneration, such as T2, T2*, T1ρ,
ADC, and magnetization transfer [61–
65]. It was shown spectroscopically that
T2* decay in the Achilles tendon demonstrates a multi-component nature [66].
The MR signals from the second, third,
and fourth components are difficult to
acquire on conventional clinical MR systems, since these have a relatively small
component ratio compared to the first
component. The first component has
the highest ratio, but it is in the submillisecond range and can therefore hardly
be acquired with conventional echo
times (~5 ms). Recent sequence development allows the acquisition of a signal from these tissues. The most important sequences used in MR imaging of
highly organized tissues are two- and
three-dimensional ultra-short echo time
sequences (2D- and 3D-UTE), variable
echo time sequences (VTE), and an
acquisition-weighted stack of spirals
(AWSOS) sequence. Du and colleagues
observed a T2* of 0.78 ± 0.07 ms at 3T,
using a 2D-UTE sequence [67]. Regional
dependencies of T2* within the Achilles
tendon were described by Robson et al.
[61]. Ultra high field MRI provides a
substantial increase in the SNR ratio of
fast-relaxing tissue types [68]. In a recent
study, we used a 3D-UTE sequence at
7T1 to estimate T2* in tendons in order
to investigate the potential feasibility
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of using this parameter as a marker for
Achilles tendinopathy [69]. An SNR
increase between 3 and 7T1 was
observed in this study as well. T2* was
acquired by fitting bi-component exponential functions, and both short (T2*s)
and long (T2*l) components were evaluated. With regard to the comparison
of patients and volunteers at 7T1, the
bulk T2*s was significantly higher in
patients, although the bulk T2*l difference was not statistically significant.
This study suggests that ultra-short bicomponent T2* measurements in the
human Achilles tendon in vivo are feasible using a 3D-UTE sequence, with high
accuracy at 7T1 (Fig. 6B). Although it is
difficult to separate the water and collagen fibers in the Achilles tendon; T2*
reflects the overall condition of AT as an
interplay between the amount of water
and the organization of collagen macromolecules. The observed differences
between T2*s in healthy and pathological tendons suggest that advanced
quantitative imaging of the human
Achilles tendon may provide additional
information to standard clinical imaging
in reasonably short MR data acquisition
times. Quantitative analysis of T2* may
be a promising marker for the diagnosis
of early tendinopathy in the Achilles tendon [69].
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In conclusion, ultra high field MRI at 7T1
offers the advantage of higher resolution imaging for morphological information, and improves spatial resolution in
T2-mapping, which enables an evaluation
of the zonal variation of even thin cartilage layers and significantly improves
sensitivity for other nuclei, such as 23Na.
This plays an important role in MSK
imaging, since sodium correlates directly
with GAG content. In addition, the GAGspecific CEST technique also benefits
from the ultra high field. This will provide
new insights into the normal and abnormal physiology of musculoskeletal tissues, and will, therefore, provide new in
vivo clinical applications.
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