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1. Introduction

Evaluation of specific magnetic resonance (MR) parameters of the skeletal system holds
great potential for the accurate clinical assessment of degenerative changes occurring in
bone and soft tissues at different anatomical sites. MR imaging of the water in a joint can
provide anatomical information about all the soft tissues within the synovial sac (articular
cartilage, meniscus, ligaments, synovial fluid) and surrounding it (muscles, tendons,
vascular structures). Importantly too, MRI of the water-plus-fat can provide information
pertaining both to the bone density and trabecular architecture. Recent developments
have led to combinations of scan protocols and image-measurement software such that
MRI can be used to evaluate the spatial distribution of specific relaxation parameters and
thus detect, assess, and quantify the many pathologic processes affecting the skeletal
tissues. In the articular cartilage of knee, for example, gradual deterioration of the
chondral tissue leads to progressive increases in the transverse relaxation time (T2) of the
water protons (David-Vaudey, 2004; Dunn et al., 2004; Apprich et al., 2010). Similarly,
bone loss in the calcaneus of patients with varying degrees of osteopenia and osteoporosis
causes a prolongation of the effective transverse relaxation time (T2*) of the bone marrow
protons (Wehrli et al., 1995; Damilakis et al, 2004). Nonetheless, standard scan protocols
for quantitative MRI are relatively slow and, therefore, not suitable for routine clinical
applications. Faster methods would highly enhance their applicability in the clinical
evaluation of skeletal disorders.

The purpose of this chapter is to provide a perspective on fast MRI methods for the non-
invasive assessment of the skeletal status and their relevance to the diagnosis of
osteoporosis and osteoarthritis, two major public health burdens (Hannan et al., 2001;
Theis et al., 2007). The emphasis lies on echo-planar imaging (EPI)-based sequences (Tsao,
2010) for the accurate evaluation of pathologic processes affecting bone marrow and
cartilage at different anatomical locations. A multi-shot EPI sequence is proposed for the
fast T2* mapping of the lumbar bone marrow while a gradient- and spin-echo (GRASE)
sequence is suggested for the fast T2 mapping of patellar articular cartilage. The
description of these fast acquisition techniques is followed by a presentation of two in
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vivo feasibility studies on a clinical 1.5 T MRI scanner. These investigations demonstrate
that the proposed MRI methods can produce relaxation maps of specific skeletal sites in
just a few minutes, and with mean values comparable with data obtained using
conventional sequences. Their potential application in the clinical evaluation of
osteoporosis and osteoarthritis is also discussed.

2. Fast MRI techniques

Transverse relaxation is the result of random interactions at the atomic and molecular
levels (Abragam, 1961). This physical phenomenon is primarily related to the intrinsic
field caused by adjacent protons (spins) and hence is called spin-spin relaxation.
Transverse relaxation causes irreversible dephasing of the transverse magnetization.
There is also a reversible bulk field dephasing effect caused by local field
inhomogeneities, and its characteristic time is referred to as T2* relaxation. These
additional dephasing fields come from the main magnetic field inhomogeneity, the
differences in magnetic susceptibility among various tissues or materials, chemical shift,
and gradients applied for spatial encoding (Mugler, 2006). This dephasing can be
eliminated by using a 180° pulse, as in a spin-echo sequence. Therefore, in a spin-echo
sequence, only the “true” T2 relaxation is seen. In gradient-echo sequences, there is no 180°
refocusing pulse, and these dephasing effects are not eliminated. Hence, transverse
relaxation in gradient-echo sequences (i.e., T2* relaxation) is a combination of ‘true” T2
relaxation and relaxation caused by magnetic field inhomogeneities.

TRANSVERSE RELAXATION

SIGNAL
37%

x,._.Tz DECAY
| ™ | e
i “ee._ | T2 DECAY

T2 T2
ECHO TIME ————»

Fig. 1. A diagram showing the T2 and T2* relaxation decay curves

In order to obtain an accurate estimate of the transverse relaxation decay curves several
images obtained at different echo times are generally required. The gold standard for T2
acquisition is likely to be a single slice single echo sequence (i.e. spin-echo sequence),
repeated at several echo times, with long TR. A major improvement of the spin-echo
technique is represented by the turbo spin-echo (TSE) sequence, of which a simplified
diagram is depicted in Fig. 2.
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Fig. 2. A simplified diagram for the turbo spin-echo pulse sequence. RF: radiofrequency
pulse, SS: slice selection gradient, PE: phase encoding gradient, FE: frequency encoding
gradient

This sequence is based on multi-echo multi-shot (MEMS) (Mehlkopf et al., 1984) and rapid
acquisition with relaxation enhancement (RARE) (Hennig et al., 1986) sequences and
provides T2-weighted images at fractions of the acquisition time of the conventional spin-
echo images. By applying multiple refocusing 180° RF pulses after the first echo, additional
spin echoes can be generated. Between each successive echo, the phase-encoding gradients
can be used to prepare the spins for different lines in k-space. Thus, multiple lines in k-space
can be sampled per excitation. Each echo in the readout train is progressively weaker, as

defined by the T2 decay.

Another method of decreasing image acquisition time is by echo-planar imaging (EPI)
(Mansfield, 1977). In EPI multiple lines of k-space are acquired through a multiple-echo
readout. However, in EPI signals are produced by rapid switching of gradient polarity in
place of the slower selective 180° RF pulses. In this way, EPI can produce an image in less
than 100 ms. However, in EPI sequences, since the multiple echoes are refocused by
gradients and not by 180° pulses, there is more effect of T2* decay and other artefacts.
Therefore, both spin-echo and gradient-echo EPI sequences may be applied for the fast
evaluation of the T2* relaxation.
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Fig. 3. A simplified diagram for the GRASE (gradient- and spin-echo) pulse sequence
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By combining the TSE and EPI methods, the GRASE (gradient- and spin-echo) sequence
(Fig. 3) uses a train of refocusing 180° pulses, but for each spin-echo of the readout, there are
additional gradient recall echoes (Feinberg & Oshio, 1991; Oshio & Feinberg, 1991). In this
sequence, each successive spin-echo is progressively weaker, as defined by T2 decay
whereas the strength of the gradient recalled echoes surrounding the spin-echo is defined by
the T2* decay envelope. By combining spin-echoes and short gradient-echo trains, the
GRASE technique overcomes several potential problems of EPI, including large chemical
shift, image distortions and signal loss from field inhomogeneity.

3. MRI of trabecular bone

Even though bone cannot be evaluated with most of the available MRI techniques in that
they are unable to generate sufficient signal, new quantitative MRI approaches are used to
study trabecular bone density and structure (Wehrli et al., 2006; Majumdar, 2008). MRI
can be used to evaluate trabecular bone in a number of skeletal sites, indirectly via the
protons of the bone marrow. Indeed, the presence of the trabecular bone matrix affects the
signal intensity of bone marrow, an effect that is particularly pronounced with certain
MRI sequences. With respect to gradient-echo acquisitions, static magnetic field
inhomogeneities produced by the difference between trabecular bone and neighbouring
bone marrow cause a more rapid decay of the MRI signal, which can be quantified by
measuring T2*. Pioneering studies have shown that T2* is correlated with trabecular bone
density (Davis et al., 1986; Rosenthal et al., 1990), and therefore, the effective transverse
relaxation (T2*) is shorter in normal trabecular bone than in the less dense trabecular
structures of osteoporotic bone tissue. It has also been shown that bone marrow T2*
reflects the orientation of the trabeculae and correlates with their mechanical strength
(Chung et al., 1993; Jergas et al., 1995). These characteristics make MRI a fundamental tool
in evaluating the quality of spongy bone and increase the ability of the technique not only
in identifying occult fractures but also in making possible a more accurate prediction of
fracture risk.

T2* relaxometry has been conducted at several sites of both axial and peripheral skeleton
(Funke et al., 1994; Grampp et al., 1995; Link et al., 1998). The preferred site for quantitative
MRI studies is the calcaneus in that it is mostly composed of spongy bone (95%). Therefore
quantitative MRI of the calcaneus is extremely sensitive in identifying changes in bone
quality that are not revealed by bone mineral densitometry. In one MRI study at 1.5 T that
examined 68 women with different degrees of vertebral deformity (Wehrli et al., 2002), it
was demonstrated that of the various areas of the calcaneus examined, the subtalar region
was best able to discriminate patients with fracture from those without. The authors of this
study also demonstrated that the R2* (1/T2%) is sensitive to changes in bone quality that
were not identified with BMD.

Trabecular bone is also prominent in the vertebral body (up to 90%). The spine certainly
represents the most critical skeletal site for quantitative MRI since vertebral fractures are the
most common type of osteoporotic fractures (Wasnisch, 1999). In one MRI investigation
done at 1.5 T on a group of 54 postmenopausal women, T2* mapping of the lumbar spine
was shown to be capable of differentiating between healthy subjects and subjects with low
energy fractures (Damilakis et al., 2004).
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The use of T2* relaxometry can certainly promote the application of quantitative MRI in
the diagnosis of osteoporosis. Nonetheless, MRI protocols commonly applied to estimate
T2* in bone marrow are relatively slow and, therefore, not suitable for routine clinical
application. In one recent study on the calcaneus of six healthy volunteers, Toffanin et al.
(2006) demonstrated the possibility of ultrafast T2* mapping of the bone marrow both at 1.5
and 3 T. To obtain an accurate estimate of T2* at 3.0 T or higher magnetic fields, corrective
measures may be required during postprocessing to minimise local field variations (ABO)
responsible for signal loss and consequent overestimation of the R2* relaxation rate
(1/T2%). In the method proposed by Dahnke and Schaeffter (2005), the main field
heterogeneity is derived from T2* calculated on more than one slice and is used as an
initial value for interactive optimisation, with which the relaxation signal is corrected for
each voxel.

3.1 Fast T2* mapping of the lumbar bone marrow

The feasibility of a multi-shot gradient-echo EPI sequence for the fast T2* mapping of the
lumbar bone marrow was evaluated by our research team on a commercial clinical 1.5 T
MRI scanner located in the Department of Radiology of the Cattinara Hospital at the
University of Trieste. The MRI trial was performed on 21 subjects (8 males and 13 females)
referred to the hospital for low back pain. Five slices were acquired to image the lumbar
spine in the sagittal plane and the L2 vertebral body in the axial plane. In both cases, a fast
field-echo (FFE) multi-shot EPI sequence was applied with removed blip gradients in order
to apply the same phase encoding to all gradient echoes The overall examination time was
approximately 5 minutes. The main acquisition parameters are summarised in Table 1.

Sagittal plane Axial plane
TR 400 ms 400 ms
TEmin 2.0ms 2.0ms
TEmax 15.8 ms 15.8 ms
EPI factor 25 25
Flip angle 30° 30°
FOV 300 mm x 300 mm | 200 mm x 200 mm
Matrix 320 x 320 224 x 224
Slice thickness 5 mm 5 mm
No. of slices 5 5

Table 1. Acquisition parameters of the fast field-echo multi-shot EPI sequence used for fast
T2* mapping of the lumbar bone marrow at 1.5 T
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Estimation of the T2* relaxation time was performed on one manually-defined region drawn
on the entire L2 vertebral body as shown in Fig. 4. The multi-shot EPI sequence produced
T2* maps with mean values comparable with previous data obtained with conventional
sequences (Fig. 5). The mean T2* measured in the sagittal plane (14.2 + 3.9 ms) was slightly
lower than that measured in the axial plane (14.7 £3.9 ms) but no statistically significant
difference was observed (P < 0.05).

-
Tas

(b)

Fig. 4. T2* maps of the central slice of the L2 vertebra generated from sagittal (a) and axial
(b) images by means of a monoexponential fitting algorithm as described by Dahnke &
Schaeffter (2005). The mean T2* was measured over the entire vertebral body excluding the
cortical bone
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Funke et al., 1994

O Control group: 48 subjects

a L3

O T2* times increase slightly in relation to age
O T2*=13.4 ms

Damilalkis ef al., 2004
O Control group: 28 subjects (mean age: 64.1 years)

BIEI-1.2-3-1.4
Q T2*=13.2 ms

Wehrli et al., 1995

O Control group: 77 subjects (mean age: 46.6 years)
a L3-L4-L5

OIR2*=64.8'5 1{T2*=154 ms)

Fig. 5. Overview of the T2* data previously obtained with conventional sequences

These results indicate that fast T2* mapping of the lumbar bone marrow is feasibleona 1.5 T
scanner. However, further studies are required to investigate the full potential of the
proposed approach in the clinical evaluation of osteoporosis.

4. MRI of articular cartilage

Articular cartilage, is one of the types of hyaline cartilage that persists throughout adult life.
Basically, it comprises chondrocytes incorporated in an extracellular matrix composed
mainly of water, collagen II fibrils and proteoglycans (Seibel et al., 2004). Despite its simple
appearance, this tissue hides various modifications in respect of the original cartilage that
make it a singular structure. The articular cartilage is, in fact, stratified and classically, four
distinct layers are described from the surface to the interior: tangential, transitional, radial
and calcified, respectively (Fig. 6). Both morphological and biochemical information can be
obtained by MRI, which is probably the most accurate imaging modality in evaluating the
state of hyaline cartilage (Disler et al., 2000; Cova & Toffanin, 2002). Apart from clinical MRI
protocols that depict cartilage morphology, there is a growing interest in developing
quantitative MRI approaches that are sensitive to its early structural changes (Burstein et al.,
2000; Mosher & Dardzinski, 2004).

Over the past years, quantification of the human articular cartilage has been performed
using T1, T1lp and T2 relaxation time constants as well as the magnetization transfer ratio
(Toffanin et al., 2001; Menezes et al., 2004, Wheaton et al., 2005). One of the magnetic
parameter that is currently evaluated for studying cartilage damage is the transverse
relaxation time (T2), whose relaxation mechanism results dominated by the dipolar
interaction between water molecules and collagen (Mlynarik et al., 2004) In this regard,
dual-echo or multi-echo sequences are typically employed for quantitative T2 mapping.
Nonetheless, faster quantitative MRI techniques are required in order to allow the
introduction of T2 mapping in routine clinical protocols.

www.intechopen.com



246 Medical Imaging

TANGENTIAL ZONE——¢
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Fig. 6. Histological zones in hyaline cartilage. Collagen fibres are parallel to the surface in
the superficial (tangential) zone, curved in the intermediate (transitional) zone and
perpendicular to subchondral bone in the deep (radial) zone (From Cova & Toffanin, 2002.
Reprinted with permission).

4.1 Fast T2 mapping of the patellar articular cartilage

Recently, we have devoted particular attention to optimising specific quantitative MRI
protocols for the fast T2 mapping of knee cartilage. The focus was on the gradient- and spin-
echo (GRASE) sequence able to produce a set of T2-weighted images in less than 2 minutes.
Also this research study was conducted on a commercial clinical 1.5 T MRI scanner located
in the Department of Radiology of the Cattinara Hospital at the University of Trieste. The
feasibility of the proposed approach was assessed on 35 patients (21 males and 14 females)
with moderate degree of patellar osteoarthritis. (Quaia et al., 2008).

For each patient, transverse GRASE and TSE images of patellar cartilage were acquired
using the scan protocols summarised in Table 2.

GRASE TSE
TR 3,000 ms 3,000 ms
TEmin 15 ms 15 ms
TEmax 120 ms 120 ms
EPI factor 3 -
Turbo factor 8 8
FOV 80 mm x 80 mm 80 mm x 80 mm
Matrix 128 x 128 128 x 128
Slice thickness 3 mm 3 mm
No. of slices 10 10
Total scan time 1minb51s 5min 52 s

Table 2. Acquisition parameters of the GRASE and TSE sequences used for fast T2 mapping
of the patellar articular cartilage at 1.5 T
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Fig. 7. a-h. Axial GRASE images of patella cartilage (TR/TEmin-TEmax: 3,000/15-120 ms); a:
15 ms, b: 30 ms, c: 45 ms, d: 60 ms, e: 75 ms, f: 90 ms, g: 105 ms, h: 120 ms. There is a clear
decay in the signal intensity of the patellar articular cartilage at longer TE, which can be
visually observed. The T2 relaxation time constant was calculated from a linear least-square
fit to the logarithm of the image intensity data (From Quaia et al., 2008. Reprinted with
permission).
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Estimation of T2 was performed on one manually-defined region drawn on the entire
patella cartilage as shown in Fig. 8.

Fig. 8. Axial GRASE image of patella cartilage (TR/TE: 3,000/15 ms). A manually defined
ROl is drawn on the entire patellar articular cartilage for the quantification of the global T2
relaxation time. The ROI includes the entire cartilage, encompassing both the deep cartilage
close to the subchondral bone and the superficial cartilage, and the edges of the joint surface
(From Quaia et al., 2008. Reprinted with permission).

Patient No. GRASE TSE Arthroscopic grading
1 44.0+10.0 43.5+8.0 2B
2 48.3+8.0 47.246.0 2B
3 25.5+9.0 26.3+7.5 0
4 38.1+7.0 38.4+6.0
7 45.2+6.0 46.317.0 3A

12 30.5+8.0 31.0+6.0 2A
18 35.5+8.0 37.2+8.0 1
20 39.2+7.0 38.5+6.0 2A
27 28.5+6.0 29.0+9.0 0
28 58.2+6.0 57.2+11.0 3A
35 61.2+11.0 64.3+10.0 3B

Table 3. Mean T2 values for patellar articular cartilage obtained from the GRASE and TSE
images of the patellar articular cartilage of selected patients together with the corresponding
arthroscopic grading!.

1 Osteoarthritis from anteroposterior radiographs was graded according to the Kellgren-Lawrence
scoring system (0=no osteoarthritic features; 1=minute osteophytes of doubtful importance; 2=definite
osteophytes without reduction of the joint space; 3=reduction of the joint space; 4=greatly reduced joint
space and sclerosis of the subchondral bone) (Kellgren & Lawrence, 1957).
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In our series the GRASE sequence provided T2 values slightly lower than those obtained by
the TSE sequence in most patients. This may relate to T2* decay present in the GRASE
sequence. Indeed, a potential drawback of the GRASE sequence is the possible presence of
artefacts due to the echo-planar imaging readout module that may lead to pronounced
chemical shift, image distortion, and signal loss from magnetic field inhomogeneity.
Nonetheless, differences in T2 values within deep and superficial cartilage were in line with
those observed with other MR sequences (Van Breuseghem et al., 2004). They are related to
cartilage T2 anisotropy determined by the different direction of the collagen fibres in the
superficial and deep cartilage with respect to the static magnetic field (Mosher et al., 2001).

5. Conclusion

The above MRI methods can drastically reduce the scan time for measuring the spatial
distribution of specific relaxation parameters in bone and cartilage. They may become more
widely adopted, being applied either with other imaging techniques or in isolation, to better
evaluate skeletal disorders, identify early tissue degeneration, tailor therapeutic
interventions and follow treatment response.
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