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Osteoarthritis (OA) is the most common type of
arthritis and a frequent cause of pain and disability
[1]. A number of exciting surgical treatment mo-
dalities have been introduced recently, including
autologous chondrocyte transplantation [2,3] and
osteochondral allografting [4,5] or autografting [6].

Conventional radiography is widely used in
evaluating the long-term progression of OA and is
able clearly to depict the established hallmarks of
OA, namely joint space narrowing, subchondral
sclerosis, subchondral cyst formation, and osteophy-
tosis [7,8]. Conventional radiography is limited,
however, by its inability directly to visualize articular
cartilage, the tissue in which the earliest insults of OA
are thought to occur [9]. Radiographic measurements
of joint space width cannot differentiate between
femoral and tibial cartilage loss and do not reveal the
distribution pattern of tissue degradation throughout
the joint surface [9]. Moreover, highly standardized
positioning procedures and even fluoroscopic control
of the exact position of the joint are required to obtain
reproducible data on joint space narrowing, which is
used as a surrogate measure of cartilage degeneration
and disease progression [7,8].

MR imaging offers the distinct advantage of
visualizing the articular cartilage directly. MR imag-
ing can detect signal and morphologic changes in the
cartilage and has been used to detect cartilage surface
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fraying, fissuring, and varying degrees of cartilage
thinning [10-16].

Standard MR imaging pulse sequences

The standard techniques broadly used in clini-
cal practice and scientific studies are the two-
dimensional fast spin echo (FSE) (Fig. 1) and the
three-dimensional spoiled gradient-echo (SPGR)
sequence [13,17]. Both sequences are available on
most MR imaging systems.

Two-dimensional fast spin-echo imaging

FSE imaging affords high contrast for evaluating
articular disorders and cartilage (Fig. 2) [10—13,
17,18]. Incidental magnetization transfer contrast
contributes to the signal characteristics of articular
cartilage on FSE images and can enhance the contrast
between cartilage and joint fluid. Two-dimensional
FSE sequences have excellent signal-to-noise ratios,
which help to achieve short scan times in clinical
practice. The sequence has fewer artifacts than three-
dimensional SPGR [19]. Image blurring can be a
problem in two-dimensional FSE. Strategies to
decrease or avoid image blurring include the use of
ultrashort echo times and short echo trains [20,21].

Three-dimensional spoiled gradient echo imaging
SPGR sequences have been used because of their

ability to provide high-resolution three-dimensional
images [10—12,18]. Fat suppression is typically used
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Fig. 1. Standard two-dimensional FSE pulse sequence. A
sagittal MR image demonstrates the focal cartilage defect at
the posterior aspect of the femoral condyle (arrows).

to increase the dynamic range of signal intensities in
cartilage. The hyaline cartilage appears as a high
signal intensity structure compared with adjacent
tissues, which demonstrate lower signal intensities
with this sequence. The three-dimensional imaging
capability of this sequence has helped transform it
into the standard acquisition technique for quantita-
tive cartilage assessment, such as three-dimensional
volume or thickness measurements. Recent studies
indicate, however, that this sequence is hampered by
significant image artifacts that can result in over-
estimation or underestimation of cartilage disease and
failure of automated cartilage segmentation for three-
dimensional analysis because of poor contrast
between cartilage and surrounding tissues [22].

Many other MR imaging sequences have been
proposed for cartilage imaging, but have not found
widespread acceptance. These include T1-weighted
[23-26], proton density weighted, and T2-weighted
spin echo sequences [14,27,28]; inversion recovery
sequences [29]; two- and three-dimensional magne-
tization transfer contrast sequences [16,30,31]; pro-
jection reconstruction spectroscopic imaging [32—34];
and two- and three-dimensional driven equilibrium
Fourier transform (DEFT) [35-39]. Poor cartilage
signal-to-noise (SNR) and contrast-to-noise ratios
(spin echo, inversion recovery sequences), limited
SNR efficiency (spin echo, inversion recovery), and
need for off-line reconstruction (projection recon-
struction spectroscopic imaging) or for image sub-
traction (magnetization transfer contrast) are among
the factors that have prevented the broad dissemi-
nation and acceptance of these techniques for
cartilage MR imaging.

The most promising novel MR imaging pulse
sequences for cartilage imaging are water-selective
excitation techniques, such as three-dimensional

SPGR with spectral spatial pulses (SS-SPGR) (ie, a
water-selective excitation gradient echo sequence)
[40]; three-dimensional steady-state free precession
(SSFP) [35,41]; and three-dimensional FSE tech-
niques [20,21,42]. These fast sequences hold the
promise of providing three-dimensional coverage
(unlike two-dimensional FSE) while yielding supe-
rior contrast-to-noise ratio between cartilage and
surrounding tissues (unlike three-dimensional SPGR)
and are likely to improve the accuracy and reproduc-
ibility of cartilage MR imaging.

Sensitivity and specificity of MR imaging

The sensitivity and specificity of standard MR
in imaging detecting cartilage loss has been exam-
ined by correlating two-dimensional FSE or three-
dimensional SPGR sequences with arthroscopic
findings [10,11,13,14,17,18,43,44]. The specificity of
standard two-dimensional FSE and three-dimensional
SPGR sequences is excellent, ranging between 81%
and 97% [10,11,14,17,18,43,44]. The data reported
on the sensitivity of two-dimensional FSE [13,43]
and three-dimensional SPGR [10—12,14] sequences
in detecting cartilage loss are inconsistent, ranging
between 60% and 94% [10,11,14,17,18,43,44].

With three-dimensional SPGR, image artifacts and
a poorly defined cartilage surface contour along the
posterior femoral condyle can result in false-negative
or false-positive results, which may account for some
of the reported variability in sensitivity. The sever-
ity of cartilage loss and the grade of OA are also
important. Kawahara et al [44] reported that the

Fig. 2. Standard two-dimensional FSE pulse sequences. A
sagittal MR image demonstrates diffuse, slightly less than
50% of cartilage thickness thinning along the central to pos-
terior aspect of the medial femoral condyle (arrows). This
finding is consistent with early cartilage loss in osteoarthritis.



ARTICULAR CARTILAGE MR IMAGING: RECENT DEVELOPMENTS 631

sensitivity of two-dimensional FSE improved with
higher grades of cartilage loss; the sensitivity reported
in this study for superficial cartilage lesions was only
31.8%, whereas the sensitivity for full-thickness
defects was greater than 90% [44]. Limited spatial
resolution of the two-dimensional FSE sequence in
slice direction may be the cause for this observation.
Bredella et al [43] reported a sensitivity of only 61%
for single-plane fat-saturated two-dimensional FSE
sequences; when two or more planes were combined
in the interpretation (eg, axial and coronal plane), the
sensitivity increased to 93%. These data along with
the limited sensitivity observed for superficial carti-
lage lesions in the study by Kawahara et al [44]
provide a strong indication that pulse sequences with
near isotropic resolution, such as three-dimensional
SSFP or three-dimensional FSE, are needed to achieve
sensitivities of cartilage MR imaging that are con-
sistently greater than 90%.

Reproducibility of standard cartilage MR imaging
pulse sequences

The reported reproducibility of visual readings of
cartilage MR imaging acquired with a standard three-
dimensional SPGR sequence is fair. In one study
involving independent readings of 30 OA patients by
three radiologists, the median interobserver agree-
ment was 0.29 (range 0.06—0.38) [45]. The authors
concluded that this was likely the result of errors
related to partial volume averaging near the inter-
condylar notch and other image artifacts. This
observation emphasizes the need for novel, more
reproducible cartilage-sensitive imaging sequences.

Three-dimensional measurements of total carti-
lage volume and cartilage thickness have evolved as
the standard for quantitative MR imaging—based
assessment of cartilage loss [15,22,46—60]. Both
measurements require segmentation of the cartilage
from the surrounding tissue using such techniques as
manual segmentation [15,22,52], signal intensity—
based thresholding [15,52], seed-growing algorithms
[53], filtering [61—63], watershed [64] and live wire
approaches [54,55,65,66], or model-based segmenta-
tion [57,67—69]. Three-dimensional thickness maps
can be generated using a three-dimensional Euclidean
distance transformation that determines at each point
the minimal distance from the articular surface to the
bone-cartilage interface [46—51].

More important than accuracy is the ability to
distinguish changes of cartilage volume and thickness
over time, which is determined by the reproducibility
of the technique. There is significant disagreement in

the literature as to the reproducibility of quantitative
MR imaging—derived measurements of cartilage loss
in the tibiofemoral compartments. Coefficients of
variation for repeated measurements of total cartilage
volume derived from standard three-dimensional
SPGR sequences ranged between 1.8% and 8.2%
[9,15,46,48,60,70,71], and in one study even 10%
and 15% [58].

Wluka et al [72] reported that the annual rate of
total tibial cartilage loss in a longitudinal study in OA
patients amounted to 5.3% + 5.2% (mean + 1 SD)
(95% confidence interval [CI] 4.4%—6.2%) per year,
a value only slightly above most of the published
reproducibility errors. The annual percentages of loss
of medial and lateral tibial cartilage were 4.7% =+
6.5% (95% CI 3.6%—5.9%) and 5.3% = 7.2% (95%
CI 4.1%—6.6%), respectively [72]. Gandy et al [22]
were not able to find any discernable change in
cartilage volume in a cohort of OA patients followed
with MR imaging over a 3-year period. Remarkably,
radiologists’ visual readings showed progression of
cartilage loss in the same patients [73]. Difficulties
in cartilage segmentation caused by low cartilage
contrast in the three-dimensional SPGR sequence
seemed to be largely responsible for the problems
noted with quantitative cartilage measurements in that
study [22].

Hardy et al [60] showed that the spatial resolution
of the imaging sequence is of critical importance for
reducing partial volume artifacts in cartilage MR
imaging and for improving the reproducibility of
quantitative measurements of cartilage loss. Chang-
ing the slice thickness from 1 to 0.5 mm resulted on
average in a 2% decrease in coefficients of variation
in the tibiofemoral compartments [60]. Similarly, a
change in in-plane resolution from 0.55 to 0.275 mm
caused a threefold decrease in coefficients of varia-
tion of repeated cartilage volume measurements.
Alongside the high variability in published reproduc-
ibility errors [9,15,46,48,60,70,71] and the difficul-
ties encountered by some investigators in segmenting
the articular cartilage in OA patients [22,73], the
results of Hardy et al [60] emphasize the need for
novel three-dimensional imaging techniques with
high contrast and high spatial resolution.

Image artifacts

In a recent study [19], the presence and severity of
image artifacts on conventional two-dimensional FSE
and three-dimensional SPGR sequences was evalu-
ated for cartilage imaging. Four normal volunteers
and 28 patients with OA of the knee (Kellgren-
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Fig. 3. Ambiguity of cartilage surface contour on three-dimensional SPGR image. MR images in a 60-year-old man. Sagittal
short TE FSE image (4000/13) (4) and long TE FSE image (4000/39) with fat suppression (B) showing clearly defined cartilage
contour (arrowheads) in the region of the posterior femoral condyle. (C) Sagittal fat-suppressed three-dimensional SPGR
image (60/5, 40°-flip angle) shows ambiguous surface contour (arrows) on the posterior region of the femoral condyle cartilage.
(From Yoshioka H, Stevens K, Genovese M, et al. Articular cartilage of knee: normal patterns at MR imaging that mimic disease

in healthy subjects and patients with osteoarthritis. Radiology 2004;231:31—8; with permission.)

Lawrence grades 1 and II [74]) were prospectively
studied with MR imaging (standard, conventional
two-dimensional FSE [short TE and moderate TE],
and three-dimensional SPGR). Imaging artifacts were
noted. Signal intensities of cartilage, meniscus, joint
capsule, synovial fluid, and muscle were measured
and the tissue contrast was determined for each
sequence [19].

The following artifacts were observed on FSE
short TE, FSE long TE, and SPGR images, respec-
tively: (1) ambiguity of the surface contour in the
posterior region of the femoral condyle cartilage 0%,
0%, and 71.4% (Fig. 3); (2) linear high signal
intensity in the deep zone adjacent to the subchondral
bone of the femoral condyle 0%, 0%, and 92.9%; (3)
pseudolaminar appearance in the posterior region of
the femoral condyle cartilage 25%, 32.1%, and
85.7%; (4) truncation artifact in the patellofemoral
compartment 25%, 21.4%, and 96.2%; (5) suscepti-

bility artifact on the cartilage surface caused by air or
metal 10.7%, 10.7%, and 39.3%; (6) decreased signal
intensity in the distal trochlear cartilage 100%, 100%,
and 100%; (7) cartilage thinning in the central portion
of the lateral femoral condyle adjacent to the anterior
horn of the lateral meniscus 67.9%, 67.9%, and
75%; and (8) focal cartilage flattening in the poste-
rior region of the femoral condyle 57.1%, 57.1%,
and 32.1%. Limited contrast between cartilage
and surrounding tissues resulted frequently in poor
delineation of cartilage defects on conventional three-
dimensional SPGR sequences (Fig. 4). Cartilage-
meniscus contrast and cartilage—synovial fluid
contrast were significantly greater on fat-suppressed
two-dimensional FSE than on fat-suppressed three-
dimensional SPGR images (P <.001) (Fig. 5).
Clearly, three-dimensional SPGR is hampered by
multiple image artifacts that can obscure cartilage
defects or artificially create defects [19]. These

Fig. 4. Poor delineation of cartilage defect on three-dimensional SPGR sequence. MR images in the same patient seen in Fig. 2.
Sagittal short TE FSE image (4) and long TE FSE image with fat suppression (B) show large, and in some areas full-thickness,
cartilage defect (arrows) in the central and posterior regions of the lateral femoral condyle. (C) Although sagittal fat-suppressed
three-dimensional SPGR image can demonstrate the cartilage defect, the margins are not well defined, particularly posteriorly
(open arrows). The full-thickness cartilage defect was confirmed at arthroscopy. (From Yoshioka H, Stevens K, Genovese M,
et al. Articular cartilage of knee: normal patterns at MR imaging that mimic disease in healthy subjects and patients with
osteoarthritis. Radiology 2004;231:31—8; with permission.)
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Fig. 5. Mean contrast between cartilage and adjacent structures for fat-suppressed FSE (short and long TE) images and fat-
suppressed three-dimensional SPGR images. (From Yoshioka H, Stevens K, Genovese M, et al. Articular cartilage of knee:
normal patterns at MR imaging that mimic disease in healthy subjects and patients with osteoarthritis. Radiology 2004;231:

31-8; with permission.)

artifacts along with the poor cartilage-meniscus and
cartilage—synovial fluid contrast are the main reasons
for the failure of automated software tools in
segmenting cartilage for three-dimensional volume
and thickness assessments that has been recently
reported in OA patients [22]. The low prevalence of
image artifacts and the substantially greater cartilage
contrast afforded by two-dimensional FSE sequences
suggest that a three-dimensional FSE imaging
approach may have the potential to be relatively
artifact free and to yield high image contrast and
spatial resolution, essential prerequisites for accurate
and reproducible visual and quantitative analysis of
cartilage MR imaging.

Novel three-dimensional MR imaging pulse
sequences

Three-dimensional driven equilibrium Fourier
transform

A promising approach for imaging the patient
with articular disorders is the DEFT technique
[35-39]. Results of recent studies have shown that
DEFT imaging provides contrast between cartilage
and joint fluid by enhancing the signal from joint
fluid, rather than by suppressing the signal from
cartilage, as is the case with some sequences (Fig. 6).

DEFT produces image contrast that is a function
of proton density, T1-T2, and TE-TR. The DEFT
technique has been studied for many years, but so far
has not been widely used. This is because T1 and T2
contrast compete in many tissues, so the T1-T2 DEFT

contrast tends to be flat. Fortunately, DEFT contrast
is very well suited to imaging articular cartilage.
Synovial fluid is high in signal intensity, and articu-
lar cartilage is intermediate in signal intensity. Bone
appears low in signal intensity, and lipids are
suppressed using a fat-saturation pulse. Hence,
cartilage is easily distinguished from all of the
adjacent tissues based on signal intensity alone,
which greatly aids in segmentation and subsequent
volume calculations.

Basic DEFT sequence includes a conventional
spin echo pulse sequence followed by an additional
refocusing pulse to form another echo, and then a
reversed, excitation pulse to return any residual
magnetization to the + z axis. This preserves the
magnetization of the tissues that have longer T2, such
as synovial fluid [35—39]. Three-dimensional DEFT

Fig. 6. Axial two-dimensional DEFT image through the
patellofemoral articulation. The articular cartilage is well
visualized. Joint fluid has high signal intensity. The thin
arrow indicates a small cartilage fissure. The thick arrow
indicates a cartilage flap arising from the fissure and ex-
tending into the fluid.
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images with echo-planar readouts provide volumetric
coverage in a clinically reasonable scan time and
suggest that this sequence may be useful in clinical
application (Fig. 7) [39].

The contrast-to-noise ratio efficiency between
synovial fluid and cartilage has high values on
fat-suppressed three-dimensional DEFT images. Fat-
suppressed three-dimensional DEFT imaging is
sensitive to signal intensity changes in degenera-
tive cartilage.

Fat-suppressed three-dimensional DEFT imaging
has several limitations. First, motion artifact is often
seen, because of the longer scanning time than two-
dimensional images and echo-planar imaging ghosts
are seen because of the use of the echo-planar
technique [35—39]. Second, for smaller field of view,
stronger gradients are needed. Third, insufficient fat-
suppression is often seen on fat-suppressed three-
dimensional DEFT imaging, so further optimization
may be necessary [39]. Finally, the areas of bone
marrow edema are demonstrated as low or iso-signal
intensity on fat-suppressed three-dimensional DEFT
images, leading to underestimation of the extent of
bone marrow edema [39]. Bone marrow edema is an
important factor in diagnosis of OA. The complexity
of signal intensity of bone marrow edema on fat-
suppressed three-dimensional DEFT images seems to
be caused by the fact that the contrast of DEFT
imaging is dependent on the ratio T2-T1, not T1 or
T2 relaxation times [39].

Water-excitation three-dimensional fast
low-angle shot

Water-excitation three-dimensional fast low-angle
shot is a sequence for faster imaging of articular

F..-.-;

Axial Sagittal

cartilage defects, compared with conventional fat
saturation three-dimensional fast low-angle shot [75].
The principle of water-excitation sequences is the
selective excitation of non—fat-bound protons. Time-
consuming spectral fat saturation to eliminate fat
signal is not necessary. This provides significant
advantage of a reduced acquisition time and addi-
tionally obviates chemical-shift artifacts. The water-
excitation three-dimensional fast low-angle shot
sequence has been recently described to provide
image quality comparable with fat saturation three-
dimensional fast low-angle shot [75].

Three-dimensional steady-state free precession and
multipoint fat-water separation

SSFP imaging is an efficient, high-signal method
for obtaining three-dimensional MR images [41]. The
SSFP sequence is a rapid gradient-echo MR imaging
technique that can yield a superior SNR compared
with other gradient-echo techniques (Fig. 8).

The three-dimensional SSFP sequence is a fully
balanced steady-state coherent imaging pulse
sequence designed to produce high SNR images at
very short sequence times (TR). The pulse sequence
uses fully balanced gradients to rephase the trans-
verse magnetization at the end of each TR interval.
To achieve fat saturation in a steady state, it is
important to bring the magnetization back to the
steady state as quickly as possible to avoid artifacts.
A half-alpha technique is used to store magnetization
and then return it to steady state relatively quickly.
This is repeated throughout the sequence at regular
intervals. The use of multiecho fat-water separation
allows the use of small TE increments, and can be

)

Coronal

Fig. 7. Near isotropic three-dimensional DEFT acquisition using interleaved echoplanar acquisition. These images were obtained
with the resolution of 0.5 X 0.5 X 1 mm, a field of view of 13 X 13 X 13 cm, and acquisition time of 11 minutes. The
patellofemoral cartilage is demonstrated in the axial, sagittal, and coronal planes.
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Fig. 8. Sagittal three-dimensional SSFP sequence obtained
to the lateral tibiofemoral compartment (TR/TE/TT in mil-
liseconds 6.6/1.2/20, flip angle 10°, 128 slices, 0.8-mm slice
thickness, two excitations, matrix 256 x 256, field of view
14 cm, acquisition time 8 minutes). The sequence provides
near isotropic resolution. Cartilage signal is very high even
compared with the surrounding tissues resulting in excellent
contrast-to-noise ratio.

applied to three-dimensional SSFP imaging of ar-
ticular cartilage imaging.

SSFP sequence has excellent contrast behavior
with varying dependence on T1 and T2. Many
different methods of SSFP-based imaging are avail-
able for imaging the articular cartilage, and all have
higher cartilage signal compared with conventional
techniques. Synovial fluid appears bright on SSFP
images, because of its long T2.

With recent advances in MR imaging gradient
hardware, it is now possible to use SSFP imaging
without the limitations of banding or off-resonance
artifacts. The best immunity to off-resonance artifacts
when using SSFP [41], is a short repetition time
(<5 milliseconds). The major limitation of SSFP is
image degradation caused by local magnetic field in-
homogeneities if the TR is long.

Another similar approach that may provide more
reliable fat suppression is Dixon SSFP imaging. This
technique is faster and can provide more reliable fat
suppression than fat-suppressed three-dimensional
SPGR imaging. Dixon SSFP imaging may be
especially useful at high field strength.

A final steady-state method of cartilage imaging
that is useful at 3 T is SSFP imaging with intermittent
fat saturation. This technique preserves the SNR
advantage of SSFP imaging, but provides uniform fat
saturation, even at high field strength. The overall
SNR efficiency and speed of the SSFP-based tech-
niques make them very attractive for cartilage imaging.

Three-dimensional fluctuating equilibrium
MR imaging

Fluctuating equilibrium MR imaging [76,77] is a
variant of SSFP imaging that may be useful in
imaging cartilage in the knee [76]. In fluctuating
equilibrium MR imaging, each phase-encoding step
is repeated twice, once with a 90x and once with a
90y. The k-space data are then parsed to form two
complete data sets, which are reconstructed into fat
and water images. With a repetition time of 6.6 mil-
liseconds, high-resolution three-dimensional imaging
of cartilage is possible in about 2 minutes.

As with DEFT imaging, fluctuating equilibrium
MR imaging produces contrast based on the ratio of
T1-T2 in tissues. This results in bright fluid signal
while preserving cartilage signal. The largest dis-
advantage of fluctuating equilibrium MR imaging
and SSFP techniques is sensitivity to off-resonance
artifacts [76].

Three-dimensional fast spin echo imaging

Standard two-dimensional FSE and three-
dimensional SPGR sequences yield anisotropic
voxels. Anisotropic voxels are difficult to process
and can result in artifacts. Specifically, the poor slice
profile, unwanted magnetization transfer effects,
high-power deposition, or poor SNR of conventional
two-dimensional slice-selective and multislab three-
dimensional MR imaging methods can cause prob-
lems. A single-slab three-dimensional FSE sequence
has been developed by the University of Virginia at
Arlington and Brigham and Women’s Hospital for
neuroimaging [20,78] and has been tested to obtain
high-resolution images of the brain [20] and petrous
bone [21]. Images in these studies have near-isotropic
voxel sizes of 0.4 x 0.4 x 0.6 mm>, which allows
one to use isotropic image processing techniques
without introducing significant artifacts.

The novel three-dimensional FSE sequence uses
a single-slab technique with hard pulses for the
excitation and for the refocusing radiofrequency
pulses. This results in very small effective echo time
and echo spacing. The novel three-dimensional FSE
sequence differs from the product sequences of
major MR imaging companies in many aspects.
First, it has single-slab coverage for the whole field
of view, whereas many product sequences are
multislab because of the long sequence time needed.
Single-slab three-dimensional MR imaging gives
high SNR and eliminates unwanted magnetization
transfer and boundary image artifacts. Second, the
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Fig. 9. Comparison of three-dimensional SPGR, three-dimensional SS-SPGR (water selective excitation gradient echo), and
three-dimensional FSE images. Three-dimensional SPGR (4), three-dimensional SS-SPGR (B), and three-dimensional FSE
images (C). Contrast between cartilage and posterior capsule (arrows) is best in this patient with three-dimensional FSE. This is
a problem area for automated or semiautomated segmentation of cartilage for subsequent quantitative analysis, such as
measurements of volume and thickness. Blurring is not a problem with this sequence because of its short echo times.

sequence uses hard excitation and refocusing radio-
frequency pulses that can significantly reduce echo
spacing compared with the conventional soft pulse
approach. This greatly helps to reduce the effective
echo time in Tl-weighted imaging and helps to
reduce the echo train length that shortens the total
scan time and eliminates image artifacts caused by
signal quick decaying. Third, dynamic receiver gains
can be implemented during three-dimensional data

acquisition, which improves SNR compared with the
conventional single gain approach. A twofold to
threefold SNR gain can be obtained with this ap-
proach [20].

Three-dimensional FSE provides image contrast
similar to the one experienced with routinely used
two-dimensional FSE sequences (Fig. 9). The
sequence can provide isotropic image resolution. In
the future, this may create the opportunity of single-

CorSlice

Fig. 10. Simultaneous multiplanar display of three-dimensional FSE images, 3-T MR image. The three-dimensional FSE
sequence is acquired with near isotropic resolution (0.47 X 0.6 X 0.5 mm). Images can be displayed in any desired plane without
apparent loss in image quality. Partial volume artifacts are greatly reduced using this approach.
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pulse sequence knee MR imaging with isotropic
resolution; in this setting, the radiologist can rotate
and review the acquisition in any desired orientation
without loss of spatial resolution (Fig. 10).
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