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The purpose of this prospective study was to compare a
new isotropic three-dimensional (3D) fast spin-echo (FSE)
pulse sequence with parallel imaging and extended echo
train acquisition (3D-FSE-Cube) with a conventional two-
dimensional (2D) FSE sequence for magnetic resonance
(MR) imaging of the ankle. After institutional review board
approval and informed consent were obtained and in ac-
cordance with HIPAA privacy guidelines, MR imaging was
performed in the ankles of 10 healthy volunteers (four
men, six women; age range, 25–41 years). Imaging with
the 3D-FSE-Cube sequence was performed at 3.0 T by
using both one-dimensional– and 2D-accelerated autocali-
brated parallel imaging to decrease imaging time. Signal-
to-noise ratio (SNR) and contrast-to-noise ratio (CNR)
with 3D-FSE-Cube were compared with those of the stan-
dard 2D FSE sequence. Cartilage, muscle, and fluid SNRs
were significantly higher with the 3D-FSE-Cube sequence
(P � .01 for all). Fluid-cartilage CNR was similar for both
techniques. The two sequences were also compared for
overall image quality, blurring, and artifacts. No significant
difference for overall image quality and artifacts was dem-
onstrated between the 2D FSE and 3D-FSE-Cube se-
quences, although the section thickness in 3D-FSE-Cube
imaging was much thinner (0.6 mm). However, blurring
was significantly greater on the 3D-FSE-Cube images (P �
.04). The 3D-FSE-Cube sequence with isotropic resolution
is a promising new MR imaging sequence for viewing com-
plex joint anatomy.

� RSNA, 2008

1 From the Department of Radiology, Stanford University
Medical Center, 300 Pasteur Dr, Room S-062A, Stanford,
CA 94305 (K.J.S., C.F.B., G.E.G.); and GE Healthcare
Global Applied Sciences Laboratory, Menlo Park, Calif
(R.F.B., E.H., A.C.S.B., P.J.B.). From the 2006 RSNA An-
nual Meeting. Received February 2, 2008; revision re-
quested April 9; revision received May 31; accepted June
20; final version accepted July 3. Supported by the Na-
tional Institutes of Health (1R01-EB002524) and the Soci-
ety of Computed Body Tomography and Magnetic
Resonance. Address correspondence to K.J.S. (e-mail:
kate.stevens@stanford.edu ).

� RSNA, 2008

OR
IG

IN
AL

RE
SE

AR
CH

�
TE

CH
NI

CA
L

DE
VE

LO
PM

EN
TS

1026 Radiology: Volume 249: Number 3—December 2008

Note:  This copy is for your personal, non-commercial use only. To order presentation-ready copies for 
distribution to your colleagues or clients, use the Radiology Reprints form at the end of this article. 



The ankle is the second most com-
mon site of injury in athletes after
the knee, and ligamentous sprains

are the most common sports-related in-
jury (1). Long-term sequelae can in-
clude chronic ankle instability, ankle im-
pingement, and eventual osteoarthritis
(2). With its multiplanar imaging capa-
bilities and high-spatial-resolution imag-
ing of soft-tissue structures, magnetic
resonance (MR) imaging is ideal for
evaluating ligamentous integrity, tendon
disease, and osteochondral injury in the
ankle (3–10).

Three-tesla MR imaging is increas-
ingly being used for evaluation of mus-
culoskeletal disease (11–14). MR imag-
ing of the ankle traditionally involves the
use of multiple two-dimensional (2D)
multisection acquisitions to evaluate in-
ternal derangements. However, 2D fast
spin-echo (FSE) imaging has limitations
in examination of the ankle, as the vox-
els produced are not isotropic and the
relatively thick sections compared with
the in-plane resolution can lead to par-
tial volume artifacts. The anisotropic
nature of the voxels also renders them
unsuitable for reformations in other im-
aging planes.

The articular cartilage in the ankle is
relatively thin, varying from 1.35 to
2.69 mm in thickness over the talus
(15); therefore, the thinner section
thickness images that can be obtained at
3.0 T can lead to improved diagnostic
accuracy for osteochondral lesions in
the ankle (14). However, the tibiotalar
joint also has a complex curved surface,
which can make accurate evaluation of
osteochondral disease challenging. The

ability to reformat the images and inter-
rogate the articular surface in any plane
may help improve visualization of carti-
lage defects. In addition, the numerous
ligaments surrounding the ankle are ori-
ented in different planes, making evalu-
ation of the ligamentous structures in
any one imaging plane difficult. The ten-
dons around the ankle also run in differ-
ent imaging planes as they traverse the
ankle joint. Therefore, a pulse sequence
that provides the ability to reformat im-
ages in multiple planes with high spatial
resolution would be well suited for visu-
alizing this complex joint anatomy.

A number of three-dimensional
(3D) imaging sequences have been used
to evaluate the ankle, including 3D fat-
suppressed gradient-echo imaging
(16,17), 3D multishot echo-planar im-
aging (16), and fast imaging with
steady-state precession (18). The utility
of 3D FSE sequences has already been
established in the evaluation of intracra-
nial structures (19,20), and, more re-
cently, a 3D turbo spin-echo sequence
was used to image the spine, pelvis, and
extremities (21). The researchers in the
latter study concluded that an optimized
3D sequence with isotropic imaging and
high spatial resolution would be helpful
in clinical practice for evaluating body
parts with complex regional anatomy.

Given the large volume of data con-
tained in an isotropic high-spatial-
resolution 3D data set and the relatively
long repetition times required for pro-
ton-density and T2-weighted FSE se-
quences, imaging time for 3D acquisi-
tions of these types of pulse sequences
would be prohibitive but for a number
of recent advances. First, modulating
the flip angles of the refocusing radio-
frequency train enables very long read-
out trains to be acquired with minimal
blurring (22–24). Second, parallel imag-
ing in both phase-encoding directions

(25,26) and partial Fourier acquisition
(27) can greatly reduce the number of
phase encodes required to encode a
large 3D data set. Previously, an earlier
version of flip angle modulation (23) and
one-dimensional (1D)-accelerated auto-
calibrating parallel imaging (26,28) was
reported for application to knee imaging
(22). Here, we investigate the use of the
new 3D-FSE-Cube sequence, which
combines a more recent flip angle algo-
rithm to determine the set of refocusing
flip angles appropriate for a long echo
train readout (22) with 2D-accelerated
autocalibrating parallel imaging (29) for
imaging of the ankle. The improved ac-
quisition efficiency of this sequence en-
ables isotropic acquisition, allowing the
data to be reformatted in arbitrary
planes, which is ideal for imaging com-
plex anatomy such as that found around
the ankle.

The purpose of our study was to
compare the newly developed 3D-FSE-
Cube sequence with a conventional 2D
FSE sequence commonly used in clinical
practice for MR imaging of the ankle.

Materials and Methods

Volunteers and Imaging
After institutional review board ap-
proval and informed consent were ob-
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Advance in Knowledge

� Three-dimensional (3D)-fast spin-
echo (FSE)-Cube with extended
echo train acquisition combining
half-Fourier acquisition and auto-
calibrating parallel reconstruction
was applied to high-spatial-resolu-
tion ankle imaging; images ac-
quired with 3D-FSE-Cube can be
reformatted into multiple arbi-
trary planes, which can both save
examination time and improve
depiction of anatomy and disease.

Implication for Patient Care

� This new isotropic 3D FSE se-
quence allows reformatting in
multiple orthogonal planes, mak-
ing the performance of numerous
other two-dimensional sequences
unnecessary.
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tained and in accordance with Health
Insurance Portability and Accountability
Act privacy guidelines, MR imaging was
performed in the ankles of 10 healthy
volunteers (mean age, 36 years; age
range, 25–41 years): four men (mean
age, 38 years; age range, 35–41 years)
and six women (mean age, 35 years; age
range, 25–40 years). All images were
acquired between October 30, 2006,
and November 24, 2006, with a 3.0-T
MR imaging unit (Signa Excite HDx; GE
Healthcare, Milwaukee, Wis) equipped
with high-performance gradients (am-
plitude, 40 mT/m; slew rate, 150 mT/
m/msec) by using an eight-channel head
coil. All images were acquired with and
without fat suppression. The authors
who are not employees of GE Health-
care had control of inclusion of any data
and information that might present a
conflict of interest for those authors
who are employees of GE Healthcare.

Imaging with 3D-FSE-Cube was per-
formed with the following parameters:
repetition time msec/echo time msec,
3000/35; matrix, 256 � 256; field of
view, 15 cm; section thickness, 0.6 mm;
and receiver bandwidth, �31.25 kHz—
resulting in an isotropic resolution of
0.6 mm. Partial Fourier acquisition and
1D-accelerated parallel imaging re-
duced the imaging time by a factor of
3.4, enabling an echo train of 78 to en-

code 256 lines. To cover the entire an-
kle, 132 sections were acquired in just 6
minutes 40 seconds. Two-dimensional
acceleration was also used (acceleration
factor, 4.5) with the same parameters
and resulted in the acquisition of 132
sagittal sections in 5 minutes. Images
were acquired both with and without fat

saturation. Autocalibrating Reconstruc-
tion for Cartesian sampling parallel im-
aging reconstruction was performed on-
line by using host-based prototype soft-
ware, and reconstructed images were
transferred to the imaging unit data-
base.

Sagittal 2D FSE images for compar-

Figure 1

Figure 1: Bar graph shows comparison of SNRs in cartilage, muscle, and fluid between 1D- and 2D-accel-
erated 3D-FSE-Cube MR imaging (3000/35) and 2D FSE MR imaging (3000/35). Images acquired with 1D-
accelerated 3D-FSE-Cube had significantly higher SNR in all three tissues (� � P � .05) despite much thin-
ner sections. The SNRs for all three tissues were similar for 2D accelerated 3D-FSE-Cube and 2D
FSE (P � .1).

Figure 2

Figure 2: (a) Sagittal 2D FSE MR image (2-mm section thickness), (b) sagittal 3D-FSE-Cube with 1D acceleration MR image (0.6-mm section thickness), and
(c) sagittal 3D-FSE-Cube with 2D acceleration MR image (0.6-mm section thickness) in healthy volunteer. Fluid is of high signal intensity in comparison to the articular
cartilage.
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ison with reformats of the 3D data were
acquired in the sagittal and axial planes
with the following parameters: 3000/
35; matrix, 256 � 256; field of view, 15
cm; section thickness, 2 mm with a
0.5-mm gap; number of acquisitions,
three; echo train length, eight; band-
width, �31.25 kHz; and imaging time, 5
minutes.

Image Evaluation
Signal intensity from cartilage, muscle,
and synovial fluid and noise were mea-
sured in all patients in regions of inter-
est (ROIs) in the subtalar joint cartilage,
soleus muscle, and fluid in the posterior
subtalar recess. Measurements were
performed by a single radiologist
(G.E.G., with 10 years of experience in
interpretation of MR images of the an-
kle). The circular ROI for cartilage and
fluid measurements was 3 mm in diam-
eter. The circular ROI for muscle and
noise measurements was 9 mm in diam-
eter. The standard deviation of the
noise was measured in a single ROI
placed anterior to the tibiotalar joint in
an area where there was no phase
ghosting (phase-encoding direction, an-
terior to posterior). Signal-to-noise ra-
tios (SNRs) for cartilage, muscle, and
joint fluid were estimated by dividing

the signal intensity level by the standard
deviation of the noise. The fluid-carti-
lage contrast-to-noise ratio was calcu-
lated by subtracting the cartilage SNR
from the fluid SNR.

Axial reformats of the isotropic 3D-
FSE-Cube images were created by using
software (Osirix; http://www.osirix
.com/) and were compared with 2D FSE
images acquired in the axial plane. Im-
ages obtained with the 3D-FSE-Cube se-
quence were also reformatted in multi-
ple arbitrary imaging planes to best
demonstrate the ankle ligaments, ten-
dons, and articular cartilage of the tib-
iotalar and subtalar joints.

A central sagittal section through
the tibiotalar joint was selected from
among the 2D FSE images for each pa-
tient and was compared with a compa-
rable section from the 3D-FSE-Cube ac-
quisition. Similarly, an axial 2D FSE
image at the level of the anterior talo-
fibular ligament in each patient was
compared with an equivalent axial re-
formatted 3D-FSE-Cube image. The
paired images were then randomized
and assessed for overall image quality,
blurring, and artifact by three musculo-
skeletal radiologists (K.J.S., with 10
years, G.E.G., with 10 years, and
C.F.B., with 14 years of musculoskeletal

radiology experience) who were blinded
as to which image had been obtained
with which sequence. The radiologists
graded the images on a five-point scale
from �2 to �2, where a score of �2
indicated that image A was much better
than image B; a score of �1, that image
A was somewhat better than image B; a
score of 0, that there was no difference
between the two images; a score of �1,
that image B was somewhat better than
image A; and a score of �2, that image
B was much better than image A.

Statistical Analysis
Statistical analysis was performed by
using software (Excel, version 11.1.1;
Microsoft, Redmond, Wash). The 3D-
FSE-Cube and 2D FSE sequences were
compared with respect to SNR and car-
tilage-fluid contrast-to-noise ratio by us-
ing a paired sample t test. P � .05 was
considered to indicate a significant dif-
ference.

The ratings of the three readers for
overall image quality, blurring, and arti-
facts on the axial and sagittal MR images
in each of the 10 volunteers were then
compared and analyzed by using a two-
tailed paired Wilcoxon test and soft-
ware (Stata, release 9.2; Stata, College
Station, Tex).

Results

Cartilage SNR was significantly higher
with 3D-FSE-Cube with 1D acceleration
and 0.6-mm isotropic resolution (mean,
25 � 3 [standard error of the mean])
than with 2D FSE (19 � 5, P � .007).
Muscle SNR with 3D-FSE-Cube with 1D
acceleration (29 � 9) was also signifi-
cantly higher than that with 2D FSE
(14 � 3, P � .0004). Additionally, fluid
SNR was higher with 3D-FSE-Cube with
1D acceleration (76 � 7) than with 2D
FSE (67 � 13, P � .0036) (Fig 1).

Use of the 2D-accelerated parallel
imaging technique instead of 1D accel-
eration reduced the imaging time sub-
stantially, from 6 minutes 40 seconds to
5 minutes. This was the same imaging
time as that with the 2D FSE sequence.
Cartilage, muscle, and fluid SNRs with
3D-FSE-Cube with 2D acceleration and
0.6-mm isotropic resolution were not

Figure 3

Figure 3: (a) Sagittal 0.6-mm 3D-FSE-Cube MR image obtained with 1D acceleration and (b) sagittal
0.6-mm 3D-FSE-Cube MR image obtained with 1D acceleration with fat saturation. There is no substantial
blurring on either image.
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significantly different from those with
2D FSE (P � .0600 for cartilage, P �
.239 for muscle, P � .340 for fluid)
(Fig 1).

Fluid-cartilage contrast-to-noise ra-
tio was similar for 2D FSE (48 � 9) and
3D-FSE-Cube with 1D acceleration
(51 � 5, P � .194) and 2D acceleration
(43 � 3, P � .720). Cartilage signal
intensity in 2D FSE was likely lower ow-
ing to magnetization transfer effects
from the 2D acquisition (30,31). Con-
trast between fluid and articular carti-

lage was seen with both methods, with
high fluid signal intensity on both 2D
FSE and 3D-FSE-Cube images. Image
quality was very similar for the 3D-FSE-
Cube images acquired with either 1D or
2D acceleration (Fig 2).

The 2D FSE and 3D-FSE-Cube im-
ages were assessed for overall image
quality, blurring, and artifacts by three
readers. No significant difference was
seen between overall image quality for
the 2D FSE and 3D-FSE-Cube images
for either axial (P � .4795) or sagittal

(P � .1573) images. A significant differ-
ence between the 2D FSE and 3D-FSE-
Cube sequences was demonstrated for
blurring on both axial (P � .00001) and
sagittal (P � .0325) images. Blurring
was more pronounced on the 3D-FSE-
Cube images, most likely because of the
greater T2 decay during the long echo
train. No statistically significant differ-
ence between the 2D FSE and 3D-FSE-
Cube sequences was demonstrated for
artifacts on either the axial or sagittal
images (P � .99).

Figure 4

Figure 4: (a–c) Axial oblique 3D-FSE-Cube MR images obtained with 1D acceleration in differing obliqui-
ties show anterior talofibular ligament (arrow in a). (b) By tilting the axial image a little more posteriorly, it is
possible to see both the anterior (arrow) and posterior (arrowhead) talofibular ligaments on the same image.
(c) Tilting the axial plane more posteriorly still allows the calcaneofibular ligament (arrows) to be seen in its
entirety. (d) Sagittal 3D-FSE-Cube MR image depicts planes of a (A), b (B), and c (C).
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The 3D-FSE-Cube sequence was
performed both with and without fat
suppression. Fat suppression was uni-
form for all sequences, with no exces-
sive blurring on the 3D-FSE-Cube im-
ages (Fig 3). The big advantage of 3D-
FSE-Cube was the ability to reformat
images in arbitrary planes. Reforma-
tions of the 3D-FSE-Cube images were
similar to the directly acquired 2D
FSE data, except that the 3D-FSE-
Cube sections were much thinner. Im-
ages acquired with the 3D-FSE-Cube
sequence were reformatted in multi-
ple oblique imaging planes to optimally
depict the ankle ligaments (Fig 4), the
complex course of the tendons around
the ankle (Figs 5, 6), and the articular
cartilage of the tibiotalar and subtalar
joints (Fig 7). Compared with images
acquired directly in the reformation
plane with 2D FSE, the reformatted
3D-FSE-Cube images were similar in
quality and depiction of anatomy, only
with much thinner sections. An advan-
tage of 3D-FSE-Cube is the ability to
average sections, so that both source
and reformatted images can be dis-
played at any multiple of the 0.6-mm
section thickness. Fat suppression

was excellent with both 2D FSE and
3D-FSE-Cube.

Discussion

Traditional ankle MR imaging protocols
usually include multiple 2D FSE se-
quences acquired in orthogonal planes.
Parallel imaging with generalized auto-
calibrating reconstruction algorithms
(eg, generalized autocalibrating par-
tially parallel acquisitions, or GRAPPA)
has been used more recently to de-
crease the imaging time of conventional
pulse sequences (32,33). In the case of
3D-FSE-Cube, parallel imaging permits
the imaging time to be in an acceptable
range (5–8 minutes). Because the imag-
ing time in parallel imaging is reduced,
the SNR in parallel imaging is propor-
tional to the SNR of a nonaccelerated
image divided by the square root of the
acceleration factor. Despite the relative
reduction in SNR due to parallel imag-
ing, 3D-FSE-Cube had comparable or
better SNR than 2D FSE in our study.

The 3D-FSE-Cube with half-Fourier
acquisition and 2D-accelerated autocali-
brating parallel imaging technique pro-
vides high-quality isotropic images of

the ankle with similar contrast to those
obtained with 2D FSE, although there is
slightly increased blurring on the 3D-
FSE-Cube images, likely due to T2 de-
cay during the long echo train. How-
ever, the blurring did not decrease the
overall image quality, which was not sig-
nificantly different between the two se-
quences. On all 3D-FSE-Cube images,
parallel imaging artifacts were minimal
because of the robust autocalibrating
nature of the Autocalibrating Recon-
struction for Cartesian sampling tech-
nique. Isotropic data from 3D-FSE-
Cube imaging enable reformations in ar-
bitrary planes, optimizing visualization
of the ligaments and the complex course
of the tendons around the ankle.

The imaging time for the 3D-FSE-
Cube sequence with 1D acceleration
techniques is slightly longer than for
conventional 2D FSE sequences. How-
ever, the 3D-FSE-Cube sequence makes
multiple 2D acquisitions unnecessary,
as images can subsequently be refor-
matted in multiple orthogonal planes.
Image quality was generally comparable
for the 3D-FSE-Cube sequence with 2D
acceleration, which can be performed in
considerably less time than the 1D ac-

Figure 5

Figure 5: (a, b) Sagittal oblique and (c) axial oblique 3D-FSE-Cube reformatted MR images show the course of the peroneal tendons. (a) The peroneus brevis tendon
(arrows) grooves the posterior surface of the lateral malleolus to insert into the base of the fifth metatarsal. (b) The peroneus longus tendon (solid arrows) passes behind
the lateral malleolus, inferior to the peroneal tubercle of the calcaneus (open arrow), to the undersurface of the cuboid bone. (c) The peroneus longus tendon (arrows)
passes in a groove underneath the cuboid bone to insert into the base of the first metatarsal.
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celeration, making this sequence well
suited for patients in pain, pediatric pa-
tients who are unable to stay still for
long, and patients with claustrophobia
who are able to tolerate lying in the
magnet bore only for short periods of
time. The specific absorption rate of
3D-FSE-Cube was well within Food and
Drug Administration limits for both the
1D and the 2D acceleration methods.
The section thickness in 3D-FSE-Cube
imaging is also approximately three
times less than that in 2D FSE imaging,
thereby decreasing partial-volume arti-
facts and further improving depiction of
anatomy.

Cartilage and muscle SNRs were
lower for the 2D FSE sequence than for
the 3D-FSE-Cube sequence with 1D ac-
celeration. One explanation is the inher-
ent higher SNR in 3D acquisitions.
There may also have been a small mag-
netization transfer effect due to the long
echo train in 3D-FSE-Cube imaging.
The magnetization transfer effect de-
creases the signal in cartilage and mus-
cle in 2D FSE acquisitions because of
the effect on out-of-section spins with
section selection pulses (30,31).

Figure 6

Figure 6: (a) Sagittal oblique and (b) axial oblique 3D-FSE-Cube reformatted MR images of left ankle show
the flexor hallucis tendon (arrows) grooving the undersurface of the sustentaculum tali to pass toward the
hallux (not included in the field of view). A � anterior, F � foot, H � head, P � posterior.

Figure 7

Figure 7: (a) Coronal and (b) sagittal 3D-FSE-Cube reformatted MR images with fat saturation show the articular cartilage of the tibial plafond and subtalar joints.
However, 3D-FSE-Cube data can be reformatted in multiple imaging planes to view cartilage over areas of bone that are not easily seen with conventional orthogonal
sequences. (c) Sagittal oblique 3D-FSE-Cube MR image shows cartilage over the lateral talar dome, where cartilage is usually thickest. (d) Axial oblique 3D-FSE-Cube
MR image shows articular cartilage over the anterior tibiotalar joint, as well as in the intertarsal and tarsometatarsal joints.
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Our study was limited in that only
healthy volunteers were initially im-
aged, and their number was relatively
small. However, this new technique has
the potential to be applied to patients
with internal derangements of the ankle
or hindfoot, to see if depiction of under-
lying foot disease can be improved with
this new isotropic imaging technique.
Finally, the current implementation of
3D-FSE-Cube does not have a method
for preventing phase wrap in the section
and phase-encoding directions. This
may be improved in the future by using
special radiofrequency pulses or no-
phase-wrap techniques (34).

In summary, 3D-FSE-Cube is a
promising new MR imaging sequence
that allows the rapid acquisition of high-
spatial-resolution isotropic data that
can be reformatted in arbitrary planes,
making it ideal for evaluating the com-
plex anatomy of the ankle joint.

The 3D-FSE-Cube technique may
enable rapid isotropic imaging of the
ankle with volumetric data for diagnosis
of any relevant internal derangement,
allowing improved clinical efficiency
compared with protocols that use mul-
tiple planes of 2D FSE imaging. Further-
more, the ability to view images at ar-
bitrary section thicknesses and in
oblique and curved planes may improve
depiction of anatomy and diagnosis of
disease.
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