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DWI of the Spinal Cord with Reduced FOV Single-Shot EPI

Emine Ulku Saritas,'* Charles H. Cunningham,? Jin Hyung Lee,! Eric T. Han,?

and Dwight G. Nishimura?!

Single-shot echo-planar imaging (ss-EPI) has not been used
widely for diffusion-weighted imaging (DWI) of the spinal cord,
because of the magnetic field inhomogeneities around the
spine, the small cross-sectional size of the spinal cord, and the
increased motion in that area due to breathing, swallowing, and
cerebrospinal fluid (CSF) pulsation. These result in artifacts with
the usually long readout duration of the ss-EPI method. Reduced
field-of-view (FOV) methods decrease the required readout dura-
tion for ss-EPI, thereby enabling its practical application to
imaging of the spine. In this work, a reduced FOV single-shot
diffusion-weighted echo-planar imaging (ss-DWEPI) method is
proposed, in which a 2D spatially selective echo-planar RF exci-
tation pulse and a 180° refocusing pulse reduce the FOV in the
phase-encode (PE) direction, while suppressing the signal from
fat simultaneously. With this method, multi slice images with
higher in-plane resolutions (0.94 x 0.94 mm? for sagittal and
0.62x0.62 mm? for axial images) are achieved at 1.5 T, without the
need for a longer readout. Magn Reson Med 60:468-473, 2008.
© 2008 Wiley-Liss, Inc.
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INTRODUCTION

Diffusion imaging of the spinal cord has recently become
a subject of interest, since it has potential to help under-
stand and diagnose many disorders resulting from damage
to the long fiber tracts. However, in vivo DWI of the spinal
cord is challenging because of the magnetic field inhomo-
geneities around the spine (1,2) that result in off-resonance
related artifacts and limit the readout duration. Partial vol-
ume effects due to the surrounding CSF and lipid cause
further artifacts; and the images are distorted due to suscep-
tibility variations. Furthermore, the cross-sectional size of
the spinal cord is relatively small (around 1 cm in diameter
at its widest point), requiring smaller voxels for reason-
able spatial resolution. An additional difficulty is the bulk
physiologic motion around the spinal cord due to CSF
pulsation, oscillatory spinal cord motion synchronized to
cardiac cycle (3), breathing, swallowing, etc., which results
in a zeroth-order phase error and a shift from the center of
k-space if the motion occurs during the diffusion sensitiz-
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ing magnetic field gradients (Gpjg) (4). These phase errors
differ for each repetition time (TR), manifesting themselves
as ghosting artifacts in the multi shot diffusion-weighted
(DW) image, and an overestimation of the apparent diffu-
sion coefficient (ADC). All of these factors add up, yielding
very low-signal, low-resolution DW images for the spinal
cord with artifacts.

The most frequently used technique for DWI, especially
for the brain, remains ss-EPI (5). Because the ss-EPI
sequence acquires the whole of k-space after a single
excitation pulse, the magnitude images do not suffer from
the ghosting artifacts arising from motion-induced phase
errors. The drawbacks of the ss-EPI method are the long
readout that experiences T, decay, causing severe blurring
of the images along the PE direction, and the long interval
between subsequent k-space profiles that result in signifi-
cant phase errors due to off-resonance (e.g., from chemical
shift, Byp-inhomogeneities, susceptibility gradients, eddy
currents). Furthermore, the water—fat chemical shift arti-
fact in ss-EPI, which can be quite substantial, needs to be
avoided by using either fat suppression or spectrally selec-
tive excitation. In view of these facts, and considering the
magnetic field inhomogeneities around the spine, it is par-
ticularly difficult to produce ss-EPI images of the spinal
cord with sufficient quality.

Recently, spinal cord imaging has been shown to bene-
fit from reduced FOV applications because of its long and
narrow anatomy and small cross-sectional size (6-8). In
general, reduced FOV methods decrease the readout dura-
tion needed for imaging, thereby reducing off-resonance
induced artifacts and enabling the usage of the ss-EPI tech-
nique for the spine. This work describes reduced FOV
ss-DWEPI of the spinal cord, where the excited FOV in
the PE direction is reduced by using a 2D spatially selec-
tive echo-planar RF excitation pulse, followed by a 180°
refocusing RF pulse. The required number of k-space lines
in the PE direction is decreased by reducing the FOV,
enabling higher resolution imaging for a fixed scan time.
Furthermore, the combination of the 2D RF pulse and the
180° refocusing RF pulse allows multi slice imaging, while
simultaneously suppressing the signal from fat. With this
method, contiguous slices can be obtained without any
slice gap as needed in ZOOM-EPI (6). Instead of using
additional outer volume suppression pulses as in (7), this
method actively excites only the parts of the volume that
will be used for imaging. Also, unlike using multiple 1D
excitation pulses (8), here the resulting signal-to-noise ratio
(SNR) does not depend on the number of slices.

THEORY

The pulse sequence used in this work is a standard
DW spin-echo ss-EPI sequence, with the excitation pulse
replaced with a 90° 2D spatially selective echo-planar RF
pulse that reduces the FOV in the PE direction. The details
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FIG. 1. (a) 2D echo-planar RF pulse and (b) simulation of the exci-
tation profile showing how the 2D RF pulse and refocusing 180° RF
pulse pair select water only in the main lobe (color coded for illustra-
tion purposes). Note that water and fat profiles are shifted by Adgs in
the SS-direction. (c) The resulting water slice and slab profile shown
in 3D, along with the reduced FOV image.

of the 2D RF pulse and its multi slice imaging compatibility
are explained in the following sections.

2D Echo-Planar RF Pulse

2D echo-planar RF pulses provide independent control of
slice thickness in two orthogonal directions by combining
two RF pulses that can be designed separately. Using a rec-
tilinear path in the excitation k-space in the shape of an
EPI trajectory, the “slow” (blipped) and the “fast” axes gra-
dients and RF pulses are designed to achieve the desired
excitation profiles in each spatial direction (9). The 2D
echo-planar RF pulse used in this work (Fig. 1a) generates
a 90° flip angle over a 4 mm x 4.5 cm slab. Here, the two
orthogonal directions are the slice-select (SS) direction and
the slab-select direction, where the latter is the PE direction
during imaging. As a result of this excitation scheme, the
2D RF pulse reduces the excited FOV in the PE direction
to 4.5 cm. The duration of the 2D RF pulse is 16.8 ms, with
the number of blips Ny, = 14 in the SS direction. Time-
bandwidth (TBW) products in the PE and SS directions are
TBWpg = 12 and TBWss = 3, correspondingly.

The simulated excitation profiles for fat and water
(assuming a chemical shift of 220 Hz at 1.5 T) are shown in
Fig. 1b. Note that the excitation profile in the SS direction
is periodic, because the blipped gradients in that direction
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fill the RF excitation k-space discretely. Also note that the
excitation profiles for fat and water are displaced in volume
along the blipped (SS) direction. This spatial displacement
(Adcs), caused by the echo-planar path of the 2D RF excita-
tion pulse and the off-resonance between fat and water, is
given by:

NbliprS Thast

, [1]
Kyplip

Adgs =

where MNyip is the number of blips, fcs is the chemical shift
in Hertz, Tty is the duration of a fast gradient lobe, and Ky
is the extent of k-space traversed in the blipped direction.
Further details of 2D echo-planar RF pulse design can be
found in (9).

In our 2D RF pulse, the displacement Ad.s between fat
and water is designed to be such that the excited fat pro-
file is completely outside the excited water profile. All of
the pulse design parameters (e.g., TBWpg, TBWss, the pulse
duration, and Nyy;,) are chosen to both achieve the desired
excitation profiles in PE and SS directions, while ensuring
that the fat and water profiles do not overlap. Note that from
Eq. [1], more blips (i.e., longer 2D RF pulses) are needed to
make the fat profile shift further away from the water pro-
file. More blips are also required for achieving a sharper
slice profile and further separating the excitation sidelobes
from the main lobe of the excitation. Furthermore, there is
a trade-off between the peak B; value versus the number of
blips, which also has to be taken into account while design-
ing the pulse. Reducing the number of blips while keeping
the profile the same requires higher peak B; values. In our
design, the peak B; value was kept at 0.12 Gauss, and the
other design parameters were calculated accordingly.

After 2D RF excitation, we use a regular 180° refocusing
RF pulse selective in the SS direction, with crusher gra-
dients before and after the pulse. Note that by using the
2D RF pulse and the 180° refocusing RF pulse together,
we suppress any signal from the outside lobes of the peri-
odic 2D excitation, as well as the signal from fat (Fig. 1b).
This fat suppression is especially important in EPI, where
the fat component is dramatically shifted in the PE direc-
tion with respect to the water component, which can lead
to undesired image artifacts if the signal from fat is not
suppressed.

Multi Slice Imaging

FOV restriction methods that use the intersection of two
separate 1D RF pulses do not allow multi slice imaging. For
example, a slab-selective excitation pulse in the PE direc-
tion followed by a slice-selective refocusing 180° pulse in
the SS direction is not compatible with multi slice imag-
ing, because the slab-selective excitation pulse excites the
adjacent slices as well.

In contrast, the adjacent slices are not excited by the
2D echo-planar RF pulse, therefore, contiguous multi slice
imaging is applicable. One important point to note is that,
there is an upper limit for the number of slices that can be
imaged simultaneously, which is determined by the num-
ber of slices that can fit between the two periodic lobes of
the excitation profile. The maximum number of slices is:
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A dreplicate
Adss
Nolip
" TBWss

max (Nslices ) =

(2]

where Njjices is the number of slices, Adeplicate is the dis-
tance between the periodic lobes in the SS direction and
Adsg is the slice thickness. In this work, three slices were
used for sagittal imaging, which is enough to cover the
whole spine for a slice thickness of 4 mm, since the spinal
cord is around 1 cm in diameter. According to Eq. [2], to
increase the maximum number of slices for a fixed slice
profile, more blips are needed.

The whole pulse sequence (including the 90° 2D RF
pulse, the 180° refocusing RF pulse, DW gradients, and
the ss-EPI readout) takes less than 120 ms per slice, con-
veniently allowing multi slice imaging in a single cardiac
cycle.

METHODS

Phantom experiments and in vivo scans of healthy sub-
jects were acquired using a 1.5 T GE Excite scanner, with
40 mT/m maximum gradient strength and 150 mT/(m ms)
maximum slew rate.

Phantom Experiments

A phantom filled with manganese chloride doped water
and canola oil was imaged with a quadrature head coil to
demonstrate the results of reducing the FOV and suppress-
ing the signal from fat via the 2D selective RF pulse and
180° refocusing pulse pair. The phantom was first scanned
with a conventional spin-echo pulse sequence. Other scan
parameters were TE = 30 ms, TR = 500 ms, FOV =12 x 12
cm?,0.47 x 0.47 mm? in-plane resolution (k-space matrix =
256 x 256), slice thickness = 5 mm. The phantom was then
scanned using the previously described 2D echo-planar RF
pulse as the excitation pulse. To achieve a direct compar-
ison, all the imaging parameters (other than the excitation
pulse) were kept the same for both cases.

In Vivo Imaging

In vivo sagittal images of the cervical spinal cord of a
healthy subject were acquired using an 8-channel phased-
array neurovascular coil. The reduced FOV imaging con-
sisted of three adjacent slices with 0.5-mm slice spacing,
4-mm slice thickness, 18 x 4.5 cm? FOV, 0.94 x 0.94 mm?
in-plane resolution (192 x 48 imaging matrix). A partial
k-space percentage of 62.5% in the PE direction corre-
sponding to an echo train length (ETL) of 30 lines was
used. The total readout time was 52.5 ms with TE = 62.5 ms
and +62.5 kHz sampling bandwidth. For comparison, a full-
FOV single slice ss-EPI sequence with the same number of
data points and a similar readout time of 59 ms was used,
for which the FOV in the PE direction was chosen such
that no aliasing artifact occurs in the region of interest. The
imaging parameters for this regular ss-EPI case were TE =
64.7 ms, 18 x 18 cm? FOV, 1.88 x 1.88 mm? in-plane res-
olution (96 x 96 imaging matrix), with a partial k-space
percentage of 62.5%, corresponding to an ETL of 60 lines.
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Stejskal-Tanner spin-echo diffusion-weighting gradients
(10) were applied in the superior-inferior (SI), anterior-
posterior (AP), and left-right (LR) directions, with a b-value
of 500 s/mm?. Note that the optimum b-value that maxi-
mizes the SNR of the ADC map (11) is lower for the spinal
cord than for the brain, with typical values of around 600
s/mm? used in the literature (1). This is because of the high
ADC values measured in the white matter of the spinal cord
in the Sl-direction [an average of 1863 x 10~% mm?/s in
healthy subjects (1)], which result in higher signal atten-
uation for a fixed b-value, when compared to brain DWI
studies. Here, we have chosen b = 500 s/mm? due to the
SNR considerations further imposed by the high resolu-
tions aimed in this work. Using a higher b-value is possible,
with the trade-off being the quality of both the DW images
and the ADC maps for a fixed scan time.

To avoid pulsatile cord and CSF motion, all imaging
sequences were cardiac gated with trigger signal from a
finger plethysmograph. To obtain sufficient T; recovery,
sequences were triggered every four cardiac cycles, dur-
ing which three adjacent slices with a slice spacing of 0.5
mm were acquired simultaneously. After the systole peak
is detected, a delay of 400 ms was employed to ensure
minimum bulk motion during the diffusion sensitizing gra-
dients (12). Depending on the heart rate, the total scan time
for acquiring the non-DW image (DW;) and the DW images
in all three directions (DWg;, DW ap, and DWyg) varied from
10 to 12 min. During this scan time, a total of 20 single-
shot DWy, 60 DWgj, 40 DWap, and 40 DW R images were
acquired.

To demonstrate the feasibility of high-resolution axial
images of the cervical spinal cord with this scheme, we
have also acquired images of the cervical spinal cord in
the axial plane with 0.62 x 0.62 mm? in-plane resolution.
These axial scans were conducted using an 8-channel head
coil. As mentioned earlier, there is a limit on the maximum
number of slices that can be imaged simultaneously. For 5-
mm slice thickness and 0.5 mm slice spacing, four slices
can be imaged simultaneously during a single TR. Other
imaging parameters were b = 500 s/mm?, TE = 67.7 ms,
TR = 4 cardiac cycles, FOV = 8 x 3 cm?, 128 x 48 imag-
ing matrix, 62.5% partial k-space coverage, +31.25 kHz
sampling bandwidth.

Image Reconstruction

At the beginning of each scan, a reference scan was
acquired with the PE gradients of EPI turned off (13).
This reference data was used to correct for the ghosting
artifacts arising from gradient delay, which results in a
shift in k-space between even and odd-numbered echo
lines. Refocusing reconstruction (14) was utilized to correct
for shot-to-shot phase variations that result from motion
during diffusion-sensitizing magnetic field gradients. The
central 12.5% of k-space data from each single-shot DW
image was used as the “navigator data” during calcula-
tions. This corresponds to navigator matrix sizes of 24 x
6 for the sagittal reduced FOV, 12 x 12 for the sagittal
full-FOV, and 16 x 4 for the axial reduced FOV cases. As
a result of this method, each single-shot k-space data is
first phase corrected, followed by complex averaging over
all the repetitions. After the refocusing reconstruction, the
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FIG. 2. (a) Axial full-FOV image
of a water/fat phantom. (b) The
result of using 2D-selective RF
pulse and 180° refocusing RF
pulse pair to achieve a reduced
FOV excitation. Note that in (b),
the signal from fat on top is also
suppressed. Both images were
acquired using a 2DFT spin-echo
sequence with 12 x 12 cm?2 FOV,
with the only difference being the
RF excitation pulse.

homodyne reconstruction (15) is applied on the resulting
averaged partial k-space data to get the final DW image. The
ADC maps in SI, AP and LR directions were calculated on
a pixel-by-pixel basis, according to

In |DW0 /DWii|

ADGj; = b ,

(3]

where ii is one of SI, AP, or LR directions. Here, DW, and
DWj; are the signal intensities of the pixels in the non-
DW image (i.e., b = 0), and the diffusion-weighted image
in direction ii, correspondingly. The isotropic diffusion-
weighted image (DWj,,) was obtained by taking the geomet-
ric average of all three DW images, and the corresponding
ADC map (ADGC;s,) was calculated by taking the arithmetic
average of all three ADC maps.

RESULTS
Phantom Experiment Results

Figure 2 shows the effect of using the 2D selective RF pulse
and the 180° refocusing pulse pair to achieve a reduced
FOV excitation. As seen in Fig. 2b, there is no outer volume
excitation, and fat suppression is successfully achieved.

In Vivo Imaging Results

Figure 3 shows the sagittal results for the full-FOV and the
reduced FOV ss-EPI, with isotropic DW images and ADC
maps shown for comparison. Note that three adjacent slices
were acquired for reduced FOV ss-EPI imaging, and only
the central slice is shown here for comparison. The reduced
FOV ss-EPI provides two times higher resolution for the
same readout time when compared to the full-FOV ss-EP],
with the trade-off being the lower SNR due to a four times
smaller voxel size. Note that the smaller voxel size consid-
erably reduces partial volume artifacts, most pronounced
at CSF/spinal cord interfaces.

Figure 4 shows non-DW (b = 0), isotropic DW (b = 500
s/mm?) images, and corresponding ADC maps (ADGC;s,) for
all three slices of the reduced FOV ss-EPIimaging. Note that
the outer slices have less signal from the spinal cord, due
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to the fact that the diameter of the spinal cord is around 1
cm. Therefore, for the outer slices, the 4-mm slice thickness
may contain signal from both within and outside the spinal
cord.

Shown in Fig. 5 are the results of high-resolution axial
DWI of the cervical spinal cord with reduced FOV ss-EPI.
These images demonstrate the feasibility of acquiring sub-

mm DWI of the spinal cord with this method.
) full-FOV (18 x 18 cm?) ss-DWEPI

FIG.3. Comparison results for (a
(only the 18 x 4.5 cm? region around the spine is displayed) and (b)
higher resolution reduced FOV (18 x 4.5 cm?) ss-DWEPI. Shown are
isotropic DW images (DWig,) and corresponding ADCig, maps, from
left to right. Both methods have the same readout time for comparison
purposes. The resulting in-plane resolutions are (a) 1.88 x 1.88 mm?
and (b) 0.94 x 0.94 mm?, with 4 mm through-plane slice thickness
and b = 500 s/mm? for DW images. Note that the partial volume
artifacts (the dark regions at the CSF boundary in ADC maps, as
shown with the white arrows) are greatly reduced with reduced FOV
ss-DWEPI due to higher resolution.

rFOV ss-DWEPI
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FIG. 4. Multi slice reduced FOV ss-DWEPI images of three adjacent slices. From left to right: (a) T weighted images (b = 0), (b) isotropic
DW images (DWiso), and (c) corresponding ADCis, maps. (b = 500 s/mm?, 0.94 x 0.94 mm? in-plane resolution, 4 mm slice thickness and 0.5
mm slice spacing). Note that only DW;s, images are shown here, even though DW images in S, AP, and LR directions were first reconstructed

separately to later form the DWis, image.

DISCUSSION

For DWI of the spinal cord, we have presented a reduced
FOV ss-EPI method that actively excites the minimal FOV
to image the region of interest. Reducing the FOV reduces
the number of required k-space lines, enabling the acquisi-
tion of higher resolution images for a fixed scan time. Here,
we have demonstrated that images with twice the resolu-
tion of regular ss-EPI can be obtained with the reduced
FOV ss-DWEPI method. Diffusion weighting was applied
in three orthogonal directions (with an additional b = 0
image), resulting in about a 10-min scan time. Note that,
this method can easily be extended to diffusion tensor
imaging (DTI) of the spinal cord, by increasing the num-
ber of DW directions to six or more, which would result
in a scan time of around 15-20 minutes, depending on the
heart rate.

One of the main advantages of this method is its com-
patibility with contiguous multi slice imaging. Unlike the
ZOOM-EPI method (6), a slice gap is not mandatory, since
the neighboring slices are not excited by the 2D excitation
pulse. However, as discussed previously, there is a limit on
the maximum number of slices that can be imaged simul-
taneously. To increase the number of slices, more blips can
be used with the drawback of a longer echo time. Outer
volume suppression pulses as in (7) are not needed with
this method, since the 2D excitation pulse actively excites
only the parts of the volume that will be used for imaging.
Furthermore, unlike using multiple 1D excitation pulses
(8), here the resulting SNR does not depend on the num-
ber of slices. In contrast to parallel imaging methods (16),
where the reduction in the required number of scan lines
depends on the coil geometry, here the reduction depends
only on the ratio of the desired FOV to the full FOV.
Moreover, parallel imaging methods can be combined with

this method to further reduce the required number of scan
lines.

Fat Suppression

Note that in Fig. 4, fat suppression fails in certain regions,
specifically in the bottom half of the images. This is due to
a bending in the 2D echo-planar RF pulse profile that man-
ifests itself only in non-axial images, because of the large
FOV used in the physical z-direction of the scanner. The
By field inhomogeneities become more pronounced with
the large FOV, resulting in the bending of the excitation
profile when combined with the long duration (16.8ms)
and the concomitant magnetic field from the echo-planar
gradients of the 2D RF pulse. In contrast, because the
180° refocusing RF pulse is relatively short, its profile
remains unaltered. Consequently, the two profiles over-
lap only partially, resulting in the refocused slice having
signal from both fat and water. Depending on the center
frequency of the excitation, the slice may have no fat sig-
nal at the center and have increasingly higher percentage
of fat toward the edges, or vice versa. Therefore, accurately
setting the excitation frequency is important to achieve a
proper fat suppression. Higher order shimming may further
help overcome the problem by reducing some of the field
inhomogeneities (17).

Image Reconstruction

Because the image SNR is proportional to the voxel size, the
reduced FOV images with twice the resolution have one-
fourth SNR when compared with regular ss-EPI images in
Fig. 3. When the individual (i.e., nonaveraged) DW images
are SNR deficient as in this case, absolute value averaging of
the images results in a rectified noise floor, which causes an
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Slice 2 Slice 3 Slice 4
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FIG.5. Axial multi slice reduced FOV ss-DWEPI images of the cervi-
cal spinal cord. From top to bottom: T,-weighted images, isotropic DW
images (DWig), and corresponding ADC maps (ADCiso) (b = 500
s/mm2, FOV = 8 x 3 cm?2, 0.62 x 0.62 mm?2 in-plane resolution,
5-mm slice thickness and 0.5-mm slice spacing).

underestimation of the ADC values in low SNR regions (18).
Here, to avoid the effects of the rectified noise floor, ss-EPI
images were complex averaged after correcting for shot-to-
shot phase variations using refocusing reconstruction. The
central 12.5% of k-space data from each single-shot DW
image was used as the navigator data during refocusing
reconstruction. The fact that there is no need for an addi-
tional navigator echo and that the center of k-space for each
ss-EPI has exactly the same contrast as the original image
makes this technique more robust compared to multi shot
techniques [e.g, navigated IEPI (19-22)].
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