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Abstract

Purpose: Commonly used diffusion weighted (DW) imaging such as DW spin echo (SE) type echo
planar imaging (DW-SE-EPI) is known to be a snapshot-like acquisition and to have a relatively
high signal-to-noise ratio. Spiral MRI sequence (SPIRAL) has characteristics similar to these of EPI],
but it has rarely been used for diffusion-weighted imaging (DWI). In vivo DW-SPIRAL of the rat
brain has almost never been reported. Our purpose in this study was to examine the potential of
SE-type two-dimensional (2D) multi-shot spiral acquisition MRI for apparent diffusion coefficient
(ADC) mapping of the rat brain in vivo. Materials and Methods: We made an SE-type DW-2D-spiral
MRI sequence (DW-SPIRAL) which was prepared on a 2.0-T animal-experiment MR scanner. Com-
paring the phantom experimental result of DW-SPIRAL with the phantom experimental result of
DW SE-type echo-planar imaging (DW-SE-EPI) and conventional DW spin echo imaging (DW-SE),
we estimated the characteristics of DW-SPIRAL and assessed the clinical application of DW-SPIRAL
in an animal experiment on the rat brain. Results: There was not much difference between the
calculated water/glycerol phantom diffusion coefficient of DW-SPIRAL and the calculated diffusion
coefficient of DW-SE. This result shows that the DW-SPIRAL sequence is appropriate for use in dif-
fusion weighted imaging. There were fewer phantom image distortions and ghosting artifacts with
DW-SPIRAL than with DW-SE-EP], and this tendency was similar in the animal experiment on the
rat brain. Conclusion: The DW-SPIRAL sequence had been successfully tested in phantom experi-
ments and rat brain experiments. It has been demonstrated that the DW-SPIRAL sequence is capa-
ble of producing in vivo rat brain DWIL.
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1. Introduction

A spiral MRI sequence (SPIRAL) allows fast scanning with a relatively high signal-to-noise ratio (SNR), and it
is relatively insensitive to motion [1]-[3]. Due to the spiral design of the k-space trajectory (gradient waveforms),
middle and low-level MRI scanners do not allow straightforward implementation of SPIRAL. In particular, a
single-shot spiral scan places high demands on gradient hardware, requiring careful design of the gradient
waveforms. One hardware limitation of some MRI scanners is the ramping duty cycle. This duty cycle limit is
related to the percentage of scan time spent on ramping (altering) the gradient amplitude, and stems from restric-
tions on the amount of heat dissipated by the pulse-width modulator that controls the output voltage of the gra-
dient amplifier. This type of gradient amplifier limitation is particularly restrictive for spiral scans in which the
gradient amplitude changes continuously during data collection. Furthermore, because the image reconstruction
of SPIRAL is complicated, it is not used much. The Cartesian coordinates of the k-space points sampled along
spiral trajectories do not form a uniform grid; thus, the fast Fourier transformation algorithm cannot be applied
in the conventional manner for image reconstruction [1]-[4].

A spin-echo-type echo-planar imaging (SE-EPI) module is often used for diffusion-weighted imaging (DWI1)
because of its snapshot-like acquisition and relatively high SNR [5], [6]. Diffusion weighted SE-EPI
(DW-SE-EPI) has become an important clinical modality for early detection of stroke [5], [7]. In addition, sepa-
ration and extraction of white matter and gray matter [8], [9], and brain fibers related to anisotropy in water dif-
fusion were investigated by using DW-SE-EPI with diffusion tensor magnetic resonance imaging (DTI) [6],
[10]-[12]. Although SE-EPI is a mainstream DW!I pulse sequence, one of its weak points is that a relatively short
echo time (TE) is difficult to achieve. In contrast to EPI, the SPIRAL sequence k-space trajectory takes the form
of a spiral. This has an advantage in that low spatial-frequency components of the k-space are acquired first, so
the effective TE is short. Moreover, SPIRAL has other advantages that are related to short echo times. Very fast
imaging of EPI needs rapid gradient switching. Each frequency-encoded gradient lobe is sampled rapidly with
very high gradient amplitude, resulting in a very large signal bandwidth. This rather slow sampling rate means
that the signal bandwidth in the phase-encode direction may be as little as 10 Hz per pixel. In particular,
air-tissue boundaries result in large image distortions, and these become more severe at higher magnetic field
strengths. Because SPIRAL does not need rectangular fast gradient switching for EPI encoding, the image dis-
tortion of SPIRAL is not severe. SPIRAL is able to reduce image distortions and it is predictably effective for
animal experiments with a small field of view (FOV). Some studies have recently explored the spiral readout
trajectory in DWI or DTI [13]-[17]. However, in animal experiments, the number of spiral readout trajectories in
DWI1 or DTI has decreased markedly [18]. In rat experiments, spiral readout imaging has been rarely used for
DWI, DTI, or conventional (T1, or T2-weighted) imaging.

In this study, we demonstrated an apparent diffusion coefficient map (ADC map) from the in vivo rat brain
with a 2.0-T animal experiment MR imager by using an SE-type diffusion-weighted (DW) two-dimensional
multi-shot spiral acquisition (DW-SPIRAL) which we developed. Basically, the SPIRAL technique offers a
clear advantage over the EPI technique whenever a short TE and increased robustness to image distortions are of
interest, as is typically the case with DWI.

2. Materials and Methods

2.1. DW-SPIRAL Sequence Implementation and Optimization

Figure 1 shows the timing chart of the self-made SE-type DW two-dimensional multi-shot spiral acquisition
(DW-SPIRAL). This sequence combines motion proving gradients (MPG) with a conventional spiral imaging
module. The MPG was applied symmetrically around a refocusing (180-degree RF) pulse, and it could be ap-
plied in any direction. Like EPI, SPIRAL is a very fast MRI technique capable of efficiently sampling the entire
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Figure 1. Diagram of the SE-type 2D spiral MR pulse sequence modified for diffusion imaging (DW-SPIRAL). The motion
proving gradients (MPG) were applied symmetrically around a refocusing (180 degree RF) pulse, which could be applied in
any direction. In SPIRAL imaging, G, and G, could handle the readout-encode and phase-encode simultaneously, as well as
act independently of each other. SPIRAL imaging has the advantage that the low k-space spatial frequencies (center of the
k-space) are acquired first, and thus the effective TE is short.

k-space of interest in just one segment (single shot) or in a few k-space segments (multi-shot). All MRI experi-
ments were performed on a 2.0-T Biospec 20/30 System with a B-GA20 Gradient System (BRUKER, Karlsruhe,
Germany) that had a maximum gradient strength of 200 mT/m. The MR data acquisition, image reconstruction,
and MR pulse sequence development were performed with a ParaVision ver.4 (BRUKER) software system. The
data re-gridding (conversion from spiral to Cartesian k-space), and image reconstruction used a full production
copy of spiral image reconstruction (BRUKER). A 70-mm-I1D birdcage coil (BRUKER) tuned to 85 MHz for
proton resonance was used for phantom experiments.

To verify the implementation of the DW-SPIRAL sequence, we monitored its gradient waveform with a
self-made monitoring system (LabVIEW, National Instruments, TX, USA). Figure 2 shows the measured gra-
dient waveforms of the DW-SPIRAL sequence (Figure 2(a)) and the measured gradient waveforms of the DW-
SE-EPI sequence (Figure 2(b)), using the self-made monitoring system. These have the same FOV, matrix,
segments (8 shot), MPG power, MPG duration (J), and MPG distance (A). These gradient waveforms verified
that the DW-SPIRAL sequence was mounted in the MRI and that it was operating. With these imaging parame-
ters, because the sequential (high-low-high) k-space acquisition-order EPI takes a little time to elapse before the
middle of the k-space, the TE of the DW-SPIRAL was shorter than the TE of DW-SE-EPI without TE shorten-
ing techniques (such as Parallel imaging etc.).

To optimize the imaging parameters (especially the number of shots) of the DW-SPIRAL, we experimented
with different numbers for shot imaging (image data not shown). The final imaging parameter was determined
based on the results of these phantom experiments. Reasonable imaging parameters were an FOV of 80 mm, an
image matrix of 128, and a shot of 8 (segment of 8).

2.2. Verification Experiments for the Diffusion Effect of DW-SPIRAL

The effect of diffusion on the contrast of DW-SPIRAL was verified by comparing the water phantom diffusion
coefficient and water solution of glycerol phantom diffusion coefficient with conventional spin echo DWI
(SE-DWI) and DW-SE-EPI. The phantom was made of a series of 1.5-cm-diameter tubes containing various
concentrations of glycerol. The concentration of glycerol varied from 0 wt% (water phantom) to 72 wt%, with
an arbitrary step. T1 of the phantom measured with a short-TE spin-echo sequence with different TR values (sa-
turation recovery method). T2 of the phantom was measured with a long-TR spin-echo sequence with different
TE values (multi echo method). The instrumental T1/T2 values of the water phantom, 15 wt% phantom, 30 wt%
phantom, 39 wt% phantom, 56 wt% phantom, and 72 wt% phantom were 2476 ms/907 ms, 1942 ms/150 ms,
1777 ms/120 ms, 1074 ms/118 ms, 658 ms/147 ms, and 349 ms/123 ms, respectively. The SE-DWI coefficient
is a standard value diffusion coefficient in this MRI system. The imaging parameters of DW-SPIRAL were 3000
ms/37.5 ms (TR/TE), slice thickness of 3 mm, MPG duration (J) of 13 ms, MPG separation (A) of 18 ms,
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Figure 2. The DW-SPIRAL sequence gradient waveforms (a) and the DW-SE-EPI sequence gradient waveforms (b). They
have the same FOV, matrix, segment (8 shot), MPG power, MPG duration (¢), and MPG distance (A). For these imaging
parameters, because the sequential (high-low-high) k-space acquisition-order EPI engages a time that elapses before the
middle of the k-space, the TE of DW-SPIRAL was shorter than the TE of DW-SE-EPI without TE shortening techniques

(such as Parallel imaging etc.).
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b-value of 0, 330, 648, 1194 s/mm? matrix of 64, FOV of 80 mm, and shot of 8. The total acquisition time was
1 min 36 s. The imaging parameters of SE-DWI were 3000 ms/37 ms (TR/TE), slice thickness of 3 mm, MPG
duration (6) of 13 ms, MPG separation (A) of 18 ms, b-value of 0, 330, 648, 1194 s/mm?, matrix of 64 x 64, and
FOV of 80 x 80 mm. The total acquisition time was 12 min 38 s. The imaging parameters of DW-SE-EPI were
3000 ms/48.6 ms (TR/TE), slice thickness of 3 mm, MPG duration (J) of 13 ms, MPG separation (A) of 18 ms,
b-value of 0, 330, 648, 1194 s/mm?, matrix of 64, FOV of 80 mm, and segment of 8. The total acquisition time
was 1 min 36 s. Because the water diffusion in the phantom was isotropic (self-diffusion), MPG was applied to
only the X-axis in each sequence. Each five-image set was then used to produce a pixel-by-pixel parametric im-
age of the ADC map.

2.3. Verification Experiment for Image Distortion and Spatial Resolution of DW-SPIRAL

The image distortion of T2-weighted DW-SPIRAL (b-value, 0 s/mm?; SPIRAL) was verified by comparing each
image of the accuracy evaluation phantom with T2-weighted spin echo (SE), T2-weighted fast spin echo (Fast
SE), and T2-weighted DW-SE-EPI (b-value, 0 ssmm? SE-EPI). The phantom was imaged with each sequence;
the phantom image of SE was used as a benchmark, while the image distortion was assessed by comparing the
vertical, horizontal, and diagonal diameter (Figure 3(a)). The frequency encoding direction of Fast SE and
SE-EPI was horizontal. The spatial resolution of SPIRAL was evaluated using a self-made spatial resolution
evaluation phantom (Figure 3(b)). This phantom was made from a glass capillary enclosed within a plastic tube.
The spatial resolution of SPIRAL was verified by comparing the normalized signal intensity profiles across the
images in Figure 4(a) at the locations indicated by the white lines. The imaging parameters of DW-SPIRAL
were 3000 ms/37.5 ms (TR/TE), slice thickness of 2 mm, matrix of 128, FOV of 80 mm, and shot of 8. The total
acquisition time was 24 s. The imaging parameters of SE were 3000 ms/37 ms (TR/TE), slice thickness of 2 mm,
matrix of 128 x 128, and FOV of 80 x 80 mm. The total acquisition time was 7 m 24 s. The imaging parameters
of Fast SE were 3000 ms/100 ms (TR/ effective TE), slice thickness of 2 mm, matrix of 128 x 128, FOV of 80 x
80 mm, and echo train length (ETL) of 16. The total acquisition time was 24 s. The imaging parameters of
SE-EPI were 3000 ms/48.6 ms (TR/ effective TE), slice thickness of 2 mm, matrix of 128 x 128, FOV of 80 x
80 mm, and segment of 8. The total acquisition time was 24 s.

2.4. DW-SPIRAL in Vivo Experiment

For the in vivo study, male Crj:Wistar rats (450 g) were anesthetized by intraperitoneal injection of ketamine
100 mg/kg body weight (Kyoritsu Seiyaku Co., Tokyo, Japan), xylazine 10 mg/kg body weight (Bayer Holding
Ltd., Tokyo, Japan), and atropine 0.05 mg/kg body weight (Terumo Co., Tokyo, Japan). Each anesthetized rat
was placed on an acrylic bed and subjected to scanning. Additionally, anesthesia was maintained using isoflu-
rane (1.5%) inhalation anesthesia. This study was performed in accordance with animal protection laws and ap-
proved by the Animal Ethical Committee of the National Institute of Advanced Industrial Science and Technol-

Figure 3. An accuracy evaluation phantom image and the measurement distance point (a). The frequency encoding direction
of Fast SE and SE-EPI was horizontal. A self-made spatial resolution evaluation phantom was made from a glass capillary

enclosed within a plastic tube (b).
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Figure 4. Self-made spatial resolution evaluation phantom images of each sequence and position of the profile line (a). The
pixel size of each MR image was 625 um. This pixel size was determined by the SPIRAL sequence limitation. Image profile
curves of the self-made spatial resolution evaluation phantom (b). The image profile curve of Fast SE (dashed line) was used
as an ideal spatial resolution. The profile curve of SE-EPI (large-spaced dashed line) was in close agreement with the profile
curve of Fast SE. The profile curve of SPIRAL (solid line) was not in agreement (the SPIRAL profile showed a mild shift)
with the profile curve of Fast SE. Fourier analysis of phantom image profile curves (c). This result shows that the spatial
resolution of SPIRAL was inferior to the spatial resolution of SE-EPI.

ogy. A 45-mm-ID saddle coil (Takashima Seisakusho, Hino, Japan) tuned to 85 MHz for proton resonance was
used for rat brain experiments. The clinical application of DW-SPIRAL was verified by comparison of the rat
diffusion weighted images and ADC-map with DW-SE-EPI. To allow for anatomic references, T2-weighted
Fast SE of the rat brain was performed. The imaging parameters of DW-SPIRAL were 5000 ms/37.5 ms
(TR/TE), slice thickness of 2 mm, MPG duration (¢) of 13 ms, MPG separation (A) of 18 ms, b-value of 0, 330,
648, 1194 s/mm?, matrix of 128, FOV of 80 mm, and shot of 8. The total acquisition time was 2 min 40 s. The
imaging parameters of DW-SE-EPI were 5000 ms/48.6 ms (TR/ effective TE), slice thickness of 2 mm, MPG
duration (d) of 13 ms, MPG separation (A) of 18 ms, b-value of 0, 330, 648, 1194 s/mm?, matrix of 128 x 128,
FOV of 80 x 80 mm, and segment of 8. The total acquisition time was 2 min 40 s. The imaging parameters of
Fast SE were 5000 ms/54 ms (TR/effective TE), slice thickness of 2 mm, matrix of 256 x 256 (192), FOV of 60
x 60 mm, and ETL of 8. The total acquisition time was 4 min. For this study, to confirm the efficacy of diffusion
image contrast with DW-SPIRAL, MPG was applied only to the X-axis.

3. Results
3.1. Diffusion Effect

The measured diffusion coefficients of the water phantoms and water solution of glycerol phantoms by each MR
pulse sequence are listed in Table 1. These measurements were repeating three times for each MR pulse sequence.
The room temperature of the MR magnet room was maintained at 20 degrees Celsius during the experiments. In
all sequences, the repetition time (TR) was longer than the T1 of phantoms; thus, the effects of T1 relaxation were
minimal. According to published data, the diffusion coefficient of water at 20 degrees Celsius is 2.023 x 107
mm?/s. The diffusion coefficient for the SE-DW!I was in agreement with this value. Therefore, the diffusion coef-
ficient for the SE-DWI was taken as having an ideal value in this experiment. The diffusion coefficient for the
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Table 1. Diffusion coefficient in the water/glycerol phantoms obtained with different MR pulse sequences.

Water solution of glycerol

Water
15 [wt%] 30 [wi%] 39 [wit%] 56 [Wi%] 72 [Wi%%]
Literature data 2.023" - - - - -
SE-DWI 1.979+0.016 1.571 +0.003 1.074 £ 0.002 0.633 £ 0.006 0.302 + 0.007 0.100 £ 0.006
DW-SPIRAL 1.801 +0.055 1.456 +0.029 1.115+0.032 0.889 + 0.065 0.377 £ 0.057 0.165 + 0.037
DW-SE-EPI 1.939 £ 0.055 1.610 £ 0.019 1.074 £ 0.009 0.795 + 0.008 0.371 £ 0.010 0.185 + 0.016

Mean = SD x 107 [mm?/s]

"Data courtesy of Dr.M.Holz, Institute of Phys. Chem, University of Karlsruhe, FRG.

DW-SPIRAL was 1.801 x 10> mm?/s. This result shows that the DW-SPIRAL sequence has a diffusion effect on
DW-SPIRAL images. To evaluate the diffusion image contrast effect of DW-SPIRAL, the diffusion coefficient
by SE-DWI (Dsg) changes vs. the diffusion coefficient by DW-SPIRAL (DspiraL), and diffusion coefficient by
DW-SE-EPI (Dgp) were plotted (Figure 5). The solid line shows linear regression of Dspirar (DspirarL = 0.84Dse
+ 0.18). The dashed line shows linear regression of Dgp (Dgp; = 0.93Dge + 0.12). If the diffusion coefficient by
SE-DWI is equal to the diffusion coefficient by each DW sequence, the slope of the linear regression is 1. Be-
cause the Dgp; slope is 0.93, the DW-SE-EPI was almost equal to the contrast of SE-DWI. On the other hand, be-
cause the DspiraL Slope was 0.84, DW-SPIRAL was inferior to DW-SE-EPI in terms of the diffusion image con-
trast effect.

3.2. Image Distortion and Spatial Resolution

The phantom image size ratios between each sequence and the SE-sequence are listed in Table 2. In all
phantom directions, the phantom image of Fast SE showed the least image distortion. In general, a sin-
gle-shot (single-segment) EPI is extremely sensitive to image artifacts and distortion. The advantage of a
multi-shot (multi-segment) EPI is that susceptibility effects can be reduced as the phase-encode bandwidth is
effectively higher than for an equivalent single shot. One positive aspect here was that the image distortion
of SE-EPI (8 segment) did not have any image distortions caused by susceptibility effects. In this experiment,
the phantom image of SE-EPI showed slightly image distortion. In particular, the image distortion (expan-
sion) in the horizontal direction was conspicuous. The SPIRAL image had lower distortion than the image
distortion of SE-EPI.

Figure 4(b) shows the phantom image profile curve of each MR sequence. The phantom image profile of
Fast SE was handled as a benchmark spatial resolution for this pixel size (this pixel size was determined by
the SPIRAL sequence limitation). The profile curve of SE-EPI was in good agreement with the profile curve
of Fast SE. In contrast, the profile curve of SPIRAL was not in agreement (the SPIRAL profile showed a
mild shift) with the profile curve of Fast SE. Figure 4(c) shows Fourier analysis of phantom image profile
curves. This result shows that the spatial resolution of SPIRAL was inferior to the spatial resolution of
SE-EPI.

3.3. Rat Experiments

Figure 6 compares diffusion weighted images (b-value, 0 to 1194 mm?/s) of axial slices with the DW-SPIRAL
(top row) and DW-SE-EPI (bottom row) sequences. These images were keeping the image brightness constant.
No image ghost occurred in the DW-SPIRAL sequence. On the other hand, the DW-SE-EPI sequence had fre-
quent image ghosts with high b-values (600 mm?/s or more).

Figure 7(a) compares T2-weighted images (b-value, 0 mm?s) of two different slices obtained with the Fast
SE (top row), DW-SE-EPI (middle row), and DW-SPIRAL (bottom row) sequences. The slightly higher signal
intensity observed in DW-SPIRAL vs. DW-SE-EPI images could be the result of the shorter TE in the spiral
acquisition (37.5 ms vs. 48.6 ms) and of less signal loss due to T2* relaxation. As for both DW-SE-EPI slice
images, image distortion (expansion) in the horizontal direction (readout direction) was seen, as in the phantom
experiments. However, the spatial resolution of DW-SPIRAL was inferior to the spatial resolution of
DW-SE-EPI. The DW-SPIRAL did not have enough spatial resolution, and could not image the corpus callo-

sum.
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Table 2. Imaged phantom size ratio between each MR sequence and SE-sequence.

Vertical Horizontal Diagonal 1 Diagonal 2
Fast SE 0.39% 0.00% 0.53% 0.26%
SE-EPI 0.76% 2.63% 0.84% 0.82%
SPIRAL 0.77% 0.74% 0.79% 0.54%
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Figure 5. Phantom experiment results with different k-space acquisition orders for the water/glycerol phantoms. Plot of the
diffusion coefficient by SE-DWI (Dsg) changes vs. the diffusion coefficient by DW-SPIRAL (Dspirar), and diffusion
coefficient by DW-SE-EPI (Dgp;). The solid line is linear regression of Dspirar (Dspirar = 0.84Dsg + 0.18). The dashed line is
linear regression of Dgp; (Dgp; = 0.93Dge + 0.12).

DW-SPIRAL

DW-SE-EPI

0 330 648 1194

b-value [s/mm°]

Figure 6. Comparison of diffusion-weighted images (b-value, 0 to 1194 mm?s) of axial slices with the DW-SPIRAL (top
row) and DW-SE-EPI (bottom row) sequences. These images were with a maintained image brightness constant. The
DW-SE-EPI sequence had image ghosts at high b-values (600 mm?/s or more).
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DW-SE-EPI Fast SE

DW-SPIRAL

SPIRAL

Figure 7. Comparison of T2-weighted images (b-value, 0 mm?s) of two different slices obtained with the Fast SE (top row),
DW-SE-EPI (middle row), and DW-SPIRAL (bottom row) sequences (a). The white arrows show the corpus callosum, and
the black arrows show the lateral ventricle. The pixel sizes of each MR image were 234 um (Fast SE) and 625 um
(DW-SE-EPI, DW-SPIRAL). Comparison of ADC maps of two different slices obtained with the DW-SE-EPI (top row) and
DW-SPIRAL (bottom row) sequences (b). These ADC maps displayed only the brain area.

Figure 7(b) compares ADC maps of two different slices obtained with DW-SE-EPI (top row) and DW-
SPIRAL (bottom row) sequences. These ADC maps were made using regional extraction of the brain area. The
ADC map of DW-SE-EPI had enough spatial resolution to draw the lateral ventricle. On the other hand, because
the DW-SPIRAL did not have spatial resolution, it was difficult to draw the lateral ventricle in the ADC-map.

4. Discussion

In this study, we demonstrated the feasibility of a combined 2D-spiral MRI sequence and diffusion-weighted
imaging. Our spin echo (SE) type diffusion-weighted (DW) two-dimensional (2D) multi-shot spiral acquisition
MRI (DW-SPIRAL) had diffusion contrast, and could create an ADC map of the rat brain. An animal experi-
ment with MRI demands higher image resolution and it requires low image distortion and few image ghosts.
The DW-SPIRAL sequence reduces most image distortions and image ghosts, which appear frequently in im-
ages obtained from EPI sequences. However, the spatial image resolution and the diffusion image contrast effect
of DW-SPIRAL were inferior to the DW-SE-EPI. Features and limitations of the DW-SPIRAL are described
below.

First, the spatial resolution of SPIRAL was inferior to the spatial resolution of SE-EPI (Figure 4). Adequate
spatial resolution should be the overriding concern in medical imaging technology. In this respect, the SPIRAL
sequence is inadequate for the small FOV in animal MRI studies. In spiral MRI, the observed signal represents

O,
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2D Fourier transformation of the object along a spiral trajectory in k-space. The object image can be recon-
structed from the spiral MRI signal by using various algorithms. The widely used Kaiser-Bessel gridding me-
thod speeds up the reconstruction by interpolating the data onto Cartesian coordinates and using a Kaiser-Bessel
convolution kernel followed by a fast inverse Fourier transformation. However, the performance of the Kais-
er-Bessel gridding method is highly dependent on the selection of the kernel function parameter; even by using
the optimal parameter, the reconstructed image could still have trajectory-dependent local distortion (decreased
spatial resolution) [4], [19]. In this study, we used a full production copy of spiral image reconstruction
(BRUKER) with the Kaiser-Bessel gridding method. The DW-SPIRAL using the Kaiser-Bessel gridding me-
thod has low spatial resolution.

Second, the diffusion image contrast effect of the DW-SPIRAL was inferior to the DW-SE-EPI. In the
SE-DWI, a conventional SE-sequence used only a pure spin echo signal, caused by the 180 degree refocusing
RF pulse. For this reason, SE-DWI was more robust against factors such as susceptibility artifacts than
DW-SPIRAL or DW-SE-EPI. This robustness helped the diffusion coefficient of SE-DWI to approach the pub-
lished value and achieve a low standard deviation (SD) of the SE-DWI ADC values. Additionally, the
ADC-map of SE-DWI had a lower image noise (low SD value). Therefore, the diffusion coefficient of SE-DWI
is the standard value of a diffusion coefficient in this MRI system. The water diffusion coefficient showed a 9%
disparity between DW-SPIRAL and the “standard value” diffusion coefficient of SE-DWI. On the other hand,
the difference between the water diffusion coefficient of SE-DWI and DW-SE-EPI was 2%. From the experi-
mental results using water/glycerol phantoms, the contrast of DW-SPIRAL was 0.9 times that of the contrast of
DW-SE-EPI (Figure 5). The diffusion contrast effect of the DW-SPIRAL was inferior to DW-SE-EPI. We car-
ried out the phantom experiments under the logic that because a phantom is stationary (does not have pulsation
or respiration), the motion-induced phase errors with each SPIRAL shot do not have much influence on the dif-
fusion contrast effect. Probably, the low signal-to-noise ratio MR signal at a high b-value acquisition influenced
the SPIRAL re-gridding method, reducing the dynamic range of the diffusion-weighted effect. The decrease in
diffusion contrast was likely caused by the particular SPIRAL re-gridding method. The DW-SPIRAL had a dis-
advantage not only in terms of spatial resolution, but also regarding the diffusion contrast. Although we only
investigated a self-made DW-SPIRAL sequence, neither image ghosts nor image distortion occurred in the
DW-SPIRAL sequence. Even if the DW-SE-EPI has higher spatial resolution compared with DW-SPIRAL, the
image ghosts of DW-SE-EPI might spoil the spatial resolution.

Although it might not be a serious problem, the major limitation of these experiments was the lack of a suffi-
cient SNR for all DWI images (Figures 6 and 7). The magnet strength of 2.0 T was not good enough for the rat
brain DWI. To increase the SNR, number averaging can be used; however, this generally leads to view-to-view
phase variations caused by motion while the MPG is turned on. Body motion under light anesthesia, pulsation of
blood, or pulsation of cerebrospinal fluid (CSF), for example, can cause these variations. One approach to cor-
recting these variations is to acquire additional navigator echo data that can be used to resolve the phase error.
Another remedy is an MR sequence synchronized to a heart rate monitor (pulse oximeter). This technique avoids
the phase error of cerebrospinal fluid (CSF) and blood pulsation. As stated above, image quality improvement
cannot be expected with simple averaging. Also, because the DW-SPIRAL used a multi-shot technique, it is
preferable that the additional navigator echo is acquired between each shot, although with a longer scan time
requirement. Most recently, there was a report of inherent correction of motion-induced phase errors in multi-
shot spiral DTI [20]. This method relies on sensitivity encoding to estimate the motion-induced phase error for
each shot and subsequently use either a direct phase subtraction or an iterative conjugate gradient algorithm to
correct for the resulting artifacts. The most important benefit of this method is that it effectively corrects for
phase errors, signal loss, and aliasing artifacts caused by both body-rigid and nonrigid motion in multishot spiral
DTI, without increasing the scan time. This method is vital to enhancing the image quality of DW-SPIRAL in
vivo.

Spin-echo-type echo-planar imaging modules are the mainstream of DWI, combining TE shortening tech-
niques such as Half Fourier imaging, Scan percentage, and Parallel imaging. These techniques contribute to ef-
fective TE shortening, so that the effective TE of the existing spin-echo-type EPI sequence is reasonable. In
contrast, the spin-echo-type DW-SPIRAL sequence can essentially shorten the effective TE, and it does not re-
quire any TE shortening techniques. With this research, however, the DW-SPIRAL sequence with the Kais-
er-Bessel gridding method showed insufficient spatial resolution of rat brain DWI. At some time in the future,
DW-SE-EPI sequences combined with some effective TE shortening techniques will be the mainstream of DWI.

©,
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Having said that, a compressed sensing reconstruction has been reported to improve the sensitivity of functional
MRI by using a spiral sequence [21]. With the advent of a well-made SPIRAL re-gridding method, DW-
SPIRAL could become the mainstream of DWI.

5. Conclusion

In conclusion, a self-made SE-type DW-2D-spiral MRI sequence (DW-SPIRAL) was tested and discussed.
From the results of phantom experiments, the DW-SPIRAL sequence produced diffusion-weighted contrast, al-
though the spatial resolution was inferior to the SE-type EPI sequence. Judging from the results of animal expe-
riments, the DW-SPIRAL sequence could be used to perform in vivo diffusion weighted imaging of the rat brain
without being susceptible to distortion.
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