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Abstract

Purpose: This study aimed to examine whether the signal-to-noise ratio
(SNR) could be increased by combining integrated slice-by-slice shimming
(iShim) with a fat suppression (FS) method other than short-tau inversion
recovery (STIR) in diffusion-weighted imaging (DWI) and g-space imaging
(gsi). Methods: We acquired DWI images (b-values: 0 and nine steps from
400 to 10,000 s/mm?” for six axes) using a prototypical single-shot echo planar
imaging sequence by combining two types of shimming (3D Shim and iShim)
and two types of FS (STIR and water excitation [WE]) in 10 volunteers. In the
DWI study, the SNR for each b-value, FS effect in the b0 image, and distor-
tion in the added image (b0 - b10,000) were evaluated for the above-mentioned
four imaging methods. gsi involved original DWI images. In the gsi study, the
SNR was evaluated. Results: With regard to both 3D Shim and iShim, the
SNRs were significantly higher when using WE than when using STIR in b0 -
b900 images (p < 0.01). For 3D Shim, however, the SNR increase effect of WE
disappeared (p < 0.01) at b1600 or higher. For iShim, the SNR increase effect
of WE was maintained up to b3600 (p < 0.01). The FS effect of STIR was supe-
rior to that of WE (p < 0.01). Although WE had a weak FS effect, its FS effect
was greater with iShim than with 3D Shim (p < 0.01). In added images, with
iShim, the spinal cord area became significantly smaller (p < 0.05), resulting
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in a less distorted image when compared with the 3D shim image. On gsi,
with regard to both 3D Shim and iShim, the SNRs were significantly higher
when using WE than when using STIR (3D Shim: p < 0.05; iShim: p < 0.01).
The SNR of iShim/WE was superior to that of 3D Shim/WE (p < 0.05). Con-
clusion: The combination of iShim and WE has a high SNR on gsi.

Keywords

iShim, Fat Suppression, Water Excitation, Diffusion-Weighted Imaging,
q-Space Imaging (qsi)

1. Introduction

The qualitative evaluation of the central nervous system (CNS) using magnetic
resonance imaging (MRI) has recently become possible owing to the introduc-
tion of diffusion-weighted imaging (DWI). Diffusion tensor imaging (DTI) is a
DWI approach incorporating the concept of anisotropy of diffusion restriction,
and it was first developed in the CNS, especially the brain. The utility of the ap-
proach in the spinal cord, which is a part of the CNS, has been reported in ani-
mal experiments [1] [2] [3] and clinical trials [4] [5] [6] following evaluation in
the brain. DTI parameters have been used to estimate the presence of a biologi-
cal diffusion barrier (myelin) in the CNS [7] [8] [9]. DTI is based on the as-
sumption that water molecules follow Gaussian distribution. In human tissues,
however, water molecules diffuse according to a non-Gaussian distribution [10].
g-space imaging (qsi) [11] addresses this aspect. gsi is a DWI approach that con-
siders non-Gaussian diffusion for the water molecule diffusion pattern in the
human body, and it has shown contrast exceeding that with DTI in animals [12]
[13]. Previously, gsi had a long acquisition time and was difficult to apply clini-
cally. We recently successfully performed gsi in a clinical setting within an ac-
ceptable acquisition time (<8 minutes) with reduction of the number of b-value
steps and without loss of the characteristic probability density function (PDF)
curve [13] [14]. gsi has been used for the evaluation of the brain in multiple
sclerosis patients [14]. Similar use of gsi for the evaluation of the spinal cord,
which shows common diseases related to demyelination, such as cervical mye-
lopathy, is expected. However, as the spinal cord is smaller than the brain, an
increase in the signal-to-noise ratio (SNR) is required for adaptation to the spi-
nal cord in order to obtain images that are easy to understand visually.

Generally, on DWI, it is important to maintain a sufficient SNR in high-b-value
images to achieve a high spatial resolution [15] [16]. Echo time (TE), and repeti-
tion time (TR) are representative parameters that affect the SNR. With regard to
TE, a sufficiently long diffusion time is important for gsi. However, if the diffu-
sion time is increased, TE increases. Similarly, with regard to TR, the SNR does
not change with a certain time or a longer time. Therefore, it is difficult to im-

prove the SNR only by adjusting TE and TR. In addition, as a chemical shift
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artifact (CSA) always occurs in DWI or echo planar imaging, it is indispensable
to use fat suppression in combination. Studies have reported that the use of
short-tau inversion recovery (STIR) in combination with DWI leads to an im-
provement in image quality [17] [18] [19]. However, STIR has the disadvantage
of alower SNR when compared to that for other fat suppression methods [15].

It has been reported that integrated slice-by-slice shimming (iShim) is associ-
ated with less distortion and results in an increased SNR in whole-body diffu-
sion-weighted examinations, particularly in the cervical region [20] [21]. As
mentioned above, it is difficult to improve the SNR with general parameters in
DWI, and the SNR decreases with STIR combination. Thus, we examined
whether the SNR could be increased by combining iShim with a fat suppression
method other than STIR in DWT and gsi.

2. Materials and Methods
2.1. Study Population

This cross-sectional study included 10 Japanese non-symptomatic volunteers
(mean [standard deviation (SD)] age, 33.5 [9.2] years; 8 males, 2 females), who
were recruited from Keio University. We obtained informed consent from all
volunteers. Nurick ef al [22] reported that cervical myelopathy develops at the
age of over fifty years. For this reason, we selected healthy volunteers under the
age of fifty this time. This study was approved by the ethics committee of Keio
University School of Medicine (Approval No. 20170024). All participants pro-

vided informed consent to participate in the study.

2.2. MRI Protocol

All participants underwent imaging of the cervical-upper thoracic spine (i.e., oc-
cipital bone—the upper thoracic spine) using a 3T MRI scanner (MAGNETOM
Skyrafit 3T, Siemens Healthcare, Erlangen, Germany) with a 64-channel head-neck
coil (Siemens Healthcare). T2 weighted imaging and axial qsi was performed.
The imaging parameters for gsi using a prototypical spin-echo-type sin-
gle-shot echo-planar DWI sequence were as follows: TR, 10,000 ms; TE, 137 ms;
average number, 2; field of view (FOV), 273 X 273 mm?’ matrix size, 256 x 256;
resolution, 1.06 x 1.06 mm?; slice thickness, 6 mm; acceleration mode, general-
ized autocalibrating partial parallel acquisition; acceleration factor, 2; acquisition
time, 9 min 56 s. There were 10 b-values (0, 400, 900, 1600, 2500, 3600, 4900,
6400, 8100, and 10,000 s/mm?), and each b-value, except b0, had diffusion en-
coding in six directions. Data from the six directions were acquired separately
and then averaged. The corresponding q-values for the 10 b-values were 0, 112.5,
168.8, 225.1, 281.3, 337.6, 393.9, 450.2, 506.4, and 562.7 cm™', respectively. The
gradient length (J) and time between the two leading edges of the diffusion gra-
dient (A) were 29.4 and 44.0 ms, respectively. Four types of gsi images were ob-
tained by combining two types of main magnetic field (B0) shim modes (con-

ventional 3D Shim and iShim) and two types of fat suppression (water excitation
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[WE], 044.0 ms and A 66.9 ms, and STIR, 041.2 ms and A 67.0 ms). We evalu-
ated the usefulness of iShim by examining the SNR and fat suppression effect

among the aforementioned four types of gsi images.

2.3. Shimming Techniques

Conventional 3D Shim and iShim protocols were as previously described [21].
Briefly, for the conventional 3D Shim protocol, high-order shimming (up to the
second order) was used for the entire slice stack of each bed position, and the
acquisition of the field map was included in the automated scanner adjustment.
For the iShim protocol, the acquisition of the field map was integrated into the
prototypical single-shot DWTI echo-planar imaging sequence. Using a double-echo
gradient-echo scan, a 2D field map is acquired for each slice during an initial
calibration phase, and slice-wise center frequencies and optional linear shim
terms are calculated. Prior to the acquisition of each slice during the imaging
phase, the frequency and the linear shim terms are dynamically updated. In con-
trast to this slice-wise, dynamic shimming approach, only a single center fre-
quency and shim setting for the entire stack of slices are determined with con-
ventional frequency adjustment and 3D shimming. Therefore, the target shim
volume for iShim is much smaller which is why performance of shimming is
improved. Acquisition time of the field map for iShim was approximately 540
milliseconds per slice, resulting in 19 seconds for a 35-slice station. Processing

time of the field map was negligible.

2.4. Fat Suppression Techniques

Water excitation is a “spatial-spectral” pulse sequence designed to simultane-
ously select a spatial band (section thickness) and a spectral band (water) that
excites the water inside a section and leaves the fat as well as tissues outside the
section unaltered [23] [24]. STIR was introduced as a variant of previously used

inversion-recovery sequences in low-field-strength MRI [25] [26].

2.5. gsi

gsi calculations were performed using an in-house program (developed in C++;
Embarcadero Technologies, Inc., Austin, TX, USA). The diffusion values and
their calculation procedures were as previously described [27] [28] [29]. Briefly,
the diffusion coefficient (D) and the signal decay of diffusion measurements

were defined according to the following formula:
In(S/S,)=-7’G*5*(A-5/3)D=-bD (1)

where /5, is the normalized diffusion signal, yis the proton gyromagnetic ratio
(42.577 MHz/T), G and J are the amplitude and duration of motion-probing
gradients (MPGs), respectively, and A is the separation time between the leading
edges of these gradients. When normalization was performed for formula (1),

the following formula is obtained:
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E(q):exp(—47z2q2dAD) (2)

where £(q) is the measured signal intensity decay as a function of q.

The non-Gaussian PDF of water diffusion was obtained with Fourier trans-
formation of formula (2) according to the Stejskal-Tanner diffusion preparation
[30]. After Fourier transformation of formula (2), the following formula is ob-

tained:
P(R.A)=1((\4zDA ) »exp(~R*/4Da)| 3)

The PDF [P(R, A)] giving the probability density that a molecule moves the
distance R during the time A is accordingly calculated [31]. If the object to be
measured includes one element, the PDF shows Gaussian distribution. However,
if the object includes several elements, the PDF shows non-Gaussian distribu-
tion, reflecting the complexity of the measured object. The important theory in
gsi is that Fourier transformation of signal decay with respect to the b-value
provides the PDF for diffusion by using multiple g-values. In this case, the
g-value, which represents the horizontal axis, is defined by the following for-

mula:
q=y5G/2x (4)
The figure of the calculated PDF can be characterized by full width at half

maximum (FWHM) and Kurtosis. Kurtosis can be calculated using the following

formula:

_\4
1 X —X

Kurtosis = — ! -3 5
NZ( SD j >)

where N is the number of data points (Ze., number of b-value steps used), x is
the probability value (a.u.) obtained from the PDF, and SD is the standard de-

viation of the x values.

2.6. SNR Calculation

The imaging values were measured using Image] 1.48 v software (available at
http://rsbweb.nih.gov/ij/; National Institutes of Health, Bethesda, MD, USA).
The regions of interest (ROIs) were set on the C2/3 level spinal cord [32]
(Figures 1(A)-(E)) and background (Figure 1(D)). In DWI analyses, which are

associated with gsi, the value of the b0 image and the average value of the six di-

rections in each of the other images (b400 to b10,000 images) were obtained.
The mean signal intensity (SI) of the spinal cord and the SD of the SI at the
background as noise were measured on DWI for the calculation of the SNR. On
gsi, as background noise cannot be measured; we defined the SD of the SI at the
spinal cord as noise. The SNR of DWT and that of gsi were calculated using the

following formulas:

7 Sl
SNR of DWI =(2—Ej2 Sl 6)
) SDgg

DOI: 10.4236/0jrad.2018.84028

248 Open Journal of Radiology


https://doi.org/10.4236/ojrad.2018.84028
http://rsbweb.nih.gov/ij/

Y. Sone et al.

Kurtosis

Ventral side
CSF

b4

Spinal cord

Dorsal side s

3D Shim / WE iShim/ STIR

Inverted b0 b400 b900 b1600 b2500

b3600 b4900 b6400 b8100 b10000 Added image

Figure 1. The setting of regions of interest (ROIs) in axial cervical spinal magnetic reso-
nance images and the construction of images for the evaluation of distortion. (A) Sagittal
T2 weighted image for reference. Axial C2/3 level DWI and qsi were used for analyses;
(B) b0 reference image; (C) Kurtosis reference image; (D) Setting of a ROI at the spinal
cord (*) and a 4 cm x 4 cm ROI at the background (**) in the b0 image (B); (E) Setting of
a ROI at the spinal cord (*) in the Kurtosis image (C); (F) 3D Shim/water excitation (WE)
reference image at cervicothoracic junction level; (G) 3D Shim/short-tau inversion re-
covery (STIR) reference image at cervicothoracic junction level; (H) iShim/WE reference
image at cervicothoracic junction level; (I) iShim/STIR reference image at cervicothoracic
junction level; (J, K, L, and M) Setting of ROIs at the parts where the fat suppression ef-
fect was insufficient in (F, G, H, and I); (N) Construction of images for the evaluation of
distortion. An added image is constructed with the inverted b0 image and the images
from b400 to b10,000; CSF: cerebrospinal fluid, Scale bar: 50 mm.

SI
SNR of gsi = —= 7
asi=or (7)

SC

where Sl is the SI of the spinal cord, SDyg is the SD of the SI at the background,

DOI: 10.4236/0jrad.2018.84028

249 Open Journal of Radiology


https://doi.org/10.4236/ojrad.2018.84028

Y. Sone et al.

and SDg is the SD of the SI at the spinal cord.

2.7. Evaluation of the Fat Suppression Effect

The fat suppression effect was evaluated using b0 images at cervicothoracic
junction level (Figures 1(F)-(I)). First, we confirmed visually that the imaging
method with the lowest fat suppression effect was 3D Shim/WE (Figure 1(F)
and Figure 1(J)). To use the b0 image of 3D Shim/WE, we qualitatively set the
ROIs on areas where fat suppression was insufficient (Figures 1(J)-(M)). To use
these ROIs, we compared the mean SI in each of the above-mentioned four types
of b0 images (Figures 1(F)-(M)).

2.8. Evaluation of Distortion

Distortion was evaluated using the size of the spinal cord in the additionally
calculated added image, which was generated as follows: First, the b0 image was
inverted in order to display the spinal cord with a high SI when compared to
that of the surrounding cerebrospinal fluid region. Afterwards, the inverted b0
image and the original b400 - b10,000 images of all axes were summed up. If the
distortion is strong, the spinal cord regions do not overlap and are broadly dis-
played hyperintense in the added image (Figure 1(N)). To compare the size of
the spinal cord in the added image among the above-mentioned four types of
imaging methods, we evaluated the strength of distortion. Each value was meas-
ured by two experts (Y.S. and D.N. [13 and 11 years of experience, respectively])
with consensus. To assess the reproducibility of the calculations, blinded analy-
ses were performed, and they involved independent triplicate analyses on dif-
ferent days. Reproducibility was quantified using the intraclass correlation coef-
ficient (ICC) for absolute agreement. The ICC values were interpreted as follows:
0.81 - 1.0, substantial agreement; 0.61 - 0.80, moderate agreement; 0.41 - 0.60,
fair agreement; 0.11 - 0.40, slight agreement; 0.00 - 0.10, virtually no agreement

[33]. An ICC value > 0.81 was considered to represent good agreement.

2.9. Statistical Analysis

Data are presented as mean + standard deviation. Multiple comparisons among
the four imaging methods were performed using Student’s rtests with Bon-
ferroni correction. All statistical analyses were performed using SPSS Statistics
software, version 24 (IBM Corp., Armonk, NY, USA). The significance level for
all tests was set at p < 0.05.

3. Results
3.1. Calculation of Reproducibility

Blinded assessments (setting ROIs) involving independent triplicate analyses
were performed. The ICC for intraobserver reproducibility was 0.914, indicating
good reproducibility among the three analyses, and the ICC for interobserver

reproducibility was 0.921, indicating good reproducibility among the observers.

DOI: 10.4236/0jrad.2018.84028

250 Open Journal of Radiology


https://doi.org/10.4236/ojrad.2018.84028

Y. Sone et al.

3.2. DWI Analysis

Representative DWI images (b0, b900, b10,000, and added images for the

above-mentioned four imaging methods) are presented in Figure 2.

3.2.1.SNR

The SNRs were higher when combining WE than when combining STIR in b0
images (Figures 2(A)-(D)). The SNRs are quantitatively presented in Figure 3.
With regard to both 3D Shim and iShim, the SNRs were significantly higher
when combining WE than when combining STIR in b0 - b900 images (p < 0.01)
(Figures 3(A)-(C)). However, for 3D Shim, the SNR increase effect of WE dis-
appeared at b1600 or higher (p < 0.01) (Figure 3(D)). Interestingly, for iShim,
the SNR increase effect of WE was maintained up to b3600 (p < 0.01) (Figures
3(E)-(G)). Table 1 summarizes the results of the SNR on DWI. At b6400 or
higher, there was no difference in the SNR among the four imaging groups on
one-way analysis of variance (Figures 3(H)-(J) and Table 1).

3.2.2. Fat Suppression Effect

As the b-value increased, the fat suppression effect of STIR, which is superior to

3D Shim / WE 3D Shim / STIR iShim / WE iShim / STIR
A ) c
b0 o > A~
E F G . H
/ 4 5
Vol \ ¥ : s 2 0’
} & { 7 4
9200 [ § 4 { seid

b10000

Added image

Figure 2. Representative diffusion-weighted images (b0, b900, 10,000, and added im-
ages) for the four imaging methods. Contrast is aligned for the b-value images (each type)
and the added image. (A, E, I, and M) 3D Shim/water excitation (WE) images; (B, F, J,
and N) 3D Shim/short-tau inversion recovery (STIR) images; (C, G, K, and O) iShim/WE
images; (D, H, L, and P) iShim/STIR images. The first row presents b0 images, second
row presents b900 images, third row presents b10,000 images, and fourth row presents
added images. Scale bar: 50 mm (A - L) and 20 mm (M - P).
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Figure 3. Quantification of the signal-to-noise ratio (SNR) on diffusion-weighted imag-
ing (10 volunteers in each group). Box and whisker plots: the bottom and top of the box
are the first and third quartiles, respectively, and the band inside the box is the second
quartile (the median). The ends of the whiskers represent the minimum and maximum of
the data. White circles represent outliers. Student’s #test with Bonferroni correction was
used to evaluate the relationships among the four imaging groups for each b-value: b0
(A), b400 (B), b900 (C), b1600 (D), b2500 (E), b3600 (F), b4900 (G), b6400 (H), b8100 (I),
and b10,000 (J). There is no difference at b6400 or higher on one-way analysis of vari-
ance. ns: not significant, **: p < 0.01.

WE, became clearer (Figures 2(A)-(L)). Although WE has a weak fat suppres-
sion effect, its fat suppression effect is greater with iShim than with 3D Shim
(Figures 2(E)-(L)). These findings were confirmed quantitatively (p < 0.01)
(Figure 4(A)).
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Table 1. Summary of the results of the signal-to-noise ratio in diffusion-weighed images
and g-space imaging images (four imaging methods).

3D Shim/WE 3D Shim/STIR iShim/WE iShim/STIR p*
b0 94.41 +32.11 58.80 £17.71 86.31 +22.77 48.82 +6.22 p<0.01
b400 62.05 +16.28 37.63 £ 8.39 55.97 £15.29 33.57 £6.39 p<0.01
b900 39.23 £9.58 25.66 + 6.97 37.46 £10.15 22.54 +£5.19 p<0.01
b1600 25.40 £ 6.37 18.87 +5.49 24.69 +5.32 1579 £ 3.84 p<0.01
b2500 18.25 + 5.47 12.58 + 3.64 17.98 £3.15 10.92 £2.70 p<0.01
b3600 13.35+3.02 10.14 +2.86 13.17 £ 3.27 8.74 +2.32 p<0.01
b4900 11.38 £ 3.39 8.19 £ 2.04 9.98 +2.73 7.38 £1.92 p<0.01
b6400 8.45+2.11 7.84 £2.81 8.87 £2.93 6.24 + 1.56 ns
b8100 8.35 £ 2.69 6.75 £ 2.01 8.05 +2.32 5.76 £ 1.35 ns
b10,000 6.53 £ 1.86 6.08 £ 1.60 6.92 + 1.88 5.30 £ 1.53 ns
FWHM 4.49 £ 1.00 3.86 £ 0.49 5.27 £0.32 3.49 £+ 0.68 p<0.01
Kurtosis 3.96 + 0.69 3.17 £ 0.50 4.78 £0.72 3.26 £ 0.40 p<0.01

*analysis of variance, FWHM: full width at half maximum, WE: water excitation, STIR: short-tau inversion
recovery, ns: not significant.

—
5 5000+ *% S
% *%* *% 140 4 . S
~ ns ns
4 4000-
b —~ 120 -
b= % °
D 3000~
c é 100
Q2 o]
N 2000 o o
» 80 —
) =] <
i . ° o
g' 1000- ° 60 -
? - T
T o 40 -
L. T T T T T T T T
3D Shim/3D Shim/ iShim/  iShim/ 3D Shim/3D Shim/  iShim/  iShim/
WE  STIR WE STR WE  STIR WE STIR
(A) (B)

Figure 4. Quantification of the fat suppression effect in b0 images and the spinal cord
area in added images (10 volunteers in each group). Box and whisker plots: the bottom
and top of the box are the first and third quartiles, respectively, and the band inside the
box is the second quartile (the median). The ends of the whiskers represent the minimum
and maximum of the data. White circles represent outliers. Student’s #test with Bon-
ferroni correction was used to evaluate the relationships among the four imaging groups
for the fat suppression effect (A) and spinal cord area (B). a.u.: arbitrary unit, ns: not sig-
nificant, *: p < 0.05, **: p < 0.01.

3.2.3. Evaluation of Distortion

In the additionally calculated images, the spinal cord and cerebrospinal fluid re-
gion could be separated clearly by using iShim/WE (Figures 2(M)-(P)). In addi-
tion, by using iShim, the spinal cord area became significantly smaller (p < 0.05),
resulting in less distorted images when compared with the 3D Shim images
(Figure 4(B)). Table 2 summarizes the results of the fat suppression effect and
evaluation of distortion.
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CSF
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3.3. gsi Analysis

FWHM and Kurtosis images for the above-mentioned four imaging methods are
presented in Figure 5.

SNR

With regard to FWHM, the structure consisting of gray and white matter
could be well visualized with iShim/WE (Figures 5(A)-(E)). With regard to
Kurtosis, the SNR was high with the imaging method using WE (Figures
5(F)-(J)). The SNRs are quantitatively presented in Figure 6. With regard to
both 3D Shim and iShim, the SNRs were significantly higher when using WE
than when using STIR (3D Shim: p < 0.05; iShim: p < 0.01) (Figure 6(A) and
Figure 6(B)). However, unlike DWI, on gsi, the SNR of iShim/WE was superior
to that of 3D Shim/WE (p < 0.05). Table 2 summarizes the results of the SNR on

gsi.
4. Discussion

We examined the appropriate shimming technique and combined fat suppres-

sion method for gsi, which involved various b-values from DWI. iShim/3D Shim

Table 2. Summary of the results of fat suppression insufficiency in b0 images and the
spinal cord area in added images (four imaging methods).

3D Shim/WE 3D Shim/STIR iShim/WE iShim/STIR p*

Fat suppression

2543.73 £ 686.82 637.39 + 145.47 1623.83 £205.25 842.60 +205.09 p <0.01
effect (a.u.)

Area (mm?) 61.72 £9.50 60.17 £ 12.57 79.91 £13.92 79.81£17.97 p<0.01

*analysis of variance, a.u.: arbitrary unit, WE: water excitation, STIR: short-tau inversion recovery.

3D Shim / WE 3D Shim/ STIR iShim/ WE iShim/ STIR
B

Figure 5. Representative q-space imaging images (full width at half maximum and Kurtosis) for the four imaging methods.
Contrast is aligned for each gsi parameter. (A, F) iShim/water excitation (WE) reference images; (B, G) 3D Shim/WE images;
(G, H) 3D Shim/short-tau inversion recovery (STIR) images; (D, I) iShim/WE images; (E, J) iShim/STIR images; The upper row
presents full width at half maximum (FWHM) images, and the lower row presents Kurtosis images. CSF: cerebrospinal fluid,

Scale bar:

10 mm.

DOI: 10.4236/0jrad.2018.84028

254 Open Journal of Radiology


https://doi.org/10.4236/ojrad.2018.84028

Y. Sone et al.

N = 7 *
* *% * *%
7 o 6
6 )
5 -
14 14
Z 59 % 4
(/2] (%) ©

1% ¢ 1718

2+ 2
T T T T T T T T
3D Shim/ 3D Shim/  iShim/ iShim/ 3D Shim/ 3D Shim/  iShim/ iShim/
WE STIR WE STIR WE STIR WE STIR
FWHM Kurtosis

(A) (B)

Figure 6. Quantification of the signal-to-noise ratio (SNR) on g-space imaging (10 vol-
unteers in each group). Box and whisker plots: the bottom and top of the box are the first
and third quartiles, respectively, and the band inside the box is the second quartile (the
median). The ends of the whiskers represent the minimum and maximum of the data.
White circles represent outliers. Student’s #test with Bonferroni correction was used to
evaluate the relationships among the four imaging groups for full width at half maximum
(FWHM) (A) and Kurtosis (B). *: p < 0.05, **: p < 0.01.

and STIR/WE DWTI acquisitions with the exact same scan parameters were per-
formed sequentially, and the impact of different shimming and fat suppression
techniques on image quality was quantitatively examined.

In the DWI study, the SNR of WE was higher than that of STIR with both 3D
Shim and iShim at a low b-value. STIR is an approach that utilizes the difference
between the relaxation time of water and fat through the application of an IR
pulse [25] [26]. The water signal, which is inverted by the inversion pulse, is not
fully recovered at excitation. Therefore, longitudinal magnetization also de-
creases, resulting in a decrease in the SI of the spinal cord when compared with
the finding using chemical-shift-based fat suppression methods. However,
chemical-shift-based fat suppression techniques are very sensitive to B0 inho-
mogeneity, and thus, the image quality might be degraded by fat ghosting. As
iShim helps to significantly reduce BO inhomogeneity, chemical-shift-based fat
suppression techniques might provide efficient fat suppression. Chemical-shift-
based fat suppression techniques, such as spectral adiabatic inversion recovery,
are not compatible with iShim, as they exploit nonselective radio-frequency pulses.
As an alternative, WE, which involves a binominal pulse, could be used with
iShim [23] [24], because it is a slice-selective method. Therefore, it is possible to
achieve selective excitation only when the longitudinal magnetization of fat is in
equilibrium, using the difference between the frequencies of water and fat. Thus,
it is considered that there is no decrease in the SI of the spinal cord and that the
SNR increases when compared with images using STIR [23]. In addition, the
SNR was maintained at a high b-value using iShim instead of 3D Shim. In order

to further assess this phenomenon, a feature study of iShim was performed.
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On assessing distortion, it was found that distortion tended to be lower with
iShim than with 3D Shim, irrespective of the use of WE or STIR. As 3D Shim
measures the imaging region at the same time and determines the center fre-
quency, a homogeneous magnetic field cannot be obtained in the cervical region
with its complicated anatomical shape. On the other hand, iShim makes it possi-
ble to obtain a homogeneous magnetic field by measuring the BO field map for
each slice and performing slice-specific adjustments [21]. The neck region
showed larger variations in slice to slice center frequency offset and linear fre-
quency shift in the phase-encoding direction when compared with the results in
other body regions. This explains why 3D Shim, which delivers a single-center
frequency and a set of shim currents per station, is not reliable in the neck region
[20].

In the gsi study, with regard to the final calculated image, WE maintained a
higher SNR when compared with the SNR using STIR, and this was further re-
inforced by combining iShim. This is considered to be associated with the high
SNR of WE, low distortion of iShim, and strong fat suppression effect of iShim
in the original image. We showed that a high SNR could be obtained by using
iShim together with WE for the final gsi image instead of the original image.
Our findings might lead to the advancement of gsi analysis.

The present study has certain limitations. First, we could not implement fat
suppression methods other than STIR and WE as iShim is not compatible with
chemical shift selective imaging. Even with 3D Shim, a sufficient SNR might be
obtained by combining other fat suppression methods. Second, participants in
this study were healthy volunteers. Thus, the use of gsi for compression myelo-
pathy and other such diseases is unknown. Imaging studies involving ap-
proaches with a sufficient SNR, such as iShim/WE, should be performed in pa-
tients in the future. Third, we only identified distortions between different
b-values (e.g., due to eddy currents). However, distortions due to susceptibility,
which are identical for all b-values, were not be identified. It is desirable to de-

velop a quantitative distortion evaluation method in the future.

5. Conclusion

The combination of iShim and WE has a high SNR on gsi. iShim might show
improved clinical performance with regard to the detection of suspicious lesions
in the neck region.
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