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Objective: This study aimed to evaluate the image

quality and apparent diffusion coefficient (ADC) values

of single-shot turbo spin echo (TSE) diffusion-weighted

(DW) images obtained using a parallel imaging (PI)

technique.

Methods: All measurements were performed on a 3.0-T

whole-body MRI system and 32-channel phased-array

coil. Signal-to-noise ratio (SNR) and ADC values

were measured with a DW imaging (DWI) phantom

comprising granulated sugar and agar. The SNRs

were calculated using a subtraction method and

compared among TSE-DW images at acceleration

factors (AFs) of 1–4. Image blur was visually assessed

on TSE-DW images of a pin phantom at AFs of 1–4. The

ADC values were calculated using DW images with

b50 and 1000 smm22. The ADC values of TSE-DW

images and echo-planar imaging EPI-DW images were

compared.

Results: The SNRs decreased as AFs increased, despite

selecting the shortest echo time. A lower AF caused

increased image blur in the phase-encoding direction.

The ADC values of TSE-DWI tended to be lower than

those of EPI-DWI, and AFs of 3 and 4 yielded variable

ADC values on TSE-DW images.

Conclusion: TSE-DWI with an AF of 3 or 4 yielded

reduced SNRs; in addition, the image noise and artefacts

associated with PI technique may have affected ADC

measurements, despite improving image blur in the

phase-encoding direction.

Advances in knowledge: Optimizing the imaging param-

eters of TSE-DWI is useful for providing good image

quality and accurate ADC measurements.

INTRODUCTION
The diffusion-weighted imaging (DWI) technique reflects
the random motion of water molecules in biological tis-
sues. When applied clinically in the context of brain im-
aging, DWI plays an important role in detecting acute
infarction and evaluating treatment responses in several
tumour types.1–4 Moreover, apparent diffusion coefficient
(ADC) values, calculated from diffusion-weighted (DW)
images, are also useful for the differential diagnosis of brain
lesions.5,6

A single-shot echo-planar imaging (EPI) sequence is most
commonly used for DWI (EPI-DWI). Although data are
acquired more rapidly with EPI-DWI, rendering the ac-
quisition process insensitive to patient motion, images
obtained using this sequence tend to be compromised by
the presence of artefacts.7 Image distortion, one of the
types of artefacts caused by the EPI sequence, is observed at

the interfaces of tissues with different susceptibilities (e.g.
skull base). Notably, several artefacts associated with the
EPI sequence often cause image quality degeneration and
inaccurate ADC values.8,9 Various techniques have been
applied with DWI in an attempt to overcome this
issue.10–12 For example, Alsop12 demonstrated that DWI
with a single-shot turbo spin echo sequence (TSE-DWI)
reduced image distortion and chemical shift artefacts when
compared with EPI-DWI of the human brain. Although
TSE-DWI avoids the image distortion observed with EPI
sequence, it is associated with a low signal-to-noise ratio
(SNR) and severe image blur in the phase-encoding
direction.13

Because DWI is a powerful diagnostic imaging tool that
requires a high level of image quality and accurate ADC
measurements, it is important to optimize the imaging
parameters accordingly. Generally, the shortest time echo
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(TE) and parallel imaging (PI) techniques are useful for EPI-
DWI.14,15 The shortest TE technique increases SNR, whereas PI
reduces artefacts and image blur. However, to the best of our
knowledge, no report has described the relationship between
image quality and the acceleration factor (AF) in TSE-DWI
using the PI technique. Therefore, the present study aimed to
evaluate image quality and ADC values in TSE-DW images
obtained using the PI technique.

METHODS AND MATERIALS
MRI technique
All measurements were performed on a 3.0-T whole-body MRI
system (Achieva® dStream 3.0T; Philips Healthcare, Best,
Netherlands). A quadrature body coil was used for signal
transmission, and a 32-channel phased-array coil (32-channel
dS head coil; Philips Healthcare) was used for signal reception.
The TSE-DWI acquisition parameters were as follows: repetition
time, shortest; TE, shortest; flip angle, 90°; field of view (FOV),
230mm; acquisition matrix, 1283 128; reconstruction matrix,
5123 512; slice thickness, 5mm; bandwidth, 701–762Hzpixel21;
b-values, 0 and 1000; number of acquisitions (NSAs), 2; shot
duration, 83–324ms; half scan factor, 0.6; and AFs, 1, 2, 3 and 4.
The phase-encoding direction was left to right. Table 1 presents
a detailed summary of the TSE-DWI parameters.

To compare ADC values, EPI-DWI was performed using the
following parameters: repetition time, 8000ms; TE, 60ms; flip
angle, 90°; FOV, 230mm; acquisition matrix, 1283 128; re-
construction matrix, 5123 512; slice thickness, 5mm; band-
width, 30.5Hz pixel21; b-values, 0 and 1000; NSA, 1; half scan
factor, 0.627; and AF, 2.6. The phase-encoding direction was
anterior to posterior. Sensitivity encoding was used for the PI
technique. Motion probing gradients were applied in three or-
thogonal directions in both sequences.

Preparation for a diffusion weighted imaging
phantom
A DWI phantom for the evaluation of SNR and ADC values was
constructed using commercially available granulated sugar to
control the ADC values and using agar to control the transverse
relaxation time (T2 value). A plastic hemispherical bottle with
a 200-mm diameter was filled with 1.4% (w/v) agar gel. Four
plastic bottles with diameters of 20mm were filled with 1.4%
(w/v) agar and 7.1%, 14.2%, 28.5% or 42.8% (w/v) granulated
sugar and placed in the centre of the phantom (Figure 1). These
granulated sugar concentrations were determined to mimic

intracranial brain lesions with ADC values ranging from 0.8 to
2.03 1023mm2 s21.16 As shown in Table 2, the T2 values of the
background and four compartments were similar to those of
brain parenchyma.17 The slice orientation was perpendicular to
the main field, and the phantom diameter in the slice was
similar to that of the human brain (approximately 16 cm). The
phantom was positioned as for a clinical examination and
scanned at room temperature (21.0 °C).

Signal-to-noise ratio
The SNRs obtained with TSE-DWI at different AFs were com-
pared. The SNR was calculated using a subtraction method in-
volving two images with identical parameters,18 according to the
following equation:

SNR 5 
S

s
� ffiffiffi

2
p ;

where S is the mean signal value of the two images and s is the
standard deviation of the subtracted image. S and s were de-
rived from the same region of interest on the signal and sub-
tracted images. The SNRs were calculated from TSE-DW images
obtained at b5 1000 smm22.

Image blur
A pin phantom (90–401 type; Nikko Fines, Tokyo, Japan) with
pin diameters and intervals of 0.5, 0.75, 1.0 and 2.0mm
(Figure 2) was used to evaluate image blur. Pins of the same
size were orthogonally arranged to each other such that one
of the pin patterns corresponded to the phase-encoding
direction and the other corresponded to the frequency-
encoding direction. The TSE-DW images of the pin patterns
were obtained at AFs of 1–4. The separation of the pin
patterns was visually assessed.

Apparent diffusion coefficient values
ADC values obtained with TSE-DWI and EPI-DWI were com-
pared after calculating the ADC values of each sequence using
the following two-point techniques:

ADC 52
ln½SIðbÞ=SIðb0Þ�

b2 b0
;

where SI(b0) and SI(b) are the signal intensities at b5 0 and
1000 smm22, respectively. The ADC values were measured on
the DW images obtained with both sequences.

Table 1. Summary of the single-shot turbo spin echo diffusion-weighted imaging parameters

Acceleration factor 1.0 2.0 3.0 4.0

TR (ms) 10,204 8974 8587 8330

TE (ms) 100 73 66 58

Shot duration (ms) 324 162 114 83

Acquisition time (s) 204 179 172 167

Band width (Hz pixel21) 762.9 715.4 707.6 762.9

TE, echo time; TR, repetition time.
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Image analysis
Image analysis was performed using image-processing software
(ImageJ v. 1.45; National Institutes of Health, Bethesda, MD),
and the image magnitudes were recorded in the digital imaging
and communications in medicine format. To calculate SNR and
ADC values, circular regions of interest with radii of 45 pixels
were placed at the centre of each compartment and back-
ground region.

Statistical analysis
The ADC values obtained with TSE-DWI were compared using
a Mann–Whitney U test. p-value ,0.05 was considered as sta-
tistically significant. A coefficient of variance (CV) was used to
evaluate the repeatability of ADC values obtained with the dif-
ferent sequences. The CVs of five repeated measurements were
calculated by dividing the standard deviation by the mean value.
The free R software package v. 3.2.3 (R Project for Statistical
Computing, Vienna, Austria) was used to calculate CVs.

RESULTS
Figure 3 demonstrates the relationship between SNRs (shown as
mean values) and AFs; specifically, SNRs of all compartments
and the background decreased as AFs increased. The average
SNR reduction rates were approximately 14.2%, 49.3% and
76.1% at AFs of 2, 3 and 4, respectively, relative to an AF of 1.

Images of TSE-DWI with b5 0 and 1000 are shown in Figure 4.
On the TSE-DWI images obtained at b5 1000, the compart-
ments with higher concentrations of granulated sugar exhibited
higher signal intensities. Image noise was observed in the phase
direction as AF increased.

Figure 5 demonstrates the pin pattern images obtained with
TSE-DWI at AFs of 1–4. Pins with diameters/intervals of
#1.0mm were not distinguishable in either the frequency or
phase direction on any image. Although pins with a 2.0-mm
diameter/interval were distinguishable in the frequency direction

Figure 1. The photograph (left) and T2 weighted image (right) of diffusion-weighted imaging phantom. The hemispherical plastic

bottle was filled with 1.4 w/v% agar gel. Four plastic bottles were filled with 1.4 w/v% agar gel contained several concentrations of

granulated sugar. The concentrations of granulated sugar of compartments 1, 2, 3 and 4 corresponded to 7.1, 14.2, 28.5 and 42.8 w/v

%, respectively. BG, background.

Table 2. T1 (T1) and T2 (T2) values of the diffusion-weighted
imaging phantom

Materials T1 (ms) T2 (ms)

BG 2701 92

Comp. 1 2142 72

Comp. 2 1576 66

Comp. 3 948 67

Comp. 4 523 65

BG, background; Comp., compartment.

Figure 2. T2 weighted axial image of the pin pattern phantom.

The image was obtained with T2 weighted turbo spin echo

sequence. The diameters and intervals of each pin pattern

were 0.50, 0.75, 1.0, and 2.0mm.
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at an AF of 1, they were not distinguishable in the phase di-
rection at this AF.

Figure 6 shows ADC maps calculated from the TSE-DW images
and EPI-DW images. Image noise and artefacts were observed
in the ADC maps of TSE-DW images obtained at an AF of 3
and 4. Image distortion was also observed on the ADC map of
EPI-DW images. Table 3 presents the mean ADC values (and
standard deviations) obtained with both sequences. The ADC
values obtained with TSE-DWI tended to be lower than those
obtained with EPI-DWI, regardless of the selected AF. Table 4
presents the differences in the ADC values obtained with
TSE-DWI. The AFs of 3 and 4 yielded significant variations in

the TSE-DWI ADC values of the background region and all
compartments (p, 0.05).

Table 5 presents the CVs of the ADC values calculated from both
sequences. Notably, the repeatability of these ADC values was
good with both sequences. The CVs were,1.0% with TSE-DWI
and ,1.6% with EPI-DWI.

DISCUSSION
In this study, we analyzed the quality of TSE-DW phantom
images by evaluating SNRs and image blur of images obtained at
various AFs; in addition, we compared ADC values obtained
with TSE-DWI and EPI-DWI. Here, the highest SNR obtained
with TSE-DWI was achieved at an AF of 1, which provided the
longest TE value relative to the other AFs. A higher AF not only
decreases the TE value but also increases the g factor or noise
amplification associated with the PI reconstruction.19 A previous
study demonstrated rapid increases in the average g factors
obtained with a 32-channel phased-array coil as AF increased.20

Therefore, these results suggest that the increase in coil g factors
has much influence on the SNR as the shorter TE value.

Clinically, the low SNR of TSE-DWI remains a major concern.
Previous reports suggest that TSE-DWI yields inferior lesion
visibility relative to EPI-DWI because of the low SNR obtained
using the former technique.21,22 An increase in NSA, which
dramatically prolongs the acquisition time, is one way to im-
prove the SNR of TSE-DWI. However, the long acquisition time
required for this technique increases the risk of patient motion,
which degrades image quality. Therefore, we should consider all
acquisition parameters that contribute to a slight increase in the
SNR of TSE-DWI, except for NSA.

Here, we performed a visual image blur evaluation using a pin
pattern phantom. Generally, pixel size, which is calculated by
dividing the FOV by the acquisition matrix, determines spatial
resolution on MR images. However, the pixel size used in this
study was 1.793 1.79mm; accordingly, pin patterns of
#1.0mm were not distinguishable on all images.18 Regarding

Figure 3. Signal-to-noise ratio (SNR) of the background

(BG) and each compartment (Comp.) as a function of

acceleration factors (AFs). Each symbol represents the

mean SNR value.

Figure 4. The images of single-shot turbo spin echo diffusion-weighted imaging obtained with various acceleration factor (AFs).

The upper and lower rows show the images acquired with b50 (mm2s21) and b5 1000, respectively. The same window level and

width were selected to compare images.
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the 2.0-mm pin pattern, increased image blur in the phase-
encoding direction was observed at an AF of 1, suggesting that
the lower AF prolongs the shot duration, which causes image
blur due to T2 decay in the phase-encoding direction. On the
other hand, AFs of 3 and 4 reduced image blur in the phase-
encoding direction, although these AFs also led to an increase in
the image noise associated with PI reconstruction, as shown in
Figure 6.

Our experiments also demonstrate variability in the ADC values
obtained with different sequences. Previous reports also de-
scribed the influence of imaging sequences on ADC values.23,24

Notably, the reproducibility of ADC values obtained with TSE-
DWI was superior to that reported in a previous study, irre-
spective of AF.9 TSE-DWI produced fewer artefacts compared
with EPI-DWI and therefore provided more accurate ADC
measurements. However, the reproducibility of the ADC values
obtained with EPI-DWI was also unexpectedly good, likely be-
cause a homogeneous phantom that lacked air or similar

materials around each compartment was used in this study. We
further observed that AFs of 3 and 4 yielded variable ADC values
on TSE-DWI consequent to increased image noise and unfold-
ing artefacts associated with the PI technique. The PI technique,
in which image reconstruction is performed using aliased
images, always results in unfolding artefacts,19 and Chou et al25

previously reported that these artefacts would affect the quan-
titative values calculated from DWI with the PI technique. These
artefacts cause variations in the ADC values of signal compart-
ments at an AF of 3 or 4.

The EPI sequence remains the most commonly used DWI se-
quence despite the associated image distortion. Some previous
reports have demonstrated that DWI is useful for detecting skull
base lesions, in which image distortions are likely to occur.26–28

Ozgen et al28 also suggested that ADC values may help differ-
entiate malignant lesions at the skull base. For these reasons,
distortion-free DWI, which provides a high image quality and
accurate ADC values, is preferable in this region. It is therefore

Figure 5. The pin phantom (upper row) and magnitude images (lower row). The pin pattern in the traverse and longitudinal

directions corresponded to the phase encoding and frequency direction, respectively. AF, acceleration factor.

Figure 6. The apparent diffusion coefficient (ADC) maps of AF5 1.0 (a), 2.0 (b), 3.0 (c) and 4.0 (d) and single-shot echo-planar

imaging diffusion-weighted imaging (e) are shown. All ADC maps were calculated with the image of b50 and 1000 (mm2s21). The

same window level and width were selected to compare images.
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important to understand the relationship between scan param-
eters and image quality.

Our study has several limitations. First, it was performed
using equipment from a specific vendor. The SNRs and ADC
values obtained using equipment from multiple vendors
might differ and therefore should be compared.8,9 Second, the
location of each compartment in the DWI phantom was fixed.
However, the effects of image noise on SNR differed according
to the compartment location because the spatial distribution
of image noise is not uniform when the PI technique is
used;29 accordingly, a DWI phantom in which the signal lo-
cation can be arbitrarily set is required. Third, the phantom

compartments did not mimic intracranial lesions with low
ADC values, such as acute cerebral infarction and malignant
lymphoma. The high granulated sugar concentrations used in
this study reduced not only the ADC values but also the T2

values. Accordingly, a DWI phantom substance that could
control both values independently would be desirable. Finally,
several biases are attributed to ADC measurements. All
measurements are assumed to correspond to a clinical ex-
amination, wherein the centre of the DWI phantom does not
coincide with the centre of the magnet. Our measurements,
therefore, did not consider the spatial non-uniformity of ADC
values.30 Moreover, although our phantom was left in place
for sufficient time to avoid variations in ADC measurements,

Table 3. Apparent diffusion coefficient (ADC) values obtained with single-shot echo-planar imaging diffusion-weighted imaging
(EPI-DWI) and single-shot turbo spin echo diffusion-weighted imaging (TSE-DWI)

Acquisition techniques
ADC values (31023mm2 s21)

BG Comp. 1 Comp. 2 Comp. 3 Comp. 4

TSE-DWI

AF1 1.976 0.008 1.686 0.005 1.316 0.008 0.9326 0.004 0.7006 0.004

AF2 1.856 0.004 1.596 0.005 1.326 0.004 0.9436 0.004 0.7006 0.004

AF3 1.826 0.009 1.586 0.005 1.296 0.004 0.9036 0.003 0.6386 0.003

AF4 1.756 0.015 1.596 0.006 1.296 0.009 0.9836 0.005 0.7536 0.007

EPI-DWI 1.926 0.005 1.706 0.005 1.436 0.005 1.046 0.015 0.8816 0.014

AF, acceleration factor; BG, background; Comp., compartment.
ADC values are presented as mean6 standard deviation.

Table 4. Differences in the apparent diffusion coefficient (ADC) values obtained with single-shot turbo spin echo diffusion-weighted
imaging

Materials Group Difference (31023mm2 s21) p-value

BG

AF1 vs AF2 0.119 (0.108, 0.129) ,0.01

AF1 vs AF3 0.145 (0.131, 0.157) ,0.01

AF1 vs AF4 0.214 (0.196, 0.234) ,0.01

Comp. 1

AF1 vs AF2 0.084 (0.076, 0.090) ,0.01

AF1 vs AF3 0.097 (0.089, 0.105) ,0.01

AF1 vs AF4 0.0815 (0.074, 0.091) ,0.01

Comp. 2

AF1 vs AF2 20.004 (20.016, 20.002) 0.142

AF1 vs AF3 0.0225 (0.011, 0.032) ,0.01

AF1 vs AF4 0.022 (0.07, 0.034) 0.015

Comp. 3

AF1 vs AF2 20.0115 (20.016, 20.006) ,0.01

AF1 vs AF3 0.0275 (0.023, 0.035) ,0.01

AF1 vs AF4 20.05 (20.058, 20.043) ,0.01

Comp. 4

AF1 vs AF2 20.001 (20.008, 0.008) 1

AF1 vs AF3 0.063 (0.056, 0.068) ,0.01

AF1 vs AF4 20.052 (20.063, 20.042) ,0.01

AF, acceleration factor; BG, background; Comp., compartment.
95% confidence interval is shown in parenthesis.
Mann–Whitney U test is used, and p,0.05 is statistical significant.
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we did not measure the phantom temperature during data
acquisition.

In conclusion, this study evaluated image quality and ADC
values of TSE-DW images obtained using the PI technique. TSE-
DWI with an AF of 3 and 4 yielded a decreased SNR; in addition,
ADC measurements obtained with these settings may have been

susceptible to PI technique-related image noise and artefacts
despite the improvements in image blur in the phase-encoding
direction.
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