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The correlation between the readout segment and the GeneRalized Auto Calibrating Partial Parallel Acquisi-
tion (GRAPPA) acceleration factor in the Read out segmentation of long variable echo-trains Diffusion
Weighted Image (RESOLVE DWI) after enhancement was analyzed to investigate the effects of the signal
intensity and the image distortion on the difference of the main field and contrast agent concentration. Twenty -
four phantoms were prepared for each concentration of contrast agent, and signal intensity and image distor-
tion were evaluated. At 1.5T and 3.0T, images were acquired using Readout segment, GRAPPA acceleration
factor and echo spacing parameters, and Roundness (%) was measured using Regions Of Interest Contours. As
the readout segment increased, signal strength and image distortion decreased. As the GRAPPA acceleration
factor increased, signal strength increased and image distortion decreased. In RESOLVE DWI, it is helpful to
minimize the distortions and artifacts caused by the signal intensity detection in the contrast agent phantom
experiment and confirm the correlation between the readout segment and the GRAPPA acceleration factor

depending on the main field, thereby making it possible to produce images with high diagnostic value.
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1. Introduction

Diffusion Weighted Imaging (DWI) is important for
evaluation of diagnosis and treatment, such as primary
cerebral infarction, brain tumor diagnosis, and post-
operative follow-up [1-3]. Recently, it has also been used
for diagnosis of abdominal pain, pancreas, prostate,
gynecological diseases and rectal cancer, and it is also
used for differentiating breast diseases and muscle-
skeletal tumors [4-9].

Water molecules present between normal cells spread
smoothly because of the large diffusion space. But Water
molecules that exist between abnormal cells such as
cerebrovascular diseases and tumor cells decrease diffusion
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movement. In normal tissues, diffusion is well established
and the diffusion coefficient is increased. However, in
case of cerebrovascular disease, the oxygen supply from
the blood is decreased, and intracellular edema occurs.
The extracellular water molecule diffusion movement is
limited and diffusion coefficient becomes small. In addi-
tion, the dissociation of water molecules between tumor
cells is reduced by the undifferentiated cell tissue of
malignant tumor, and the diffusion coefficient is decreased
[10-12].

The principle of DWI uses the Motion Proving Gradient
(MPGQG), which is a diffusion gradient magnetic field with
strong intensity before and after refocusing pulse after
excitation pulse. It is the image using the signal difference
of the in-phasing spins relatively due to the decrease of
the signal of the de-phasing spins and the disturbance of
the diffusion motion. The intensity of the diffusion gradi-
ent magnetic field is represented by b-value, and the
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Fig. 1. (Color online) (a) Single shot echo-planar imaging (SS-EPI), (b) Readout segmentation of long variable echo-trains

(RESOLVE).

signal intensity of the DWI decreases as the diffusion
coefficient (unit : mm?*sec) of the tissue and gradient are
larger. And In order to make the difference of the diffusion
motion occurring in the microscopic unit as the difference
of the image signal, the signal is collected using the Echo
Planner Image (EPI) technique having the shortest image
acquisition time [13].

EPI has a single-shot echo planar image (SS-EPI) (Fig.
la) and a 2D navigator-based reacquisition readout seg-
ment (RS-EPI) (Fig. 1b). The SS-EPI collects all the
signals that make up the image with a single excitation
pulse. Therefore, k-space is filled with a signal without
correction of the phase error of the image section due to
the application of the phase encoding gradient. All the
signals collected at high speed are phase error, and the
phase errors of each echo are getting bigger by the
acquisition of consecutive signals. In addition, the phase
error in the slice selection direction in the slice selection
gradient affects image acquisition. As the slice selection

gradient moves away from the center of the k-space, the
image distortion and artifact increase along the slice
encoding gradient direction. RS-EPI reduces echo train
length (ETL) and reduces echo spacing (ESP) to prevent
magnetization susceptibility and artifacts from T2 *
decay. Since the echo spacing is reduced by sub-dividing
the segmented k-space in the segmentation direction, the
time to fill the k-space in the phase encoding direction
can be reduced [14]. The 2D navigator technology uses
two k-spaces to receive the bipolar readout, and corrects
the collected k-space data by direct inverse filtering.
Parallel imaging (PI) technique uses fewer signals in
the k-space. The insufficient information reconstructs the
image using the sensitivity information of the coils arranged
in the phase direction. And the position and sensitivity of
the receiving coil are used for spatial positioning of the
MR signal [15]. GeneRalized Auto Calibrating Partial
Parallel Acquisition (GRAPPA) is a PI technique using
Auto Calibrating Reconstruction for Cartesian Imaging
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(ARC) of the k-space Frequency domain [16].

Read out segmentation of long variable echo-trains
(RESOLVE) can acquire images by minimizing high
resolution and distortion using PI and RS-EPI [17].

MR contrast agents are used to enhance the characteri-
zation of tissues by increasing the difference in contrast
between normal and diseased tissues. DWI is not used for
contrast enhancement but requires a delay of 10-30
minutes after hepatocellular carcinoma (HCC) to obtain
hepato biliary delayed phase images. For the efficiency of
the test, the DWI test is performed after contrast medium
administration [18, 19]. Although DWI is known to have
no clinical effect, it is believed that Gadolinium (Gd) with
the paramagnetic effect of atomic number 64 changes the
relaxation time of 1H in the body and that the changed
energy level will affect the EPI signal intensity do.

In this study, we constructed the MRI contrast agent
phantom and evaluated the distortion distortion according
to the parameters of Readout segment (Seg.) And GRAPPA
acceleration factor (Gf) at 1.5T and 3.0T using various
parameters that cause image distortion in RESOLVE
DWL

2. Materials and Methods

2.1. Phantom production

RESOLVE To confirm the image distortion caused by
contrast agent concentration in DWI, PRIMOVIST®
(181.43 mg) of Gadoxetic acid (Gd-EOB-DTPA) series
used to obtain hepatobiliary delayed phase images of
hepatocellular carcinoma (HCC)/mL, 0.25 mol/L, Bayer)
(Fig. 2). Twenty-four phantoms were prepared by diluting
PRIMOVIST® and physiological saline in a 1.4 ¢cm dia-
meter cylindrical syringe with a total volume of 3 mL,

Table 1. Degree of concentration Phantom.
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Fig. 2. (Color online) Twenty-four cylindrical Phantom diluted
with Primovist and nomal saline.

ranging from 0.05 mmol/mL to 50 mmol/mL, and image
data were analyzed (Table 1).

2.2. Research method
The instrument used in this experiment was 1.5T Mag-
netom Avanto (Siemens Medical System, Germany) and

PRIMOVIST® Degree of concentration Phantom

mmol Contrast Saline Volume (mL) mmol Contrast Saline Volume (mL)
50 0.6 2.4 3 2 0.024 2.976 3
40 0.48 2.52 3 1 0.012 2.988 3
30 0.36 2.64 3 0.9 0.0108 2.9892 3
20 0.24 2.76 3 0.8 0.0096 2.9904 3
10 0.12 2.88 3 0.7 0.0084 2.9916 3
9 0.108 2.892 3 0.6 0.0072 2.9928 3

8 0.096 2.904 3 0.5 0.006 2.994 3
7 0.084 2916 3 0.4 0.0048 2.9952 3
6 0.072 2.928 3 0.3 0.0036 2.9964 3
5 0.06 2.94 3 0.2 0.0024 2.9976 3
4 0.048 2.952 3 0.1 0.0012 2.9988 3
3 0.036 2.964 3 0.05 0.0006 2.9994 3
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Fig. 3. (Color online) Distorted image due to correlation
between Readout segment and GRAPPA acceleration factor at
3T. (a) Image for GRAPPA acceleration factor 2 for Readout
segment 4, (b) Image for GRAPPA acceleration factor 3 for
Readout segment 4, (c) Image for GRAPPA acceleration fac-
tor 4 for Readout segment 4.

3T Magnetom Skyra (Siemens Medical System, Germany).
The coil used for signal acquisition is respectively 12
Channel Head coil, 20 Channel Head and Neck coil. The
parameters of RESOLVE DWI are TR: 9000 ms, TE: 123
ms, ESP 0. ms, average 1, b-value 1000, FOV 220 mm,
matrix 182 x 182, slice thickness 3 mm, gap 0.3 mm. The
experimental method is Seg. (3, 5, 7) and Gf (2, 3, 4)
were cross-tested five times. seg. 7 and G.f 4 condition
was tested by changing the ESP (0.34 ms, 0.44 ms, 0.58
ms, 0.70 ms, 0.84 ms, 0.94 ms) (Fig. 3). The reference
scan mode is EPI/separate and the filter is Prescan
Nomalize
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Fig. 4. (Color online) Roundness (%) measurements.

icy.bioimageanalysis.org) was used to evaluate the image
distortion according to the variables of Seg. And Gf.
Roundness (%) was derived using ROI Contours protocol,
which can extract Regions Of Interest (ROI), to quan-
titatively measure the geometrical contour due to distortion
due to difference in magnetization susceptibility (Fig. 4).
Roundness (%) is the standardized percentage expressed
as a percentage (100 % for circles or spheres) between the
circles and the circles circumscribed by the ISO 1001
standard. This measure is similar to the Sphericity (defined
by H. Wadell in 1935) measurement, but is much more
sensitive to small shape deformations and the equations
are shown in Eq. (1).

A=R,—R—écos6,— bsin 6, (1)
2.3. Comparative analysis v
In the RESOLVE DWI, Icy program (ver.1.9.9.0, http:// R= 1 3R, (1-1)
N&<
i=1
Table 2. Roundness (%) data analysis results of 1.5T.
seg3 segd seg7

mmol Gf2 Gf3 Gf4 Gf2 Gf3 Gf4 Gf2 Gf3 Gf4

1 68.05 68.41 68.41 65.08 70.92 65.59 68.06 70.92 70.92

0.9 65.69 68.41 68.41 65.08 68.06 70.71 68.05 68.05 70.92

0.8 70.71 68.41 68.41 68.05 68.05 68.05 70.92 70.92 70.92

0.7 68.41 70.71 68.41 65.08 70.92 70.92 68.06 70.92 70.92

0.6 65.69 68.05 70.92 65.08 65.08 68.05 65.08 70.92 68.05

0.5 68.41 68.41 68.05 65.08 68.05 68.05 65.08 68.05 70.92

0.4 68.41 65.08 68.41 68.06 68.05 70.92 68.06 70.92 68.05

0.3 70.71 68.05 68.41 68.06 68.05 68.05 65.08 68.05 68.06

0.2 65.69 70.71 68.41 65.08 65.08 68.05 70.92 70.92 70.92

0.1 70.71 70.71 70.71 65.08 65.08 70.92 68.05 68.05 70.92

0.05 68.41 68.41 68.41 68.05 68.05 70.92 65.08 68.05 70.92

Avg. 68.26 68.67 68.81 66.16 67.76 69.11 67.49 69.61 70.14
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Statistical analysis was performed using correlation
analysis (Pearson correlation coefficient, SPSS version
22.0, IBM Co., Armonk, NY, USA) p value of less than
0.05 was considered significant.

3. Results

After using Gd contrast agent, 1.5T and 3.0T RESOLVE
DWI were used. And G.f are the results of the data
analysis on the image distortions obtained.

RESOLVE DWI signal intensity by 1.5T contrast medium

1.5T Roundness(%)
71.00
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69.00

68.00 —=—GRAPPA 2

67.00 =a—GRAPPA 3

66.00 —=e—GRAPPA 4

65.00

64.00

Segment 3 Segment 5 Segment 7

Fig. 5. (Color online) Roundness (%) by segment according to
GRAPPA (1.57).

Table 4. Roundness (%) data analysis results of 3.0T.
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Table 3. Roundness (%) correlation analysis result of 1.5T.

SI Roundness
Pearson Correlation Sig. ~ —.912** 0.127
Segment .
(2-tailed) 0 0.748
H H *%
GRAPPA Pearson Cor‘relatlon Sig. 0.107 901
(2-tailed) 0.624 0

**Correlation is significant at 0.01 (two-tailed) level.

concentration Seg. (3, 5, 7), Gf (2, 3, 4) Signals were
measured from 1 mmol to 0.05 mmol in all experimental
conditions (Table 2). In the correlation analysis for each
factor, Seg. And signal intensity showed strong negative
correlation (—.912**) and not significant with Roundness
(%). There was a strong positive correlation (.901**)
between G.f and Roundness (%), but not with signal
intensity (Fig. 5, Table 3).

3.0T Roundness(%)

84.00

82.00

4000 //:

78.00

76.00 /\'

74.00

—a—GRAPPA 2
—4—GRAPPA 3
—e—GRAPPA 4

72.00

Segment 3 Segment 5 Segment 7

Fig. 6. (Color online) Roundness (%) by segment according
to GRAPPA (3.07).

seg.3 seg.5 seg.7

mmol Gf2 Gf3 Gf4 Gf2 Gf3 Gf4 Gf2 Gf3 Gf4
3 78.18 82.95 78.12 79.01 69.83 83.53 81.97

2 77.65 80.81 80.63 74.71 63.55 70.22 75.28 83.46 83.16

1 75.56 80.03 84.07 77.78 79.32 78.11 78.30 82.03 82.80
0.9 79.77 80.60 82.97 75.16 83.87 84.62 78.74 79.62 79.96
0.8 67.27 77.76 78.49 73.76 77.58 78.72 73.25 73.82 73.50
0.7 72.14 7422 72.46 72.96 7747 80.59 74.02 78.13 83.38
0.6 80.22 80.29 82.92 80.57 83.29 84.43 77.61 76.84 84.59
0.5 76.43 78.42 74.24 75.11 81.96 84.51 76.38 78.65 81.41
0.4 74.87 80.95 78.01 77.31 80.97 83.48 78.85 79.67 82.51
0.3 75.66 83.70 82.81 77.76 84.43 82.08 81.35 85.85 84.24
0.2 75.11 83.78 79.84 81.90 82.11 78.85 79.29 82.13 82.94
0.1 72.01 83.36 83.34 75.84 80.56 83.98 75.83 76.38 80.59
0.05 75.75 77.60 81.25 77.44 83.60 86.02 75.07 79.69 81.74
Avg. 75.20 79.98 80.30 76.69 79.76 81.12 76.45 79.98 81.75
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Table 5. Roundness (%) correlation analysis result of 3.0T.
SI Roundness
S P Correlation Sic. (2-tailed —.969%* 0.111
egment earson Correlation Sig. (2-tailed) 0 0.732
kk
GRAPPA Pearson Correlation Sig. (2-tailed) 0.141 908
0.675 0
**Correlation is significant at 0.01 (two-tailed) level.
Table 6. Data analysis results by echo spacing (1.5T).
echo spacing Signal Standard Roundness .
Contrast H
(mmsc) Intensity Deviation ontras (%) omogeneity
0.44 67.47 52.17 1433.56 69.43 0.05
0.58 70.20 56.62 1608.55 70.18 0.06
0.70 66.35 55.09 1457.37 68.74 0.06
0.84 64.67 53.64 1370.27 69.84 0.07
0.94 59.93 52.70 1269.27 69.40 0.07

RESOLVE DWI signal intensity by 3.0T contrast medium
concentration Seg. (3, 5, 7), Gf2 was measured from 2
mmol to 0.05 mmol, Seg. (3, 5, 7), G.f (3, 4) signals were
measured from 3 to 0.05 mmol (Table 4).

In the correlation analysis, Seg. And signal intensity
showed strong negative correlation (—.969**) and not
significant with Roundness (%). There was a strong positive
correlation (.908**) between G.f and Roundness (%), but
not with signal intensity (Fig. 6, Table 5).

At 1.5T, the best evaluation of the distortion according
to the ESP difference in Seg.7 and G.f4, which has the
best distortion degree, was the best at 70.18 % at 0.58
msec, which was the highest signal intensity at 70.20
(Table 6).

4. Discussion

To obtain hepatobiliary delayed phase images of hepato-
cellular carcinoma (HCC), a delay of 20 minutes or longer
should be performed after contrast injection. In terms of
the efficiency of the examination time, T2 and DWI ex-
cluding T1 are examined after contrast injection. Michael
et al. [20] used 3D fluid-attenuated in ersion recovery
(T2-3D) technique to assess the effectiveness of vestibular
stimulation in patients with acute vestibular syndrome
after contrast enhancement. In DWI, various studies such
as influence of signal intensity and distortion due to
magnetization susceptibility have been carried out.

Because DWI acquires signals using EPI, which is a
super high-speed technique, it is affected by difference in
magnetization sensitivity, recursive transition, uniformity
of runner field [21]. The larger the b-value, the greater the
diffusion effect, and thus the larger the b-value gradient is

applied. The effect of T2 effect is shown by increasing
TE. To solve this problem, a method for reducing TE
should be selected. RESOLVE DWI increases TE and
ESP by increasing Seg. and shortens TE by using parallel
imaging factor. In addition, when the Gd contrast agent is
introduced into the human body, the difference in the
susceptibility becomes so great that the distortion of the
image becomes larger, which greatly affects anatomical
and pathological image evaluation. Jeong et al. [22] have
reported quantitative data analysis of the signal intensity
changes in SS-EPI DWI with Gd contrast agent, but there
is no analysis of RS-EPI and PI. Han er al. [23] studied
the occurrence of Nyquist Ghost Artifact (NGA) accord-
ing to Seg. and G.f in RESOLVE DWI, but failed to
propose a solution to image distortion. In addition, Tan et
al. [24] studied the reduction of distortion according to
the high gradient slew-rates in EPI, but failed to propose
the degree of distortion due to the main field difference at
the same gradient slew-rates.

RESOLVE DWTI uses both PI and RS-EPI to acquire
images by minimizing the effects of distortion and artifacts
caused by differences in resolution and magnetization
susceptibility. The PI technique is a technique in which
the position and sensitivity of the receiving coil are used
to determine the spatial position of the MR signal. This
additional information on the coil has the advantage of
reducing the image acquisition time by reducing the
number of phase-encoding in image acquisition, but there
is a disadvantage that SNR decreases and artifact increases
as G.f increases.

In this study, we confirmed the difference of image
distortion according to the concentration of contrast agent
in RESOLVE DWI. In addition, image distortion was
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evaluated by 1.5T and 3.0T difference at the same gradi-
ent field strength of 45 mT/m and gradient slew rates of
200 T/m/s.

The 1.5T image distortion measurement showed an
average increase of 0.5 % when applying G.f2, G.f3, and
G.f4 in Seg.3, and an average increase of 2.0 % when
applying G.f2, G.f3, and G.f4 in Seg.5. Also Seg.7 showed
an average increase of 1.2 % when Gf2, Gf3, and G.f4
were applied. As Gf increases, the image distortion is
smaller, but Seg. No significant than was confirmed. The
3.0T image distortion measurement showed an average
increase of 3.2 % when applying G.f2, Gf3, and G.f4 in
Seg.3, and an average increase of 2.8 % when applying
Gf2, Gf3, and Gf4 in Seg.5. Also Seg.7 showed an
average increase of 3.4 % when G2, G1f3, and G.f4 were
applied. As Gf increases, the image distortion is smaller,
but Seg. No significant than was confirmed.

The roundness (%) of 1.5T and 3.0T were 68.45 % and
79.03 %, respectively. The difference was 3.0T, 13.4 %
higher. This indicates that the artifacts due to the differ-
ence in magnetization sensitivity appear more in the high
magnetic field, but in the case of the limited image
distortion only, the high magnetic field is superior.

Roundness (%) at 1.5T was the best at Seg.7 and G.f4
conditions. As a result of comparing the distortion mea-
surement according to the ESP, the average difference of
2 % was not large. However, the signal intensity was the
largest at 0.58 msec to 70.204, and the difference was
15.9 % from 0.94 msec to 59.932 msec.

In this study, Seg. TR, and TE were automatically
optimized when parameters such as setting value and ESP
were changed, so that no experimental results could be
obtained due to a single parameter change. There was a
limitation in that it was not able to accurately evaluate the
motion that might occur in actual clinical practice, such as
the motion of the airway and breathing. Also, we could
not obtain the results according to the difference of
gradient slew rates of 1.5T and 3.0T equipment.

5. Conclusions

In RESOLVE DWI, the influence on signal strength,
artifacts and image distortion should be minimized when
determining the parameters after contrast enhancement.
Experiment result, Signal strength and image distortion
decreased with increasing Seg. As G.f increased, signal
intensity increased and image distortion decreased. As the
Seg. Increases, the ETL becomes shorter, the TE becomes
smaller, and the smaller the ESP is set, the more the
magnetization sensitivity and the artifact due to T2 *
decay are reduced, but the image acquisition time is

A Study on Image Distortion by Contrast Agent Concentration according to 1.5T and 3.0T--- — Yong Soo Han et al.

increased. However, as G.f increases, the time required to
acquire a signal in the K-space in the phase coding
direction becomes shorter and the image acquisition time
decreases.

By confirming the relationship between Seg., G.f and
ESP according to the magnetic field, this study will help
to make the image with high diagnostic value in
parameter determination.
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