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Fat Suppressed Contrast-Enhanced T1-Weighted
Dynamic Magnetic Resonance Imaging at 3T: Comparison
of Image Quality Between Spectrally Adiabatic Iversion

Recovery and the Multiecho Dixon Technique in
Imaging of the Prostate
Yuji Iyama, MD,*†‡ Takeshi Nakaura, MD, PhD,*† Masafumi Kidoh, MD,† Kazuhiro Katahira, MD, PhD,‡
Tomohiro Namimoto, MD, PhD,† Shoji Morishita, MD,‡ and Yasuyuki Yamashita, PhD†
Objective: To compare the quality of fat suppression and image quality
between multiecho Dixon technique (mDixon) and spectrally adiabatic
iversion recovery (SPAIR) in dynamic contrast-enhanced magnetic reso-
nance imaging of the prostate.
Methods: This prospective study assigned thirty consecutive patients to
scanning with SPAIR technique (SPAIR protocol) and another consecutive
30 patients to scanning with mDixon technique (mDixon protocol). We cal-
culated the contrast, signal to noise ratio (SNR), contrast to noise ratio (CNR)
and the coefficient of variation between the 2 protocols. Two readers com-
pared homogeneity of fat suppression, image noise, image contrast, and
image sharpness between the two protocols.
Results: The SNR, CNR, and contrast of mDixon protocol were signifi-
cantly higher than those of the SPAIR protocol (SNR: 14.7 ± 4.1 vs
11.0 ± 2.6; P < 0.05; CNR: 6.3 ± 1.6 vs 0.5 ± 1.5; P < 0.01; contrast:
4.4 ± 1.4 vs 1.3 ± 0.5; P < 0.01), whereas the coefficient of variation of
mDixon protocol was significantly lower than that of SPAIR protocol
(34.7 ± 15.5 vs 43.7 ± 23.1, P < 0.01). In qualitative image analysis, the
image scores for the homogeneity of fat suppression, image noise, and im-
age sharpness were significantly higher with mDixon protocol than those
with SPAIR protocol (P < 0.01). There was no significant difference in im-
age contrast between 2 fat suppression protocols (P > 0.05).
Conclusions: In dynamic contrast-enhanced magnetic resonance im-
aging of the prostate, mDixon technique improved the homogeneity
of fat suppression without degrade of image quality compared with
SPAIR technique.
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T he clinical utility of magnetic resonance imaging (MRI) to
detect prostate carcinoma is well documented.1–3 Among

MRI systems, the signal-to-noise ratio (SNR) of 3T scanners
is theoretically 2 times better than that of comparable 1.5T
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scanners.4 Additionally, contrast enhancement of 3T MRI is sig-
nificantly higher than that of 1.5T MRI.5 In dynamic enhanced
prostatic MRI, the use of 3TMRI was shown to improve temporal
and spatial resolution.6,7 However, in 3T MRI systems, there is a
technical challenge in suppressing fat signals despite the use of fat
suppression techniques such as chemical shift selective fat sup-
pression (CHESS),8 because 3T MRI yields the relatively larger
inhomogeneity of the magnetic field compared with 1.5T MRI.9

Dynamic MRI provides increased accuracy in localizing
prostatic cancer.10–12 Extracapsular tumor extension might be un-
clear in dynamic prostaticMRI without fat-suppression technique,
because prostatewas surrounded by periprostatic fat. Therefore, in
clinical prostatic MRI, fat suppression technique might be useful
to detect of extracapsular tumor extension.13–16 The CHESS tech-
nique has been mostly used for fat suppression. However, this
technique may lead to heterogeneous fat suppression17 because
of magnetic field inhomogeneity. Spectrally selective adiabatic in-
version recovery (SPAIR) and multiecho Dixon (mDixon) imag-
ing overcome these disadvantages of fat suppression technique
in dynamic enhanced 3T MRI.18–20 Spectrally selective adiabatic
inversion recovery is a hybrid technique combining features of
both CHESS and short TI inversion recovery (STIR)21 with adia-
batic pulses.22 It is relatively insensitive to magnetic field inhomo-
geneity and, unlike CHESS, allows homogeneous fat suppression.
On the other hand, the mDixon technique offers both flexibility in
the choice of echo time and strong phase correction.23 It is also
less sensitive than CHESS with respect to magnetic field inhomo-
geneity. However, the 2 technique have yet to be compared to de-
termine which is better-suited in dynamic enhanced 3T MRI of
the prostate.

Therefore, the purpose of this study was to compare the im-
age quality obtained from the SPAIR and the mDixon technique in
dynamic contrast-enhanced MRI of the prostate.
MATERIALS AND METHODS
This prospective study was approved by our institutional re-

view board. Prior informed consent to participate in the study was
obtained from all patients.

Patients
Between July 2012 andAugust 2013, 60 consecutively regis-

tered patients underwent dynamic contrast-enhanced MRI for the
detection of prostate cancer.

Body weight (BW), height, body mass index (BMI) and age
were recorded. We also obtained BW measurements for all pa-
tients before the MRI examinations to allow us to tailor the
amount of contrast medium administered. Patients suspected of
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TABLE 1. Magnetic Resonance Imaging Sequence and
Parameters

Sequence m-Dixon-eTHRIVE SPAIR-eTHRIVE

TR, ms 4.5 4.8
TE, ms TE1, 1.51 TE2, 2.7 2.4
Slice thickness, mm 1 1
Interslice gap, mm 0 0
Flip angle, degrees 10 10
Matrix 172 � 268 256 � 219
FOV, mm 200 � 200 200 � 200
No. slices 100 100
Slice orientation Axial Axial
Voxel size, mm3 0.63 � 0.63 � 1.0 0.69 � 0.69 � 1.0
No. acquisitions 1 1
Band width, Hz 1101.1 393.8
Mean acquisition time, s 145.2 151

FOV indicates field of view.

FIGURE 1. Demonstrating where ROIs were placed. Six ROIs
were placed on the bilateral subcutaneous fat in the abdominal
and buttocks, and bilateral perirectal fat (solid outlined circles).
Additionally, 2 ROIs were placed on the bilateral prostatic
transition zone at the level of mid gland (dotted outlined circles).
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having prostate cancer based on a prostate-specific antigen level
greater than 4.0 ng/mL were included. There were no excluded
patients in this study. Consequently, all 60 patients (age range,
45–87 years; mean age, 56 years) satisfied the inclusion criteria.

MRI Examinations
All MRIs were acquired using a 3Twhole-body MR system

(Ingenia, Philips Medical Systems, Best, The Netherlands) equipped
with a dual-source parallel radiofrequency transmission system in
which a 32-channel phased-array coil served as the receiver coil.
Patients were placed in the supine position with their arms raised.
The following sequences were acquired: T2-weighted (T2w)
2-dimensional turbo-spin echo imaging, T2w volumetric iso-
tropic turbo spin echo acquisition imaging, T1-weighted (T1w)
2-dimensional turbo-spin echo imaging, diffusion weighted imag-
ing, T1w3D turbo-field-echo sequence for dynamic enhancedMRI
with fat suppression techniques (SPAIR or mDixon). Table 1 shows
the parameter of T1w 3D turbo-field-echo sequence for dynamic
enhanced MRI with fat suppression techniques.

Dynamic images were scanned from the apex to the base of
the prostate, acquiring 100 slices. A dynamic series consisted of
a precontrast series followed by a four-phase postcontrast series
with enhanced-T1 high-resolution isotropic volume examination
(eTHRIVE) (Philips Healthcare, Best, The Netherlands). Consec-
utive thirty patients were assigned to scanning using eTHRIVE
with SPAIR technique (SPAIR-eTHRIVE) and another consecutive
30 patients using eTHRIVE with mDixon technique (mDixon-
eTHRIVE). Default settings and the same imaging parameters
for the two sequenceswere used as often as possible. Nonetheless,
some parameters differed because of instrument-related restric-
tions and the sequences provided by the vendor.

Postcontrast series were obtained from patients injected with
an adjusted amount (0.1 mmol/kg) of gadopentetate dimeglumine
(Magnevist; Schering, Berlin, Germany) at a rate of 2 mL/s via an
automatic injector, followed by 20 mL flush of saline.

Dynamic MRI of the prostate was carried out using a fixed
time-delay method. After the precontrast series, gadopentetate
dimeglumine was injected within 10 seconds. Postcontrast series
(first, second, third, and fourth phases) were obtained 20, 50, 80,
and 110 seconds after the initiation of contrast-agent injection.
All scans were sent to picture archiving and communication sys-
tem (PACS; Synapse: Fujifilm, Tokyo, Japan).
© 2016 Wolters Kluwer Health, Inc. All rights reserved.
Quantitative Image Analysis
A radiologist who was blinded to the protocols with 5 years

of experience in MRI of the prostate recorded the data from the
axial source images of second phase. The reason why we selected
the second phase was that second phase image was arterial phase
image in our institution. The usefulness of evaluation of arterial
phase image for diagnosis of prostate cancer was previously re-
ported.24 Therefore, we selected the arterial phase image in evalu-
ation of quantitative image analysis. Six regions of interest (ROIs)
were placed on the bilateral subcutaneous fat in the abdominal and
buttocks and bilateral perirectal fat. The mean signal intensities of
the 6 ROIs were recorded (ROIFa). Signal intensity was set to al-
low the selection of an ROI of 100 mm2 in the subcutaneous fat,
avoiding muscle. Additionally, 2 ROIs were placed on the bilateral
prostatic transition zone at the level of mid gland, and the mean
signal intensity of the 2 ROIs (ROIPro) were recorded. Signal inten-
sity was set to allow the selection of an ROI of 50 to 100mm2 in the
prostatic transition zone, avoiding periprostatic fat and prostatic pe-
ripheral zone. Figure 1 showed the demonstrating where regions
of interests (ROIs) were placed. Contrasts were calculated as fol-
lows: ROIPro/ROIFat. The SNR was calculated as follows: ROIPro/
SD of the ROIPro. The contrast-to-noise ratio (CNR) was calcu-
lated as previously reported25: (ROIPro − ROIfat)/[(SD of the
ROIPro)

2 + (SD of the ROIFat]
2]1/2. To measure the homogeneity

of fat suppression, a coefficient of variation (CV), defined as the
SD divided by the mean of the 6-point ROIFa, was calculated as
previously reported.26 We compared contrast, SNR, CNR, and
CVof the 2 fat suppression protocols.
Qualitative Image Analysis
To determine the better of 2 fat suppression techniques, 2

board-certified urological radiologists who were blinded to the
protocols with 7 and 5 years of experience in prostate MRI inde-
pendently reviewed the images.
www.jcat.org 383
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TABLE 3A. Qualitative Image Analysis (Reader 1) (Re: Reviewer 4)

Parameter SPAIR-eTHRIVE mDixon-eTHRIVE P

Homogeneity of fat
suppression

2.5 ± 0.8 3.4 ± 0.8 <0.01

Image noise 2.7 ± 0.9 3.2 ± 0.7 <0.01
Image contrast 3.5 ± 0.8 3.9 ± 0.3 0.06
Image sharpness 3.2 ± 0.7 3.5 ± 0.7 0.04

Unless otherwise indicated, data are mean ± SD.
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The radiologists retrospectively reviewed the first and second
phase's images in mDixon-eTHRIVE or SPAIR-eTHRIVE. The
images were reviewed subjectively regarding the homogeneity of
fat suppression, image noise, image contrast, and the image sharp-
ness of the prostate margin.

The radiologists used a four-point scale to evaluate the ho-
mogeneity of fat suppression, image contrast, image noise, and
image sharpness. They scored image contrast considering the en-
hancement quality of femoral artery. They used the first and sec-
ond phase’s images to evaluate femoral arterial enhancement
and score the image contrast strictly. They scored the homogeneity
of fat suppression considering fat suppression of subcutaneous fat
and perirectal fat. The homogeneity of fat suppression and image
contrast were scored as follows, (1, unacceptable; 2, acceptable;
3, good; 4, excellent). Additionally, image noise was scored
as follows, (1, so much image noise and clinically unacceptable;
2, image noise present and interfering with evaluation of adjacent
structures; 3, image noise present but not interfering with evalua-
tion of adjacent structures; 4, minimal or no noise). Image sharp-
ness was assessed by evaluating sharpness of prostatic capsule and
scored as follows, (1, blurry and readers cannot evaluate the border
of prostatic capsule; 2, poorer than average; 3, better than average;
4, sharpest). They evaluated the homogeneity of fat suppression,
image noise, and image sharpness of the prostate margin, using
the second phase's images.

Statistical Analysis
All numeric values are reported as means ± SDs. Data were

tested for normality using the Kolmogorov-Smirnov test. The
age, BW, height, BMI, CNRs, SNR, contrasts, and CV are indi-
cated normality. Therefore, we compare the age and BW, height,
BMI of the patients, CNRs, SNR, contrasts, and CVof the images
between mDixon-eTHRIVE and SPAIR-eTHRIVE protocols,
using an unpaired 2-tailed Student t test. The visual scores assigned
to the 2 sets of images were compared using the Mann-Whitney
U test. P value less than 0.05 was considered statistically significant.

We evaluated the scale for the kappa coefficients using the
free statistical software “R.”We categorized interobserver agreement
as follows, (<0.20, poor; 0.21–0.40, fair; 0.41–0.60, moderate;
0.61–0.80, substantial; and 0.81–1.00, near-perfect) (R package
version 2.6.1; The; http://www.r-project.org/).
RESULTS

Patient Characteristics
There were no significant differences between mDixon-

eTHRIVE group and SPAIR-eTHRIVE group with respect to
age, BW, height, and BMI (age: 68.2 ± 11.7 vs 67.3 ± 10.5,
P = 0.55; BW: 60.7 ± 12.0 kg vs 59.2 ± 10.8 kg, P = 0.60; height:
1.68± 0.06mvs1.65 ±0.06m,P=0.10;BMI: 22.6± 2.2 kg/m2 vs
22.0 ± 3.0 kg/m2, P = 0.20).
TABLE 2. Quantitative Image Analysis

Parameter SPAIR-eTHRIVE mDixon-eTHRIVE P

Image contrast 1.3 ± 0.5 4.4 ± 1.4 <0.01
SNR 11.0 ± 2.6 14.7 ± 4.1 <0.05
CNR 0.5 ± 1.5 6.3 ± 1.6 <0.01
CV 43.7 ± 23.1 34.7 ± 15.5 <0.01

Unless otherwise indicated, data are mean ± SD.
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Quantitative Image Analysis
Table 2 summarized the results of the quantitative image anal-

ysis. The SNR, CNR, and the contrast of the mDixon-eTHRIVE
protocol were higher than those of the SPAIR-eTHRIVE protocol
(CNR and contrast; P <0.01, SNR; P <0.05). The CV of the
mDixon-eTHRIVE protocol was significantly lower than that of
the SPAIR-eTHRIVE protocol (P <0.01).

Qualitative Image Analysis
Tables 3A and 3B summarized the results of the qualitative

image analysis. The mean scores of homogeneous fat suppression,
image noise, and image sharpness for the mDixon-eTHRIVE pro-
tocol were significantly higher than those for the SPAIR-eTHRIVE
protocol (homogeneous fat suppression: reader 1, 3.4 ± 0.8 vs
2.5 ± 0.8, P < 0.01; reader 2, 3.2 ± 0.8 vs 2.4 ± 0.8, P < 0.01;
image noise: reader 1, 3.2 ± 0.7 vs 2.7 ± 0.9, P < 0.01; reader
2, 3.2 ± 0.6 vs 2.6 ± 0.7, P < 0.01; and image sharpness: reader
1, 3.5 ± 0.7 vs 3.2 ± 0.7, P =0.04; reader 2, 3.5 ± 0.7 vs
2.9 ± 0.5, P < 0.01). There was no significant difference in image
contrast between the mDixon-eTHRIVE and SPAIR-eTHRIVE
protocols (reader 1: 3.9 ± 0.3 vs 3.5 ± 0.8, P = 0.06; reader 2,
3.9 ± 0.3 vs 3.7 ± 0.6, P = 0.20) (Tables 3A and 3B). Interobserver
agreement regarding the homogeneity of fat suppression, image
noise, image contrast, and image sharpness was moderate to sub-
stantial (κ = 0.71, 0.77, 0.76, and 0.81, respectively). Representa-
tive cases are shown in Figures 2 and 3.

DISCUSSION
Dynamic enhanced 3T MRI of the prostate using the

mDixon technique resulted in stronger homogeneous suppression
of the fat signal and higher image quality than obtained with the
SPAIR technique.

Spectrally adiabatic iversion recovery is a variant of the spec-
tral presaturation with inversion recovery method, which com-
bines features of the CHESS and STIR techniques.21,22 Like
STIR, the spectral presaturation with inversion recovery technique
uses inversion pulses for the preparatory module that can be
appended to other sequences. These inversion pulses were designed
TABLE 3B. Qualitative Image Analysis (Reader 2) (Re: Reviewer 4)

Parameter SPAIR-eTHRIVE mDixon-eTHRIVE P

Homogeneity of fat
suppression

2.4 ± 0.8 3.2 ± 0.8 <0.01

Image noise 2.6 ± 0.7 3.2 ± 0.6 <0.01
Image contrast 3.7 ± 0.6 3.9 ± 0.3 0.2
Image sharpness 2.9 ± 0.5 3.5 ± 0.7 <0.01

Unless otherwise indicated, data are mean ± SD.

© 2016 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 2. A 71-year-old man weighing 61 kg was suspected of having prostate carcinoma based on an elevated prostate-specific
antigen level. Hewas underwent dynamic enhanced 3TMRI of the prostatewithmDixon technique. The signal intensity of subcutaneous fat
(arrows) and perirectal fat (arrowheads) are suppressed by mDixon technique in first phase image and second phase image (A and B). In
qualitative image analysis, 2 readers also scored the homogeneity of fat suppression as follows: reader 1, 4 and reader 2, 4.
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to be spectrally selective only for fat magnetization. As the pulses
pass through the fat null point (when the fat signal is zero), a con-
ventional magnetic resonance sequence is initiated. Unlike CHESS,
however, this technique does not need an accurate 90 degrees flip
angle that depends on B1 homogeneity before the spoiler pulse.
Additionally, SPAIR uses a frequency and phase-modulated pulse,
called an adiabatic inversion pulse, that is specifically designed to
be insensitive to B1 homogeneity.22 Previous reports suggested
that the implementation of SPAIR in 3TMRIwill result inmore ho-
mogeneous fat saturation than was possible with previous fat
suppression techniques.18,19

The mDixon technique is a variant of Dixon imaging. In its
original implementation, the Dixon method resulted in the acqui-
sition of 1 image with water and fat signals in-phase and another
FIGURE 3. A 92-year-old man weighing 50 kg was suspected of having
level. He was underwent dynamic enhanced 3TMRI of the prostate with
and perirectal fat (arrowheads) are not suppressed by SPAIR technique in
image analysis, 2 readers also scored the homogeneity of fat suppression
rectal is unclear.

© 2016 Wolters Kluwer Health, Inc. All rights reserved.
image with water and fat signals 180° out-of-phase. Simple sum-
mation and subtraction of the 2 images was shown to yield a
water-only image and a fat-only image, respectively. Although
the original Dixon technique is not sensitive to B1 homogeneity,
like the CHESS technique, it also relies on the water/fat chemical
shift difference. It is also sensitive to B0 homogeneity, and the ac-
quisition time is usually longer, especially at low-magnetic field
MRI because this technique relies on the generation of 2 different
images.27–29 Without proper phase correction, the Dixon methods
results in incomplete water and fat separation. These phase correc-
tions were initially developed for the three-point Dixon technique.
Previous reports suggested that the iterative least-squares decom-
position method (the iterative decomposition of water and fat with
echo asymmetry and least-squares estimation; IDEAL, GE
prostate carcinoma because of an elevated prostate-specific antigen
SPAIR technique. The signal intensity of subcutaneous fat (arrows)
first phase image and second phase image (A and B). In qualitative
as follows: reader 1, 2 and reader 2, 2. Therefore, the margin of
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Healthcare) offered uniform fat-water separation.30 The disadvan-
tage of this technique is the long acquisition time needed for the
3-point acquisition. To solve this problem, many of the phase-
correction algorithms were extended to allow a two-point Dixon
technique, such as phase unwrapping by means of polynomial
fitting, region growing, or solving of the Poisson equations.31,32

The mDixon technique is the extension of this iterative least-
squares decomposition of the three-point to the two-point Dixon
technique.23 Its use yielded in-phase, opposed phase, water, fat im-
ages from complex water and fat images with phase-correction
from the flexible dual-echo acquisition, in addition to a reduction
of scan times because of the shortened echo times.

Two features of 3T MRI can explain the stronger homoge-
neous suppression of the fat signal and the higher image quality
of the mDixon technique than the SPAIR technique although their
scan times and special resolution are similar. First, the inhomoge-
neity of the magnetic field is larger on 3T-MRI than on 1.5T
MRI.9,33 The mDixon technique is insensitive to both B0 and
B1 homogeneity because it does not need an accurate 90 degrees
flip angle and includes phase corrections through postprocessing
algorithms, data acquisition, or a combination of both.34 Although
the SPAIR technique is also insensitive to B1 homogeneity, it is
relatively sensitive to B0 inhomogeneity.35 The frequency selec-
tion of fat in the SPAIR technique requires a homogeneity of the
B0 magnetic field that is substantially less than the chemical shift
difference between water and fat (3.5 ppm) within the entire field
of view. This is because, due to an inhomogeneous B0 field, the
water–fat spectra shift in some locations, such that the SPAIR
pulse will either not suppress fat or it will suppress water instead
of fat. Second, phase cycling in 3T MRI is twice as fast as in
1.5T MRI; in other words, 3T MRI can acquire in-phase and
opposed-phase echoes in half the time needed by 1.5TMRI.33 Al-
though the mDixon technique offers flexible echo times, it is dif-
ficult to perform phase correction using 2 images in similar phase
cycles.34 With 3T MRI, the phase cycle fluctuates quickly, with
the possibility to obtain two images at entirely different cycle
phases within a short time. Therefore, the scan parameters of
mDixon are more flexible in 3T MRI than in 1.5T MRI, and the
scan time is accordingly shortened. In agreement with our results
in dynamic imaging of the prostate, a previous report on dynamic
enhanced 3T MRI of the liver suggested that the mDixon tech-
nique could improve the homogeneity of fat suppression over that
obtained with the SPAIR technique.35

Our study suggested that the fat suppression in mDixon
protocol might be better than that in SPAIR protocol. We think
that the mDixon protocol might be useful in determining the
extracapsular invasion compared with SPAIR technique. We
would compare the diagnosability of the extracapsular invasion
between two protocols in the future study.

Our study had several limitations. First, although image qual-
ity was assessed subjectively and objectively, we did not take into
account the diagnostic performance of the 2 protocols in the detec-
tion of prostate carcinoma. Second, we only performed quantita-
tive image analysis of transition zone. However, we did not evaluate
the transition zone in quantitative image analysis. Third, the small
sample size of our study limited our ability to generalize the results.
Fourth, slightly different sequence parameters, such as matrix size,
were used in mDixon-eTHRIVE and SPAIR-eTHRIVE due to
vendor-imposed restrictions in the sequences, which may have af-
fected image quality. Fifth, mDixon group and SPAIR group were
different sample. The reason was why the purpose of this study
was to evaluate the image quality between mDixon group and
SPAIR group in postcontrast MRI. Therefore, we did not scan
the same sample with mDixon technique and SPAIR technique
in precontrast phase. Fifth, we did not compare CHESS technique,
386 www.jcat.org
SPAIR and mDixon techniques in dynamic MRI. We would com-
pare 3 fat suppression techniques in dynamic prostatic MRI in
the future study. Additionally, we evaluated the fat suppression
to measure the signal intensity of subcutaneous fat and perirectal
fat instead of that of the periprostatic fat between mDixon proto-
col and SPAIR protocol. The reason was that we cannot measure
the signal intensity of the periprostatic fat exactly for the rich vas-
cularity in the periprostatic fat. Lastly, the mDixon technique re-
quires a complex iterative calculation using a postprocessing
method. Although the scan time of the mDixon technique is al-
most the same as that of the SPAIR technique, the reconstruction
time of mDixon technique is about 10 times longer.

In conclusion, in dynamic contrast-enhanced MRI of the
prostate, the mDixon technique provided a better homogeneity
of fat suppression without degrade of image quality than obtained
with the SPAIR technique.
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