Abdominal Radiology (2019) 44:1808-1815
https://doi.org/10.1007/500261-019-01924-5

HEPATOBILIARY q

Check for
updates

Intra-individual comparison of conventional and simultaneous
multislice-accelerated diffusion-weighted imaging in upper
abdominal solid organs: value of ADC normalization using the spleen
as a reference organ

Weon Jang' - Ji Soo Song™?3® . Hyo Sung Kwak'?3 . Seung Bae Hwang'>3 - Mun Young Paek*

Published online: 8 February 2019
© Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract

Purpose To compare the apparent diffusion coefficient (ADC) value of conventional diffusion-weighted imaging (cDWI)
to simultaneous multislice-accelerated DWI (sDWI) and to evaluate the possibility of ADC normalization using the spleen
as a reference organ.

Methods We retrospectively evaluated 92 patients (68 men, 24 women; mean age 60.0 years) who underwent liver magnetic
resonance imaging (MRI) including both cDWI and sDWI. sDWI was obtained with an acceleration factor of 2. ADC values
were measured from the right liver lobe, left liver lobe, spleen, pancreas, right kidney, and left kidney. ADC values of the
spleen were used for normalization. Paired sample ¢ test, Pearson’s correlation coefficient, and Bland—Altman method were
used for statistical analysis.

Results ADC values of cDWI were significantly lower than sDWI in all six anatomic regions (p <0.001). The mean difference
in ADC value between cDWI and sDWI ranged from 0.048 to 0.125 x 10> mm?/s. ADC values from cDWI and sDWI showed
a moderate to very high positive correlation (p <0.001). After ADC normalization using the spleen as a reference organ,
there was no significant difference between normalized ADC of cDWI and sDWI in all 5 anatomic regions (p =0.11—-0.74).
Conclusions Normalization of ADC using the spleen could be useful for comparing upper abdominal organs acquired with
either cDWI or sDWI in longitudinal and follow-up studies.
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Introduction metrics using the apparent diffusion coefficient (ADC) of

the assessed tissue [1]. DWI has been proven to be a use-
Diffusion-weighted imaging (DWI) is a functional mag-  ful technique for lesion detection and characterization, for
netic resonance (MR) imaging technique that provides not  the evaluation of diffuse liver disease, and for monitoring
only anatomic and structural information, but also infor-  and predicting treatment response in oncology [2—4]. Since

mation about the functional properties and quantitative = DWTI is based on the Brownian motion of water in biologi-
cal tissues, it can show early functional or microstructural
changes in tissue without intravenous contrast media [5—8].
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To reduce scan time, the simultaneous multislice (SMS)
technique has been developed recently and has been reported
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to provide accelerated data acquisition and reduced radi-
ofrequency-power deposition for a broad range of MR
applications [10]. It was initially introduced in brain imag-
ing for diffusion-tensor imaging and has been successfully
transferred to extracranial applications including abdominal
DWI [11-13]. The SMS technique allows for reducing the
scan time by the number of simultaneously excited slices,
which can be determined by a SMS acceleration factor
(AF) [14-18]. In addition, SMS-accelerated DWI (sDWI)
of abdominal organs has presented without negative effects
on signal-to-noise ratio (SNR) and with similar to or even
better overall image quality [19, 20]. However, the ADC
values acquired with sSDWI were significantly lower than that
of conventional DWI (cDWI), which is a major limitation for
sDWI if it is to replace cDWI for patients, especially with
follow-up studies [19, 21].

DWI with ADC measurements has been used as a quanti-
tative biomarker for the assessment of liver fibrosis and pre-
dicting and monitoring of tumor response [8, 22-24]. Since
patients eligible for the evaluation of treatment response or
liver fibrosis usually undergo many follow-up studies, MR
systems and sequence parameters applied may vary across
different rounds of imaging. In order to use ADC values as a
qualified biomarker and a prognostic parameter in longitudi-
nal, multicenter studies, ADC measurements must be stand-
ardized. Several recent studies have shown the possibility of
normalization of ADC values acquired with variable acquisi-
tion parameters or MR systems [25, 26]. Another study also
used the spleen for normalization to compare ADC values
from 2 different 3.0 T MR systems [27]. To the best of our
knowledge, a direct comparison of ADC values and normali-
zation of ADC values acquired from both cDWI and sDWI
in a large patient cohort has not been performed previously.

The purpose of this study was to compare the ADC values
of cDWI and sDWI and to evaluate the possibility of ADC
normalization using the spleen as a reference organ.

Materials and methods
Study population

This retrospective study was approved by the institutional
review board of our hospital, and the requirement for patient
informed consent was waived for review of patient records
and images. Between January 2017 and March 2017, 98
patients who underwent liver MR imaging, including both
cDWTI and sDWI, were retrospectively reviewed. Six patients
were excluded for the following reasons: (1) severe artifacts
hindering image analysis (n=4), (2) low SNR because of
Gamna—Gandy nodules in the spleen (n=1), and (3) innu-
merable intrahepatic metastasis (n=1). After exclusion, liver
MR imaging of 92 patients (68 men, 24 women; mean age,

60.0 years) was analyzed. Of the total patients, 39 (42.4%)
had chronic hepatitis and 17 (18.5%) had liver cirrhosis.

MR imaging techniques

Liver MR imaging was performed on a 3.0 T MR system
(Skyra, Siemens Healthineers) using an 18-element body
matrix and 4-12 elements of integrated spine matrix coils.
Both cDWI and sDWI were acquired using the free-breath-
ing technique, and it was obtained between the 10- and
20-min hepatobiliary phase, which is acquired after dynamic
bolus injection of gadoxetic acid (Gd-EOB-DTPA; Eovist;
Bayer Schering Pharma, Berlin, Germany). The order of
acquisition of cDWI and sDWI was randomized. An accel-
eration factor of 2 was used for SDWI [20]. The acquisition
time was 3 min and 50 s for cDWI and 1 min and 26 s for
sDWI. Detailed sequence parameters of cDWI and sDWI are
summarized in Table 1.

Quantitative image analysis

Apparent diffusion coefficient maps were automatically gener-
ated on the MR system console using monoexponential fitting
of all b values. The anatomic regions analyzed were the right
and left liver lobes, spleen, pancreas, and right and left kid-
neys. A research personnel with 1 year of experience in quan-
titative image analysis drew regions of interest (ROIs) for each
DWI set and each anatomic region on the 5=0 s/mm? images
using the picture archiving and communication system (PACS)
(Maroview 5.4; Marotech). In order to place ROIs in locations

Table 1 DWI acquisition parameters

cDWI sDWI

Respiration control Free breathing Free breathing

TR/TE (ms) 6400/58 2900/61
Field of view (mm) 400x400 400x400
Matrix 128 x128 128 x 128
Section thickness (mm) 5 5
Intersection gap (mm) 1 1

No. of sections 34 34

No. of signals acquired 4 4

b values (s/mm?) 0, 50, 400, 800 0, 50, 400, 800
Bandwidth (Hz per pixel) 2442 2442

Parallel acceleration factor GRAPPA =2 GRAPPA =2
SMS AF N/A 2

Fat saturation SPAIR SPAIR
Acquisition time 3:50 1:26

c¢DWI conventional DWI, sDWI simultaneous multislice DWI, TR/
TE repetition time/echo time, GRAPPA generalized auto-calibrating
partially parallel acquisition, SMS AF simultaneous multislice accel-
eration factor, N/A not available, SPAIR spectral selection attenuated
inversion recovery
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as similar as possible between the images, 2 image sets for
each subject were viewed side-by-side with a dual-monitor
display. According to anatomic region and patient, the sizes
of the ROIs were variable while excluding vessels and arti-
facts, but were as constant as possible between 2 image sets for
each patient (range 2—4 cm? for the pancreas and kidney, and
4-8 cm? for the liver and spleen). ROIs were identically posi-
tioned on corresponding ADC maps by applying the copy and
paste functions of the PACS system. For the right and left liver
lobes, 2 ROIs from 3 contiguous slices were measured with a
central section obtained through the level of the right portal
vein for the right lobe and umbilical portion of the left portal
vein for the left lobe. For the spleen, 2 ROIs from 3 contiguous
slices were measured with a central section obtained through
the level of the splenic hilum. For the pancreas, 2 ROIs includ-
ing the head, body, and tail of the pancreas were obtained.
For better accuracy, magnification of DWI was used, since the
pancreas is a particularly difficult organ to measure. The ROIs
of both kidneys were measured on 3 contiguous slices with 2

Fig. 1 Axial single-shot echo-
planar simultaneous multislice-
accelerated diffusion-weighted
images for b values of 0 s/mm>
(a, ¢, e) and apparent diffu-
sion coefficient (ADC) maps
(b, d, f) in a 40-year-old man
with hepatic hemangioma (not
shown). The region of interests
for ADC measurements of 6
anatomical regions are shown as
red circles
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ROIs, with a central section obtained through the level of the
mid-pole. A total of 72 ROIs were drawn per patient (each 6
ROIs from the 6 anatomic regions, measured in both cDWI
and sDWI). All the ROIs were copied to the corresponding
ADC maps. However, 12 ROIs were not obtained due to an
atrophic change of the left kidney (6 ROIs in 1 patient) or an
atrophic change of the pancreas (6 ROIs in 1 patient).

For non-normalized ADC, the values are absolute; however,
with normalized ADC, the values are relative and are repre-
sented by a ratio. Normalized ADC has the potential to deliver
a higher degree of standardization across different devices or
with different parameters as normalization may minimize these
differences. For normalization in this study, ADC values of
5 anatomic regions were divided by the ADC values of the
spleen (ADCyje,) (Fig. 1).

Normalized ADC = ADC value of anatomic region/ADC

spleen*
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Statistical analysis

Comparison of ADC values of cDWI and sDWI of 6
anatomic regions, before and after normalization, were
analyzed using the paired sample ¢ test. The Pearson’s
correlation coefficient was used for analyzing associa-
tions for different imaging acquisition techniques, and the
correlation coefficient r was interpreted as follows: 0.00
to 0.30, negligible correlation; 0.30 to 0.50, low positive
correlation; 0.50 to 0.70, moderate positive correlation;
0.70 to 0.90, high positive correlation; 0.90 to 1.00, very
high positive correlation [28]. The Bland—Altman method
was used to evaluate the agreement and systematic bias of
ADC values acquired with cDWI and sDWI. Statistical
analysis was performed using R statistical and comput-
ing software (Version 3.4.3; http://www.r-project.org/).
Results with p values less than 0.05 were considered to
indicate a significant difference.

Results
Comparison of ADC values

Apparent diffusion coefficient values of the sDWI
were significantly lower than ¢cDWI for all 6 ana-
tomic regions (p <0.001). The right kidney showed
the highest ADC value [(2.029 +0.127) x 10~ mm?/s]
and the spleen showed the lowest ADC value
[(0.917 +£0.094) x 10> mm?*/s] on ¢cDWI. On sDWI,
the left kidney revealed the highest ADC value
[(1.948 +0.126) X 10~ mm?/s] and the spleen showed the
lowest ADC value [(0.870 +0.088) x 10~ mm?%/s]. Appar-
ent diffusion coefficient values from cDWI and sDWI
showed a moderate to very high positive correlation with
r ranging from 0.6997 to 0.9096 (p <0.001, Table 2).

The mean difference of ADC value from Bland—Altman
analysis demonstrated lower ADC values with sDWI com-
pared to cDWI (ranging from —3.7 to —9.6%). The mean
bias in ADC between the 2 sequences varied between 0.048
and 0.125x 10~> mm?/s. The limits of agreement (LOA) in
percentage from the Bland—Altman method was in the range
of —9.3 to 23.7% for 6 anatomical regions (Fig. 2).

Comparison of ADC values after normalization

After normalization, there were no significant differences
between cDWI and sDWI for all 5 anatomic regions (p=0.11
— 0.74). Normalized ADC of ¢cDWI and sDWI showed a
moderate to high positive correlation, ranging from 0.7628
to 0.8772 (p <0.001, Table 3).

Table 2 Comparison of ADC values between cDWI and sDWI

cDWI sDWI ¥ pl
Right liver lobe ~ 1.203+0.090 1.147+0.099 0.7019 <0.001
(n=92)
Left liver lobe ~ 1.285+0.129 1.203+0.127 0.7205 <0.001
(n=92)
Spleen 0.917+0.094 0.870+0.088 0.7342 <0.001
(n=92)
Pancreas 1.372+0.218 1.248+0.213 0.9096 <0.001
(n=91)
Right kidney 2.029+0.127 1.932+0.119 0.7056 <0.001
n=92)
Left kidney 2.022+0.133  1.948+0.126 0.6997 <0.001

(n=91)

Data are mean ADC value (in x 10™> mm?/s) + standard deviation

*Pearson’s correlation coefficient r. p value of all seven anatomic
regions was < 0.005

TPaired samples  test

Discussion

Previous studies regarding SMS technique have proven that
dramatic scan time reduction of up to 62% could be achieved
without degradation in image quality. We used an AF of 2
because a previous study compared an AF of 2 with an AF
3, and when increasing AF to 3, it resulted in a significant
deterioration in image quality. Even though another study
showed that SNR remained in an acceptable range at an AF
of 3, that result was only confined to skeletal muscle [29]. At
the moment, most studies on the abdomen considered an AF
of 2 to be the best compromise between ADC quantification
accuracy, scan time, and image quality [19, 20, 30]. Despite
favorable results, these studies were based on rather small
cohorts of volunteers or a limited number of patients focus-
ing on only 1 or 2 organs in particular. Our study included
92 consecutive patients with clinical liver MR imaging and
analyzed 6 anatomic regions in order to compare the ADC of
cDWI and sDWI. In addition, since the ADC values acquired
with sSDWI were significantly lower than that of cDWI, we
used the spleen as a reference organ for normalization. As
a result, the normalized ADCs of cDWI and sDWI did not
differ significantly.

Since many recent studies have proven acceptable image
quality with significant scan time reduction using sDWI,
we only focused on quantitative evaluation of ADC values
and its normalization, rather than analyzing image quality
differences. In order to use ADC as a quantitative imaging
biomarker in both research and clinical practice, standardi-
zation and optimization of DWI acquisition techniques are
required. Since the reproducibility of ADC has been shown
with phantoms and in the upper abdomen of both volunteers
and patients, reliability in the interpretation of ADC values
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from variable acquisition techniques is now required for lon-
gitudinal, multicenter studies [31-34].

A recent study presented a possibility for normalizing
ADC values at 3.0 T for upper abdominal organs [27]. The
spleen was used as a reference organ in the comparison of
2 different 3.0 T MR systems using a single patient cohort.
DWI acquisition parameters were matched to be as identical
as possible. The result was that, despite a moderate posi-
tive correlation, the ADC values between the 2 MR systems
were significantly different. However, after normalization,
the normalized ADC values were not significantly differ-
ent, with a moderate to high positive correlation. The study
suggested that normalizing ADC values of upper abdominal
organs using the spleen could minimize variability between

@ Springer
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different MR systems. Since SDWI has been proven to be a
useful technique to replace cDWI with a much shorter scan
time, even though the ADC values differed significantly, we
hypothesized that it may be possible and useful to normalize
ADC values acquired with cDWI and sDWI.

Although direct comparison of the mean ADC of the
current study with that of other studies might be inappro-
priate, it is noteworthy that the mean ADC of the spleen
was in the range of previous studies [0.762 — 0.916x 10~
mm?/s vs. (0.806+0.124) x 107> mm?/s, respectively] [27,
35]. The highest normalized ADC was obtained for the kid-
neys (2.22-2.26 vs. 2.214-2.251, mean of the current study
versus mean of previous study, respectively), and the right
liver lobe showed the lowest normalized ADC (1.32-1.33
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Table 3 Comparison of Normalized ADC Values Between cDWI and
sDWI

cDWI sDWI r¥ p'
Right liver lobe 1.32+0.133 1.33+0.153 0.7628 0.73
(n=92)
Left liver lobe 1.41+0.182 1.39+0.183 0.8248  0.50
(n=92)
Pancreas 1.50+0.257 1.44+0.262 0.8772  0.11
(n=91)
Right kidney 2.23+0.223  2.24+0.249 0.7980 0.74
(n=92)
Left kidney 222+0.229 226+0.240 0.7649  0.31
(n=91)

Data are mean + standard deviation

*Pearson’s correlation coefficient r. p value of all 5 anatomic regions
was < 0.005

TPaired samples  test

vs. 1.303-1.348). Since most patients in both studies had
chronic liver disease, the normalization of ADC values using
the spleen in chronic liver disease patients could serve as an
imaging biomarker for longitudinal and follow-up studies.

The paraspinal muscle was excluded as a reference organ,
as its lower variability in ADC can be a function of it being
less affected by diffusion-related parameters and its rela-
tive stability across various DWI acquisition methods. To
be appropriate as a reference, the comparison organ must
be affected by diffusion-related parameters in similar ways
as the target organ and/or lesion. Most abdominal organs are
highly perfused, having a rich vascular supply; thus, they are
significantly affected by diffusion-related parameters, such
as vendor-specific MR platforms, diffusion gradients, acqui-
sition methods, such as respiratory motion-compensation
techniques, and most importantly, the choice of b values.
Additionally, a recent study on this issue showed that the
paraspinal muscle was not appropriate as a reference organ
[35]. Furthermore, the spleen is often included in liver and
abdominal MR imaging, is less susceptible to systemic dis-
ease, and is highly perfused [26, 36, 37].

There are some conflicting results regarding the ADC val-
ues obtained with SDWI being lower than cDWI. Obele et al.
demonstrated that there was no significant difference in liver
ADCs, but the ADC obtained with sDWI was lower than
cDWI on 3 T [13]. Another study also showed that there was
no significant difference in ADC of the right liver and kidney
obtained with cDWI and sDWI on 1.5 T [38]. Two other
studies revealed that liver ADC values were significantly
lower in sSDWI compared to cDWI [19, 30]. Most previous
studies involved a 1.5 T MR system and consisted of a small
number of volunteers or less than 50 patients. In contrast, the
current study was based on a 3.0 T MR system with a large
number of consecutive patients in a routine clinical practice.

Although not clearly proven yet, we carefully assume that
the shorter TR (2900 ms) used in SDWI compared to cDWI
(6400 ms) might be a factor in decreasing ADC values [13,
19]. The lower TR may lead to a reduced signal due to T1
saturation effects, especially when applying higher b values.
In addition, the effect of a low TR is expected to be more
distinct in free-breathing acquisitions, which may add to the
tendency of lower ADC values observed in free breathing
[19]. In addition, we acquired both cDWI and sDWTI after
the injection of gadoxetic acid, which might have an effect
on ADC values, while previous studies did not. Acquiring
DWI after contrast injection is more practical and increases
clinical robustness. It has been proven that cDWI can be
acquired after gadoxetic acid injection for up to 20 min [39,
40]. However, the effect of gadoxetic acid on sDWI has not
been proven, so further study is required for verification.

Our study had several limitations. First, the retrospective
nature of this current study may have biased our result. Sec-
ond, we did not evaluate the image quality because several
recent studies have revealed that the image quality of sDWI
was similar to or even better than cDWI [20, 30]. Third,
there was a lack of lesion analysis due to the small number
of patients with adequate lesions. Fourth, we did not use the
paraspinal muscle as a reference organ. Although a recent
study with cDWI showed that the paraspinal muscle may be
inappropriate as a reference organ, further study with sDWI
is warranted. Fifth, we acquired both cDWI and sDWTI after
the administration of gadoxetic acid, although the effect of
gadoxetic acid in DWI can be ignored for up to 20 min post-
injection [39, 40].

In conclusion, the SMS technique is a promising approach
for scan time reduction in DWI of the upper abdomen. The
lower ADC in sDWI compared to cDWI could be resolved
by ADC normalization using the spleen as a reference organ.
This could motivate adoption of SDWI as a replacement for
c¢DWI in abdominal imaging and provide a useful quantita-
tive biomarker that both save time and maintain reliability.
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