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AIM: To compare the simultaneous multi-slice (SMS) and integrated slice-by-slice shimming
(iShim) single-shot echo planar imaging (ssEPI) for diffusion-weighted imaging (DWI) of the
kidneys.
MATERIALS AND METHODS: In this prospective study, six healthy volunteers and 22 patients

with renal diseases underwent SMS and iShim DWI of the kidney with five b-values (0, 80, 400,
800, 1,600 s/mm2) at 3 T. The subjective image quality, signal-to-noise ratio (SNR), contrast-to-
noise ratio (CNR), and ADC values were evaluated. The subjective image quality scores, SNR,
CNR, ADC values and scan time of SMS and iShim DWI were compared.
RESULTS: Scan time of SMS DWI (1 minute 38 seconds) was significantly reduced compared

to iShim ssEPI (3 minutes 33 seconds). No statistically significant differences in the SNR or
subjective image quality were observed on the b¼0 images, but the SNR and overall image
quality scores were significantly higher on the other four b-value images at SMS DWI. Image
distortions were also comparable, but there were fewer artefacts on the b¼80 and b¼800
images in SMS DWI. CNR was significantly higher on the b¼0 and b¼1,600 images in SMS DWI.
SNR and subjective image-quality scores of ADC maps were significantly higher in SMS DWI,
whereas CNR showed no significant difference. The ADC value of renal parenchyma was similar
in SMS and iShim DWI (1.54�0.11 � 10�3 versus 1.52�0.16�10�3 mm2/s, p¼0.343).
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CONCLUSION: SMS can substantially reduce imaging time of kidney DWI with slightly
improved image quality and comparable ADC values of renal parenchyma compared to iShim
ss-EPI sequence.

� 2018 The Royal College of Radiologists. Published by Elsevier Ltd. All rights reserved.
Introduction

Kidney disease and cancer are very common with an
increasing global burden in the last few decades.1,2 Among
commonly practiced imaging techniques, magnetic reso-
nance imaging (MRI) has the ability to monitor changes in
morphology and function of the kidney non-invasively.3

Clinical MRI protocols for kidney evaluation usually
include T2-weighted (W) fast spin echo, T1W gradient
recalled echo (GRE) in/out of phase imaging, three-
dimensional (3D) fat-suppressed spoiled GRE T1W se-
quences before and after gadolinium injection, and optional
diffusion-weighted imaging (DWI) sequences.4 DWI, which
is a standard MRI sequence in neuroimaging, has become
increasingly important for evaluating kidney diseases.5e7

Recently, DWI has found a variety of applications
including characterisation of renal function and differenti-
ation of renal tumors,8e11 but DWI has not yet become part
of most clinical routine kidney protocols because of lack of
standardised acquisitions and relatively long acquisition
times.12

As multi-b-value DWI has become popular in practice,
scan time reduction is critically important for promoting
routine application of kidney DWI. Simultaneous multi-
slice (SMS) data acquisition has been introduced in recent
years and it has been proved to successfully shorten
acquisition time of DWI in the prostate, liver, breast, and
pancreas.13e16 As for the kidney, in comparison to the most
common image formation technique for DWI,17 single-shot
echo planar imaging (ss-EPI), SMS DWI with the blipped-
controlled aliasing in parallel imaging results in higher ac-
celeration (CAIPIRINHA) technique18 has been demon-
strated to substantially reduce scan time.12 Meanwhile, SMS
DWI can maintain image quality and apparent diffusion
coefficient (ADC) quantification accuracy when an acceler-
ation factor (AF) of 2 is used, but this results in compro-
mised image quality and ADC quantification accuracy if an
AF3 is applied.12 Another technique, integrated slice-by-
slice shimming (iShim) technique, which is designed to
improve the image quality in regions with strong suscep-
tibility by dynamically adjusting optimised shim settings
for each slice in a multi-slice acquisition, has also been re-
ported to moderately decrease scan time compared to the
conventional 3D shim technique.19 Besides, by optimising
B0 homogeneity, iShim could overcome the drawback of ss-
EPI, which is the sensitivity to B0 inhomogeneity resulting
in image distortion and negatively impacting spatial reso-
lution. Several studies have shown that the iShim technique
reduces artefacts and improves image quality of the neck20
andwhole-body DWI19 compared to conventional ss-EPI. To
the authors’ knowledge, no published studies have evalu-
ated the potential of using the iShim ss-EPI technique for
kidney DWI.

As the SMS technique could substantially reduce imaging
time without compromising image quality and the iShim
technique is supposed to improve image quality while
mildly shortening the scan time compared to a standard
shimmode, the present research questionwas which one of
the two techniques would be more appropriate for kidney
DWI with faster acquisition and better image quality.
Therefore, the purpose of the present study was to compare
the performance of SMS and iShim ss-EPI techniques for
kidney DWI in terms of scan time, image quality, and ADC
quantification accuracy.

Materials and methods

Patient selection

The Institutional Review Board approved this prospec-
tive study and all the participants gave written informed
consent. Between March 2017 and July 2017, six healthy
volunteers (three men, three women; mean age, 29.1�6.2
years) and 24 consecutive patients (15 men, nine women;
mean age, 42.3�14.4 years) who attended the nephrology
outpatient clinic were recruited for the study. Two of the 24
patients were excluded as they felt claustrophobic and
unable to complete the examination. As a result, a total of 28
participants (17 men, 11 women; mean age, 39�13 years)
completed the MRI without reporting any discomfort. All
the healthy volunteers had a normal estimated glomerular
filtration rate (eGFR >90 ml/min/1.73m2) and no history of
any kidney disease or surgery. Of the 22 patients, seven
patients had a histologically confirmed diagnosis of IgA
nephropathy, four patients were genetically diagnosed as
having Gitelman syndrome, two patients had chronic kid-
ney disease (CKD) with malignant hypertension (stage 3,
n¼1; stage 4, n¼1) and nine patients had CKD with chronic
glomerulonephritis (stage 3, n¼3; stage 4, n¼3; stage 5,
n¼3). The four patients with Gitelman syndrome had
normal renal function (eGFR >90 ml/min/1.73m2) and the
rest of 18 patients had impaired renal function (eGFR <90
ml/min/1.73m2).

MRI protocol

All DWI data were acquired on a MAGNETOM Skyra 3T
MRI system (Siemens Healthcare, Erlangen, Germany) using
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an 18-channel phase-arrayed body coil in combinationwith
part of a 32-channel spine coil. Axial DWI of the kidney was
performed with both prototypic SMS-DWI sequence and
prototypic iShim ss-EPI sequence. Detailed acquisition pa-
rameters of the two sequences were summarised in Table 1.
For the purpose of fat saturation, spectral attenuated
inversion recovery (SPAIR) techniquewas used in SMS-DWI.
As the radiofrequency pulses of SPAIR are non-selective and
applied on the whole volume, SPAIR does not allow for
slice-specific shimming. Thus, fat saturation was performed
with water excitation using a slice-selective pulse21 in
iShim ss-EPI DWI. The SMS sequence used the blipped-
CAIPIRINHA unaliasing technique and the slice-
generalised auto-calibrating partially parallel acquisition
(GRAPPA) reconstruction technique. ADC maps were
calculated automatically by each sequence. Scan time was
recorded for each DWI sequence and compared between
SMS-DWI and iShim ss-EPI DWI.

Image analysis

All the images were transferred to a workstation for
post-processing using dedicated software (syngo.via;
Siemens Healthcare, Erlangen, Germany). Images were de-
identified and arranged randomly before being accessed
by the reviewers.

Qualitative image analysis

Two radiologists with 3 and 11 years of experience in
abdominal MRI evaluated the image quality of five b-value
images (0, 80, 400, 800, 1,600 s/mm2) and corresponding
Table 1
Summary of SMS and iShim DWI sequence parameters.

Sequence parameters SMS DWI iShim DWI

Sequence ss-EPI ss-EPI
Breathing scheme Free-breathing Free-breathing
TR (ms) 3,000 6,400
TE (ms) 66 64
FOV (mm2) 400�325 400�325
Matrix 128�73 128�73
Section thickness (mm) 4.0 4.0
Sections 30 30
Bandwidth per pixel (Hz) 1,954 2,298
Voxel size 1.6�1.6�4.0 1.6�1.6�4.0
Ipat GRAPPA2þSMS2 GRAPPA2
No. of ref lines for GRAPPA 42 42
Fat saturation SPAIR Water excitation
Diffusion mode 3-scan trace 3-scan trace
Shim mode Standard iShim
Interpolation On On
Concatenations 1 1
b-Values (averages), s/mm2 0 (1), 80 (1), 400 (2), 800 (4), 1,600 (4)
AF 2�2 2
Image filter (intensity/edge

enhancement/smoothing)
On (smooth/1/5) On (smooth/1/5)

Total acquisition time 1 min 38 s 3 min 33 s

SMS, simultaneous multi-slice; iShim, integrated slice-by-slice shimming;
DWI, diffusion weighted imaging; TR, time of repetition; TE, echo time; FOV,
field of view; iPAT, integrated parallel acquisition technique; GRAPPA,
generalised autocalibrating partially parallel acquisition; SPAIR, spectral
presaturation attenuated inversion recovery; AF, acceleration factor.
ADC maps independently. The two radiologists were blin-
ded to the sequence information. A five-point Likert scale
was used by the reviewers to rate the overall image quality
(5¼excellent, 4¼good, 3¼moderate, 2¼poor, 1¼not diag-
nostic), occurrence of artefacts (5¼no artefact, 4¼mild,
3¼moderate, 2¼severe, 1¼not diagnostic), and distortion
(5¼no distortion, 4¼mild, 3¼moderate, 2¼severe, 1¼not
diagnostic). The average scores of subjective image quality
parameters of SMS and iShim DWI sequences for each
radiologist were calculated.

Quantitative image analysis

To obtain objective image parameters, the signal-to-
noise ratio (SNR), contrast-to-noise ratio (CNR), and ADC
values of SMS and iShim DWI sequences were evaluated. All
measurements were derived from one single slice per
scanned patient. The SNR was defined as the ratio between
the mean signal intensity of the kidneys (Skidney) and the
standard deviation of background noise (SDbackground) ac-
cording to the following equation:

SNR ¼ Skidney
SDbacground

The CNR was defined by the following equation:

CNR ¼

���Skidney � Smuscle

���
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SDkidney

2 þ SDmuscle
2

q

where Smuscle represented the mean signal intensity of the
psoas muscle, SDkidney and SDmuscle represented the stan-
dard deviation of the kidneys and psoas muscle.

Regions of interest (ROIs) were manually placed on the
b¼0 images, the ROIs for the kidneys were delineated
carefully within themargin of renal parenchyma at the level
of renal hilum and the ROIs for muscle were drawn within
the same slice as shown in Fig 1. As noise was not uniformly
distributed in the background due to parallel acquisition,
ROIs for background noise were drawn outside the body
over the whole background instead of small ROIs placed in
certain region of the background. The copy and paste
function of the post-processing software allowed ROIs to be
placed at the same level and position in both SMS and iShim
sequences for all b-value images and corresponding ADC
maps. The consistency in sizes and shapes of ROIs across
patients was maintained as much as possible. The mean
value, standard deviation, and size of each ROI were recor-
ded and all the measurements were performed twice by
two radiologists independently, both of them with 3 years
of experience in abdominal MRI. The average of SNRs, CNRs,
and ADC values were compared between SMS and iShim
sequences.

Statistical analysis

All statistical analyses were performed by using SPSS
22.0 (IBM SPSS Statistics, version 22, IBM Corp, Somers, NY,
USA). A p<0.05 was considered statistically significant. To



Figure 1 Demonstration of regions of interest (ROI)s in the renal
parenchyma, background air, and muscle on b¼0 images of iShim ss-
EPI DWI. ROIs for the kidney were delineated carefully within the
margin of renal parenchyma at the level of renal hilum and the ROIs
for background noise and muscle were drawn within the same slice.
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compare differences in image quality parameters between
SMS and iShim sequences, the distribution of data was first
evaluated with the KolmogoroveSmirnov test, and then the
paired t-test was used to compare normally distributed data
otherwise the Wilcoxon signed-rank test was used. Inter-
observer agreement for subjective and objective image
quality assessments were analysed by using Cohen’s kappa
efficiency and intra-class correlation coefficient (ICC)
respectively. ICC values were interpreted according to
Kundel and Polansky22: 0.81e1.00, excellent; 0.61e0.80,
good; 0.41e0.60, moderate; 0.21e0.40, fair; 0.00e0.20,
poor. The distribution and concordance of ADCs between
SMS and iShim sequences were shown in a BlandeAltman
plot. The mean percentage difference and 95% limits of
agreement between the two sequences were reported.
Figure 2 Comparison of SMS and iShim DW images. Axial DWI images of
epi sequence with an iShim sequence (upper row).
Results

Data were successfully acquired for all the 28 candidates
and no data had to be excluded for analysis. Five axial b-
value images acquired with SMS and prototypic ss-EPI
sequence with an iShim sequence are shown in Fig 2. The
scan time for SMS and iShim DWIwas 1minutes 38 seconds
and 3 minutes 33 seconds, respectively. The scan time of
SMS DWI was significantly reduced in comparison to iShim
DWI by 53%. The mean ROI size for the kidney, psoas
muscle, and background noise were 21.32�5.04, 1.01�0.28,
and 40.01�6.32 cm2 respectively. Table 2 shows the inter-
observer agreement for each subjective and objective image
quality parameter for SMS and iShim DWI. For subjective
image quality assessment, most parameters were in good or
excellent interobserver agreement for both sequences
(kappa 0.624e0.873), but overall image quality and arte-
facts on b¼0 images for both sequences, distortion on b¼0,
b¼80 images for SMS, and b¼400 images for iShim DWI
showed moderate interobserver agreements (kappa
0.425e0.602). For objective image quality assessment, SNR
and CNR of all b-value images were in good to excellent
interobserver agreement (ICC: 0.736e0.996 for SMS,
0.758e0.992 for iShim). The mean ADC value of all the
subjects was (1.54�0.11) � 10�3 mm2/s for SMS and
(1.52�0.16) � 10�3 mm2/s for iShim sequences and there
was no significant difference between them (p¼0.343,
Wilcoxon signed-rank test). The BlandeAltman plot shows
that only one pair of samples lies beyond the 95% limits of
agreement in ADC between iShim and SMS, and mean dif-
ference in percentage and limits of agreement in ADC be-
tween the two sequences is e1.3% (95% confidence interval
[CI]: e15.8e13.1%; Pearson’s correlation coefficient: 0.672,
p<0.0001), indicating a high concordance between iShim
and SMS (Fig 3). The ADC value between participants with
normal eGFR (>90ml/min/1.73m2; n¼10) and patients with
decreased eGFR (<90 ml/min/1.73m2; n¼18) were analysed
a healthy volunteer acquired with SMS (lower row) and prototypic ss-



Table 2
Interobserver agreement for each image quality parameter for each sequence.

b-Value (s/mm2) SMS iShim

Overall IQ Artefacts Distortion SNRa CNRa Overall IQ Artefacts Distortion SNRa CNRa

0 0.478 0.602 0.565 0.822 0.996 0.425 0.565 0.624 0.758 0.981
80 0.639 0.691 0.586 0.830 0.990 0.739 0.730 0.664 0.777 0.992
400 0.723 0.763 0.705 0.956 0.736 0.731 0.731 0.600 0.985 0.991
800 0.696 0.873 0.709 0.977 0.931 0.770 0.837 0.717 0.912 0.854
1,600 0.678 0.819 0.736 0.932 0.936 0.791 0.866 0.872 0.949 0.954

IQ, image quality; SNR, signal-to-noise ratio; CNR, contrast-to-noise ratio.
a Data are intraclass correlation coefficients and other data are kappa values.
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further, and the results showed that the ADC value was
significantly lower in patients with impaired renal function
(SMS: (1.51�0.18)� 10�3 versus (1.64�0.15)� 10�3 mm2/s,
p<0.001, Wilcoxon signed-rank test; iShim: (1.48�0.14)�
10�3 versus (1.65�0.11)� 10�3 mm2/s, p<0.001, Wilcoxon
signed-rank test).

Subjective image quality assessment

Table 3 gives an overview of subjective image quality
evaluation for the two sequences. For overall image quality
evaluation, all the images of the SMS sequence and corre-
sponding ADC map were rated >3, but some b¼1,600 im-
ages of the iShim sequence were given a score of 2. Except
on b¼0 images where two sequences had similar score, SMS
sequence had a significantly higher score of overall image
quality on all the other b-value images and ADC map
compared to the iShim sequences. Regarding artefacts, dif-
ferences were noticed on b¼80 and 800 images and ADC
maps. Artefacts were more pronounced in iShim-DWI
compared to SMS-DWI. There was similar presence of ar-
tefacts on b¼0, 400, and 1,600 images between the two
sequences. For image distortion, most images had no or
Figure 3 BlandeAltman plot for the ADCs between SMS and iShim
sequences. There is only one pair of samples beyond the 95% limits of
agreement in ADC between iShim and SMS, indicating the high
accordance of ADCs between the two sequences.
mild distortion for both sequences and distortion was more
obvious in the pole of the kidney. No significant differences
were observed on all the b-value images between SMS and
iShim sequences, but the ADC map of SMS showed less
image distortion compared to the iShim sequence (SMS
versus iShim: 4.52�0.54 versus 4.25�0.55, p¼0.007, Wil-
coxon signed-rank test).

Objective image quality assessment

Table 4 shows detailed results of the SNR and CNR on b-
value images and ADC maps for both sequences. Except on
b¼0 images, the SNR was significantly higher on other b-
value images and ADC map in SMS sequence. On b¼0 im-
ages, no significant difference in SNR was noted between
the two sequences, but CNR was significantly lower in SMS
sequences. On the contrary, the CNR was significantly
higher in SMS sequences on b¼1,600 images. Therewere no
significant differences in CNR on other b-value images and
ADC map between SMS and iShim sequences.
Discussion

In the present study, a comparison between SMS and
iShim DWI of the kidney with regard to image quality and
scan time was performed. A substantial reduction in
acquisition time to less than a half of the original scan time
was achieved by SMS DWI. Generally, overall image quality
was rated higher in SMS than in iShim DWI whereas sub-
jective evaluation of presence of artefacts or distortions
were comparable between SMS and iShim DWI. Although
there was no significant difference in CNR in most b-value
images and ADC map, SNR was superior in SMS than in
iShim DWI. Therefore, the present study indicates that the
SMS sequence enables a much faster acquisition of kidney
DWI with slightly improved image quality in comparison to
the iShim ss-EPI sequence.

Previous studies have reported that iShim can improve
image quality of DWI in the imaging region that has strong
susceptibility artefacts, and scan time could be moderately
reduced compared to a standard shim mode.19 According
to the present results, in terms of the scan time, it was
relatively longer, but still within an acceptable range
(mean scan time for iShim, 3 minutes 33 seconds). On the
other hand, as the iShim sequence was designed to



Table 3
Subjective image quality assessment of SMS and iShim DWI.

Parameter Sequence b¼0 b¼80 b¼400 b¼800 b¼1,600 ADC map

Overall image quality SMS 4.29�0.49 4.46�0.50 4.54�0.54 4.21�0.53 3.52�0.60 4.23�0.50
iShim 4.27�0.49 3.71�0.85 3.70�0.81 3.21�0.71 2.98�0.59 3.27�0.65
p-Valuea 0.782 <0.001 <0.001 <0.001 <0.001 <0.001

Artefact SMS 4.34�0.48 4.39�0.65 4.29�0.68 4.21�0.62 3.54�0.63 4.41�0.63
iShim 4.43�0.50 4.12�0.81 4.16�0.78 3.91�0.79 3.57�0.60 3.77�0.76
p-Valuea 0.317 0.039 0.279 0.031 0.740 <0.001

Distortion SMS 4.61�0.49 4.50�0.54 4.61�0.56 4.36�0.52 3.66�0.58 4.52�0.54
iShim 4.59�0.50 4.52�0.69 4.48�0.69 4.57�0.57 3.46�0.63 4.25�0.55
p-Valuea 0.841 0.874 0.280 0.056 0.097 0.007

a Significant difference is demonstrated at the 0.05 level with Wilcoxon signed rank test.

Table 4
Objective image quality assessment of SMS and iShim DWI.

Parameter Sequence b¼0 b¼80 b¼400 b¼800 b¼1,600 ADC map

SNR SMS 164�0.66 347�760 127�55.7 75.0�37.4 33.8�21.4 211�750
iShim 150�0.61 121�52.3 83.7�31.0 53.9�28.4 21.0�8.39 57.2�97.3
p-Value 0.209 <0.001 <0.001a <0.001 <0.001 0.014

CNR SMS 0.87�0.06 0.89�0.04 0.87�0.06 0.81�0.08 0.73�0.11 0.41�0.21
iShim 0.89�0.06 0.89�0.06 0.86�0.10 0.79�0.15 0.66�0.15 0.41�0.21
p-Value 0.018 0.535 0.683 0.619 0.002 0.707

Significant difference is demonstrated at the 0.05 level with Wilcoxon signed rank test unless otherwise indicated.
a Significant difference is demonstrated with paired t test.
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improve image quality in regions with strong susceptibility
of artefacts, application of iShim in the kidneys may not
fully demonstrate the advantages of iShim in improving
image quality. SMS has been shown to dramatically reduce
scan time without negative effects on image quality in
prior studies.23,24 The present finding showed that a
reduction of 53% in scan time was achieved by SMS (1
minute 38 seconds) compared to iShim DWI, which is in
accordance with previous studies that SMS DWI could save
more than half the original scan time.12,25 SMS could
contribute to a more efficient clinical workflow and make
DWI part of the routine kidney MRI protocol. Conversely,
the time saved with SMS may also be used for higher
spatial resolution, more slices or acquisition schemes with
a long acquisition time, such as intra-voxel incoherent
motion (IVIM).

Interestingly, in the qualitative image quality analysis,
SMSwas found to be superior to iShim DWI in overall image
quality, but comparable regarding the presence of artefacts
and distortions. Although both sequences were integrated
with the same image filter, kidneys still seem to have
smoother margins and there seems to be less image noise in
SMS DWI, which may explain the higher overall image
quality but similar artefacts or distortions of SMS compared
to iShim DWI. Although the reviewers were blinded to the
DWI sequence when evaluating the image quality, it was
still possible that they might have realised which kind of
sequence they were reviewing as their impression for the
two sequences may be slightly different, which is hard to
avoid. This may also explain the better overall image quality,
but comparable artefacts or distortions observed in SMS
DWI.
In the quantitative comparison, the SNR of SMS was
higher than that of iShim DWI except for b¼0 images, but
no significant difference in CNR was observed on most b-
value images between SMS and iShim DWI. The difference
in SNR between SMS and iShim DWI may be related to
different fat-suppression techniques used in these two se-
quences (SMS: SPAIR, iShim: water excitation). There are
other differences between SMS and iShim besides fat sup-
pression techniques, thus it is not appropriate to conclude
that SPAIR is superior to water excitation resulting in higher
SNR of SMS DWI. In the present study, image noise was
measured by using the SD of signal in air, which is a com-
mon way to evaluate the SNR. It is difficult to select
appropriate ROIs for background noise as noise is not
distributed uniformly in the background. To counteract
such non-uniformity, ROIs were placed over the whole
background to measure the background noise. This
approach is not a perfect SNR measurement as it could be
affected by artefacts, which were present in this study;
however, the discrepancy between the SNR of SMS and
iShim DWI was still demonstrated. The higher SNR is also in
accordance with higher overall image quality in SMS.

The mean ADC of renal parenchymawas not significantly
different between SMS and iShim DWI. It indicates the
stability of ADC quantification in SMS DWI. Compared to
previous studies, Yalcin-Safak et al.26 reported lower ADC
values of the renal parenchyma (1.2 versus 1.5�10�3 mm2/
s), but Kline et al.27 reported higher ADC values of the renal
parenchyma (2.2 versus 1.5�10�3 mm2/s). As many factors
can influence ADC values, such as field strength, b-values,
and acquisition schemes, it is possible that different studies
have slightly different ADC values. The present results are
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consistent with previous studies that patients with
impaired renal function have decreased ADC values of renal
parenchyma compared to people with normal renal
function.

There are several limitations to the study. First, the study
only compared the image quality of SMS and iShim ss-EPI
DWI of the kidney, and no comparison to other acquisi-
tion schemes was undertaken (such as segmented EPI or
read-out segmented EPI); therefore, it remains unknown
whether the image quality of SMS DWI would also be better
than other EPI sequences. A systemic comparison between
SMS and available commonly used DWI sequences may
help to obtain a comprehensive understanding of the value
of SMS. Second, all the data were acquired using a 3 T MRI
system so it is not known whether the study results would
be the same using a 1.5 or 7 T MRI system. Third, although
22 of the 28 participants were patients with renal diseases,
they did not have any focal renal lesions, but rather smaller
kidneys or loss of corticomedullary differentiation (CMD),
and as the study was focused on evaluating the image
quality, assessment of focal lesion conspicuity was not
performed in the study. Besides, the sample size was rela-
tively small and did not allow for valid assessment of SMS
DWI for diagnosing renal lesions. Further studies with
larger sample sizes are needed to investigate the ability of
SMS to evaluate different focal renal diseases. Fourth, 11
patients had CKD and it was difficult to clearly differentiate
the cortex from the medulla using DWI, thus in order to
keep consistency across all the candidates, the ROIs were
placed over the renal parenchyma instead of in the cortex or
medulla separately. As loss of CMD is relatively common in
patients with impaired renal function, measuring the pa-
renchyma would be more appropriate considering real
clinical situations.

In conclusion, SMS outperforms iShim ss-EPI for DWI of
the kidney for a substantial reduction in scan time with
slightly better image quality. ADC values of renal paren-
chyma measured in SMS DWI were comparable to in iShim
DWI. The high image quality obtained with a much shorter
scan time indicates SMS DWI may contribute to a more
efficient workflow in clinical practice and great potential for
applications in other diffusion schemes with long acquisi-
tion time, such as IVIM. Further studies are encouraged to
investigate the clinical diagnostic performance of SMS DWI
for evaluating different renal diseases.
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