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Abstract
Objectives The aim of this studywas to compare the diagnostic performance of simultaneousmultislice diffusion-weighted imaging
(DWI-SMS) with that of standard DWI (DWI-STD) in whole-body 3-T PET/MRI examination protocols in oncological patients.
Methods In a phantom study, we evaluated the apparent diffusion coefficients (ADC) from the two techniques. In ten volunteers,
we assessed ADC values in different organs. In 20 oncological patients, we evaluated subjective image quality (Likert scale, 5
indicating excellent) and artefacts in different body regions. We also rated the conspicuity and acquired the ADC values of PET-
positive tumorous lesions.
Results The scan time for the whole-body DWI-SMS examinations was 40% shorter than the scan time for the DWI-STD
examinations (84 s vs. 140 s per table position). The phantom and volunteer studies showed lower ADC values from DWI-
SMS in the liver and muscle (psoas muscle 1.4 vs. 1.3). In patients, DWI-SMS provided poorer subjective image quality in the
thoracoabdominal region (3.0 vs. 3.8, p = 0.02) and overall more artefacts (138 vs. 105). No significant differences regarding
conspicuity and ADC values of lesions were found.
Conclusions DWI-SMS seems to provide reliable conspicuity and ADC values of tumorous lesions similar to those provided by
DWI-STD. Therefore, although providing poorer image quality in certain regions, DWI-SMS can clearly reduce PET/MRI scan
times in oncological patients.
Key points
• DWI-SMS can reduce PET/MRI scan times in oncological patients.
• DWI-SMS provides reliable ADC values and good lesion conspicuity similar to those provided by DWI-STD.
• DWI-SMS may provide poorer image quality in regions with low signal.
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Abbreviations
SMS Simultaneous multi-slice
STD Standard
HASTE Half Fourier acquisition single shot turbo spin echo
PSMA Prostate-specific membrane antigen
SD Standard deviation
CI Confidence interval
TR Repetition time

Introduction

Diffusion-weighted imaging (DWI) has become an essential
part of the imaging of many oncological diseases [1]. It is able
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to sensitively measure differences in diffusivity of water mol-
ecules and is therefore a valuable tool in detecting and char-
acterizing various malignant lesions [2]. Cancer therapy can
cause cell swelling or apoptosis which influences water diffu-
sivity [3]. Thus, it has been shown that DWImay be helpful in
the evaluation of therapy response [4]. DWI is technically
demanding, and was first established in neuroimaging [5].
Further developments were necessary to transfer DWI to re-
gions outside the brain so that it could be introduced into the
daily routine of diagnostic imaging of individual organs [6, 7].
The introduction of the background body signal suppression
technique [8] allowed DWI to be applied to whole-body ex-
aminations with acceptable acquisition times and image qual-
ity. However, DWI is still one of the most time-consuming
sequences in whole-body protocols, hampering its broad clin-
ical application.

The simultaneous excitation and acquisition of multiple
slices (SMS) is one possible approach to reducing examination
times. This technique was introduced in the late 1980s [9, 10],
and is based on different sensitivities of multicoil arrays for
separation of multiple slices. However, low sensitivity in sepa-
rating closely spaced slices for a long time hindered its wide-
spread application. More recently, advances such as the adap-
tation of parallel imaging technology [11] and the introduction
of the Bcontrolled aliasing in parallel imaging results in higher
acceleration^ (CAIPIRINHA) technique [12] and its modified
version for the echoplanar imaging readout [13], has enabled
today’s application of DWI-SMS in whole-body imaging [14,
15]. Being a functional imaging technique, DWI is often com-
bined with or compared to positron emission tomography
(PET) for oncological imaging [16–19]. For several years it
has been possible to acquire PET and MRI simultaneously
[20]. This has enabled the acquisition of multiple tissue param-
eters derived from PET and MRI at the same time with very
good alignment [21] and has also opened up new technical
possibilities such as using the MR information for motion cor-
rection of PET images [22–24]. However, with still rather long
whole-body PET/MRI scan times, patient comfort and there-
fore also patient compliance are markedly reduced [25, 26].

Thus, the aim of this study was to compare image quality,
lesion conspicuity and apparent diffusion coefficient (ADC)
values in tumorous lesions and organs obtained using DWI-
SMSwith those obtained using standard DWI (DWI-STD) for
multiparametric whole-body PET/MRI examination in onco-
logical patients.

Materials and methods

This prospective study was approved by the local ethics com-
mittee. Written informed consent was obtained from all vol-
unteers and patients regarding the examination and the scien-
tific evaluation of their data.

MRI protocol

All examinations were performed on a fully integrated 3-T
PET/MRI scanner (Biograph mMR; Siemens Healthineers,
Erlangen, Germany). The specifications and performance of
the MR component of the Biograph mMR system used are
comparable to those of the Magnetom Verio system (Siemens
Healthineers) [20]. The scan parameters for DWI-SMS
(Multi-Band EPI package, release 13; Center for Magnetic
Resonance Research, University of Minnesota, MN, USA)
were adapted to the DWI-STD protocol used in our depart-
ment for whole-body PET/MRI examinations (Table 1). In
both techniques, an inversion recovery technique (spectral at-
tenuated inversion recovery, SPAIR) was used for fat suppres-
sion. Two b-values were acquired: b = 50 s/mm2 and b = 800
s/mm2. All examinations were performed with the subject in
free breathing. For anatomical correlation, a T2-weighted half
Fourier acquisition single shot turbo spin echo (T2-HASTE)
sequence with continuous table movement was acquired in all
examinations with the subject in free breathing with the fol-
lowing parameters: echo time (TE) 76 ms, repetition time
(TR) 1,200 ms, number of averages 1, flip angle 120°, and
resolution 0.7 × 0.7 × 0.6 mm. Depending on the clinical
indication, further sequences were performed in patients, but
were not part of this study.

Phantom study

To assess the reliability of the quantification of diffusion restric-
tion (ADC values) without subject-related artefacts, we per-
formed a phantom study. Therefore, a dedicated sucrose DWI
phantom was constructed to model different diffusivities (Fig.
1). Five tubes with a diameter of 25 mm were filled with su-
crose solutions of different concentrations (0%, 10%, 20%,
30%, 40%) in distilled water and were placed in a cylindrical
acrylic glass container filled with distilled water. DWI-STD and
DWI-SMS sequences were performed using a multichannel
head coil with the protocol parameters shown in Table 1.
Each DWI sequence was applied twice successively with the
same protocol parameters. All image datasets were transferred
to a stand-alone workstation for offline postprocessing using
MATLAB (MathWorks Inc, Natick, MA). Diffusion-weighted
trace images ITrace for two measured b-values (b = 50 and 800
s/mm2) were calculated according to the following equation:

ITrace ¼ I0e−ADC⋅b ¼ I0e−
D1þD2þD3

3 ⋅b ¼ I1⋅I2⋅I3ð Þ13 ð1Þ
where I1, I2 and I3 are the measured diffusion-weighted images
with three orthogonal gradient directions andD1,D2 andD3 are
the corresponding diffusion coefficients. Their arithmetic mean
results in the isotropic diffusion coefficient, namely ADC. The
ADCmaps were calculated from Eq. 1 using a log-linear fitting
algorithm.
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To minimize the impact of low-frequency spatially varying
signal intensity, five rectangular regions of interest (ROIs),
each of 21 pixels, were placed in each of the tubes to assess
the ADC values. The ROIs were placed in the central region
along the tube axis congruently in all reconstructed images.
This was performed with the software Imagine (Imagine 2.0,
Matlab Central File Exchange; MathWorks Inc., Natick, MA).
The resulting ADC values in different sucrose solutions were
calculated as the mean value over all five ROIs.

Volunteers

Between March 2016 and June 2016, ten healthy volunteers
(aged 29 ± 9.3 years, five women) underwent PET/MRI ex-
amination in the supine position, arms positioned alongside
the abdomen. All volunteers were examined from the cranial
vertex to the thighs using head, body and spine multichannel
coils. The MRI protocol was as described above.

The following evaluations were performed in the volun-
teers using the software syngo.via (syngo.via VA30; Siemens
Healthineers, Erlangen, Germany).

ADC values and signal intensities in organs

For anatomical correlation, the T2-HASTE images in all vol-
unteers were coregistered to the ADC maps and b50 images
from DWI-SMS (ADC-SMS) and DWI-STD (ADC-STD).
The ROIs were set congruently in all images in the white
matter, the right liver lobe, the spleen, the kidney and the
psoas muscle, avoiding image artefacts and organ borders.

Patients

Between May 2016 and September 2016, 20 patients (aged
62.3 ± 10.3 years, seven women) with the following

oncological diseases underwent a whole-body PET/MRI exam-
ination with both DWI-SMS and DWI-STD: melanoma (eight
patients), lymphoma (four), neuroendocrine tumour (grade G2,
three), prostate cancer (Gleason score 7b, one), lung cancer
(one), breast cancer (one), renal cell carcinoma (one) and can-
cer of unknown primary (one). Inclusion criteria were a history
of oncological disease with known or suspected metastases.
Exclusion criteria were the typical contraindications for MRI,
i.e. metal implants including pacemakers, and claustrophobia.

All patients undergoing PET/MRI were scanned from the
cranial vertex to the thighs. Patients were positioned in the su-
pine position, arms positioned alongside the abdomen and the
MRI scanwas performed as described above. 18F-FDG (average
dose 315 MBq) was used as the PET tracer in patients with
melanoma, lymphoma, lung cancer, breast cancer, renal cell
carcinoma and cancer of unknown primary. The somatostatin
receptor-specific radiotracer 68Ga-DOMITATE (average dose
196 MBq) was used in patients with neuroendocrine tumours,
and 68Ga-PSMA (dose 172 MBq) was used in the patient with
prostate cancer. PET images were reconstructed using the ven-
dor’s software and the following parameters: 3D ordered subsets
expectation maximization algorithm, 21 subsets, two iterations,
matrix size 256 × 256, voxel size 2.8 × 2.8 × 2mm3, 4-mm
gaussian filter. For the vendor-provided attenuation correction,
a segmentation-based attenuation map was generated with a T1-
weighted spoiled gradient echo sequence in end-expiratory
breath-hold with Dixon-based fat–water separation with the fol-
lowing parameters: TR 3.6 ms, TE1 1.23 ms, TE2 2.46 ms, flip
angle 10°, pixel size 2.6 × 2.6 × 2.6 mm3. The attenuation map
of each patient was carefully checked for artefacts.

Subjective image quality and artefacts

Subjective image quality was evaluated by two independent
radiologists each with 5 years experience in DWI-MRI

Table 1 Acquisition parameters
of DWI-SMS and DWI-STD in
patients/volunteers and in the
phantom study (values in
parentheses)

Parameter DWI-SMS DWI-STD

Image matrix 192 × 168 (128 × 112) 192 × 168 (128 × 112)

Slice thickness (mm) 5 5

Pixel size (mm2) 2.2 × 2.2 2.2 × 2.2

No. of averages 3 3

b-values (s/mm2) 50, 800 50, 800

Repetition time (ms) 3,000 6,000

Echo time (ms) 67 (59) 59 (59)

Bandwidth (Hz/pixel) 1,736 (1,698) 1,736 (1,698)

Coil combine mode Sense1 Adaptive combine

Parallel acquisition mode / factor GRAPPA / 3 GRAPPA / 2

Acquired slices (n) 34 34

Number of table positions 4–6 4–6

Scan time per table position (s) 84 140

GRAPPA generalized autocalibrating partially parallel acquisition, Sense sensitivity encoding
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(F.S. and J.T.) by reading the b800 images (b800-SMS) and
subsequently the ADC maps from the DWI-SMS in all
patients, and 6 weeks later reading the b800 images
(b800-STD) and subsequently the ADC maps from the
DWI-STD. The readings were performed in a blinded fash-
ion. The readers were therefore not able to identify the
respective imaging technique from any kind of image de-
scription. Subjective image quality was assessed in five
different body regions which also corresponded to typical
examination regions on PET: head, neck, thorax, abdomen
and pelvis. This was performed using a five-point Likert
scale relating to the delineation of organs and the overall
diagnostic validity (5 excellent, 4 good, 3 satisfactory, 2
poor, and 1 nondiagnostic).

Image artefacts were evaluated in a consensus reading (F.S.
and J.T.) in each body region separately and categorized into
four different groups: (1) distortion artefacts, (2) ghosting

artefacts, (3) inhomogeneous fat saturation, and (4) other ar-
tefacts (caused by, for example, metal implants or interslice
intensity variation). Artefacts were only assessed if they af-
fected the investigated body region. The degree of observed
artefacts was rated using a five-point Likert scale relating to
the impact on the diagnostic validity of the image (5 low
impact, 1 high impact).

Evaluation of tumorous lesions

All examinations were evaluated in a clinical setting in a con-
sensus reading by a radiologist and a nuclear medicine physi-
cian, both with more than 10 years experience in hybrid im-
aging. Based on this report, two radiologists with 4 and 12
years experience in hybrid imaging (F.S. and C.S) evaluated
the PET/MRI images from each patient in consensus, blinded
to the respective DWI technique, and with the images opened

Fig. 1 Top left: DWI phantom and the corresponding ADC map (DWI-
STD). Five tubes were filled with sucrose solutions of different
concentration of sacrose solutions (0%, 10%, 20%, 30%, 40% in
distilled water) and were placed in a cylindrical acrylic glass container
filled with distilled water. Top right: ADC values acquired with different
sucrose concentrations from ADC-STD and ADC-SMS maps (ADC
values in 10−3 mm2/s). Bottom: Bland-Altman plot of ADC values from
the phantom measurements from the ADC-STD and ADC-SMS maps.

Differences between pairs of ADC values (expressed as percentages, y-
axis) are plotted against the means of the pairs of ADC values (x-axis).
The solid line indicates the mean absolute difference, the dashed black
lines indicate ±1.96 × standard deviation, the dashed grey lines indicate
95% CI of the mean difference (limits of agreement), and the dotted grey
line is the line of equality. Arithmetic mean 0.51% CI 38.9 to 40.0
p=0.973
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side-by-side: the PET images, the T2-HASTE images, the
b800-SMS and the b800-STD images, and the ADC-SMS
and ADC-STD maps.

In the first reading, the conspicuity of PET-positive tumor-
ous lesions was evaluated on the b800-SMS and b800-STD
images using a five-point Likert scale (5 very good, 1 not
visible). Care was taken in the characterization of PET-
positive tracer accumulations not to mistake possible inflam-
matory lesions for metastatic lesions. A maximum of ten le-
sions per organ were evaluated. For lymph nodes, a maximum
of ten lymph nodes per body region (neck, thorax, abdomen,
pelvis) were included. For peritoneal and pleural carcinoma-
tosis, only circumscribed nodules were included. The longest
diameter of a lesion was assessed in the axial plane in the T2-
HASTE images. Cerebral metastases were not included in the
evaluation.

In the second reading, the precision of ADC values of PET-
positive tumorous lesions was evaluated. In order to only ac-
quire possible deviations in ADC values derived from the
respective acquisition technique, other influencing factors,
such as partial volume effects and image artefacts, were elim-
inated. Therefore, only lesions with an axial diameter of
>1 cm in the first reading were included in the evaluation of
ADC values. The ADC values were assessed in a blinded
fashion by drawing a free-hand intralesional ROI in the region
of the lesion with the largest axial diameter on one of the ADC
maps. The ROI was copied to the other ADC map; in individ-
ual cases, the ROI had to be relocated slightly but was not
changed in size or shape. Care was taken to avoid blurred
lesion borders on both ADC maps. Lesions were excluded
from the evaluation if they were affected by artefacts on one
of the ADC maps.

These evaluations were performed using the software
syngo.via (syngo.via VA30; Siemens Healthineers).

Statistical analysis

Statistical analyses were performed using SPSS version
23.0 (IBM Corporation, Armonk, NY). The normality of
distributions was tested using the Kolmogorov-Smirnov
test. Likert scores and artefacts were compared using the
Friedman test. For quantitative comparison of both se-
quences, ADC values were compared using Bland-
Altman plots in percentages with limits of agreement
±1.96 standard deviations (MedCalc for Windows, version
17.8.6; MedCalc Software, Ostend, Belgium). Equivalence
was defined by the inclusion of the line of equality in the
95% confidence interval (CI) of the mean difference [27].
Analysis of variance with Bonferroni post hoc correction
was performed if the comparisons showed significant dif-
ferences. A p value <0.05 was considered statistically
significant.

For interobserver agreement, kappa values were calculated
with the following levels of agreement: 0.00 no agreement,
0.01–0.20 slight, 0.21–0.40 weak, 0.41–0.60 moderate, 0.61–
0.80 strong, and 0.81–1.00 almost perfect [28]. Intraobserver
agreement was calculated using the intraclass coefficient ac-
cording to the method described by Fleiss [29] with the fol-
lowing levels of agreement: 0.00–0.40 poor, 0.041–0.75 fair
to good, and 0.76–1.00 excellent.

Results

The DWI-STD and DWI-SMS scan times were 140 s and 84 s
per table position, respectively, corresponding to a reduction
in total scan time by 40%. The interobserver agreement in the
evaluation of image quality was high (kappa 0.62 ± 0.03), and
the intraobserver agreement in the evaluation of image quality
was excellent (0.85, CI 0.823–0.875).

Phantom study

The results of the phantom study are shown in Fig. 1.
Overall, the ADC values from the two techniques did
not differ significantly (arithmetic mean 0.506%, CI
−38.9 to 40.0%, p = 0.973 in the Bland-Altman plot).
The highest difference in ADC values between the two
techniques was found with the 20% sucrose solution
(1.4%).

Volunteers

All examinations in volunteers were performed with five bed
positions. The DWI scan times for the whole-body examina-
tions were therefore 420 s for DWI-SMS and 700 s for DWI-
STD. The ADC values in various organs obtained from the
two techniques are given in Table 2. The ADC values in the
liver and in the psoas muscle were significantly lower with
DWI-SMS. Besides these regions, ADC values obtained with
the two methods were considered equivalent. Bland-Altman
plots of the body regions examined are shown in Fig. 2.
Overall, a relative underestimation of ADC values with
DWI-SMS was seen in tissues with low signal intensities in
b50 images (Fig. 3).

Patients

The number of table positions varied between four and six,
depending on the patient’s height. The mean scan times were
therefore 403 ± 44 s (range 336–504 s) for DWI-SMS and 672
± 73 s (range 560–840 s) for DWI-STD.
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Subjective image quality and artefacts

Subjective image quality ratings in the patient studies are
shown in Table 3. No significant differences in subjective
image quality ratings were found between the b800-SMS
and b800-STD images. The subjective image quality rat-
ings for the thoracic and abdominal regions were signifi-
cantly lower on the ADC-SMS maps than on the ADC-
STD maps.

More artefacts were found in the b800-SMS images
than in the b800-STD images (Table 4). The diagnostic
impact of artefacts in terms of the average of the arte-
fact ratings did not differ significantly between the two

techniques (3.8 vs. 3.7, p = 0.28). In the corresponding
ADC maps, artefacts were almost evenly distributed:
100 artefacts in the ADC-SMS maps and 104 artefacts
in the ADC-STD maps (mean diagnostic impact values
3.8 vs. 3.8, p = 0.28).

Evaluation of tumorous lesions

PET-positive tumorous lesions were found in 19 of the 20
patients. In total, 116 lesions (diameter 2.0 ± 1.4 cm) were
included in the first reading: 34 metastatic lymph nodes, 25
liver lesions, 16 bone lesions, 15 soft-tissue lesions, 13 lung
lesions, 7 peritoneal lesions, 5 pleural lesions and 1 pancreatic
lesion. The lesions were assigned to the body regions corre-
sponding to those used in the evaluation of image quality
(Table 5).

With both DWI techniques, lesion conspicuity was
rated highest in the pelvis and lowest in the neck and
thoracic region, as shown in the examples given in Fig.
4. Overall, lesion conspicuity did not differ significantly
between the b800-SMS images and the b800-STD im-
ages. In the b800-STD images, 20 PET-positive lesions
could not be delineated due to artefacts (Likert score 1):
5 in the neck region, 11 in the thoracic region, 2 in the

Table 2 Mean ADC values and standard deviations (×10−3 mm2/s)
acquired in different body regions

Region ADC-SMS ADC-STD

White matter 0.8 ± 0.1 0.7 ± 0.1

Liver 0.9 ± 0.2 1.0 ± 0.1

Spleen 0.8 ± 0.1 0.8 ± 0.2

Kidney 1.9 ± 0.2 1.9 ± 0.2

Psoas muscle 1.3 ± 0.1 1.4 ± 0.1

Fig. 2 Bland-Altman plots of ADC values measured from the ADC-STD
and ADC-SMS maps (ADC values given in x 10-3mm2/s) in various
organs. Differences between pairs of ADC values (expressed as percent-
ages, y-axis) are plotted against the means of the pairs of ADC values (x-
axis). The solid line indicates the mean absolute difference, the dashed
black lines indicate ±1.96 × standard deviation, the dashed grey lines

indicate 95% CI of the mean difference (limits of agreement), and the
dotted grey line is the line of equality. For the liver and the psoas muscle,
the line of equality does not lie within the interval of the 95% CI of the
mean difference. For the kidney, the spleen and lesions, the line of equal-
ity lies within the interval of the 95% CI of the mean difference
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abdomen (liver), and 3 in the upper thigh. Of these le-
sions, 6 were depicted in b800-SMS images. The average
diameter of the missed lesions was 1.0 cm (range 0.5–2.0
cm). In the b800-SMS images, 16 PET-positive lesions
could not be delineated due to artefacts: 3 in the neck
region, 10 in the thoracic region, 2 in the abdomen (liv-
er), and 1 in the pelvis. Of these lesions, 2 were depicted
in the b800-STD images. The average diameter of these
lesions was 1.3 cm (range 0.5–4.5 cm). Examples are
given in Fig. 5.

For the evaluation of ADC values in lesions, 26 lesions
(those with a diameter ≥1 cm in a region not affected by
artefacts on DWI-SMS or DWI-STD) were evaluated, 9
metastatic lymph nodes, 5 bone lesions, 4 peritoneal le-
sions, 3 lung lesions, 2 liver lesions, 2 soft-tissue lesions
and 1 pancreatic lesion. The average diameter of the le-
sions included in this evaluation was 3.3 cm (±1.7 cm).
Overall, no significant difference was found in the
intralesional ADC values between the two DWI techniques
(Fig. 6, Table 5).

Discussion

In this study, the DWI-SMS technique provided image quality
in most body regions comparable to that provided by the
DWI-STD technique, and reliable ADC values of tumorous

lesions for multiparametric whole-body PET/MRI examina-
tions in oncological patients. The acquisition time with DWI-
SMS as performed in this study (TR 3,000 ms) was 40% less
than with DWI-STD (TR 6,000 ms).

A recent study by Kenkel et al. [30] showed that whole-
body DWI-SMS at 3 T was technically feasible and showed
promising results in eight volunteers and one patient.
Nevertheless, there is still the need to investigate the diagnos-
tic performance of whole-body DWI-SMS in oncological im-
aging in a larger patient cohort. Thus, we adapted a prototype
DWI-SMS sequence for use with whole-body DWI, matching
it to our whole-body DWI-STD protocol to perform a system-
atic comparison. The prototype SMS sequence used in this
study has been proven to be technically feasible and has al-
ready shown promising results in liver imaging at 1.5 T [31,
32]. Although we applied a higher magnetic field strength, the
DWI parameters (i.e. ADC) were expected to be unaffected by
these changes [33]. Indeed, the ADC values measured were
within the range of previously published values [30, 32,
34–36] and DWI-SMS provided reliable ADC values with
no significant differences compared with DWI-STD in the
phantom study, in most tissue types in the volunteer study
and in the investigated tumorous lesions. However, ADC
values measured with the SMS-accelerated sequence were
found to be lower in tissues with a short T2 relaxation time
(i.e. the liver) and/or a long T1 relaxation time (i.e. the psoas
muscle) compared with those obtained with DWI-STD. A

Fig. 3 Deviation of ADC values expressed as percentages [100 × (ADC-
STD − ADC-SMS)/ADC-STD] and the respective signal intensity on the
DWI-STD b50 images, together with the mean value (solid line) and

standard deviation (dashed lines). Lower signal intensities in the b50
image (i.e. in tissues with shorter T2 relaxation times) are associated with
higher ADC value deviations in the SMS-accelerated sequence

Table 3 Mean values and
standard deviations calculated
from image quality rankings as
rated by two independent
radiologists for the b800 images
and the ADC maps

Region b800-SMS b800-STD p value ADC-SMS ADC-STD p value

Head 4.1 ± 0.4 3.9 ± 0.3 >0.05 4.1 ± 0.4 3.9 ± 0.4 >0.05

Neck 3.4 ± 0.7 3.1 ± 0.6 >0.05 3.3 ± 0.6 3.3 ± 0.6 >0.05

Thorax 3.1 ± 0.5 3.3 ± 0.6 >0.05 2.8 ± 0.5 3.4 ± 0.7 0.03

Abdomen 3.3 ± 0.7 3.6 ± 0.8 >0.05 3.2 ± 0.7 3.6 ± 0.7 0.03

Pelvis 3.6 ± 0.5 3.9 ± 0.6 >0.05 3.8 ± 0.5 3.9 ± 0.7 >0.05

p values <0.05 were considered significant
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possible explanation for this finding is the shorter TR with
DWI-SMS (3,000 ms vs. 6,000 ms with DWI-STD) resulting
in signal loss, an effect that has also been described by Kenkel
et al. [30]. Thus, lower signal intensities in a tissue under study
(e.g, hepatic tissue) due to a reduced TR (which is the case
with SMS-DWI) automatically translates into lower ADC
values. The relationship between ADC values and their signal
intensities in the b50 images is given in Fig. 2.

In order to minimize DWI-SMS acquisition times, a TR as
low as possible is chosen, resulting in only partial signal re-
covery causing a reduced signal in the acquired images [32].
Thus, generally lower signal intensity in b50 images (i.e. in
tissue with a low T2) ultimately translates into lower ADC
values and a larger deviation fromADC values measured with
the standard sequence. However, as most malignant lesions
possess T2 values higher than those of liver and muscle tissue,

Table 4 Overview of numbers
and types of observed artefacts in
the body regions examined and
estimated impact on diagnostic
validity in b800 images and ADC
maps

Region Artefact DWI-SMS DWI-STD

No. of artefacts Impact No. of artefacts Impact

b800 images

Head Distortion 7 4.6 9 4.3

Ghosting 2 4.0 0 /

Neck Distortion 9 4.2 4 3.0

Ghosting 13 3.5 17 3.2

Fat saturation 5 4.2 1 4.0

Other 6 3.0 6 3.0

Thorax Distortion 2 4.0 0 /

Ghosting 18 3.7 20 3.4

Fat saturation 17 4.0 14 3.9

Other 2 2.3 2 3.0

Abdomen Distortion 2 4.0 0 /

Ghosting 13 3.6 11 3.7

Fat saturation 12 3.8 3 3.5

Pelvis Distortion 13 4.1 6 4.7

Ghosting 5 3.5 5 4.2

Fat saturation 7 4.8 4 4.3

Other 7 3.3 7 3.2

Sum / average
diagnostic impact

140 3.8 109 3.7

ADC maps

Head Distortion 7 4.9 10 4.8

Ghosting 3 4.8 2 4.3

Neck Distortion 11 3.6 10 3.7

Ghosting 12 3.4 10 3.3

Fat saturation 0 / 1 4.0

Other 2 3.5 2 4.0

Thorax Distortion 1 5.0 4 4.3

Ghosting 22 3.1 19 3.3

Fat saturation 7 3.8 3 4.0

Other 2 3.0 2 2.0

Abdomen Distortion 1 4.0 4 4.4

Ghosting 12 3.3 14 3.5

Pelvis Distortion 6 4.7 12 4.6

Ghosting 10 3.9 7 4.3

Fat saturation 0 / 2 4.5

Other 4 2.9 4 2.5

Sum/average diagnostic impact 100 3.8 106 3.8

a Score 5 indicates low impact
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a significant deviation in lesion ADC values was not ob-
served. A possible further explanation might be the divergent
noise statistics or alteration in signal processing in the differ-
ent sequences [31, 32]. The slightly reduced signal in DWI-
SMSmay account for the lower subjective image quality. This
is of particular relevance in organs with low signal on DWI
(e.g. the lung or the liver), and explains the lower subjective
image quality found in the thoracic and abdominal regions
with DWI-SMS. However, it needs to be stressed that DWI-
STD also did not deliver optimal results in these body regions.

The b800-SMS sequence was more susceptible to artefacts
than the b800-STD sequence. The source and strength of ar-
tefacts depends on various factors such as field homogeneity,
gradient directions and the hardware installation [37], and
their interpretation is complex. Yet, in spite of the discussed
drawbacks of DWI-SMS, lesion conspicuity was preserved.

Contributing factors are certainly the fact that malignant le-
sions generally show higher signal intensity on T2-weighted
images so that a pronounced signal loss is not expected. With
both DWI-STD and DWI-SMS, the presence of artefacts re-
duced the conspicuity of individual lesions (Fig. 5).

There were some limitations to our study. First, the small
number of patients allowed only a preliminary investigation of
the use of DWI-SMS in multiparametric whole-body PET/
MRI. Furthermore, only PET-positive lesions were evaluated
in this analysis and set as the reference standard. PET-nega-
tive, yet possibly malignant, lesions were not included in the
evaluation. The segmentation-based method used for attenua-
tion correction can result in an underestimation of tracer up-
take in regions with a high amount of bone and might there-
fore have affected the detectability of bone lesions [38]. A
dedicated evaluation of brain metastases was beyond the

Fig. 4 Examples of lymph-node metastases in the upper thoracic region
(a) and pelvis (b) positive on 18F-FDG PET/MRI. Due to artefacts, the
lesion conspicuity in the upper thoracic/lower neck region (white arrows)

is impaired while the lesion conspicuity in the pelvis (white arrows) is
good on both b800-STD and b800-SMS images

Table 5 Mean values and
standard deviations of lesion
conspicuity as rated by two
radiologists in consensus for the
b800 images and mean ADC
values with standard deviations
for lesions with an axial diameter
of >1 cm

No. of lesions b800-SMS b800-STD p value

Neck 7 3.0 ± 2.0 2.7 ± 2.1 0.32

Thorax 44 3.6 ± 1.7 3.4 ± 1.7 0.08

Abdomen 43 4.2 ± 1.3 4.4 ± 1.1 0.12

Pelvis 24 4.6 ± 1.0 4.5 ± 1.3 0.48

Overall 118 4.0 ± 1.5 3.9 ± 1.6 0.60

ADC values (x 10-3 mm2/s) 26 0.9 ± 0.4 0.9 ± 0.4

p values <0.05 were considered significant
a Score 5 indicates very good lesion conspicuity
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scope of this work, but previous studies have demonstrated the
usefulness of DWI-SMS techniques also in brain imaging [11,
39].

The sequence parameters for DWI-SMS were adapted to
our DWI-STD. Thus, when applying DWI-SMS only, further
optimization of parameters including b-values, number of av-
erages, voxel size and slice thickness, is possible. Radiologists
were blinded in the reading of the diffusion-weighted images
but with time and with increasing experience, the differences
between DWI-STD and DWI-SMS images became obvious,
especially as the DWI-SMS images were presented first.
However, the authors tried to minimize this effect by choosing
a subsequent evaluation scheme. Moreover, the conspicuity of
PET-positive metastases was evaluated in a consensus reading

which hampered the evaluation of interrater agreement.
Finally, we did not obtain test–retest ADC values (as per-
formed, for example in a previous study [40]) which might
have given an indication of the repeatability of SMS-DWI and
STD-DWI.

In conclusion, DWI-SMS seems to provide reliable lesion
conspicuity and consistent ADC values of PET-positive tu-
morous lesions. Therefore, although suffering from slightly
reduced image quality in comparison with DWI-STD, espe-
cially in the thoracoabdominal region, DWI-SMS has the po-
tential to distinctly reduce scan times in oncological patients
undergoing multiparametric whole-body PET/MRI examina-
tions. Studies with larger numbers of patients should be en-
couraged to confirm our results.

Fig. 5 Examples of impaired lesion conspicuity due to artefacts on both
DWI-STD (a) and DWI-SMS (b). a A 64-year-old man with metastases
from melanoma of the lung positive on 18F-FDG PET/MRI (white ar-
rows) which is not visible on the DWI-STD image. b A 72-year-old

woman with metastases from melanoma of the liver positive on 18F-
FDG PET/MRI (white arrows) which can hardly be delineated on the
DWI-SMS image

Fig. 6 A 48-year-old womanwith breast cancer and lymph-node metastases in the mediastinum positive on 18F-FDG PET/MRI (white arrows). Note the
good correlation between the mean ADC values (ADC-STD 1.505 × 10−3 mm2/s, ADC-SMS 1.521 × 10−3 mm2//s) in this lesion.
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