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Abstract
To evaluate readout-segmented echoplanar (rsEPI) diffusion weighted imaging (DWI) for multiparametric (mp) magnetic resonance
imaging (MRI) of the prostate compared to the established single-shot echoplanar imaging (ssEPI) sequence.
One hundred ten consecutive patients with clinical suspicion of prostate cancer underwent mp prostate MRI using both, the ssEPI

and the rsEPI DWI sequence. For an objective assessment, delineation of the prostate shape on both DWI sequences was compared
to T2-weighted images by measuring organ diameters. Apparent diffusion coefficient (ADC) values, image contrast and contrast-to-
noise ratio (CNR) were compared between the 2 sequences on a region-of-interest-based analysis. Diagnostic accuracy for
quantitative ADC-values was calculated. Histopathology fromMRI/ultrasound fusion-guided biopsy was used as reference standard.
For a subjective assessment, 2 independent readers visually assessed image quality of both sequences using Likert-scales.
Delineation of the prostate shape was more accurate with rsEPI compared to ssEPI. ADC values in target lesions were not

significantly different but significantly higher in the surrounding normal prostatic tissue of the transition zone. CNR was comparable
between ssEPI and rsEPI. Sensitivity and specificity were good for both sequences with 84/84% and 82/73%with a Youden selected
cut-off of ADC=0.971∗10�3mm2/s for rsEPI and 1.017∗10�3mm2/s for ssEPI. Anatomic artifacts were significantly less and SNR
was lower on rsEPI compared to ssEPI in the subjective analysis.
Delineation of the prostate shape was more accurate with rsEPI DWI than with ssEPI DWI with less anatomic artifacts and higher

subjective SNR and image quality on rsEPI DW images. Diagnostic ability of quantitative ADC-values was not significantly different
between the 2 sequences. Thus, rsEPI DWI might be more suitable for prostate MRI with regard to MRI-guided targeted biopsy and
therapy planning.

Abbreviations: ACR = American College of Radiology, ADC = apparent diffusion coefficient, ANOVA = analysis of variance, AUC
= area under the curve, CNR = contrast to noise ratio, cov = coefficient of variance, DCE = dynamic contrast enhancement, DWI =
diffusion weighted imaging, ESUR = European Society of Urogenital Radiology, ICC = intraclass correlation coefficient, MRI =
magnetic resonance imaging, ns = not significant, PCa = prostate carcinoma, PI-RADS = prostate imaging and reporting archiving
data system, PSA= prostate specific antigen, pz= peripheral zone, ROI= region of interest, rsEPI= readout-segmented echoplanar
imaging, SD = standard deviation, SNR = signal to noise ratio, ssEPI = single-shot echoplanar imaging, TSE = turbo spin echo, tz =
transitional zone.
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1. Introduction

Over the last 10 years, rising expertise in multiparametric (mp)
magnetic resonance imaging (MRI) for diagnostics of prostate
cancer (PCa) has been gained. High accuracy for the detection of
PCa could be achieved[1–4] due to advances in software and
hardware of MRI machines, ongoing optimization of MRI
protocols, as well as standardization of acquisition, interpreta-
tion, and reporting of mpMRI.[5] mpMRI including T2-weighted
imaging, diffusion weighted imaging (DWI) and dynamic
contrast-enhanced imaging (DCE) achieves tumor detection rates
of 80% to 100% for PCa with a Gleason score >7, 63% to 97%
for a Gleason score of 7 and 21% to 75% for a Gleason score of
6.[6] DWI provides highest accuracy for the detection of PCa if
only 1 sequence is considered[7–11] and correlates with the
cellularity of PCa.[11] Furthermore, targeted MRI/ultrasound
fusion-biopsy has been reported to improve the detection of
significant PCa,[3,12,13] but the anatomical correct shape of the
prostate on MR images is required in order to assure accurate
image fusion and enable precise lesion targeting.
For abdominal DWI in a clinical setting, the standard single-

shot (ss) echoplanar imaging (EPI) pulse sequence is usually
applied, even though it is known to be sensitive to susceptibility
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artifacts at tissue interfaces and increased blurring, particularly at
higher field strengths. Inhomogeneity of the magnetic field may
arise at tissue interfaces within materials with unequal properties
(prostate tissue vs air-filled rectum vs metal implants; eg, hip
prosthesis), resulting in inhomogeneous precipitation of spins
and increased free induction decay.[14]

For prostate MRI, the advantages of 3T with increased spatial
and temporal resolution are preferred,[5] even though artifacts
might be fewer at lower magnetic field strengths.[14] In cases of
prostate MRI, in which the suspicious lesion is only visible on
DWI, distortion and susceptibility artifacts can lead to challeng-
ing tasks when it comes to biopsy planning. Therefore, the
implementation of alternative techniques to acquire DWI
sequences, which are less susceptible to artifacts but have
comparable image quality, are desirable. A promising diffusion
technique is the readout-segmented (rs) EPI DWI sequence
showing high image quality and reduced image artifacts[14] in
breast MRI examinations[15] and in several head-and-neck
studies,[16–19] but so far, in only few subjective evaluations of
prostate MRI in healthy volunteers[20] or in a clinical setting.[21]

The purpose of our study was the prospective, objective, and
subjective evaluation of the rsEPI DWI sequence in comparison to
the standard ssEPI DWI sequence for prostate MRI.
2. Material and methods

2.1. Subjects

This prospective study was approved by the local ethics
committee of HannoverMedical School (7276-2017) andwritten
informed consent was obtained from each patient. One hundred
ten consecutive patients with clinical suspicion of PCa due to
positive screening test (prostate-specific antigen [PSA] elevation,
suspicious digital rectal examination) or under active surveillance
underwent prostate MRI. In case of suspicious lesions, visible on
MRI, targeted MRI/ultrasound fusion-guided biopsy was
performed using the BioJetTM fusion system and software
(D&K Technologies, Barum, Germany) containing 1 to 3 biopsy
cores per lesion as well as additional random biopsy cores as
described previously.[22–24]
2.2. Imaging protocol

All MRI examinations were performed on a 3T MRI machine
(MAGNETOMSkyra, SiemensHealthcare, Erlangen, Germany).
Table 1

Sequence parameters for single-shot and readout-segmented echo-

Sequence parameter ssEPI DWI

TR/TE, ms 6300/76
Slice thickness, mm 3
Number of averages (NEX) 3 (b=0s/mm2), 6 (b=400s/mm2

FOV, mm 220�220
Flip angle, ° 90
b-values, s/mm2 0, 400, 1000
Number of readout segments 1
Acquisition time, min.s 6.32
Fat suppression SPAIR
Parallel imaging GRAPPA: acceleration Factor=2
Bandwidth, Hz/pixel 1190
Phase encoding direction Anterior–posterior

FOV= field of view, rsEPI= readout-segmented echo-planar imaging, ssEPI= single-shot echo-planar im
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Each patient received a complete mpMRI of the prostate,
according to recommendations of the American College of
Radiology (ACR), the AdMeTech Foundation and the European
Society of Urogenital Radiology (ESUR),[5] including T2 turbo
spin echo (TSE) images in 3 planes, DWI, dynamic contrast-
enhanced images, each with a slice thickness of 3mm as well as
T1 weighted spoiled gradient echo images before and after
contrast medium administration. For this study, 2 different DWI
sequences were conducted in each patient, using the standard
ssEPI technique and the rsEPI technique. For both, the Stejskal–
Tanner pulsed gradient spin echo[25] technique was used to
sensitize the sequence for diffusion. The phase encoding direction
was anterior–posterior for both diffusion techniques.
To reduce distortion- and motion-induced phase errors, the

rsEPI technique comprised a 2-dimensional navigator echo
included in a second spin-echo (the echo-train used for imaging
was placed in the first spin-echo of the dual spin-echo). The 2D-
navigator based reacquisition process initiates the repetition of
scans that result in unusable data by using the width of the signal
distribution in the readout direction as ametric for the extent of the
nonlinear phase error in real-time.[14] Furthermore, for the rsEPI
sequence, the k-space trajectory is divided into multiple segments
(n=5) in the readout direction, leading to shorter TE times
corresponding to the reduced k-space coverage per shot. Still, rsEPI
DWI results in longer total acquisition times compared to the ssEPI,
which performs the k-space trajectory in a ss technique. In order to
make expenditure of time for DWI with both techniques
comparable, we used 2 b-values (0, 1000s/mm2) for the rsEPI,
resulting in an acquisition time of 7 minutes and 47seconds and 3
b-values (0, 400, 1000s/mm2) for the ssEPI, resulting in an
acquisition time of 6 minutes and 32seconds. Detailed parameters
for both DWI sequences are given in Table 1.
ADC maps were calculated according to the mono-exponential

fit, using the integrated Siemens software. ADCmaps for rsEPIwere
calculated from 2 b-values (0, 1000s/mm2). For the ssEPI, 2 sets of
ADC maps were calculated: first, using 3 b-values (0, 400, 1000s/
mm2), second, in order to exclude bias that could result from the
different number of b-values for the 2 sequences, additional ADC
maps with 2 b-values (0, 1000s/mm2) were calculated.
2.3. Objective evaluation of image properties of diffusion
sequences
2.3.1. Anatomic shape. Delineation of prostate contours on
transversal T2 TSE images was defined as gold standard for the
planar DWI.

rsEPI DWI

6380/64
3

), 12 (b=1000s/mm2) 1 (b=0s/mm2), 3 (b=1000s/mm2)
220�220
90
0, 1000
5
7.47
SPAIR
GRAPPA: acceleration Factor=2
850
Anterior–posterior

aging, SPAIR= spectral attenuated inversion recovery, TE= echo time, TR= repetition time.



Figure 1. Measurement of prostate diameters was performed in 3 planes. Measurement of prostate diameters was performed in the prostate base, midgland, and
prostate apex in anterior–posterior and right–left orientation as depicted.
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correct anatomic shape of the prostate. To compare delineation
of the prostate on T2-images with ssEPI and rsEPI, diameters
were drawn manually in right–left and anterior–posterior
orientation in 3 planes: the prostate base, midgland, and apex
on each sequence (Fig. 1).

2.3.2. Signal intensity. Regions-of-interest (ROIs) were placed
manually in the suspicious lesion as well as in the normal tissue of
the peripheral zone (pz) and the transition zone (tz) on b1000
images and ADC maps of both, the ssEPI and the rsEPI.

2.3.3. Contrast and contrast-to-noise ratio. Contrast of
diffusion images was determined from the above-mentioned
signal intensity measurements where signal (lesion) is the ROI-
based determined signal in a suspicious lesion and signal (tissue)
is the signal of the adjacent normal prostatic tissue of the
particular anatomic zone of the prostate where the suspicious
lesion is located. The following equation was used to calculate
image contrast:

contrast ¼ signalðlesionÞ=signalðtissueÞ;

Contrast-to-noise ratio (CNR) was also calculated from the
above-mentioned signal intensity measurements where SD
(lesion) is the ROI-based determined standard deviation in a
suspicious lesion and SD (tissue) is the standard deviation in the
adjacent normal prostatic tissue of the particular anatomic zone
of the prostate where the suspicious lesion is located.
3

The following equation was used to determine CNR[26]:

CNR ¼ signalðtissueÞ � signalðlesionÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SDðtissueÞ2þ SDðlesionÞ2

q ;
2.4. Subjective evaluation of image properties of diffusion
sequences parameters

MR-studies with clinical suspicion of PCa were analyzed by 2
readers, experienced in prostate MRI, in 2 sessions. Both readers
were blinded to clinical data and biopsy results. In the first
session, MRI data sets were analyzed using either ssEPI or rsEPI
in an alternating, predefined order using standardized hanging
protocols. At least 1 week after the first reading session, the
second session was performed using the other DWI sequence,
again in an alternating, predefined order. The following
characteristics were assessed using a 5-point Likert-scale (1=
nondiagnostic, 2=poor, 3= satisfactory, 4=good, 5=excellent):
degree of ghosting and susceptibility, subjective signal-to-noise
ratio (SNR), subjective anatomic distortion (distortion in size,
profile or orientation), image sharpness (defined as clear
depiction of prostate edge), differentiation of pz and tz and
overall image quality. Furthermore, diagnostic certainty to
distinguish PCa from benign prostatic tissue was evaluated
using the same Likert-scale for ssEPI and rsEPI under
consideration of T2-weighted images and DCE since the

http://www.md-journal.com
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probability of PCa is usually assessed with mpMRI in a clinical
setting.
2.5. Statistical analysis

Statistical analysis was performed using SPSS software version 24
(IBM, NY), Prism software version 5 (GraphPad, CA) and
MedCalc software version 17.9.7 (MedCalc, Ostend, Belgium).
Normal distribution of data was tested according to Kolmo-
gorov–Smirnov tests and parametric (analysis of variance
[ANOVA], t test) or nonparametric tests (Friedman test,
Wilcoxon rank sum test) were chosen accordingly. For the
evaluation of the agreement of prostate diameters between T2-
weighted images and ssEPI as well as T2-weighted images and
rsEPI, the coefficient of variation (cov) and the intraclass
correlation coefficient (ICC) was calculated for each diameter.
For the comparison of ADC values, image contrast and CNR
measured on ssEPI and rsEPI, paired t tests, Wilcoxon rank sum
tests, repeatedmeasures ANOVA (with Bonferroni-correction) or
Friedman tests were performed. Receiver operating characteristic
curves were generated to evaluate diagnostic ability of ADC
values from ssEPI and rsEPI DW images in differentiating benign
prostate tissue from PCA, and area under curves (AUC) was
compared using the method of DeLong et al.[27] Parameters from
qualitative evaluations were compared usingWilcoxon rank sum
tests. P-values <.05 were considered statistically significant.
Values are given as mean ± standard error of the mean, if not
indicated differently.
3. Results

3.1. Clinical parameters

MRI examinations of 110 men (mean± standard deviation: age:
69±9 years, PSA 8.7±5.6ng/ml) were included in the study. In
53/110 MRI scans, suspicious or indeterminate lesions (prostate
imaging and reporting archiving data system [PI-RADS]≥3) were
described in the initial clinical assessment (n=14 with PI-RADS 3
and n=39 with PI-RADS 4 or 5). In 42/53 of patients with PI-
RADS ≥3, histopathological results were available from MRI/
ultrasound fusion-guided biopsy. 31/42 patients were diagnosed
with PCa (n=8 with Gleason 3+3=6, n=23 with Gleason ≥3+
4=7). In 11/53 patients, histopathology from MRI/ultrasound
fusion-guided biopsy was not available; these patients underwent
untargeted biopsy or were biopsied outside of our institution,
underwent transurethral laser excision of the prostate or were
lost to follow-up.
Table 2

Variability of organ diameters measured on ssEPI DWI and rsEPI DW

co

Plane Organ diameter ssEPI DWI

Base Right–left 0.04±0.004
Anterior–posterior 0.08±0.007

Midgland Right–left 0.04±0.004
Anterior–posterior 0.08±0.008

Apex Right–left 0.07±0.007
Anterior–posterior 0.09±0.009

Presented are coefficients of variation and intraclass correlation coefficients for measurements of organ dia
diameters from ssEPI and rsEPI DW images. Comparison of COV was performed using paired t tests.
cov= coefficient of variation, ICC= intraclass correlation coefficient, ssEPI= single-shot echoplanar imag
∗∗
P< .01.

∗∗∗
P< .001.
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3.2. Prostate diameters on rsEPI agreed significantly
better than on ssEPI DW images with diameters on T2-
weighted images

Depending on the plane and orientation of the measurement,
COV between diameters on T2-weighted and rsEPI DW images
were lower (range 3%–6%) than COV between diameters on T2-
weighted images and ssEPI DW images (range 4%–9%).
Differences were particularly evident in anterior–posterior
diameters (rsEPI DWI: range 4%–5% vs ssEPI DWI: range
8%–9%) compared to right–left diameters (rsEPI DWI: range
3%–6% vs ssEPI DWI: range 4%–5%).
The ICC between T2 and rsEPI DWI was higher (range 0.96–

0.98) than ICC between T2 and ssEPI DWI (range 0.90–0.97,
Table 2) and differences were more distinct in anterior–posterior
diameters (rsEPI DWI: range 0.96–0.98 vs ssEPI DWI: range
0.90–0.92) compared to right–left diameters (rsEPI DWI: range
0.96–0.98 vs ssEPI DWI: range 0.96–0.97). Visual comparison of
rsEPI DWI and ssEPI DWI in 3 MRI examinations is depicted in
Figure 2.

3.3. ADC values in target lesions were not significantly
different while ADC values of the tz were higher on rsEPI
compared to ssEPI

No difference was found in the comparison of ADC values of
ssEPI ADC maps with 2 (b=0, 1000s/mm2) or 3 (b=0, 400,
1000s/mm2) b-values in the pz, the tz or in the target lesion.
Therefore, we focused on results of only 1 set of ssEPI ADCmaps
(b=0, 400, 1000s/mm2). Results of all calculated ADC maps are
given in Supplement Table 1, http://links.lww.com/MD/D117.
ADC values in the normal tissue of the tz were significantly higher
on rsEPI (1.43±0.02∗10�3mm2/s) compared to ssEPI (1.32±
0.03∗10�3mm2/s, P< .001). ADC values in the pz on rsEPI (1.85
±0.04∗10�3mm2/s) were not significantly different compared to
ssEPI (1.82±0.03∗10�3mm2/s, not significant (ns), P= .3). ADC
values measured in the suspicious lesions did not show significant
differences between rsEPI (0.90±0.04∗10�3mm2/s) and ssEPI
(0.94±0.06∗10�3mm2/s, ns, P= .2, Table 3).
3.4. Image contrast was significantly higher on b1000
images of rsEPI compared to ssEPI

Calculation of image contrast resulted in significantly higher
values in b1000 images of rsEPI compared to ssEPI (1.47±0.05
vs 1.23±0.04, P< .001). No significant difference in image
I sequences.

v ICC

rsEPI DWI ssEPI DWI rsEPI DWI

0.03±0.003
∗∗

0.97 0.98
0.04±0.004

∗∗∗
0.90 0.96

0.03±0.095
∗∗∗

0.96 0.96
0.04±0.004

∗∗∗
0.91 0.96

0.06±0.006
∗∗∗

0.96 0.98
0.05±0.005

∗∗∗
0.92 0.98

meters of all conducted MRI studies (n=110). Prostate diameters from T2 images were compared to

ing, rsEPI= readout-segmented echoplanar imaging.
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Figure 2. Visual comparison of rsEPI DWI and ssEPI DWI by means of MRI examinations from our collective. Depicted are 3 representative MRI examinations with
challenging conditions for DWI. The prostate shape is delineated in red and agreement with T2 weighted images is better with rsEPI DWI than with ssEPI DWI.
DWI=diffusion weighted imaging, MRI=magnetic resonance imaging, rsEPI= readout-segmented echoplanar, ssEPI=single-shot echoplanar imaging.
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contrast of ADC maps was found for both calculation methods
(Table 4).
A subgroup analysis of lesions located in the pz and tz revealed

higher values for image contrast on rsEPI thanonssEPI images inboth
subgroups (Supplement Table 2, http://links.lww.com/MD/D117).
3.5. CNR was comparable on rsEPI and ssEPI DWI
sequences

In the comparison of ROI-based determined signal intensities
with standard deviations on ADC maps and b1000 images,
calculated CNR was not significantly different on rsEPI (6.56±
Table 3

Comparison of mean ADC values in MR-studies with defined target

ROI ssEP
b=0, 400,

ADC (10�3 mm2/s) target lesion 0.936
peripheral zone 1.822
transition zone 1.316

Values are given as mean± standard error of the mean. For ssEPI DWI ADC maps were calculated from b=
ADC= apparent diffusion coefficient, rsEPI= readout-segmented echoplanar imaging, ROI= region of in
P-values were derived from
∗
Wilcoxon rank sum test in case of non-Gaussian distribution of data or

† Paired t tests for normally distributed data.
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1.28) and ssEPI (4.42±0.5,ns, P= .5). Furthermore, CNR was
not significantly different on b1000 images (Table 4).
A subgroup analysis of lesions located in the pz and tz revealed

no significant difference of CNR for rsEPI and ssEPI. Results of
this subgroup analysis are presented in Supplement Table 2,
http://links.lww.com/MD/D117.
3.6. High diagnostic accuracy for the detection of PCA could
be achieved with ADC quantification in both sequences

Sensitivities and specificities for PCA detection with ROI-based
ADC measurements for rsEPI/ssEPI were 84/84% and 82/73%
lesions (n=53).

I DWI
1000s/mm2

rsEPI DWI
b=0, 1000s/mm2

P-value

±0.055 0.900±0.039 ns, .2
∗

±0.033 1.846±0.036 ns, .3†

±0.029 1.425±0.022 <.001†

0, 400, 1000 s/mm2 values; for rsEPI DWI, ADC maps were calculated from b=0, 1000s/mm2 values.
terest, ssEPI= single-shot echoplanar imaging.

http://links.lww.com/MD/D117
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Table 4

Comparison of image contrast and contrast-to-noise ratio in MR-examinations with defined target lesions (n=53).

Parameter Image sequence ssEPI DWI rsEPI DWI P-value

Image contrast ADC 0.55±0.02 0.53±0.02 ns, 1.0
∗

b1000 images 1.23±0.04 1.47±0.05 <.001†

contrast-to-noise ratio ADC 4.42±0.50 6.56±1.28 ns, .5†

b1000 images 1.85±0.03 2.24±0.24 ns, .1
∗

Values are given as mean± standard error of the mean. For ssEPI DWI ADC maps were calculated from b=0, 400, 1000s/mm2 values; for rsEPI DWI, ADC maps were calculated from b=0, 1000s/mm2 values.
ADC=apparent diffusion coefficient, rsEPI= readout-segmented echoplanar imaging, ssEPI= single-shot echoplanar imaging.
P-values were derived from
∗
Paired t tests for normally distributed data or

†Wilcoxon rank sum test in case of non-Gaussian distribution of data.
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with a Youden selected cut-off value of 0.971∗10�3mm2/s for
rsEPI and 1.017∗10�3mm2/s for ssEPI. AUC calculations
revealed an area of 0.8343 (95% confidence interval 0.688–
0.931) for rsEPI and 0.768 (95% confidence interval 0.613–
0.884) for ssEPI (Fig. 3). The AUCs for ssEPI and rsEPI were not
significantly different (P= .55).

3.7. rsEPI DW images had less anatomic artifacts and
lower SNR compared to ssEPI DW images in the
subjective analysis

The overall image quality was significantly better with rsEPI than
with ssEPI (reader 1: 3.9±0.1 vs 3.5±0.1, P< .05, reader 2: 3.1
Figure 3. Comparison of areas under the curve for the detection of PCa with
rsEPI DWI and ssEPI DWI and differences of ADC values in PCa positive and
PCa negative target lesions for both sequences. Areas under the curve for the
detection of PCa were comparable with rsEPI DWI and ssEPI DWI (P= .55) and
ADC values were significantly lower in PCa positive lesions compared to non-
PCa lesions for both sequences,

∗∗
P< .01,

∗∗∗
P< .001. ADC=apparent

diffusion coefficient, DWI=diffusion weighted imaging, MRI=magnetic
resonance imaging, PCa=prostate cancer, rsEPI= readout-segmented echo-
planar, ssEPI=single-shot echoplanar imaging.
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±0.1 vs 2.8±0.2, P< .05, Table 5) and the degree of ghosting
and susceptibility (reader 1: 4.4±0.1 vs 3.7±0.2, P< .001,
reader 2: 3.2±0.1 vs 2.5±0.2, P< .001) and anatomic distortion
(reader 1: 4.3±0.1 vs 3.1±0.2, P< .001, reader 2: 3.6±0.1 vs
3.0±0.2, P< .01) was significantly less in the subjective
assessment of image quality as evaluated by both readers.
SNR was significantly better with ssEPI than rsEPI for both
readers (reader 1: 4.2±0.1 vs 3.7±0.1, P< .01, reader 2: 2.7±
0.1 vs 2.5±0.1, P< .05). No significant difference was found for
the image sharpness for both readers (reader 1: 3.4±0.1 vs 3.5±
0.1, ns, P= .4, reader 2: 3.4±0.1 vs 3.3±0.1, ns, P= .4) and for
the differentiation of the peripheral and tz for reader 2 (3.3±0.1
vs 3.4±0.1, ns, P=1.0), while for reader 1 the differentiation of
peripheral and tz was better with ssEPI DWI (4.1±0.1 vs 3.7±
0.1, P< .001). Diagnostic certainty was equal with both DWI
sequences for reader 1 (3.8±0.1 vs 4.1±0.2, ns, P= .6) and
significantly better with rsEPI for reader 2 (3.4±0.2 vs 4.0±0.1,
P< .01).
4. Discussion

We showed that delineation of the prostate shape using rsEPI
DWI agreed better with the actual anatomic shape than ssEPI
DWI with less anatomic artifacts and higher subjective SNR on
rsEPI DW images. Both readers rated the image quality of rsEPI
DWI better than of ssEPI DWI images. No significant difference
between the 2 sequences was found in the objective assessment of
image contrast and CNR as well as in the diagnostic ability of
quantitative ADC values.
DWI is the most important MR-sequence for the diagnosis of

significant PCa in the PI-RADS scoring system, being the leading
sequence for the pz and the second sequence for the transitional
zone.[5,28] Previous research has shown that DWI-PI-RADS
scores provide highest accuracy for the detection of PCa, if only 1
sequence is considered.[7,9,29] MRI/ultrasound fusion-guided
biopsy has been reported to improve detection of significant
PCa compared to the untargeted ultrasound-guided biopsy
method,[3,12,30,31] but the correct anatomical delineation of the
prostate shape and lesion localization is essential to assure
accurate image-fusion and successful biopsy.[12] Especially in
cases where the target lesion is only visible on DWI, the
anatomically correct shape on this sequence is required for biopsy
planning and rsEPI DWI might be superior to the standard ssEPI
DWI sequence. In our study, we could show that with rsEPI DWI,
delineation of the prostate shape was more accurate than with
ssEPI DWI, showing less anatomic artifacts and higher subjective
SNR. Therefore, rsEPI DWImight be an appropriate sequence for
prostate imaging. Furthermore, in order to close the gap between



Table 5

Qualitative assessment of rsEPI DWI and ssEPI DWI sequences.

Parameter Reader ssEPI DWI rsEPI DWI P-value

Ghosting and susceptibility Reader 1 3.7±0.2 4.4±0.1 <.001
Reader 2 2.5±0.2 3.2±0.1 <.001

SNR Reader 1 4.2±0.1 3.7±0.1 <.01
Reader 2 2.7±0.1 2.5±0.1 <.05

Anatomic distortion Reader 1 3.1±0.2 4.3±0.1 <.001
Reader 2 3.0±0.2 3.6±0.1 <.01

Image sharpness Reader 1 3.4±0.1 3.5±0.1 ns, .4
Reader 2 3.4±0.1 3.3±0.1 ns, .4

Differentiation of pz and tz Reader 1 4.1±0.1 3.7±0.1 <.001
Reader 2 3.3±0.1 3.4±0.1 ns, 1.0

Overall image quality Reader 1 3.5±0.1 3.9±0.1 <.05
Reader 2 2.8±0.2 3.1±0.1 <.05

Diagnostic certainty Reader 1 3.8±0.1 4.1±0.2 ns, .6
Reader 2 3.4±0.2 4.0±0.1 <.01

Values are given as mean ± standard error of the mean. A 5-point Likert-scale was applied for the visual assessment of image quality: 1=non-diagnostic, 2=poor, 3= satisfactory, 4=good, 5= excellent. P-
values were derived from Wilcoxon rank sum tests.
ICC= intraclass correlation coefficient, Pz=peripheral zone, rsEPI= readout-segmented echoplanar imaging, SNR= signal-to-noise ratio, ssEPI= single-shot echoplanar imaging, tz= transition zone.
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radical prostatectomy and active surveillance in low-grade and
intermediate-grade PCa, focal therapies using MRI/ultrasound
fusion-guided systems might gain rising importance.[32] In order
to treat the complete tumorous tissue with focal therapy while
preserving healthy adjacent tissue and surrounding structures,
the correct localization and expansion of the target lesion is
essential, underlining the importance of anatomical correct
delineation on MRI.
Comparable to our results, higher prostate contour similarity

with T2-weighted images has been reported with rsEPI than with
ssEPI DWI in 10 healthy subjects in an objective assessment[33]

and in phantom studies.[34] Also, a subjective assessment of
clinical prostate MRI revealed a reduction of susceptibility
artifacts and improved image quality in the pz with rsEPI
DWI.[21] Similarly, reduced geometric distortion, image blurring,
and artifact levels with rsEPI compared to ssEPI have been shown
in subjective assessments of 47 breast MRI examinations[15] and
in several head and neck studies.[18,19,35]

Contrary to the mentioned studies, a recent publication on
different DWI techniques for prostate MRI in 10 healthy subjects
did not show significant differences in image distortion between
ssEPI and rsEPI.[20] A reason for the different results could be the
different study populations: the mentioned study by Stocker et al
included only young healthy subjects (mean age: 26 years old),
not reflecting the typical population undergoing prostate MRI.
The mean age in our study cohort was 69 years old and patients
of that age are more likely to have hip replacements, vascular
stents or other post-surgery conditions, as well as back-pain
related motion artifacts. The importance of artifact-reduction
with rsEPI compared to ssEPI becomes most evident in patients
with metal implants (eg, hip prosthesis) or air-filled rectums,
where the rsEPI sequence might be superior. Examples from our
patient collective are given in Figure 2.
In our study, ADC values of the healthy prostatic tissue were

significantly higher with rsEPI compared to ssEPI in the tz, but no
significant difference was found for the target lesions and the
healthy prostatic tissue of the pz. Xia et al found comparable
results for rectal tumors with no significant difference in ADC
values of tumorous lesions, and higher ADC in normal tissue with
rsEPI.[36] But, so far, inhomogeneous results for the comparison
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of ADC measurements of the 2 DWI sequences have been
published: no difference in ADC values has been reported in a
recent study on phantom measurements[37] and in the prostate
tissue of healthy subjects,[20] lower ADC values with rsEPI have
been reported by Liney et al in their phantommeasurements,[33]

by Xu et al in orbital tumors[35] and by Zhao et al in sinonasal
lesions.[17] Still, ADC values have been inconsistent across
vendors and are influenced by multiple parameters, for
example, by the choice of b-values (reflecting perfusion and
diffusion properties in different fractions).[5] Therefore no clear
conclusion can be drawn from these reported ADC measure-
ments without distinct standardization of imaging parameters.
Nevertheless, values of calculated ssEPI ADC maps with 2 or 3
b-values did not result in significant different ADC-values in our
study.
In our study, image contrast was higher on b1000 images of

rsEPI compared to ssEPI. Similarly, higher image contrast was
reported on ADCmaps of rsEPI DWI compared to ssEPI DWI on
breast MRI[15] andMRI studies on orbital tumors,[35] potentially
enabling better visual discrimination of benign and malignant
tissue.
We found that CNR was not significantly different in the

comparison of ssEPI and rsEPI, neither on ADC maps nor on
b1000 images. However, subjective SNR was rated higher on
ssEPI compared to rsEPI in the visual assessment in our study.
Controversial results on CNR and SNR have been published
before: higher CNR and SNR for rsEPI compared to ssEPI has
been reported for MRI studies on rectal cancer[36] and on renal
MRI in animal studies[38]; lower SNR has been found by Xu
et al[35] in orbital tumors, by Bogner et al[15] in breast
examinations and by Zhao et al[17] in sinonasal lesions; no
significant CNR difference has also been reported in several
studies.[15,17,35] In order to acquire conclusive data on SNR and
CNR, standardized protocols should be defined and applied in
further and larger study cohorts, since SNR can be influenced by
several factors and MR parameters.
Nevertheless, we showed good diagnostic ability for the

detection of PCa with ADC values of both DWI sequences
(Fig. 3). Youden-selected cut-off values of ADC for the detection
of PCa were 0.971∗10�3mm2/s for rsEPI and 1.017∗10�3mm2/s
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for ssEPI. The PI-RADS version 2 document suggests a threshold
of 0.75–0.9∗10�3mm2/s, that may assist differentiation between
benign and malignant prostate tissues in the pz, and that lower
ADC values correlate with clinically significant cancer.[5] Still, the
Youden-selected cut-off value only reflects a calculated value that
could not be used in a clinical setting due to the risk of a high
number of false-negative results. The choice of the cut-off value
with the Youden-index assumes that sensitivity and specificity are
equally important and maximizes the statistic value of diagnostic
accuracy but not necessarily meets the criteria for imaging
reporting in a clinical setting.
Our study has limitations. First, we did not quantify SNR in

our study due to the MRI protocol that was used according to
recommendations of the ACR, AdMeTech Foundation, and
ESUR. The easiest method for SNR measurements would have
been to quantify signal intensity and standard deviation of the
adjacencies outside of the patients’ body, but our field of view
focused on the organ of interest and did not include the
surrounding adjacencies. The difference method[39,40] could have
been an alternative, but we decided that a second acquisition of
both DWI sequences would inadequately prolong examination
time, resulting in incompliance of patients. Second, our
population included patients with high-grade and intermedi-
ate-grade PCa according to standard definitions (n=12 with
Gleason 3+3=6, n=23 with Gleason ≥3+4=7) and no
distinction was made in our analysis due to low patient numbers
in the subgroups. However, the definition of a clinically
significant PCa is not standardized. Furthermore, only patients
withMRI visible suspicious lesions underwent biopsy; therefore a
false-negative rate could not be determined.
In conclusion, we could demonstrate comparable high

diagnostic ability for the detection of PCa with ADC values of
ssEPI DWI and rsEPI DWI. Quantified CNRwas comparable and
image contrast was higher with rsEPI and ssEPI on b1000-images
while SNR was higher with ssEPI in the visual assessment.
Anatomic delineation was significantly better and image quality
higher with rsEPI thanwith ssEPI and it might, therefore, be more
suitable for prostate MRI, particularly with regard to targeted
MRI-guided biopsy and focal therapy.
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