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Abstract

Purpose To evaluate revised PROPELLER (RevPROP) for
T2-weighted imaging (T2WI) of the prostate as a substitute
for turbo spin echo (TSE).

Materials and methods Three-Tesla MR images of 50 patients
with 55 cancer-suspicious lesions were prospectively evaluat-
ed. Findings were correlated with histopathology after MRI-
guided biopsy. T2 RevPROP, T2 TSE, diffusion-weighted im-
aging, dynamic contrast enhancement, and MR-spectroscopy
were acquired. RevPROP was compared to TSE concerning
PI-RADS scores, lesion size, lesion signal-intensity, lesion
contrast, artefacts, and image quality.
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Results There were 41 carcinomas in 55 cancer-suspicious le-
sions. RevPROP detected 41 of 41 carcinomas (100%) and 54
of 55 lesions (98.2%). TSE detected 39 of 41 carcinomas
(95.1%) and 51 of 55 lesions (92.7%). RevPROP showed fewer
artefacts and higher image quality (each p <0.001). No differ-
ences were observed between single and overall PI-RADS
scores based on RevPROP or TSE (p=0.106 and p =0.107).
Lesion size was not different (p = 0.105). T2-signal intensity of
lesions was higher and T2-contrast of lesions was lower on
RevPROP (each p <0.001).

Conclusion For prostate cancer detection RevPROP is supe-
rior to TSE with respect to motion robustness, image quality
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and detection rates of lesions. Therefore, RevPROP might be

used as a substitute for T2WI.

Key points

* Revised PROPELLER can be used as a substitute for T2-
weighted prostate imaging.

* Revised PROPELLER detected more carcinomas and more
suspicious lesions than TSE.

* Revised PROPELLER showed fewer artefacts and better
image quality compared to TSE.

* There were no significant differences in PI-RADS scores
between revised PROPELLER and TSE.

* The lower T2-contrast of revised PROPELLER did not im-
pair its diagnostic quality.

Keywords MRI - Prostate - T2-weighted imaging -
PROPELLER - Motion correction

Abbreviations

DCE dynamic contrast enhancement

DWI diffusion-weighted imaging

MRGB MRI-guided biopsy

MRS MR-spectroscopy

mpMRI multiparametric MRI

MVXD MultiVane XD (Philips Healthcare, Best,
The Netherlands)

PI-RADS Prostate Imaging-Reporting and Data
System

PROPELLER Periodically Rotated Overlapping ParallEL
Lines with Enhanced Reconstruction

SENSE Sensitivity Encoding (Philips Healthcare,
Best, The Netherlands)

TSE turbo spin echo

THRIVE T1 High-Resolution Isotropic Volume
Excitation (Philips Healthcare, Best,
The Netherlands)

Introduction

The Periodically Rotated Overlapping ParallEL Lines with
Enhanced Reconstruction (PROPELLER) technique was first
presented by Pipe et al. in 1999 as a new method to reduce
motion artefacts in magnetic resonance imaging (MRI) of the
brain and the heart using radial k-space sampling [1]. In the
past 15 years, several studies have confirmed this improve-
ment for different body regions, e.g. the brain, neck, thorax,
abdomen, and pelvis [2-9]. In 2014, Pipe et al. advanced the
PROPELLER technique to further reduce noise and artefacts
allowing for very robust motion corrected images [10]; this
revised PROPELLER technique is called MultiVane XD
(MVXD, Philips Healthcare, Best, The Netherlands).

Prostate MRI is based on multiparametric imaging, com-
bining T2-weighted imaging (T2WI) for morphological as-
pects together with diffusion-weighted imaging (DWI), dy-
namic contrast enhancement (DCE), and MR spectroscopy
(MRS) for functional aspects [11, 12]. The structured
Prostate Imaging-Reporting and Data System (PI-RADS) de-
veloped by the European Society of Urogenital Radiology
(ESUR) and the American College of Radiology (ACR) has
made multiparametric MRI a powerful tool for prostate cancer
detection [11-15]. The most important sequence for the as-
sessment of transitional zone lesions is high-resolution T2WI.
In addition, T2-weighted sequences are the basis for zonal
anatomy assessment as well as for planning and performing
MRI-guided biopsy (MRGB) [12, 13].

Although less frequently encountered than in the upper
abdomen, motion artefacts caused by bowel or abdominal
wall movement can be detrimental also for prostate imaging
[16, 17]. Especially high-resolution T2WI necessitating long
acquisition times is prone to motion artefacts and generally
harbours the risk of masking relevant lesions and repeating
parts of the MR examination.

The aim of our study is to evaluate T2-weighted MVXD
imaging in comparison to a standard T2-weighted turbo spin
echo (TSE) sequence with respect to lesion detection, PI-
RADS classification, and image quality.

Methods

The study was approved by the local ethics committee, and
written informed consent was obtained from all patients.

Two board-certified radiologists (Michael Meier-Schroers
and Guido Matthias Kukuk) prospectively evaluated
multiparametric MRI (mpMRI) of 176 consecutive patients
for cancer-suspicious lesions in consensus reading, but only
those who went on to have biopsy (n = 50; mean age 68.0 £
7.3 years) were included in this study.

MRI was performed at 3 T (Ingenia, Philips Healthcare,
Best, The Netherlands) with a standardised protocol using a
phased array body coil. Acquired sequences were transverse
T2-weighted MV XD, transverse T2-weighted TSE, transverse
diffusion-weighted images with three b-values (0, 50, and 800
s/mm?), transverse dynamic enhanced 3D T1-weighted images
(THRIVE, Philips Healthcare, Best, The Netherlands), and MR
spectroscopy. For the scan protocol and technical data, see
Table 1. Our patients did not receive spasmolytic agents such
as butylscopolamine.

Each lesion was assigned a single PI-RADS score for each
parameter (T2 MVXD, T2 TSE, DWI, DCE, MRS) as well as
an overall PI-RADS score. Scoring ranged from 1 (clinically
significant cancer is highly unlikely to be present) to 5 (clin-
ically significant cancer is highly likely to be present) [13].
MRS is not part of the PI-RADS scoring system anymore, but
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Table 1 Imaging parameters of
the scan protocol

tra T2 MVXD tra T2 TSE tra DWI tra THRIVE
TR (ms)/TE (ms)/FA (°) 3500-4000/80/90 4000-4800/80/90 5200-5300/53/90 3.1/1.5/10
Field of view (mm) 420 420 320 400
Acquired matrix (mm) 676 x 676 676 x 676 160 x 160 268 x 268
Slice thickness (mm) 3 3 4 4
Voxel size (mm?) 1.15 1.15 8 6
Parallel imaging SENSE SENSE SENSE SENSE
Partial Fourier Yes Yes Yes Yes
Acquisition time (min) 5:29 7:53 3:35 4:29

Tra = transversal, MVXD = MultiVane XD, TSE =turbo spin echo, DWI = diffusion weighted imaging,
THRIVE = T1 High-Resolution Isotropic Volume Excitation, TR = time of repetition, TE = echo time, FA = flip

angle, SENSE = sensitivity-encoded

it is still part of our scan protocol for two reasons. First, the PI-
RADS Steering Committee strongly supports the continued
development of additional and promising MRI methods, such
as MRS [13]. Second, even though the single score for MRS
did not directly contribute to the overall score, MRS still
yielded information for the detection of prostate cancer.
According to the PI-RADS guidelines, the overall score is
aggregated from all single parameter scores (T2WI, DWI,
and DCE), yet there are primary determining sequences de-
pending on the localisation of the lesion (DWI for the periph-
eral zone, T2WI for the transitional zone) [13].

Directly after the MRI examination, in the first reading
session, either T2 MVXD or T2 TSE images alone were pre-
sented to the readers. Each lesion was assigned a PI-RADS T2
single score without having viewed DWI, DCE, and MRS.
After the scores of both T2 TSE and MVXD had been noted,
the other sequences (DWI, DCE, and MRS) were presented
together with both T2-weighted sequences to assign an overall
PI-RADS score.

Overall PI-RADS scores were separately calculated based
on T2 MVXD and T2 TSE. An overall PI-RADS score of 4 or
5 was defined as suspicious for prostate cancer and resulted in
a strong recommendation to perform MRGB. In cases of dif-
ferent overall PI-RADS scores made with either T2 MVXD or
T2 TSE, the highest score was always decisive for the recom-
mendation to perform biopsy in order not to miss a carcinoma.

An experienced pathologist performed the histopathologi-
cal analysis. The results were discussed with the pathologist
and then served as the reference standard.

In the second reading session, the T2 MVXD and T2 TSE
images were again presented to the readers to measure region
of interest (ROI)-based signal intensities. In this session, the
average T2-signal intensity from ROIs was measured inside
the lesion and in the adjacent periprostatic fat for both T2
MVXD and T2 TSE (defined as T2-signal intensity). First,
the circular ROI was placed inside the lesion in such way that
it filled the lesion with a maximum possible size (avoiding the
inclusion of non-lesion tissue). Second, it was placed in the
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periprostatic fat with a predefined ROI size of 50 mm?. The
fat-to-lesion contrast ratio was calculated for both T2-
weighted sequences (defined as T2 contrast).

Also in this second session, phase-encoded artefacts attrib-
utable to breathing and patient movement (“motion artefacts”)
and artefacts resulting from bowel peristalsis and contraction
of the urinary bladder (“contraction artefacts”) as well as over-
all image quality were rated in consensus using a four-point
score (1 =severe artefacts/non-diagnostic quality, 2 = moder-
ate artefacts/poor quality, 3 =mild artefacts/fair quality, and
4 = (almost) no artefacts/good quality).

Images were evaluated on a professional medical monitor
using IMPAX EE (AGFA Healthcare, Bonn, Germany).
Statistical analyses were performed using SPSS 22 (IBM,
Armonk, NY, USA). Differences between MVXD and TSE
concerning the PI-RADS scores, lesion size, T2-signal inten-
sity, T2-contrast, and rating of artefacts and image quality
were analysed using the Wilcoxon signed-rank test.

Results

There were 41 proven prostate carcinomas in 55 cancer-
suspicious lesions in our study group. In addition, we detected
14 cancer-suspicious lesions that were chronic prostatitis (n =
5), hyperplasia (rn =2), fibromuscular tissue (n = 3), and non-
specified benign tissue (n =4).

41 of 41 cancers (100%) were detected by T2 MVXD and
39 of 41 cancers (95.1%) by T2 TSE. Regarding cancer-
suspicious lesions, 54 of 55 lesions (98.2%) were detected by
T2 MVXD and 51 of 55 (92.7%) by T2 TSE.

T2 MVXD accurately detected 30 of 31 lesions (26 of 26
carcinomas) in the peripheral zone (PZ) and 24 of 24 lesions
(15 of 15 carcinomas) in the transitional zone (TZ). T2 TSE
accurately detected 30 of 31 lesions (26 of 26 carcinomas) in
the peripheral zone (PZ) and 22 of 25 lesions (13 of 15 carci-
nomas) in the transitional zone (TZ).
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The one lesion that could not be detected with the MVXD
sequence was also not visible on TSE images. In this particu-
lar case, biopsy was performed because of an overall PI-
RADS score of 4 assigned on the basis of DWI. Subsequent
MRGB revealed non-specified benign tissue for this lesion.

Besides the aforementioned lesion, three lesions clearly
detectable by MVXD could not be detected by TSE. These
three lesions were located in the transitional zone; two of them
were carcinomas (Gleason 6 and 7a) and one was chronic
prostatitis according to MRGB. Figure 1 displays the one
Gleason 6 carcinoma, which was not detectable on T2 TSE
images because of distinct artefacts, but clearly visible on T2
MVXD.

The PI-RADS single score for T2-weighted imaging was
congruent for T2 MVXD and T2 TSE in 42 of 55 lesions
(76.4%); i.e. in 13 lesions, there was a discrepant T2 single
score between the MV XD and the TSE sequence. This did not
change the resulting overall PI-RADS score in five cases,
since those lesions were located in the peripheral zone for
which DWI is the dominant sequence in the PI-RADS scoring
system. So, the overall PI-RADS score was different in 8 of 55
lesions depending on whether the T2 single score was based
on MVXD or TSE.

Fig. 1 Focal hypointense lesion in the anterior transitional zone on T2
TSE (top) and T2 MVXD (bottom). This lesion was hardly detectable by
TSE, but clearly visible on MVXD (arrow). Histopathologic analysis
after subsequent MRI-guided prostate biopsy revealed an
adenocarcinoma of the prostate (Gleason score 3 +3 =6)

In two of these eight lesions, results of MVXD led to an
upgrading of the overall PI-RADS score from 2 to 4, i.e. from
a low likelihood of clinically significant cancer to a high like-
lihood. Subsequent MRGB confirmed Gleason 7a prostate
cancer in one patient and prostatitis in the other one. In four
of the eight lesions, results of MVXD led to an upgrading
from 4 to 5 with two Gleason 6 and two Gleason 7a cancers
in subsequent biopsy. In the two remaining lesions, applying
MVXD led to a downgrading from 3 to 2 and from 4 to 3,
respectively. In these last two cases, subsequent MRGB re-
vealed benign findings (fibromuscular tissue and prostatitis).
Table 2 summarises the information of these eight cases.

For lesion size as determined by T2WI, no statistically
significant difference was found between MVXD and TSE
(p=0.105).

T2-signal intensity of lesions was significantly higher and
T2-contrast was significantly lower for MVXD in comparison
to TSE (each p <0.001).

The MVXD sequence showed significantly fewer artefacts
and better image quality compared to TSE (each p <0.001)
with no cases of severe artefacts or non-diagnostic image
quality for all 50 patients (Table 3). On TSE images, we ob-
served severe artefacts in 6 of 50 patients (12%) and non-
diagnostic image quality in 2 of 50 patients (4%). Figure 2
shows typical artefacts of the TSE sequence.

Discussion

Motion artefacts due to patient movement, breathing, peristal-
sis, and contraction of hollow organs are a general problem of
abdominal and pelvic MRI.

In standard MRI sequences such as TSE, the k-space is read
out sequentially along parallel lines (rectilinear or Cartesian
sampling). In contrast, PROPELLER techniques such as
MVXD use radial k-space sampling with parallel data lines
rotating around the centre of k-space at each time of repetition
[1, 10]. In this approach, the centre of k-space is oversampled,
since data lines partially overlap. This oversampling can be
used for correction of phase, rotation, translation, and weighting
to reduce spatial inconsistencies [1—4, 10]. Furthermore, the
signal-to-noise ratio can be increased because of the redundan-
cy in data sampling [1-4, 10]. Advanced methods of radial k-
space sampling have been shown to reduce motion artefacts in
different body regions [1-9].

In this study, we evaluated the application of an MVXD
T2-weighted sequence in technically demanding high-
resolution imaging of the prostate. Although contrast was
slightly better using conventional TSE imaging, we found
general advantages of the MVXD technique because of a sig-
nificant reduction of artefacts. This effect was mainly attribut-
able to the inherent correction of phase-encoded aberrations.
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Table 2  Information of eight lesions with different PI-RADS overall scores depending on whether T2 TSE or T2 MVXD was applied

Single score Single score  Single score Single score  Single score Overall score Overall score Upgrading or  Histopathology

of T2TSE  of T2MVXD of DWI of DCE (+/-) of MRS with T2 TSE  with T2 MVXD downgrading

using MVXD

12 3 5 4 2 4 Upgrading PCa (Gleason 7a)
2 2 3 5 - 2 2 4 Upgrading Prostatitis
3 4 5 5 + 5 4 5 Upgrading PCa (Gleason 7a)
4 4 5 5 + 3 4 5 Upgrading PCa (Gleason 6)
53 5 5 + 3 4 5 Upgrading PCa (Gleason 6)
6 4 5 5 + 4 4 5 Upgrading PCa (Gleason 7a)
7 3 2 4 + 2 3 2 Downgrading Fibromuscular tissue
8 4 3 4 - 3 4 3 Downgrading Prostatitis

The MVXD sequence could detect three more cancer-
suspicious lesions and two more proven cancers than the TSE
sequence and achieved significantly higher ratings in terms of
artefacts and image quality. Yet, because T2 MVXD and T2
TSE both have a distinctive appearance, there might be a po-
tential bias regarding the qualitative rating of artefacts and im-
age quality in our study, since both sequences are read in con-
sensus. A study design with different viewers for each T2-
weighted sequence would have been more blinded.

A further advantage of the T2 MVXD sequence is that
high-resolution imaging of the prostate could be performed
in a significantly shorter acquisition time of 5:29 min as com-
pared to 7:53 min for T2 TSE.

Even though the T2-contrast of the MVXD sequence was
lower in comparison to TSE images in our study, this did not
have an impact on the detection of prostate cancer.

The drawback of a lower T2-contrast has also been de-
scribed in studies on T2-weighted imaging (T2WI) of the
pelvis, both using a PROPELLER equivalent [8, 9].
According to an experimental preclinical study, the lower
T2-contrast of MR sequences using radial sampling might
be explained by a non-uniform weighting of k-space data in
the phase-encode direction [18]. In contrast, a study on T2-
weighted neck imaging did not show any contrast differences
between T2 PROPELLER and T2 FSE [5]. Thus, further in-
vestigation of this problem is desirable.

In contrast to a recent study by Rosenkrantz et al. [9], we
applied our findings to PI-RADS (second version). In our
study, taking all PI-RADS scoring data together, applying
MVXD instead of TSE would have meant performing MRGB
in one patient who was ultimately not diagnosed with prostate
cancer. On the other hand, applying TSE instead of MVXD
would have meant missing one clinically significant prostate
cancer.

Rosenkrantz et al. [9] did not recommend routinely replac-
ing standard T2 TSE with a PROPELLER sequence because
of the smaller number of correctly localised tumours; instead,
they recommended using PROPELLER particularly in pa-
tients with known prostate cancer to specifically assess
extra-prostatic extension or in patients with prominent motion
artefacts. However, in our study, we found that the advantages
of the further improved MVXD technique outweigh the dis-
advantages. Based on our study results, MVXD (or other re-
vised PROPELLER techniques) should be preferentially used
instead of TSE for T2WI mainly because of its robustness to
artefacts. Nevertheless, the results of this study should be con-
firmed by subsequent investigators to give a general recom-
mendation for either a revised PROPELLER sequence or a
TSE sequence for high-resolution T2WTI of the prostate.

Intravenous application of spasmolytic agents such as
butylscopolamine can help to reduce motion artefacts from
the bowel and the urinary bladder in MRI of the pelvis [16].

Table 3  Rating of artefacts and overall image quality of T2 MVXD and T2 TSE (number of each rating, mean and median)

T2 MVXD T2 TSE
Score 1 2 3 4 X 3 1 2 3 4 X 3
Motion 0 4 9 37 3.7 4.0 5 18 19 8 2.6 3.0
Contraction 0 1 4 45 3.9 4.0 1 9 23 17 3.1 3.0
Image quality 0 2 7 41 3.8 4.0 2 13 22 13 2.9 3.0

MVXD =MultiVane XD, TSE = turbo spin echo; four-point rating for severity of artefacts (1 = severe, 2 = moderate, 3 = mild, 4 = almost none) and for
overall image quality (1 = non-diagnostic, 2 = poor, 3 = fair, 4 = good); X = average scores, X = median scores. Note: a higher score means fewer artefacts

and better image quality

@ Springer
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Fig. 2 Typical artefacts of the T2
TSE sequence (fop) with
significant artefact reduction on
MVXD images (bottom). Left:
Artefacts from rectal peristalsis.
Middle: Artefacts from motion of
the abdominal wall. Right:
Artefacts from rectal peristalsis,
urinary bladder contraction, and
motion of the abdominal wall.
Slight shading inside the urinary
bladder is due to B1-
inhomogeneity and equally
present in both sequences

Yet, in two studies on prostate MRI, the application of
butylscopolamine did not have a positive effect on image
quality [17, 19].

Our study showed that peristalsis artefacts, especially from
the sigmoid and the rectum, can distinctly degrade image
quality of the T2 TSE sequence. In contrast, T2 MVXD im-
ages were not significantly affected by these artefacts. Thus,
when T2-weighted sequences with radial k-space sampling
such as MVXD are not available, we recommend the applica-
tion of butylscopolamine to reduce artefacts.

Our study has some limitations. First is the small number of
patients included in this study. Second, we did not assess an
intra-organ reference for lesion contrast analysis, since signal
intensity of regions of interest (ROIs) was not measured inside
the prostate but in the periprostatic fat. However, this method
was chosen because placing an ROI inside the peripheral zone
of hyperplastic prostates is hard to perform, because hyperpla-
sia is usually associated with a heterogeneous transitional
zone or a thinned peripheral zone. Another limitation is that
we did not evaluate inter-rater reliability.

In conclusion, the MVXD technique is suitable for T2WI
of the prostate. Based on the results of this study, MXVD
could be used as a substitute for TSE, since MVXD showed
fewer motion artefacts and higher image quality in combina-
tion with a slightly better detectability of cancer-suspicious

lesions. Disadvantages in the contrast of MVXD did not im-
pair lesion assessment.
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