UCLA
UCLA Previously Published Works

Title

Read-out Segmented Echo Planar Imaging with Two-Dimensional Navigator Correction
(RESOLVE): An Alternative Sequence to Improve Image Quality on Diffusion-Weighted
Imaging of Prostate.

Permalink
https://escholarship.org/uc/item/60f596p2|

Journal
British Journal of Radiology, 95(1136)

Authors

Felker, Ely
Suvannarerg, Voraparee
Tubtawee, Teeravut

Publication Date
2022-08-01

DOI
10.1259/bjr.20211165

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/60f596p2
https://escholarship.org/uc/item/60f596p2#author
https://escholarship.org
http://www.cdlib.org/

BJR

19 October 2021

Received: Revised: Accepted: Published online:
22 June 2022

28 April 2022 23 May 2022

Cite this article as:

© 2022 The Authors. Published by the British Institute of Radiology
https:/doi.org/10.1259/bjr.20211165

Hosseiny M, Sung KH, Felker E, Suvannarerg V, Tubtawee T, Shafa A, et al. Read-out Segmented Echo Planar Imaging with Two-
Dimensional Navigator Correction (RESOLVE): An Alternative Sequence to Improve Image Quality on Diffusion-Weighted Imaging of

Prostate. Br J Radiol (2022) 10.1259/bjr.20211165

FULL PAPER

Read-out Segmented Echo Planar Imaging with Two-
Dimensional Navigator Correction (RESOLVE): An
Alternative Sequence to Improve Image Quality on
Diffusion-Weighted Imaging of Prostate

TMELINA HOSSEINY, MD, 'KYUNG HYUN SUNG, PhD, 'ELY FELKER, MD, 'VORAPAREE SUVANNARERG, MD,
L2TEERAVUT TUBTAWEE, MD, 'ARIEL SHAFA, 'KRISHAN R. ARORA, 'JUSTIN CHING, 'ANJALIE GULATI,
TAFSHIN AZADIKHAH, MD, 3XIAODONG ZHONG, JAMES SAYRE, 'DAVID LU, MD and "SSTEVEN S RAMAN, MD

'Department of Radiology, Ronald Reagan-UCLA Medical Center, David Geffen School of Medicine at UCLA, Los Angeles, California,

United States

’Department of Radiology, Prince of Songkla University, Hat Yai, Songkhla, Thailand

3Siemens Healthcare, MR R&D Collaborations, Lilburn, Georgia, United States

4Department of Bioinformatics, David Geffen School of Medicine at UCLA, Los Angeles, California, United States

SDepartment of Urology, Ronald Reagan-UCLA Medical Center, David Geffen School of Medicine at UCLA, Los Angeles, California, United

States

Address correspondence to: Dr Melina Hosseiny
E-mail: melina2.hosseiny@gmail.com

Objective: We aimed to investigate if the use of read-out
segmented echoplanar imaging with additional two-
dimensional navigator correction (Readout Segmen-
tation of Long Variable Echo, RESOLVE) for acquiring
prostate diffusion-weighted imaging (DWI) improves
image quality, compared to single-shot echoplanar
imaging (ss-EPI).

Methods: This single-center prospective study cohort
included 162 males with suspected prostate cancer, who
underwent 3 Tesla multiparametric MRl (3T-mpMRD.
Two abdominal radiologists, blinded to the clinical infor-
mation, separately reviewed each 3T-mpMRI study to
rank geometrical distortion, degree of rectal distention,
lesion conspicuity, and anatomic details delineation
first on ss-EPI-DWI and later on RESOLVE-DWI using
5-point scales (1 = excellent, 5 = poor). The average of
the ranking scores given by two readers was generated
and used as the final score.

Results: There was good-to-excellent interreader agree-
ment for scoring image quality parameters on both

INTRODUCTION

Prostate cancer is the second leading cause of cancer-related
mortality in males and is the only solid organ cancer not
routinely imaged prior to biopsy.! 3 Tesla multiparametric
MRI (3T-mpMRI) is currently the non-invasive imaging
of choice for detection, localization, and characterization
of the prostate cancer (PCa) lesions with improved biopsy

ss-EPlI and RESOLVE. Geometrical distortion scores >
3 was seen in 12.3% (20/162) of ss-EPI images, with all
having geometrical distortion score <3 on RESOLVE (p <
.001). The mean image distortion score was significantly
less on RESOLVE than ss-EPI (1.16 vs 1.61, p < .01 regard-
less of rectal gas, p< .05 when stratified by the degree
of rectal distention ). RESOLVE was superior to ss-EPI
for lesion conspicuity (mean 1.35 vs 1.53, p< .002) and
anatomic delineation (2.60 vs 2.68, p< .001) of prostate
on DWI.

Conclusion: Compared to conventional ss-EPI, the use
of RESOLVE for acquisition of prostate DWI resulted
in significantly enhanced image quality and reduced
geometrical distortion.

Advances in knowledge: RESOLVE could be an alter-
native or replacement of ss-EPI for acquiring prostate
DWI with significantly less geometrical distortion and
significantly improved lesion conspicuity and anatomic
delineation.

yield and surgical outcomes.?* Diffusion-weighted imaging
(DWTI) is considered the primary sequence in the peripheral
zone (PZ) and secondary sequence in transition zone (TZ)
for detection of PCa according to ACR-ESUR PIRADS v.
2.1 guidelines, which also suggest DWT acquisition using
single-shot echoplanar imaging (ss-EPI) technique.” ss-EPI
is highly sensitive to MR-susceptibility artifacts, which may
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lead to geometrical distortion and image blurring. The suscepti-
bility artifacts occur near the boundaries of tissues with different
magnetic susceptibility such as air-soft tissue interfaces. The
susceptibility artifact increases exponentially at higher magnetic
fields.*” Given the close proximity of the PZ to the rectum,
distortion from artifacts on DWI can significantly hinder the
evaluation of PZ lesions and impair the identification of target
lesions. A significant increase in the severity of DWI geometric
distortion is observed with an increment in the degree of rectal
distension.® As an essential sequence in the mpMRI of prostate
cancer, it is essential to optimize the image quality of DWT.

Readout-segmented echoplanar imaging (rs-EPI) is an alterna-
tive sequence for obtaining DWL”'” Initial studies have found a
significant increase in image quality using rs-EPL"'~'® In rs-EPI,
k-space is partitioned into several adjacent segments, or “blinds”,
along the readout-encoding direction in each shot, which allows
marked decrement in echo spacing, T2* blurring, MR suscep-
tibility artifact and geometrical distortion.” Readout Segmen-
tation of Long Variable Echo (RESOLVE) is a type of rs-EPI
technique with additional two-dimensional navigator correc-
tion to robustly correct motion-induced phase errors,'® and has
been reported to improve susceptibility sensitivity, reduce image
distortion and improve image quality for lesion detection and
delineation.'*'?-** The purpose of this study was to compare the
image quality in RESOLVE DWTI to standard ss-EPI DWI on the
prostate 3T-mpMRI. We aimed to qualitatively assess the possible
benefits of acquiring RESOLVE DWTI in decreasing geometrical
distortion and improving the image quality.

METHODS AND MATERIALS

Study design

This single-center, 1996 Health Insurance Portability and
Accountability Act (HIPAA)-compliant, and institutional
review board (IRB)-approved single-arm prospective study
was performed with a waiver of the informed consent at David
Geffen School of Medicine at University of California, Los
Angeles (UCLA). The study cohort initially comprised 180

Table 1. Imaging parameters of ss-EPIl and rsEPI
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consecutive patients who underwent 3T mpMRI for suspected
prostate cancer between January and April 2019. All participants
had undergone 3T mpMRI of the prostate based on the insti-
tution criteria, including clinically suspected prostate cancer,
abnormality in transrectal ultrasound-guided biopsy, or clinical
suspicion of PCa despite negative biopsy. Patients with history of
prior prostate or other pelvic surgery, radiation therapy or those
with incomplete MRI assessment were excluded. The final study
cohort comprised 162 men with a mean age of 69 years (range
59-84 years), mean PSA 7.4ngml ™' (range 0.6-35.5ngml™") and
mean prostate volume of 58.9 cc (range 52-163 cc), at the time of
acquiring MRI. In 85/162 of the patients, a prostate lesion was
seen on prostate MRI and lesion conspicuity was scored in their
MRI.

MRI protocol

Multiparametric MR imaging of the prostate was performed on
a single 3T scanner (MAGNETOM Skyra, Siemens Healthcare,
Erlangen, Germany) with a pelvic external phased-array coil
using the same standard protocol compliant with recommen-
dations of ACR and ESUR. The protocol relevant to this study
included two-dimensional turbo spin-echo (TSE) T2-weighted
imaging three-dimensional dynamic contrast-enhanced (DCE)
imaging (acquired in the axial plane and then reformatted in all
three planes) and echoplanar diffusion-weighted imaging. DWI
was obtained in all individuals using two sequences, ss-EPI and
RESOLVE.

Because rs-EPI uses a readout-segmented EPI k-space trajectory
and has different SNR efficiency from the ss-EPI,'* we optimized
the protocols of ss-EPI and rs-EPI separately according to the
empirical abdominal imaging experience at our institution.
Imaging parameters including field of view (FOV), pixel sizes,
b-values, averages, repetition time (TR) and echo time (TE) were
set with the intent to achieve the diagnostic image quality within
the clinically accepted acquisition time, and not forced to be the
same between these two sequences, as listed in Table 1.

Parameters ss-EPI rs-EPI (RESOLVE)
In-plane pixel size (mm?) 1.6 x 1.6 2.0x2.0
FOV (mm) 260 x 153 220 x 220
Phase FOV (%) 82 100
TR (ms) 4800 4530
TE (ms) 80 57
Navigator echo acquired for distortion correction No Yes
k-space trajectory ssEPI rsEPI
Acquired b-values (s/mm?) 0, 100, 400, 800 50, 800
Averages of acquired b-values 7,7,7,7 1,2
Calculated b-value (s/mm?) 1400 1400
Acquisition time (min:s) 6:02 4:47

EPI, echoplanar imaging; FOV, field of view; RESOLVE, Readout Segmentation of Long Variable Echo; TE, echo time; TR, repetition time; rsgPI,

readout-segmented EPI; ssEPI, single-shot EPI.
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Image interpretation and definitions

Two abdominal radiologists (each with more than 15 years of
experience in prostate imaging), blinded to the clinical infor-
mation of patients, separately evaluated each anonymized MRI
exam to rank geometrical distortion, lesion conspicuity, and
anatomic delineation on a 5-point scale, first on ssEPI-DWI and
with a 2-week interval on RESOLVE-DWI to minimize recall.
The corresponding T2-weighted TSE images were used as the
reference standard for delineating the prostate boundary and
lesion depiction. The average of the ranking scores given by two
readers was generated and used as the final score.

A 5-point Likert scale was used to rank the geometrical distor-
tion on ss-EPI and RESOLVE as followed: 1: no perceptible
artifact, 2: minimal susceptibility artifact, which did not inter-
fere with diagnosis, 3: mild susceptibility artifact, obscuring
<50% of the peripheral zone, 4: moderate susceptibility artifact,
obscuring >50% of the peripheral zone, and 5: severe suscep-
tibility artifact, affecting the peripheral and transitional zones.
Geometrical distortion score of 3 or higher was considered as
significant distortion.

The radiologists rated lesion conspicuity (contrast of the lesion to
background tissue) and detailed anatomic delineation (defined
as differentiation of PZ from TZ, delineation of urethra, visu-
alization of the extent of a lesion) as well. The 5-point Likert
scale for lesion conspicuity was as followed: 1: well-identified
lesion with well-defined edges, 2: well-identified lesion with
poor-defined edges, 3: lesion identified subtly with poor-defined
edges, 4: differentiation between lesion and normal anatomy is
not clear, 5: lesion unidentifiable on imaging.

Both axial and sagittal planes were used for manual anatomic
delineation of the prostate gland and the following scoring system
was used for this purpose: 1: excellent delineation with strong
contrast to adjacent tissues, 2: clear delineation with relatively
clear contrast to adjacent tissues, 3: intermediate delineation
with moderate contrast to adjacent tissues, 4: difficult delineation
with subtle contrast to adjacent tissues, 5: poor delineation with
insufficient contrast to adjacent tissue.

The degree of rectal distention was also scored based on the
largest transverse diameter in dynamic contrast-enhanced
images using a 5-point scale asl1: collapsed rectal wall, 2: minimal
(<1cm), 3: mild (1-2cm), 4: moderate (2-3cm) and 5: marked
(>3 cm) volume of rectal gas.

All the MRI studies were earlier interpreted by other abdom-
inal radiologists based on the PIRADS v. 2 guidelines and later
patients with PIRADS scores 3-5 underwent MR-directed
biopsy, with either fusion ultrasound-MR or in-bore MR-guided
techniques.

Statistical analysis

A weighted « test was used to measure the interreader variability.
Non-parametric two-tailed Wilcoxon signed rank test was used
to compare rankings between ss-EPI and RESOLVE. Binary
logistic regression analysis was used to assess the association
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between rectal distention and mild-to-severe geometrical distor-
tion on ss-EPL The statistical significance level was set as two-
tailed p-value < 0.05. All statistical analyses were performed
using SPSS software v. 18 (IBM).

RESULTS

Interreader agreements

In the study cohort of 162 patients, the interreader agreement
for scoring image distortion in ss-EPI and RESOLVE were 0.85
and 0.79, respectively (Figure 1). The interreader agreements
for scoring lesion conspicuity and anatomic detail delineation
were 0.87, and 0.77 in ss-EPI; and 0.74, and 0.79 in RESOLVE,
respectively.

Geometrical distortion

In 26.5% (43/162) of 3T-mpMRI studies, mild-to-severe (score
3-5) rectal distention was detected. Higher degree of rectal
distention was significantly associated with geometrical distor-
tion (scores 3-5) on ss-EPI (OR: 3.07,95% CI: 1.90-4.97).

Of 162 MR scans, 20 (12.3%) had significant geometrical distor-
tion on ss-EPI. None of these patients (0/20) had significant
geometrical distortion on RESOLVE (p < .001). On head-to-
head comparison of geometrical distortion scoring between
ss-EPI and RESOLVE, less degree of geometrical distortion was
observed in 42% of scans (68/162) on RESOLVE compared to
ss-EPI (Figures 2 and 3 show examples of geometrical distor-
tion in MR images). The mean DWI geometrical distortion
scores were 1.61 and 1.16 on ss-EPI and RESOLVE, respec-
tively. Geometrical distortion was significantly less on RESOLVE
compared to ss-EPI, regardless of the rectal gas degree (p < .01)
and when stratified by rectal distention scoring (p < .05).

Lesion conspicuity and anatomic delineation

In 85 prostate mpMRI with an identifiable lesion, the mean
lesion conspicuity score was significantly improved on RESOLVE
compared to ss-EPI (1.35 vs 1.53 p < .002). Lesion contrast was
better on RESOLVE than ss-EPI in 23.5% (20/85) of patients who
had a lesion on 3T-mpMRI. The anatomic delineation score was
statistically significantly improved on RESOLVE (2.60 vs 2.68, p
<.001).

DISCUSSION

In this study, we demonstrated significantly improved image quality
on RESOLVE sequences compared to ss-EPI sequences for the
acquisition of prostate DWI on a 3T MR scanner. With excellent
interreader agreement, two experienced readers scored significantly
higher image quality, less geometrical distortion and improved lesion
conspicuity on RESOLVE sequences compared to ss-EPI.

DWTI s the most important parameter to score peripheral zone lesions
in the prostate on 3T-mpMRI. Image distortion is a major limitation
in the posterior PZ areas near the rectum, interfering with lesion
detection and scoring.® Data of the present study showed significant
correlation between increment in rectal distention and geometrical
distortion. When there is significant rectal distention, using alterna-
tive strategies might help improve the quality of DWL
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Figure 1. Geometrical Distortion Rankins on (a) ss-EPI, and (b) RESOLVE sequences by each reader. Score 3 and higher were
considered as significant geometrical distortion. RESOLVE, Readout Segmentation of Long Variable Echo; ss-EPI, single-shot EPI.
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For obtaining ss-EPI, a long echo train and long TE are necessary to
encode full k-space within one echo signal intensity, leading to slow
k-space traversal through phase-encoding direction; ss-EPI is thus
susceptible to T2* blurring and signal drop out at air-tissue inter-
face. Furthermore, the sensitivity to susceptibility artifact increases
at 3T compared to 1.5T MR scanner.>** Technical improvements in
image acquisition are required to enhance the diagnostic accuracy of
prostate DWT at 3T scanner. In contrast to ss-EPI, rs-EPI has multi-
shot EPI echo trains with segmentation in the readout direction, and
the readout time of each shot is only part of the ss-EPI readout time.

Subsequently, the shorter echo spacing and readout time in rs-EPI
contribute to shorter effective TE and diffusion encoding time. This
leads to improved image sharpness and mitigated image distortion,
because the effects of susceptibility and T2* decay are reduced. This
also reduces T2 shine-through effect and MR susceptibility artifact,
and therefore allows better delineation of prostate abnormalities. In
addition, RESOLVE incorporates a 2D navigator echo which samples
the central k-space segment followed by the imaging echo train at
each shot. The navigator echo data are used to identify the imaging
scan that will result in unusable data and trigger a reacquisition
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Figure 2. Prostate MRI in a 68-year-old male shows small-volume rectal gas (score 2) in (A) TSE T2-weighted and (B) dynamic
contrast-enhanced T1 images. There is marked blurring and geometrical distortion of the posterior prostate peripheral zone as
seen on (C, D) ss-EPI at b values of 400 and 800 s/mm?, respectively. (Geometrical distortion score 3), with improved image qual-
ity (geometric distortion score 1), and better anatomic delineation of the prostate on corresponding (E, F) RESOLVE images at b
values 50 and 800 s/mm?. RESOLVE, Readout Segmentation of Long Variable Echo; ss-EPI, single-shot EPI; TSE, turbo spin echo.

Figure 3. Prostate MRI in a 75-year-old male shows marked rectal gas (score 5) on (A) TSE T2-weighted, and (B) DCE images,
which has caused significant (score 4) geometrical distortion on (C, D) ss-EPI at b values of 400 and 800 s/mm?, respectively. (E,
F) With RESOLVE at b values of 50 and 80 s/mm?, respectively, there is minimal geometrical distortion (score 2) and better delin-
eation of prostate gland boundary. DCE, dynamic contrast-enhanced; RESOLVE, Readout Segmentation of Long Variable Echo;
ss-EPI, single-shot EPI; TSE, turbo spin echo.
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process to repeat this current scan, and to remove the shot-to-shot
nonlinear phase variation in the imaging echo data during image
reconstruction. These improvements are especially helpful for unco-
operative patients and body parts with involuntary motion.

In this study, both readers were in excellent agreement that lesion
depiction was significantly better on RESOLVE than ss-EPI. Since
high b-value diffusion-weighted imaging is the primary diagnostic
parameter for PIRADS v. 2.1 scoring of PZ lesions and a secondary
parameter for TZ lesions, a more robust DWI sequence could
improve diagnostic performance and decrease errors resulting from
image artifacts. Several investigators have shown that rs-EPI outper-
forms ss-EPI for image quality, leading to improved lesion depiction
especially in regions which are susceptible to image distortion such
as orbit and skull base.”>”® When used for the acquisition of breast
DWI in a 3T MR scanner, rs-EPI has three times less geometrical
distortion compared to ss-EP* In a cohort of 116 patients, Li et al*’
reported outperformance of rs-EPI over ss-EPI for acquisition of
prostate DWI in 90% of the study population. More recent studies
have found enhanced anatomic delineation of the prostate gland,
increased lesion conspicuity and improved subjective image quality
with rs-EPI compared to ss-EPL at the expense of lower SNR.*** In
the present study, we found significantly greater geometrical distor-
tion on ss-EPI compared to rs-EPI. All 20 patients with geometrical
distortion scores > 3 on ss-EPI, had scores < 3 on rs-EPL.

A variety of image acquisition times have been reported for rs-EPL
Generally, the efficiency of rs-EPI is lower due to its segmented EPI
k-space sampling trajectory compared to the single-shot k-space
sampling trajectory of ss-EPL'® In our study, we found rs-EPI to
decrease the imaging time by an average of 75s, which were mainly
attributed to the larger voxel size, fewer b-values, less averages of the
rs-EPI protocol. Although having different parameters from those of
the ss-EPI, using the protocols in this study, rs-EPI does not signifi-
cantly affect the image acquisition time and achieved significantly
improved diagnostic image quality compared to ss-EPI in terms of
geometrical distortion, lesion conspicuity, and anatomic delineation.
Using the protocols in this study, rs-EPI can be implemented as an
alternative to ss-EPI for the acquisition of prostate DWI, without
altering the total image acquisition time much. Future studies can
further investigate a correlation between the acquisition time and
image quality through protocol design with different acquisition
times and more data acquisition for comparison. This sequence can
be especially practical in patients who have a marked degree of rectal
distention, which is associated with a greater amount of geometrical
distortion.

Recently, there have been new diffusion techniques that could be
beneficial for the image quality of prostate DWI. Single-shot turbo
spin echo (ssTSE) DWI combines the benefits of SS and TSE, however,
is subject to signal loss and low SNR due to phase interference. Split
acquisition of fast spin-echo signals for diffusion imaging is further
proposed to improve the SNR of ssTSE DWI.* Barth et al reported
Selective-excitation accelerated reduced-FOV diftusion-weighted
imaging (sTX-DWI) to fivefold shorter acquisition time compared to
rs-EPI, however with significantly increased geometrical distortion.”!
In addition, reduced-FOV diftusion techniques emerged and started
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to be commercially available, e.g ZOOMit®? and ZOOMit™%% on
the Siemens scanners (Siemens Healthcare, Erlangen, Germany),
where the former takes advantage of the selective FOV excitation
based on the dynamic parallel transmit technology and the latter
excites either a smaller quadratic FOV or a reduced FOV only in the
phase-encoding direction. Lacking access to these two reduced-FOV
diffusion techniques due to the corresponding specific hardware
and software requirements when performing data acquisition in this
work, neither of them was evaluated and compared in this study.
Future studies are warranted to evaluate these new reduced-FOV
diffusion techniques.

While this study focused on the image quality of rs-EPI compared
to ss-EP1I for prostate DWI acquisition, with a large sample size and
excellent interreader agreements being the strengths of the study,
it was subject to several limitations. First, we did not perform any
quantitative measures of image quality and SNR. Direct compar-
isons of SNR between ss-EPI and rs-EPI in breast and pediatric
brain MRI'*"> have shown lower SNR in rs-EPL In contrast,
some investigators have found higher SNR for rs-EPI compared to
ss-EPL'>'® While the lower bandwidth and more efficient k-space
coverage can lead to higher SNR in ss-EPI, the reduced TE in rs-EPI
can increase its SNR. Second, we did not include ADC measure-
ments in this study since inconsistent results have been reported on
comparison of ADC measures between these two EPI sequences.”
ADC measures are affected by a variety of image parameters, e.g.
the choice of b-values, therefore comparison of ADC values without
having standardized imaging parameters didn't seem to add value
to the present investigation. Finally, the readers could not be truly
blinded to the DWT sequence that they were evaluating, however,
study results showed excellent interreader agreement between
interpreters.

In conclusion, in this study, we found significantly higher DWI quality
with reduced geometrical distortion on RESOLVE images compared
to ss-EPI in 42% of individuals who underwent 3T-mpMRI of pros-
tate. Using the RESOLVE sequence augments acquisition of prostate
DWI by mitigating rectal gas and rectal peristalsis-related artifacts on
3T prostate mpMRI. The sequence can be an alternative or replace-
ment of the ss-EPI diffusion sequence for the acquisition of DWI
scans when there is significant geometrical distortion in ss-EPI diffu-
sion images.
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