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The urethra position may shift due to the presence/absence of the catheter. Our proposed post-urination-
magnetic resonance imaging (PU-MRI) technique is possible to identify the urethra without catheter. We
aimed to verify the inter-operator difference in contouring the urethra by PU-MRI. The mean values of the

evaluation indices of dice similarity coefficient, mean slice-wise Hausdorff distance, and center coordinates were

0.93, 0.17 mm, and 0.36 mm for computed tomography, and 0.75, 0.44 mm, and 1.00 mm for PU-MRI.

Therefore, PU-MRI might be useful for identifying the prostatic urinary tract without using a urethral catheter.
Clinical trial registration: Hokkaido University Hospital for Clinical Research (018-0221).

1. Introduction

Prostate cancer is the most common disease in men and has multiple
treatment options, including radiation therapy [1,2]. To increase the
local control during radiation therapy, high-dose radiation is delivered
uniformly to tumors [1-4]. Besides, acute or late gastrointestinal and
genitourinary (GU) toxicities can be reduced using image-guided
radiotherapy with either conventional or hypo fractional schedule.
However, this is often accompanied by a local inflammatory reaction,
which manifests clinically as GU toxicities, such as frequency, dysuria,
and urethral stricture [5-8].

Although treatment-planning computed tomography (CT) provides
anatomical information and electron density for dose calculation, and
magnetic resonance imaging (MRI) provides clear anatomical informa-
tion on soft tissues [9,10], it is difficult to accurately determine the

urethra in the acquired images without using a urethral catheter or
injecting contrast agents [11]. These procedures are invasive and may
increase patient discomfort, the risk of infection, and risk of iatrogenic
urethral strictures [12]. Besides, it is not practical to insert a urethral
catheter into a patient daily. Therefore, previous methods used to
identify the prostatic urinary tract with the use of a urethral catheter has
potential problems, such as increased infection risk due to the
indwelling urethral catheter [13] or anatomical uncertainty/reproduc-
ibility of the urethral structure depending on the presence/absence of
the catheter [14]. In our previous report, we demonstrated that the
urethral position with a Foley catheter is different from that with a thin
and soft guide-wire in a significant proportion of patients [14].
Ideally, urethra-sparing radiation therapy requires the identification
of the prostatic urinary tract without inserting a urethral catheter.
Recently, MRI has attracted remarkable attention for visualization of the
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prostatic urinary tract in a non-invasive manner. Kataria et al. described
an approach using gadolinium-enhanced T2-weighted MRI for delin-
eating the prostatic urinary tract [15]. Zakian et al. also compared two
T2-weighted MRI parameters for visualizing the prostatic urinary tract
[16]. Rai et al. presented the micturating urethrography technique
without using a urethral catheter or contrast agent [17]. In their method,
urinating during imaging generated a high contrast due to the increase
in signal intensity of the urethra. Their results suggested that sustained
enhancement of the proximal urethra for over 1 min allowed for urethral
contouring [17]. However, there were some problems to overcome, such
as the attachment of instruments for recovering urine and psychological
burden on patients.

We hypothesized that it is possible to contour the prostatic urinary
tract without a urethral catheter by using high resolution T2-weighted
post-urination MRI (PU-MRI). Based on a previous study, we set up a
non-invasive method for identifying the prostatic urinary tract using PU-
MRI to eliminate problems associated with invasiveness [17]. Therefore,
we aimed to evaluate the inter-operator difference while contouring the
prostatic urinary tract using PU-MRI and compared it with traditional
visualization techniques that use a urethral catheter.

2. Materials and methods
2.1. Patient data

To evaluate the utility of urethral contouring, 11 patients with
localized prostate cancer who had received spot scanning proton beam
therapy in our institution from October 2019 to February 2020 were
enrolled. Written informed consent was obtained from all patients. The
patients’ characteristics are listed in Supplemental Material 1. We
excluded those who could not undergo CT with a urethral catheter. CT
with a urethral catheter was performed in 10 patients, and PU-MRI was
performed in 11 patients. Catheter insertion was difficult in one patient
due to pain during insertion. This prospective clinical trial was approved
by the Institutional Review Board of Hokkaido University Hospital for
Clinical Research (018-0221).

2.2. Image acquisition

In this study, three gold fiducial markers (diameter, 1.5 mm) were
inserted in the prostate of each patient approximately one week before
the treatment-planning CT and MRI [18,19]. On the image acquisition
day, treatment-planning MRI and CT were performed using the
following procedures. First, the treatment-planning MRI was performed;
patients were instructed by radiation technologists to urinate just before
walking into the MRI room. Just a few minutes after urination, the ra-
diation technologist started PU-MRI with the patient in supine position.
The Flowchart of the image acquisition was shown in Supplemental
Material 2.

We performed PU-MRI and T2-star MRI (with two slice thicknesses,
2 mm and 4 mm) using a 3.0-tesla MRI scanner with a 32-channel
sensitivity-encoding (SENSE) torso cardiac coil (Achieva TX; Philips
Healthcare, Best, The Netherlands). PU-MRI was performed using a non-
contrast high resolution two-dimensional (2D) T2-weighted turbo spin
echo (TSE) imaging sequence. The acquisition parameters for PU-MRI
were as follows: resolution = 320 x 320 matrix, voxel size = 0.5 x
0.5 x 2.0 mm?, field of view (FOV) = 160 x 160 mm?, slices = 30,
effective time echo (TE) = 80 ms, repetition time (TR) = 5093 ms, TSE
factor = 9, SENSE P reduction factor = 1.4, gap = 0 mm, and acquisition
direction = axial. The markers presented as signal voids in T2-weighted
MRI. Also, the acquisition parameters for non-contrast 2D T2-star MRI
with gradient echo imaging were as follows: resolution = 256 x 256
matrix, voxel size = 0.86 x 0.86 x 2.0 mm?® and 0.86 x 0.86 x 4.0 mm>
interpolated to 0.43 x 0.43 x 2.0 mm? and 0.43 x 0.43 x 4.0 mm°,
respectively, FOV = 220 x 220 mm?, effective TE = 9.2 ms, TR = 1460
ms, flip angle = 20 deg, and acquisition direction = axial.
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Next, the treatment-planning CT was performed using Optima
CT580W (General Electronic Healthcare, Waukesha, WI) with a reso-
lution of 512 x 512 matrix and slice thickness of 1.25 mm. We acquired
two-purpose CT images. One was without a urethral catheter used for
dose calculation in proton therapy. The other was with a 10-French
Nelaton catheter (3.3 mm outer diameter, Sapheed®, Terumo Co.,
Tokyo) used to show the utility of one of the conventional visualizing
methods for the prostatic urinary tract. To ensure a constant bladder
volume, the CT images were taken 1 h after urination.

Finally, the data sets of all MRI and CT images with a urethral
catheter were co-registered with the primary imaging CT data without a
urethral catheter on Pinnacle® treatment planning system (TPS; ver.9.0,
Philips, Inc., Madison, WI) based on the inserted fiducial markers. Fig. 1
shows sample images in axial and sagittal section; (a) treatment-
planning CT for dose calculation without a urethral catheter, (b)
treatment-planning CT with a urethral catheter for identification of the
prostatic urinary tract, (c) T2-star MRI for target contouring, and (d) PU-
MRI with TSE.

2.3. Data analysis

The prostatic urinary tract as an organ at risk (OAR) in CT with a
urethral catheter and PU-MRI was contoured in a 4.0-mm diameter re-
gion of interest (ROI) including a margin of 2.0 mm to determine the
planning volume of the OARs [19]. It is well-known that the accuracy
and reproducibility of structures during contouring of the target organ
and OARs is significantly subjected to inter-operator variability and
results in uncertainty in treatment planning [20-22]. As shown in Fig. 2,
the urethral ROIs were contoured by two operators (a radiation oncol-
ogist with over 10 years of experience in prostate cancer treatment
planning and a medical dosimetrist with over 5 years of experience in
prostate cancer treatment planning).

To investigate the inter-operator variability of the urethral ROI, we
used the dice similarity coefficient (DSCiner) and mean slice-wise
Hausdorff distance (MSHD) [23]. A DSCiy.r of 1 equals perfect agree-
ment overlap, and a DSCjy.r of 0 equals no agreement. MSHD was the
average over all slices of the largest value of the smallest distance to
agreement on each slice between two urethra ROIs contoured by two
operators. MSHD was calculated using MIM ver. 7.0.4 (MIM Software,
Inc., Cleveland, OH). We also evaluated the difference in millimeters
between the inter-operator 2D displacement (diyr) to the center of the
urethral ROI by two operators. Similarly, we compared the 2D-discrep-
ancies (d.q.—mrr) of the center of the urethral ROI between that on CT
with a urethral catheter and that on PU-MRI in each slice, on the fusion
images. The calculation formulae have been provided in Supplemental
Material 3.

We calculated djpeer and dgq¢—mrr in the coordinates along the anterior-
posterior and left-right directions. Following our previous research, the
mean diper and dgq mrr Were calculated for the whole prostatic urinary
tract and for the subgroups of the superior, middle, and inferior seg-
ments in each patient. As shown in Fig. 1, each segment of the prostatic
urinary tract was defined evenly as one-third of the evenly-divided
prostatic urinary tract in the clinical target volume (CTV). The supe-
rior segment was the portion on the bladder side, and the inferior
segment was that on the pelvic floor side [14].

3. Results

The mean =+ standard deviation (SD) volume of the prostatic urinary
tract ROI was 0.61 = 0.09 cm® for CT and 0.60 + 0.08 cm® for PU-MRL
The mean + SD of the DSCj.r value was 0.93 + 0.04 for CT and 0.75 +
0.05 for PU-MRI. The mean + SD of the MSHD value was 0.17 + 0.07
mm for CT and 0.44 & 0.08 mm for PU-MRI.

The mean + SD of the djn.r for the whole prostatic urinary tract was
0.36 + 0.23 mm for CT and 1.00 + 0.60 mm for PU-MRI. The mean + SD
of the djyr for each segment was 0.35 + 0.22 mm (inferior), 0.35 + 0.21
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Fig. 1. Axial and sagittal images during treatment planning (Case 2). The prostatic urinary tract (yellow arrow) was identified with a urethral catheter in CT and
without a urethral catheter in PU-MRI. We divided the prostatic urinary tract into three even segments in the CTV (superior, middle, and inferior). (a) Treatment-
planning CT for dose calculation, (b) treatment-planning CT with a urethral catheter for visualizing the prostatic urinary tract, (c) conventional MRI without a
urethral catheter for target contouring, and (d) PU-MRI with TSE. CT: computed tomography, PU-MRI: post-urination magnetic resonance imaging, TSE: turbo spin

echo, CTV: clinical target volume.

CT

(with the urethral catheter)

MRI
(PU-MRI)

—— Urethra ROl (Operator A)

Urethra ROl (Operator B)

—— Urethra ROI (Operator A)

Urethra ROl (Operator B)

Fig. 2. Contoured urethral ROI by two operators (Case 2). The urethral ROI was identified with a urethral catheter in CT and without a urethral catheter in PU-MRIL
ROL: region of interest, CT: computed tomography, PU-MRI: post-urination magnetic resonance imaging.

mm (middle), 0.38 + 0.25 mm (superior) for CT; and 0.90 + 0.55 mm
(inferior), 1.00 £+ 0.51 mm (middle), 1.11 + 0.70 mm (superior) for PU-
MRI. Also, the mean =+ SD of the d.qmrs for the whole prostatic urinary
tract was 2.41 + 1.14 mm for operator A and 2.22 + 1.10 mm for
operator B. The mean + SD of the d.q—mrr Of each segment was 2.09 +
0.94 mm (inferior), 2.07 + 0.90 mm (middle), 3.09 + 1.24 mm (supe-
rior) for operator A; and 1.84 + 0.85 mm (inferior), 2.10 £+ 0.87 mm
(middle), 2.77 + 1.30 mm (superior) for operator B.

4. Discussion

In this study, we evaluated the inter-operator difference in the ure-
thral ROI contoured by two different approaches—the prostatic urinary
tract visualized through CT with a urethral catheter and PU-MRI without
a urethral catheter. In our PU-MRI results that used the enhancement
effect after urination, the mean values of DSCiner, MSHD, and djnger Were
0.75, 0.44, and 1.00 mm, respectively. These results suggested that it
was possible to identify the prostatic urinary tract using PU-MRI with
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good accuracy.

Urethral catheter insertion is the gold standard for identifying the
prostatic urinary tract in urethra-sparing radiotherapy treatment plan-
ning to reduce the risk of radiation-induced acute or late urinary tox-
icities [19,24]. In contrast, urethral catheter insertion is not used in
patients during the irradiation of each fraction. Dekura et al. evaluated
the difference between the Foley catheter and thin and soft guide-wire in
the prostatic urethra, and showed that the urethral position shifted due
to the insertion of the urethral catheter [14]. Although we used a thinner
and softer urethral catheter, similar results were obtained. To avoid the
uncertainty from the urethral catheter, an MRI scan has been acquired to
identify the prostatic urinary tract [16,17]. Therefore, PU-MRI may be
able to better describe the original urethral position [14].

The ultimate purpose of this study was to identify the urethra in a
completely noninvasive environment using MRI with fiducial marker-
based tumor-tracking radiotherapy. Since delineation of the urethra is
required for urethra-sparing radiotherapy, the prostatic urinary tract
was directly visualized by using a urethral catheter, Nickel-Titanium
stent, or contrast agent [15,19,25]. PU-MRI sequence without these
uncertainty factors indicated the potential for urethra contouring with a
small error between observers, which would be beneficial to the pa-
tients. However, this study has potential limitations, such as the low
number of patients and the inter-observer variability in urethral con-
touring. Although further accurate contouring to estimate the intra- and
inter-operator variabilities is required in a larger number of patients, our
proposed method will be useful for identifying the prostatic urinary tract
without the use of a urethral catheter.

In conclusion, we proposed a method using post-urination high res-
olution T2-weighted 3.0 T MRI in urethra-sparing treatment planning
for localized prostate cancer. Our results demonstrated that the inter-
operator prostatic urinary tract ROI matched with a high accuracy,
not only in CT with a urethral catheter, but also in PU-MRI. Thus, in the
treatment planning for localized prostate cancer, PU-MRI is useful in
identifying the urethra non-invasively, without using a urethral
catheter.
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