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ABSTRACT

Prostatic urethra identification is crucial in prostate stereotactic body radiotherapy (SBRT) to reduce
the risk of urinary toxicity. Although computed tomography (CT) with a catheter is commonly employed,
it is invasive, and catheter placement may displace the urethral position, resulting in possible planning
inaccuracies. However, magnetic resonance imaging (MRI) can overcome these weaknesses. Accurate
urethral identification and minimal daily variation could ensure a highly accurate SBRT. In this study, we
investigated the usefulness of a three-dimensional (3D) T2-weighted (T2W) sequence for urethral identifica-
tion, and the interfractional motion of the prostatic urethra on CT with a catheter and MRI without a
catheter for implementing noninvasive SBRT. Thirty-two patients were divided into three groups. The first
group underwent MRI without a catheter to evaluate urethral identification by two-dimensional (2D)- and
3D-T2W sequences using mean slice-wise Hausdorff distance (MSHD) and Dice similarity coefficient (DSC)
of the contouring by two operators and using visual assessment. The second group provided 3-day MRI
data without a catheter using 3D-T2W, and the third provided 3-day CT data with a catheter to evaluate
the interfractional motion using MSHD, DSC, and displacement distance (Dd). The MSHD and DSC for
the interoperator variability in urethral identification and visual assessment were superior in 3D-T2W than
in 2D-T2W. Regarding interfractional motion, the Dd value for prostatic urethra was smaller in MRI than
in CT. These findings indicate that the 3D-T2W yielded adequate prostatic urethral identification, and
catheter-free MRI resulted in less interfractional motion, suggesting that 3D-T2W MRI without a catheter
is a feasible noninvasive approach to performing prostate SBRT.
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SBRT: stereotactic body radiotherapy
T2W: T2-weighted

2D: two-dimensional

3D: three-dimensional
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INTRODUCTION

Prostatic urethra identification is crucial in stereotactic body radiotherapy (SBRT) for prostate
cancer because urethral dose reduction can reduce the risk of urinary toxicity, such as frequency,
dysuria, and urethral stricture, without significantly increasing the risk of local recurrence.'?
Because urethral visualization is difficult by computed tomography (CT), there are two strate-
gies for achieving this goal: one is urinary catheter insertion, which is commonly employed'??
and recommended by GEC/ESTRO.® However, catheterization every time for multiple days of
irradiation is invasive and associated with a risk of infection, and is undesirable for patients. The
incidence of bacteriuria associated with indwelling catheterization is 3%-8% per day.” Although
the risk of infection may be small,® a previous study revealed that the Foley catheter-related
genitourinary trauma was as common as symptomatic urinary tract infection and concluded that
the elimination of unnecessary Foley catheterization could prevent symptomatic urinary tract
infection, unnecessary antimicrobial therapy for asymptomatic bacteriuria, and Foley catheter-
related trauma.” Another is that catheter insertion during radiotherapy must be performed by
oncologists or radiology nurses who are unfamiliar with the procedure, which may increase
patient discomfort and infection risk. Furthermore, urethral catheter placement may displace the
urethral position,'®!! and removal of a catheter may cause prostate rotation,'? resulting in possible
planning inaccuracies. As another strategy without using a catheter, a previous study advocated
the concept of placing a “surrogate urethra” in the anatomic center of the prostate if the location
of the urethra cannot be visualized.'> However, another study demonstrated that the urethral dose
might be overestimated when using a surrogate urethra,'* and there were cases where the urethra
was not located in the anatomical center of the prostate.'*!> Therefore, clear urethral visualization
using a clinical image is desirable for accurate radiation treatment planning.

Magnetic resonance imaging (MRI) is increasingly used in radiation treatment planning
because of its superior soft tissue contrast'®!” and may be suitable for urethral identification
purposes.'® Several studies have investigated urethral identification using MRI; however, they
used only two-dimensional (2D) T2-weighted (T2W) turbo spin-echo (TSE) imaging.!>1820 A
previous study proposed MRI while urinating; however, there were some problems regarding
the psychological burden on patients and the urine bag used to collect urine.”” To overcome
these drawbacks, Yoshimura et al demonstrated that it was possible to identify the prostatic
urethra using “posturination” MRI with good accuracy.”® However, there are disadvantages like
the bladder volume does not match that of CT imaging and the accuracy is inferior to that of
CT with catheter insertion. These limitations indicate that there is not yet a complete approach
for prostatic urethral identification noninvasively.

According to the prostate imaging reporting and data system (PI-RADS) guidelines,”! 2D
T2W-TSE is a key sequence for diagnostic prostate MRI. However, recent advances have shown
that three-dimensional (3D) T2W-TSE sequences are more readily achievable with a clinically
acceptable acquisition time.”? Some studies have directly compared 2D- and 3D-T2W sequences,
focusing on image quality and tumor detection mainly for diagnostic purposes in prostate
MRI, and have shown the usefulness of 3D sequences.?* Additionally, some studies have
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utilized 3D-T2W images for prostate contouring in radiation treatment planning.'®!” Therefore,
we hypothesized that a 3D-T2W image would allow for more accurate urethral identification
compared with 2D-T2W.

Another interest in prostate SBRT is the interfractional motion (ie, daily variation) of prostatic
urethra position, which is a key factor in the success of urethral-sparing radiotherapy. If the
prostatic urethral original position varies from day-to-day, the dose delivered to the urethra will
deviate from the planning. To avoid over irradiation due to displacement of the prostatic urethra,
replanning must be performed, which is time-consuming and labor intensive. It is ideal to perform
daily irradiation with the same planning at all times, with minimal (or no) variation in the
daily urethral position. However, a previous study suggested the possibility of catheter-induced
displacement of the prostatic urethra.!® Further, we have treated clinical cases at our institution
that required replanning due to displacement of the urethra by catheter insertion. Therefore, we
expected that the absence of catheter insertion would lead to less interfractional motion than
catheter CT; however, to our knowledge, no report has investigated the interfractional motion
of the prostatic urethra.

The purpose of this study was twofold: to demonstrate the usefulness of 3D-T2W images
for more accurate prostatic urethral identification and to investigate the interfractional motion of
prostatic urethra on CT with a catheter and MRI without a catheter, toward the implementation
of noninvasive prostate SBRT without catheter insertion.

MATERIALS AND METHODS

Patient data

The observational study was approved by the ethics committee of Nagoya University Hospital
in Aichi, Japan. Informed consent was waived by the committee because clinical MRI data
were collected retrospectively. The total number of included subjects was 32 male patients with
prostate cancer who received radiotherapy from May 2020 to May 2021 at our institution. They
were categorized into three groups. The first group included 12 patients (mean age, 69.5 years;
range, 57-81 years) who had an MRI scan without a catheter for brachytherapy. These data
were used to compare the urethral identification in 2D- and 3D-T2W images. The second group
included 10 patients (mean age, 70.5 years; range, 59—84 years) who underwent an MRI scan
without a catheter for intensity-modulated radiation therapy. These data were used to evaluate
the interfractional motion in MRI without a catheter. The third group included 10 patients (mean
age, 68.5 years; range, 59-80 years) who underwent a CT scan with a catheter for SBRT. These
data were used to evaluate the interfractional motion in CT with a catheter. It was also used as
comparative reference data for evaluating urethral identification using MRI.

Image acquisition

All MRI scans were performed on a 3T scanner (MAGNETOM Skyra, Siemens, Erlangen,
Germany) using an 18-channel body and spine matrix coil. In the first group, MRI scan without
catheter insertion was performed using 2D- and 3D-T2W sequences for dose calculation of
brachytherapy. The 2D-T2W sequence was set as the recommended acquisition parameters by
the PI-RADS document. Contrarily, regarding 3D-T2W, sampling perfection with application-
optimized contrasts using different flip-angle evolutions (SPACE) sequence® was employed, and
used vendor-recommended ordinary acquisition parameters similar to those set in several previous
studies®?* investigating 3D-T2W sequence. The detailed acquisition parameters are summarized
in Table 1.
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Table 1 Detailed acquisition parameters

2D T2W-TSE 3D T2W-SPACE
Repetition time (ms) 6000 1500
Echo time (ms) 96 140
Flip angle (°) 150 140 (constant)
Field-of-view (mm) 200 x 200 300 x 300
Matrix (phase x read) 292 x 512 307 x 384
Resolution (mm) 0.69 x 0.39 0.98 x 0.78
Slice thickness (mm) 3 0.8
Bandwidth (Hz/Pixel) 264 651
Number of slices 36 224
Number of averages 1 1
Parallel imaging GRAPPA of 2 GRAPPA of 4
Orientation Axial Coronal
Acquisition time (m:sec) 3:30 6:35

2D: two-dimensional

3D: three-dimensional

T2W-TSE: T2-weighted turbo spin-echo

SPACE: sampling perfection with application-optimized contrasts using different flip-angle evolutions
GPAPPA: generalized autocalibrating partially parallel acquisitions

In the second group, an MRI scan without a catheter was performed for 3 days using a
3D-T2W sequence to check the reproducibility of the pelvic anatomical position in planning for
intensity-modulated radiation therapy. On each day, MRI acquisition was performed with the same
waiting time after urination and with the bladder volume as similar as possible.

All scans for the third group were performed on a CT scanner (SOMATOM Confidence RT
Pro, Siemens, Erlangen, Germany) with a resolution of 512 x 512 matrix with a slice thickness
of 1.0 mm. All patients in the third group underwent 5 days of SBRT. CT imaging with a
catheter was obtained before each day’s irradiation to check the urethral position, the fiducial
markers, and the condition of stool and bowel gas. A radiation oncologist placed the catheter
through the urethra into the bladder for accurate urethral identification, and bladder volume was
controlled by infusing saline into the bladder before the CT scan. Note that CT used data from
the first 3 days to compare the same number of days as the MRI for the second group. All CT
and MR images were acquired according to routine clinical examinations of our institution, and
the data were analyzed retrospectively.

Image analysis

A radiation oncologist and medical physicist with extensive experience in radiotherapy, who
was blinded to the clinical data and acquisition techniques, performed contouring for prostatic
urethral independently. The radiation oncologist contoured the prostatic urethra in all CT and MR
images and defined the boundaries of the intraprostatic urethra. The medical physicist performed
contouring on the CT images (only on the first day of the third group), and 2D- and 3D-MRI
(first group) to evaluate the interoperator variability in urethral identification. According to our
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standard routine method in clinical practice, the prostatic urethra was contoured in a 4.0-mm
diameter region of interest (ROI) for MRI without a catheter and in a 5.0-mm diameter ROI
for CT. Additionally, both operators individually scored the prostatic urethral identification in
2D- and 3D-T2W images as a subjective evaluation on a four-point scale (1 = non-identifiable;
2 = obscured, some effect on contouring; 3 = acceptable, no effect on contouring; 4 = clearly
identifiable). In cases of interobserver disagreement, final decisions were reached by consensus.

We performed all contouring and subsequent analysis using MIM Maestro (MIM software ver.
6.9.4, EURO MEDITECH CO, LTD). Mean slice-wise Hausdorff distance (MSHD) and Dice
similarity coefficient (DSC) were calculated to compare the interoperator variability for urethral
identification as an objective evaluation in CT images, 2D- and 3D-T2W images. MSHD is
defined as the maximum nearest neighbor Euclidean distance between the surfaces of the two
contours in one slice. DSC of 1 equals perfect agreement overlap, and DSC of 0 equals no
agreement. For analyses of interfractional motion, furthermore, automatic rigid registration with
the entire prostate as the ROI was conducted on the first day’s images and each day’s images,
and subsequently, final adjustment manually. MSHD and DSC were calculated using MIM
Maestro between the first day and each day. Additionally, with reference to Fig. 3 in Ref. 10,
the operator manually determined the center coordinates of the prostatic urethral ROI in axial
images, and the displacement distance (Dd) was directly measured between the first day and
each day image as follows:

Dd [mm] = / (X, - X, )2+ (Y, - Y,

where X and Y are the coordinates along the left-right and anterior—posterior directions,
respectively. The center of the ROI on the first day was defined as coordinates X; and Y;, and
the center of the ROI on other days was defined as coordinates X, and Y,. These metrics were
calculated for the whole prostatic urethra and subgroups of the superior, middle, and inferior
segments; each segment was defined as one-third of the evenly divided whole prostatic urethra
following the previous study.'®

Statistical analyses

We presented the results as mean + standard deviation, and used the Wilcoxon signed-rank
test to compare the results for urethral identification in 2D- and 3D-T2W images. We used
weighted kappa statistic to calculate interobserver agreement of visual assessment in addition to
the following interpretation of kappa coefficients: <0.20 = slight, 0.21-0.40 = fair, 0.41-0.60 =
moderate, 0.61-0.80 = good, and 0.81-1.00 = excellent.® Furthermore, Mann—-Whitney U test
was used to compare the results regarding interfractional motion between CT and MRI. P <
0.05 was considered statistically significant. We performed all statistical analyses using SPSS
software (SPSS for Windows, version 28, IBM).

RESULTS

Urethral identification

To investigate the usefulness of 3D-MRI for urethral identification, we quantitatively and
qualitatively compared the images from catheter CT, 2D- and 3D-MRI (without a catheter).
Representative 2D- and 3D-T2W images are shown in Fig. 1. The prostatic urethra was identi-
fied as a high-intensity tract on T2W image without a catheter. Table 2 summarizes all values
(mean * standard deviation) for interoperator variability of urethral identification in 2D- and
3D-T2W sequences and catheter CT. The 3D-T2W sequence showed significantly better urethral
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identification than those of the 2D-T2W but was not comparable to catheter CT. Note that the
patient groups for MRI and CT are different. In the visual assessment, the mean + standard
deviation values for 2D- and 3D-T2W sequences were 2.2 + 0.4 and 2.9 + 0.3, respectively (P
= 0.008). Interobserver agreement was rated as good (x = 0.71).

Fig. 1 Representative images of 2D- and 3D-MRI without a catheter
Fig. 1a: Reconstructed sagittal view of 2D-MRI
Fig. 1b: Reconstructed sagittal view of 3D-MRI
Fig. 1c: Transverse view of 2D-MRI
Fig. 1d: Reconstructed transverse view of 3D-MRI
The prostatic urethra was identified as a high-intensity tract on MRI. The 2D image acquired in the transverse,
and sagittal views was reconstructed. The 3D image was acquired in the coronal, and the sagittal and transverse
views were reconstructed.
2D: two-dimensional
3D: three-dimensional
MRI: magnetic resonance imaging

Table 2 Mean + standard deviation for urethral identification in MRI
without a catheter and CT with a catheter

MSHD [mm] DSC
2D MRI 0.58 = 0.17 0.63 = 0.10
P = 0.002 P = 0.002
3D MRI 0.38 = 0.09 0.74 = 0.05
Catheter CT 0.12 = 0.03 0.93 + 0.02

P < 0.05 was considered statistically significant. Note that the patient groups for MRI and CT are different.
MSHD: mean slice-wise Hausdorff distance

DSC: dice similarity coefficient

2D: two-dimensional

3D: three-dimensional

MRI: magnetic resonance imaging

CT: computed tomography
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Interfractional motion

To provide the interfractional motion of the prostatic urethra, we obtained and analyzed the
urethral position using CT with a catheter and 3D-MRI without a catheter over multiple days.
Figure 2 contains box plots that compare CT and MRI for interfractional motion. MSHD values
of MRI were smaller than those of CT, although there was no statistically significant difference.
There was no statistically significant difference in DSC values between CT and MRI. The Dd
values of MRI were significantly smaller than those of CT in the whole prostatic urethra, superior,
and middle segments. Additionally, the value of MRI in the inferior segment was also smaller
than that of CT, although there was no statistically significant difference. The superior segment
in CT showed large variability and/or outliers compared with the other segments. Figure 3 shows
the displacement map of the urethral center coordinates for the interfractional motion in CT with
a catheter and MRI without a catheter. The maximum displacements of superior, middle, and
inferior segments in CT were 6.6, 4.3, and 2.6 mm in the anterior—posterior direction and 3.1,
2.4, and 2.0 mm in the left-right direction, respectively. The maximum displacements of superior,
middle, and inferior segments in MRI were 2.8, 2.2, and 2.0 mm in the anterior—posterior
direction and 1.9, 1.7, and 2.0 mm in the left-right direction, respectively. Altogether, these
data indicate that catheter CT had larger interfractional motion than catheter-free MRI and larger
outliers and variability for all metrics, especially in the superior segment. Representative cases
are shown in Fig. 4.
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Fig. 2 Box plots showing the comparison of CT and MRI for interfractional motion
Fig. 2a: Mean slice-wise Hausdorff distance
Fig. 2b: Dice similarity coefficient
Fig. 2c¢: Displacement distance
P < 0.05 was considered significant. The cross indicates the mean value.
CT: computed tomography
MRI: magnetic resonance imaging
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Fig. 3 Displacement map of the urethral center coordinates for the interfractional motion
Fig. 3a: CT with a catheter
Fig. 3b: MRI without a catheter
A: anterior
P: posterior
L: left
R: right
CT: computed tomography
MRI: magnetic resonance imaging
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Fig. 4 Representative cases of CT with a catheter and MRI without a catheter
Fig. 4a: The yellow represents the urethral contouring on the first day CT, and the blue represents each day’s
contouring. The displacements are significant in the superior segment.
Fig. 4b: The yellow represents the urethral contouring on the first day MRI, and the blue represents each day’s
contouring. The urethral positions are relatively well matched.
CT: computed tomography
MRI: magnetic resonance imaging

Nagoya J. Med. Sci. 85. 504-517, 2023 513 doi:10.18999/nagjms.85.3.504



Yutaka Kato et al

DISCUSSION

Visualization of the prostatic urethra is important for urethral-sparing radiotherapy planning
in prostate SBRT. We showed the usefulness of the 3D-T2W-SPACE sequence compared with
2D-T2W-TSE (in accordance with PI-RADS recommended parameters) for urethral identification
without catheter insertion. Furthermore, we provided fundamental data for the interfractional
motion using CT with a catheter and MRI without a catheter, suggesting that the interfractional
motion in MRI was smaller than that of catheter CT.

In the urethral identification with catheter-free MRI, our results of MSHD and DSC using
3D-T2W images were comparable with the 2D-T2W results of the previous study.”® The mean
MSHD values were 0.44 and 0.39 mm in the previous 2D and our 3D sequences, respectively.
In addition, mean DSC values were 0.75 and 0.74 in the previous 2D and our 3D sequences,
respectively. Yoshimura et al’s approach? has the originality of posturination imaging for generat-
ing a high contrast on T2W images due to the increase in signal intensity of the urethra, which
resulted in adequate urethral identification. However, the disadvantages are that the bladder volume
is different from CT, and urinating just before MRI may also change the shape of the surround-
ing organs, which will be a problem during CT-MRI registration. The 3D-T2W sequence can
overcome these weaknesses with adequate identification performance. Moreover, the utilization of
high bandwidth and nearly isovoxel (< Imm) acquisitions in 3D sequence allow for less geometric
distortion and multiplanar reconstruction, which may be helpful to geometrically identify accurate
urethral position. Recently, MR-only treatment planning for radiation therapy has attracted huge
attention.'?? As the 3D-T2W image is widely used not only for urethral identification but also
for prostate edge contouring,'” it would be a great advantage to use it for treatment planning
and preirradiation check to provide anatomical information without physical and psychological
burden to the patient. Although the CT scan time is very short, catheter insertion consumes the
preparation and procedural time and manpower. By contrast, the 3D MR images used in our
study can be obtained in about 7 min, and the acquisition times have been shortened increasingly
because of technical developments®; hence, the use of MRI would increase for radiotherapy.

However, the results of catheter CT had the highest score, which even the 3D sequence did
not reach. In the visual assessment, although most of our cases with 3D-T2W images had scores
of 3, which means adequate urethral identification is possible with no effect on contouring, it did
not obtain a score of 4 in all cases because the observers already had the knowledge that the
urethra could be clearly identified by catheter CT. Hence, the 3D-T2W sequence does not give
optimum performance but the minimum level required has been achieved. A future challenge is
needed to explore more sophisticated MR sequences for achieving optimum urethral identification
comparable with catheter CT.

Regarding interfractional motion, the MSHD and Dd values in CT with a catheter were larger
than those in MRI without a catheter, with a much larger variability and more outliers. These
findings indicate that the prostatic urethral position may shift drastically from the original position
due to differences in insertion procedure depending on the day because of catheter rigidity. Some
previous studies have indicated that the urethral position with a catheter is often shifted to the
anterior from the geometric center of the prostate.'*!! Dekura et al investigated the difference
between the Foley catheter and guide-wire alone in the prostatic urethra and showed that the
urethral position was often shifted to the anterior direction due to catheter insertion.!” Their
results indicated that the maximum shift occurred in the superior segment 8.3 mm to the anterior
direction. The displacement map (Fig. 3) shows a large variation in the superior segment, and the
displacement is more remarkable in the anterior—posterior direction. These trends are consistent
with those in a previous study.!® Some previous studies applying urethra-sparing techniques
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have defined the prostatic urethra using a catheter plus a 3-mm isotropic margin and showed a
low toxicity profile.*®3! Therefore, the variability and outliers in our results are major clinical
problems because the outliers for the urethral position cannot be neglected on each irradiation
day. In clinical practice, significant urethral displacements require replanning and rescheduling
of radiotherapy. This is a critical concern, and it should be noted that SBRT with catheter CT
may cause large displacements of the urethral position.

With MRI, as expected, the original urethral position obtained by catheter-free MRI resulted
in small daily variations owing to the lack of external stress. To our knowledge, this is the first
data to investigate the interfractional motion using 3D-MRI without a catheter. Since the MRI
displacements in our results were within 3 mm, daily preirradiation image checks may be skipped
by considering daily variations in margin settings in the future. One concern is that urethral
identification is not perfect compared with catheter CT; therefore, uncertainty in identification
may have affected the results of interfractional motion. However, there is no risk of problematic
displacement in multiday irradiation (eg, replanning due to significant catheter displacement),
which would be a great advantage. The bladder volume is another question. The bladder volume
in CT can be kept exactly constant daily by infusing saline into the bladder using a catheter,
which is one of the advantages. In MRI, it might be difficult to set the bladder volume completely
constant, even if the images were obtained with the same waiting time after urination each day.
However, a slightly different bladder volume each day would not be a serious problem because
the main purpose of urine storage is to keep the bowel away from the prostate. Additionally,
ultrasonography may help solve the problem by surveying the bladder volume.

Both approaches have advantages and disadvantages. Catheter CT allows 1) perfect urethral
identification and 2) adjustment of the same bladder volume on each irradiation day. However,
1) there are large daily variations in the urethral position and 2) catheterization causes patient
discomfort and is labor intensive. By contrast, MRI 1) is catheter-free radiotherapy that can
save time and effort for catheterization and reduce unnecessary CT scans and 2) has small
daily variations. However, MRI 1) has inferior urethral identification to catheter CT and 2) it
is difficult to keep the same bladder volume on each irradiation day. We do not have a clear
answer as to which is the superior approach, but we can have options by understanding the
characteristics of both methods. Various studies are expected to provide sufficient evidence to
determine which is the better approach.

There are some limitations to this study. First, because of the retrospective study, the patient
groups evaluated for interfractional motion differed between CT and MRI, and the investigations
were conducted over only 3 days. A prospective study is needed in the future to conduct a
CT with a catheter and MRI without a catheter on the same subject over a longer period (ie,
more than the actual SBRT period). Second, some subjective aspects could not be excluded
from the analysis process for interfractional motion. The image registration of each day and the
determination of urethral center coordinates were not fully automated. These subjective routines
could have affected the results. Future study is desirable to automate the entire process of
eliminating operator bias. Third, the investigation with MRI was conducted only under certain
acquisition parameters. Since parameter optimization was out of scope in this study, we used
typical parameters. Sequence optimization may improve the results of urethral identification and
provide more precise data on interfractional motion, which is a future challenge.
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CONCLUSION

Our findings in this study indicated that the 3D-T2W sequence had adequate prostatic urethral

identification, and catheter-free MRI had less interfractional motion compared with catheter CT,
which implies the feasibility as a noninvasive manner for prostate SBRT using MRI without a
catheter. Further study is needed to develop more sophisticated MRI sequences for optimized
visualization of the prostatic urethra.
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