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Abstract

Introduction: The aim of this study was to perform a quantitative assessment of the prostate
anatomy with a focus on the relation of prostatic urethral anatomic variation to urinary symptoms.

Methods: This retrospective study involved patients undergoing magnetic resonance imaging

for prostate cancer who were also assessed for lower urinary tract symptoms. Volumetric
segmentations were utilized to derive the in vivo prostatic urethral length and urethral trajectory

in coronal and sagittal planes using a piece-wise cubic spline function to derive the angle of

the urethra within the prostate. Association of anatomical factors with urinary symptoms was
evaluated using ordinal univariable and multivariable logistic regression with IPSS score cutoffs of
<7, 8-19, and >20 to define mild, moderate, and severe symptoms, respectively.

Results: A total of 423 patients were included. On univariable analysis, whole prostate volume,
transition zone volume, prostatic urethral length, urethral angle, and retrourethral volume were all
significantly associated with worse urinary symptoms. On multivariable analysis prostatic urethral
length was associated with urinary symptoms with a normalized odds ratio of 1.5 (95% confidence
interval 1.0-2.2, p=0.04). In a subset analysis of patients on alpha blockers, maximal urethral
angle, transition zone volume as well as urethral length were all associated with worse urinary
symptoms.

Conclusion: Multiple parameters were associated with worse urinary symptoms on univariable
analysis, but only prostatic urethral length was associated with worse urinary symptoms on
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multivariable analysis. This study demonstrates the ability of quantitative assessment of prostatic
urethral anatomy to predict lower urinary tract symptoms.
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INTRODUCTION

Prostatic tissue surrounding the proximal portion of the male urethra commonly undergoes
age-related hyperplasia resulting in enlargement of the prostate (1). This benign growth can
impede the flow of urine and is a common source of lower urinary tract symptoms (LUTS),
which include symptoms of obstruction and bladder irritation (2). LUTS are observed in
over 50% of men over the age of 50 (3) with 24% of men in in 60-69 age group reporting
moderate to severe symptoms (4).

The impact of benign prostatic enlargement on urinary symptoms is most often assessed by
evaluating the volume of the entire prostate (5). However, factors other than overall prostate
size have also been shown to correlate with LUTS including the size of the transition zone
and the presence of tissue posterior to the urethra commonly referred to as the median lobe
(5). Magnetic resonance imaging (MRI) provides excellent depiction of prostatic anatomy
and is most frequently used for the detection of prostate cancer. MRI has also been utilized
to further characterize the enlargement of specific zones of the prostate although this is
usually reserved for the research setting (6). Such characterization is usually subjective but
is amenable to more gquantitative approaches (7). The aim of this project was to provide a
quantitative methodology to comprehensively evaluate the intraprostatic urethral anatomy
in relation to prostate zonal volumes, total prostatic urethral length, and deviation from a
direct trajectory (angular path) using 3D urethral volumes derived from MRI. Additionally,
we assess the relationship between these quantitative attributes of the prostatic urethra and
urinary symptoms.

PATIENTS AND METHODS

Patient Selection and MRI Protocol

The patient population utilized in this study was derived from a cohort of patients
undergoing prostate MRI on an IRB-approved protocol evaluating men with prostate cancer
(18-C-0017) from 2/2018 to 11/2018. This protocol specifically allows for computational
analysis of the prostate images, and it began accrual in 2/2018. Exclusion criteria included
men who had previously undergone treatment of their prostate cancer (including androgen
deprivation therapy, radiation therapy, etc.) or presented for MRI with an indwelling foley
catheter. All MRI studies were performed with a 3T MRI with a 16-channel cardiac

coil utilizing parallel imaging (Philips Medical Systems, Best, the Netherlands). Patients
undergoing their initial MRI were scanned with an endorectal coil tuned to 127.8 MHz
and filled with 45 mL of galden perfluorinated fluid (Solvay Specialty Polymers, Milan,
Italy). The following series were obtained: T1-weighted, triplanar T2-weighted turbo-spin-
echo, apparent diffusion coefficient maps based on b-value sweeps of 0-750, high b-value
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weighted images with b-values of 2000 s/mm? for patients with an endorectal coil and
1500 s/mm? for patients without an endorectal coil. Axial contrast-enhanced sequences
were obtained before, during, and after a single dose of gadoterate dimeglumine (Dotarem;
Guerbet-US Princeton, NJ) administered via peripheral vein at a dose of 0.1 mmol/kg using
a mechanical injector (Spectris MR Injection System Medrad). Only axial T2-weighted
sequences were considered for analysis in this study.

Chart review was performed to obtain clinical information including age, prostate-specific
antigen, prior benign prostatic hyperplasia (BPH) treatment, and use of alpha blockers

and 5-alpha reductase inhibitors. Urinary symptoms were scored utilizing the American
Urological Association Symptom Index (2) provided they were within 2 years of the MRI.
Symptom scores were grouped into three categories: mild (<7), moderate (8-19), and severe
(=20). Lesions concerning for prostate cancer, scored according to PI-RADS v2.0 were also
noted.

Urethral Segmentation

All segmentations were performed using the DynaCAD (Invivo Corp) software on the axial
T2 series by a radiologist with >10 years of experience in the field or a urologist with 1
year of training in prostate MRI segmentation and specific supervised training in urethral
segmentation. Both were blinded to urinary symptoms scores during the segmentation
process. Prior to urethral segmentation, the boundaries of the entire prostate and transition
zone were delineated and saved as separate files. Coronal and sagittal reconstructions from
the axial sequence were also utilized to assist in defining the boundaries of the prostate.
Urethral segmentation was completed in 4 steps: (1) The proximal verumontanum was
located and a segmentation sphere was placed in this location (Fig 1a). (2) The view was
converted to the sagittal reconstruction and the segmentation sphere was enlarged in a
straight line between distal prostatic urethra and the bladder neck (Fig 1b). (3) The angle
was then contoured on the sagittal reconstruction, using the dedicated sagittal T2-weighted
series for assistance in another window (Fig 1c). (4) The contour was then adjusted on the
coronal and axial planes using the dynamic contrast enhanced series to localize the urethra
in cases where the course was not clear, particularly in the proximal urethra (Fig 1d). All
segmentations generated in DynaCAD were saved to MIPAV VOI polygon point files.

Calculation of Volumes, Angles, and Lengths

To calculate the volume of the prostate and transition zone, DICOM files were converted

to NIFTI format using the open source python library dicom2nifti (https://github.com/
icometrix/dicom2nifti) and binary NIFTI masks of whole prostate, TZ, and urethra were
created using custom python scripts. The resolution of each scan in the x, y, and zplanes
was obtained from DICOM headers to obtain the voxel volume, and the volume of each
zone was calculated by summing the points of the NIFTI mask and multiplying by the voxel
volume.

The prostatic urethra was characterized by its length and trajectory in both sagittal and
coronal planes. To model this, urethra polygon segmentation files were imported as an
inclusive binary mask to MATLAB. The center-of-mass volume of urethra track length was
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derived from the center of mass points within each slice and a radius determined by the

ratio of x-y resolution to z resolution. Using the center-of-mass volume, a piece-wise cubic
spline function was fit to map the path of urethra across all visible slices using splinefit
function (8). To identify deviations from anatomical expectation (a straight line traversing
the entire volume of the prostate), points of inflection (curvature) were defined as the point
where the urethral trajectory maximally deviated from a straight-line plane between the
apical and basal most points of the prostate. The angle between the maximal inflection point
and apical/base points were used to define angular deviation in both sagittal and coronal
planes. Finally, the total piecewise length from apex to base in three dimensions was also
reported. The original urethra segmentation and center-of-mass volume of urethra track were
visualized using surface mesh derived from boundary points of each object (Fig 2).

To characterize the impact of prostatic volume on the displacement and trajectory of the
prostatic urethra, a 2D sagittal plane from the apical-most point of the prostatic urethra and
the maximal point of inflection was created to measure the burden of both transition zone
and whole prostate volume anterior and posterior to the observed urethral deviation (Fig
3a). The volume posterior to this plane was termed the “retrourethral burden” of both the
transition and whole prostate volumes, which is a method for quantification of the entity
commonly known as the “median lobe” (Fig 3b).

Statistical Analysis

Statistical analysis was performed using R version 3.5.1 (http://www.R-project.org).
Univariable ordinal regression analysis was performed by evaluating each variable
independently against IPSS score severity category. Multivariable ordinal regression analysis
was performed including the statistically significant variables from the univariable analysis.
All data were scaled as part of the regression to ensure relative odds ratios were consistent
across variables.

Code Availability

RESULTS

All python, MATLAB, and R scripts used in the analysis of this paper can be found in the
following Gitub repository (https://github.com/NIH-MIP/prostatic_urethra).

Demographics and Clinical Data

A total of 423 patients met study inclusion criteria and all intraprostatic structures could be
segmented for analysis. An IPSS score could be found for 380 patients. The average age

of the patients was 66 years (range 16-87). The median prostate-specific antigen value was
6.71 ng/mL (range of 0.8-429.5 ng/mL). Of the patients with IPSS scores, 109 (29%) were
listed as taking alpha blockers. The most common alpha blocker was Tamsulosin (60%)
followed by Alfuzosin (12%), Silodosin (11%), Unspecified (11%), Terazosin (3%), and
Doxazosin (3%). Fourteen patients (3%) had undergone a prior transurethral resection for
BPH. A total of 41 patients with IPSS scores (11%) were noted to be on 5-alpha reductase
inhibitors with 28 patients taking finasteride (68%), 9 patients (22%) taking dutasteride,

3 patients (<1%) taking an unspecified 5-alpha reductase inhibitor, and 1 patient (7%)
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taking saw palmetto. Twenty-two patients (6%) were on combination alpha blocker/5-alpha
reductase therapy.

Quantitative Measurements

Symptoms

The quantitative metrics from all 423 patients are summarized in Table 1. The median whole
prostate size was 62 cc (range 14-271 cc). The median transition zone size was 35 (range
3-222 cc). The median 3D length was 4.8 cm with a range 2.2-10.2 cm. On average the
proportion of prostatic volume anterior to the urethral segment from apex to the point of
maximal angulation relative to the remaining volume posterior was 0.4 for both the whole
prostate as well as the transition zone. A total of 155 of the patients (37%) were imaged
using an endorectal coil. There were a total of 1247 lesions detected (182 PIRAS 2 (15%),
468 PIRADS 3 (38%), 404 PIRADS 4 (32%), and 173 PIRADS 5 (14%). A total of 387
lesions (31%) were in the transition zone, 832 (67%) were in the peripheral zone, and 28
(2%) were in the central zone.

Of the 380 patients with IPSS scores, 130 (34%) had mild symptom, 196 (52%)

had moderate symptoms, and 54 (14%) had severe urinary symptoms. Univariable and
multivariable ordinal linear regression analysis results relating quantitative measures of the
prostatic urethra and urinary symptoms are shown in Table 2. On univariable analysis,
nearly all quantitative variables demonstrated a statistically significant relationship with
urinary symptoms including whole prostate and transition zone volume, urethra length, and
volume of prostate posterior to the urethra (aka retrourethral prostate, which is a median
lobe corollary). However, on multivariable analysis of the entire cohort, only prostatic
urethral length maintained a statistically significant relationship with urinary symptoms with
a normalized odds ratio of 1.5 (95% confidence interval 1.0-2.2, p=0.04).

Patients on alpha blockers had a higher median IPSS score than patients not on alpha
blockers (14 vs 9, respectively, p< 0.001). Separate statistical analysis for patients on and
off alpha blockers is demonstrated in Table 3. For patients on alpha blockers, prostatic
urethral length was the factor with the strongest association with urinary symptoms with
a normalized odds ratio of 3.5 (confidence interval 1.5-8.8, p=0.004). Urethral angle
was also positively associated with urinary symptoms whereas transition zone volume
was inversely associated with urinary symptoms when controlling for all anatomical
characteristics in multivariable model. For patients not on alpha blockers, there was no
statistically significant relationship between any variables and urinary symptoms.

DISCUSSION

The majority of men will experience age-related proliferation of stromal and epithelial
elements of prostatic tissue surrounding the urethra at some point in their life (9).
Population-based studies demonstrate a concomitant increase in LUTS with age (10) and
commensurate reductions in urinary flow (11). However, the relationship between prostate
volume and LUTS is unpredictable. For instance, it is widely held that LUTS is caused

by obstruction of the urethra by an enlarged prostate (12). This is supported by the higher
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prevalence of urinary retention in men with larger prostates and the correlation of lower
peak flow rates with increased risk of urinary retention (13). However, multiple subsequent
studies demonstrate only a weak association between the size of the prostate and urinary
symptoms in men (11,14), and some studies found no association between prostate size and
urinary symptoms (15).

There have been multiple studies evaluating anatomical characteristics of intra-prostate
structures to explain the co-occurrence of LUTS and prostatic hyperplasia beyond total
prostate volume. Attention has been paid to the volume of the transition zone however the
correlation with LUTS is also weak (16,17). Prostatic urethral length has been correlated
with symptoms (18). The angle of the urethra has also been measured via ultrasound and
found to have a correlation with urinary flow (19) and symptoms (20). Most studies thus far
have been limited to ultrasound assessment, which has a high degree of inter-observer and
intraobserver variation (21). Additionally, calculation of volumes by ultrasound relies on an
approximation of prostatic shape to an ellipsoid which may differ significantly from direct
volumetric assessment by true anatomic segmentation (22).

In this study, we sought to utilize volumetric segmentation of the prostate, transition zone,
and urethra on MRI to provide quantitative metrics to correlate with LUTS. Benign growth
of prostatic tissues is known to occur predominately in the transition zone of the prostate
with some patients having more growth laterally (known as the lateral lobes) while other
patients having more growth in retrourethral tissue, (known as the “median lobe”) (23).
Growth of the retrourethral tissue can protrude into the bladder (intravesicle prostatic
protrusion) and be a source of obstruction (1), and therefore, it is important to quantify
the amount of tissue in this space. To our knowledge, this is the first description of a
methodology defined to quantify the volume of the retrourethral tissue in an objective
manner. Quantification of the nonlinear prostatic urethral length as well as a quantitative
measurement of the maximum urethral angle allowed for an objective assessment of
multiple aspects of the prostatic urethra derived from the anatomic segmentation.

Consistent with prior studies (16,17,19,20), there was a statistically significant positive
relationship between urinary symptoms and each of the following variables on univariable
analysis: whole prostate volume, transition zone volume, prostatic urethral length, urethral
angle, and retrourethral volume. However, in a multivariable model with all patients, only
prostatic urethral length had a statistically significant relationship with symptoms with

a normalized hazard ratio of 1.5. This is consistent with the known principles of fluid
dynamics where resistance increases directly with length and flow varies inversely with
resistance (24). This finding also explains the weak relationship between whole prostate
volume and transition zone volume and urinary symptoms on a population basis: larger
prostates may have more BPH, but it is really the length of the urethra that is most strongly
associated with urinary symptoms when controlling for other variables.

Alpha blockers have become a mainstay of therapy for men with mild to moderate LUTS
(25). Alpha blockers improve symptoms by an average of 30-40% (26), but some patients
fail medical treatment (27). For patients on alpha blockers, prostatic urethral length had

a stronger association with worse urinary symptoms with an odds ratio of 3.5. Two other
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factors were also statistically significant in the multivariable model: maximum urethral angle
(OR 1.7) and TZ volume (0.2). The odds ratio of the TZ volume must be interpreted in

the context of the multivariable model given that TZ volume odds ratio is greater than 1

on univariable analysis and less than 1 on multivariable analysis. Specifically, this model
describes a situation where the size of the whole prostate constant as well as the volume of
the retrourethral tissue is held constant. In this setting, an individual who has a relatively
small transition zone with a steep angle creating a long urethra is more likely to have severe
urinary symptoms despite alpha blockade use. This is a phenomenon that has been described
as a “high bladder neck,” which has been postulated to be a source of obstruction in men
with LUTS (19). Identification of these anatomical factors related to treatment failure allows
for improved monitoring and consideration for earlier intervention.

There are important limitations to this study. This is a single institution retrospective
evaluation, and IPSS scores for 11% of the data were not able to be located. Furthermore,
there was no systematic measurement of urinary flow, post-void residuals, and no
urodynamic evaluation was performed to assess the effect of quantitative measurements
included in this study on the presence of anatomical obstruction. Finally, we did not
include information regarding the radius of the urethra given the urethra was in a collapsed
state during the MRI and therefore the true luminal volume during urination could not be
assessed.

It should be noted that all analysis performed in this study required only one source of
input: segmentation of MRI data. While MRI is not recommended for BPH per se, prostate
MRI data are increasingly available as it is used to diagnose cancer, and for those patients
with concomitant urinary symptoms, a segmentation-based methodology could provide a
substantial amount of additional information, particularly for those patients who are not
responding to alpha blockade. Furthermore, prostatic urethral length can also be measured
during a routine cystoscopy or transrectal ultrasound.

In summary, this study demonstrates a quantitative method to evaluate the prostate on

MRI. There is substantial variation in prostate and transition zone size and location

of enlargement, leading to considerable variation in the prostatic urethral length and
maximal angle in the sagittal plane. While multiple anatomic features were correlated with
outcome on univariable analysis, on multivariable analysis prostatic urethral length emerged
as the single variable most associated with more severe urinary symptoms. This study
demonstrates the value of quantitative analysis of anatomic features for evaluation of BPH.
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TZ transition zone
IPSS International Prostate Symptom Score
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Figure 1.
Prostatic urethra segmentation technique.

A systematic approach was taken to the segmentation of the prostatic urethra. Segmentation
began by inserting a segmentation circle on the axial cut at the level where the
verumontanum was clearly visible (A). This segmentation circle was then extended to the
bladder neck in a straight line (b). The contour of the urethra was estimated on the sagittal
section (c) and adjusted in the coronal section (d). The final contour was then adjusted in the
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axial section (a), using the dynamic contrast enhanced series to elucidate the location of the
urethra when not obvious on the T2 series. (Color version of figure is available online.)
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Figure 2.
Anatomic variation impact on surface mesh and curvature measurement.

This is a substantial amount of variability in the course of the prostatic urethra, with Figure
2a demonstrating a straight urethra, Figure 2b demonstrating a moderate curve, and Figure
2¢ demonstrating a severe curve with lengthening of the urethra. The second row of this
figure demonstrates a 3D mesh visualization of the urethra with the central portion of the
urethra demonstrated in red. The third row demonstrates the maximal curvature with the
lower red line compared with the straight-line distance demonstrated by the green line, with
the point of maximal curvature demonstrated as the red dot (inflection-based calculation)
and blue dot (distance-based calculation). (Color version of figure is available online.)
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Anterior o
Volume

Figure 3.
Measurement of prostatic urethral length and rectourethral volume.

A piecewise spline function was utilized to determine the length of the entire urethra taking
deviations in the urethra into account (a). A delineation to determine the tissue posterior

to the urethra is seen in Figure 2b. This median lobe correlate was made by creating a

plane between the superior point of urethra (green dot) and the maximum point of inflection
(yellow dot), with the volume of the prostate posterior to this considered as part of the
retrourethral volume. (Color version of figure is available online.)
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TABLE 1.
Summary of Measurements
Median  Range IQR

Prostate volumes (cc)

Whole prostate 62.6 (14.8-271.2) (44.2-90.8)

Transition zone 36.2 (2.9-222.4) (19.9-59.0)
Prostatic urethral length (mm)

Sagittal length 479 (21.6-101.3)  (40.0-55.6)

Coronal length 42.0 (18.0-81.0) (36.1-48.0)

3D length 48.0 (21.5-102.0)  (40.0-55.9)
Urethral angle (degrees)

Sagittal angle 38 (9-77) (29-47)

Coronal angle 8 (0-52) (4-14)
Whole prostate delineation (cc)

\olume anterior 40.8 (0.0-248) (25.3-60.7)

\Volume posterior 21.9 (4.5-147.9) (15.5-30.7)

Anterior/posterior ratio 0.4 (0.1-1.0) (0.3-0.4)
Transition zone delineation (cc)

Volume anterior 221 (0.0-206.4) (11.3-38.5)

Volume posterior 117 (0.6-59.5) (7.2-19.1)

Anterior/posterior ratio 0.4 (0.1-1.0) (0.3-0.5)

IQR, interquartile range.
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