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Abstract: Benign prostatic hyperplasia (BPH) develops in the majority of men as they age. As a result, lower urinary
tract symptoms (LUTS) often develop, which significantly decrease quality of life. One model of studying BPH/LUTS
in mice is to use a hormone-induced model of lower urinary tract dysfunction (LUTD), but current methods for study-
ing endpoints require multiple analysis techniques that contribute to an overall lengthy process. However, develop-
ments in magnetic resonance imaging (MRI) have opened the door for more accurate and time efficient methods.
The purpose of this study was to demonstrate the capabilities of MRI for the analysis of LUTD in mice. To do this,
whole and partial urogenital tracts were extracted from mice and imaged on a 9.4 Tesla MRI system. Additionally, a
device was designed and fabricated to aid in the imaging of up to 100 mouse urogenital tracts in a single imaging
session. Images were processed for both qualitative representation of MRI resolution capabilities and quantitative
measurements of urogenital tract components. Even the smallest anatomical structures of the urogenital tracts
were resolved and quantified, including the ureters, urethra, ductus deferens, and fine nodules and textures on the
seminal vesicles, bladder, and prostatic lobes. The visual representations and urogenital component quantifications
demonstrated in this study may be of value in lesion detection, diagnosis, and LUTS symptom progression tracking.
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Introduction

As the general population ages in the United
States, incidence of benign prostatic hyperpla-
sia (BPH) increases. BPH is a disease that
develops as a consequence of aging and
affects 90% of men over the age of 80 [3].
Along with the development of BPH, many men
can also develop lower urinary tract symptoms
(LUTS), which significantly decrease quality of
life. While BPH is not a malignant disease, the
development of LUTS can lead to increased fre-
quency of urination, nocturia, and severe com-
plications such as bladder stones and renal
failure [9, 10]. Typically, BPH is characterized by
the enlargement of the prostate and is diag-
nosed using the AUA symptom index (AUASI)
score, uroflowmetry, prostate-specific antigen
(PSA) blood tests, and measurement of pros-
tate size [4, 10].

The human prostate consists of three distinct
histological zones: central, peripheral, and tran-
sition [6]. Prostate cancer primarily develops in
the peripheral zone, while BPH is almost exclu-
sively found in the transition zone. The transi-
tion zone of the prostate surrounds the urethra;
therefore, enlargement of the prostate can
result in urethral narrowing as the prostate
pushes inward due to encapsulation [1]. This
urethral narrowing can lead to bladder outlet
obstruction (BOO) and directly contributes to
the development of LUTS. To study this, hor-
mone-induced models of lower urinary tract
dysfunction (LUTD) have been used in mice [7].
The hormone treatment leads to increased
bladder size, decreased uroflow, and even kid-
ney failure, closely mimicking BPH/LUTS in
humans [4, 7]. While this model has been
essential in characterizing some of the underly-
ing macro mechanisms of BPH, the process of
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Figure 1. MRI of Adult Mouse Urogenital Tract: A
full urogenital tract was dissected from an adult
C57BL/6 mouse and embedded into agar gel for im-
aging. Following imaging, MIMICS was used to seg-
ment the different regions and tissues of the tract.

analyzing some of the more nuanced mecha-
nisms remains tedious and time consuming.
Even though the anatomy of the mouse pros-
tate differs from that of humans, LUTD and
decreased uroflow in these mice could be
attributed to mechanisms that are pathologi-
cally relevant in humans as well. These mecha-
nisms include collagen deposition, increased
duct number, hyperplasia, and overall decreas-
ed urethral volume [2, 8, 13].

Current methods for analyzing BPH-related end
points in mice rely on a number of steps includ-
ing harvesting the urethra from the mouse after
sacrifice, embedding the urethra, sectioning
the urethra, and staining urethral tissue with
hematoxylin and eosin. In order to reconstruct
these urethras in three dimensions and mea-
sure total luminal volume, it is necessary to use
hundreds of sections from a 2-3 mm portion of
prostatic urethra. After staining, each urethral
section is imaged, traced, and reconstructed
usinga 3D reconstruction software. This pro-
cess can take up to a week per mouse. If
researchers aim to reconstruct tracts, including
prostatic ducts and surrounding structures, it
can take up to a year. In this report, we describe
a magnetic resonance imaging (MRI) technique
that allows for imaging and processing of uro-
genital tracts of mice at a very high resolution.
In addition, measurements of the resulting MRI
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images are equal to, or outnumber, what can be
reasonably measured in reconstructed tracts
using previously established software, all with-
in a fraction of the time. Finally, this MRI tech-
nique may be clinically valuable in BPH diagno-
sis-a process which often uses questionnaires
and a digital rectal exam that can miss the
underlying causes that can vary from patient to
patient [12].

Material and methods
Preparation of tissues

An entire urogenital tract from an untreated
C57BL/6 mouse was harvested, as previously
described [7]. The entire urogenital tract below
the kidneys was harvested, including the ure-
ters, urethra, ductus deferens, seminal vesi-
cles, bladder, and prostatic lobes. Additionally,
five other mouse urogenital tracts, including
the bladder and urethra, were extracted for
imaging. To prevent motion of the tracts during
the imaging process, they were embedded into
0.7% agar/PBS gel in 5 mL Eppendorf tubes.
Agar was also used to preserve protein in the
tracts so that further analysis could be con-
ducted following imaging. After imaging was
completed, the agar was rinsed off of the tracts
using de-ionized water and then either trans-
ferred back to 70% EtOH for preservation or
paraffin embedded for later sectioning and
staining.

Holding device for large quantities of urethras

To image larger quantities of mouse urethra tis-
sues (more than just 5) in a single imaging ses-
sion, a holding device was designed. The
device, shown in Figure 3, consists of 10
stacked disks, each with 10 open slots for
housing mouse urethra segments (100 total
slots). The disk (Figure 3A) diameter was
designed to fit inside the magnet bore, and
each slot has a height of 4 mm, a width of 15
mm, and a depth of 4 mm. In an effort to reduce
MR image artifact, a hemispherical segment
was added to each end of the device to reduce
susceptibility, as shown in Figure 3B. The ure-
thra holder was fabricated with a stereolithog-
raphy additive manufacturing machine (Form 2,
Formlabs, Somerville, MA). The resulting device
is shown in Figure 3C. This “stackable urethra
MRI organizer capsule” was termed the
SUMO-cap.
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Figure 2. MRI Imaging of Mouse Bladders and Urethras: (A) Five mouse
bladders and urethras were dissected and embedded into agar gel for MR
imaging. Imaging produced views of the lumens of the bladders and ure-
thras in coronal, axial, or sagittal views. These were used for subsequent
measurement. (B) An example of one of the embedded tracts with selected
endpoints for measurement. All measurements of the 5 tracts are includ-
ed in Table 1. (C) Immunohistochemistry for SMA was performed to dem-
onstrate protein preservation in the agar. (D) A BrdU stain of the selected
mouse urethra demonstrating protein preservation.

ded into 7 of the SUMO-cap
disks. Using the 9.4T MRI ma-
chine, the capsule was scan-
ned with the same imaging
protocol as the previous mou-
se tract imaging. Images were
then imported into MIMICS
and 2D and 3D views were
constructed to allow for quick
volume measurements.

MRI imaging protocol

The prepared samples were
imaged in a 9.4T animal MRI
scanner (Bruker, Billerica, MA),
using a dedicated coil. MR
imaging was performed using
a high-resolution 3D rapid
acquisition with resolution en-
hancement (RARE) technique
including inversion recovery to
approximately null the signal
from agar. Imaging parame-
ters included the following:
repetition time (TR): 4000 ms,
inversion time (Tl): 1346 ms,
echo time (TE): 55.4 ms, echo
train length (ETL): 16, pixel
bandwidth: 312.5 Hz, acquisi-
tion matrix: 320x320%280,
spatial resolution: 0.1x0.1x0.1
mms3.

Measurement and reconstruc-
tion of selected endpoints

The MR images, containing
data from the entire untreated
C57BL/6 mouse urogenital
tract and from the 5 mouse
urogenital tracts, were import-
ed into MIMICS (Materialise,
Leuven, Belgium) and 3-matic
(Materialise, Leuven, Belgium).
Key features were measured,
including maximum and mini-
mum bladder wall thickness,
detrusor muscle volume, blad-
der volume, bladder neck
angle, urethra diameters, ure-
thra total length, and urethra
segmental lengths (as dis-

To test the utility of the SUMO-cap, 69 prostatic played in Figure 2B). To make these measure-
urethras were extracted from mice and embed- ments, the anatomical boundaries of each uro-
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Figure 3. Design of SUMO-cap: A device was deigned to hold excised mouse
urethral tracts for MR imaging. A. The device consisted of stackable disks,
each with 10 slots for urethra mounting. B. Hemispherical end-caps were
added to the device assembly to improve image quality by reducing suscep-

T MRI of mouse urogenital
tracts and preservation

The five male urogenital tra-
cts were successfully imaged
simultaneously at a resolu-
tion of 0.1x0.1x0.1 mm3.
This resolution was previous-
ly unachievable using stan-
dard clinical ultrasound pro-
cedure. The measurements
that are most relevant to the

tibility artifacts. C. The final device, consisting of 10 stacked disks, was fabri-

cated with a stereolithography additive manufacturing methods.

genital tract were manually segmented in
MIMICS based on delineation of tissue thresh-
olds (Figure 2). Once each boundary was delin-
eated, 3D models of each urogenital tract were
exported to 3-matic for further processing.
Maximum and minimum bladder wall thick-
nesses were determined by first separating the
bladder wall volume from the remainder of the
tract and then computing the maximum and
minimum wall thickness points in 3-matic.
Bladder and detrusor muscle volumes were cal-
culated by first subtracting the 3D bladder fluid
volume from the bladder wall and then calculat-
ing the volume of each by totaling the number
of voxels in each part. Bladder neck angle was
determined by finding the mean tangent points
between the urethra opening and the bladder
wall on opposing sides of the bladder, as shown
in Figure 2B. Urethral diameters, total length,
and segmental lengths were found by segment-
ing the urethral opening and then measuring at
various points on the 3D segmented model.

Results
MRI of full-length urogenital tract

MR images of the entire C57BL/6 untreated
mouse urogenital tract were reconstructed in
three dimensions with high detail (Figure 1).
Despite a high field of view and a large amount
of tissue volume, measurements were suc-
cessfully conducted on even the smallest ana-
tomical structures, including the ureter vol-
umes, urethra volumes, and ductus deferens.
Due to the high resolution of the images, fine
textures and nodules of the seminal vesicles,
bladder, and prostatic lobes were observed.
This may be an important factor in studies that
focus on lesion or nodule detection in models
of cancer or BPH.
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development of BPH/LUTS or
LUTD in mice are shown in
Figure 2B. Upon completion,
tracts were removed from agar and embedded.
Preservation of protein within the tissue was
demonstrated through staining of the tracts
with smooth muscle actin (SMA) and BrdU, as
shown in Figure 2C and 2D.

Measurements of selected endpoints

Urethral narrowing, increased bladder size,
thickening of detrusor muscle, and smooth
muscle changes ina T + E, model of LUTD were
previously reported [7]. In this study, minimum
and maximum bladder wall thickness were
reported, which were measurements done
qualitatively in the past. A summary of tract
measurements is shown in Table 1. Bladder
wall thicknesses ranged from 0.19 mm to 2.1
mm. Additionally, detrusor muscle volume in
these samples ranged from 40.5 mm?3to 95.58
mm3, Bladder volumes of these mice ranged
from 2.53 mm?® to 67.53 mm3. Bladder neck
angle varied from 65.99° to 93.46° (Table 1).
Finally, urethral lengths and diameters ranged
from 0.85 mm to 1.87 mm.

Imaging of large quantities of urethras using
SUMO-cap

The SUMO-cap was successfully imaged with
69 urethra tissue samples. The results were
visualized in MIMICS, as shown in Figure 4.
Although imaging of the SUMO-cap was per-
formed to demonstrate usefulness of the
device, the individual urethra dimensions could
be quantified, as was done on the 5 male
mouse urogenital tracts earlier in this work.

Discussion

In this study, an improved technique to charac-
terize and investigate LUTD in mice was estab-
lished. Using a 9.4T MRI, a spatial resolution of
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Table 1. Selected endpoint measurements of full length urogenital tracts

Bladder Wall Bladder Wall Detrusor Bladder Bladder Urethra Urethra

Mouse  Thickness (Max) Thickness  Muscle Volume  Volume Neck Angle length Diameter

(mm) (Min) (mm3) (mm3) (degrees) (mm) (mm)
1 1.7 0.19 44,99 13.29 76.79 21.76 1.48
2 1.47 0.3 49.02 67.53 93.46 2211 1.87
3 2.1 0.47 95.58 22.79 67.13 21.91 1.03
4 1.54 0.51 43.57 12.32 7191 25.57 1.02
5 1.65 0.91 40.5 2.53 65.99 22 0.85
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Figure 4. MRI Imaging in High Density SUMO-cap: 69 Adult mouse prostatic

ment accuracy was shown
on multiple endpoints. Addi-
tionally, several tracts were
reconstructed and measured
using a single imaging ses-
sion, which provides results
in a fraction of the time as is
required by current techni-
ques. These measurements
also allow for characteriza-
tion of obstruction and for
follow-up histological studies
to determine the cause of
the obstruction (such as in-
creased fibrosis or smooth
muscle). Past methods of
analysis have relied on sec-
tioning and staining the
entire urethra to determine
the cause of obstruction.
LUTS or BOO, leading to uri-
nary retention, is often very
hard to predict and can have

urethras were embedded in agar gel in the SUMO-cap and imaged under the variable causes between

same MRI protocol as previously described. All 69 urethras were visualized in
a 3D space, and 2D views allowed clear visualization of urethral lumens for

subsequent measurement.

0.1x0.1x0.1 mm?3 was achieved. In the clinic,
men with BPH often present with LUTS and
enlargement of the prostate. Researchers have
shown that this can lead to increased bladder
size, increased frequency of urination, and noc-
turia [11]. This can be attributed to a number of
causes, including changes in bladder neck
angle, which is caused by the prostate pushing
up against the bladder. This changes uroflow
dynamics and causes incomplete voiding [5].
LUTS can also be attributed to BOO, which is
most often caused by prostate enlargement
resulting in urethral narrowing [11]. In this
mouse model, which is at a much smaller
scale than previous studies, reliable measure-
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patients. With this MRI proto-
col, causes of BPH/LUTS can
be found in mouse models
with improved accuracy over
established methods, such as ultrasound.
Future studies will focus on using this protocol
to interrogate causes of BPH/LUTS, such as
hormonal changes. Additionally, this protocol
can be optimized for imaging of live mice, which
would allow for longitudinal studies and moni-
toring of physiological changes following stan-
dard and novel treatments.
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