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ABSTRACT

Bladder health and dysfunction is not well understood. Research with mouse models is an
effective way to study soft tissue/organ function especially with the genetic tools available in this
species. Despite this advantage, bladder research in mice is still lacking compared to other animal
models. Particularly, mechanical testing/analysis of the mouse bladder tissue are near non-existent
in literature. In this dissertation, experimental ex vivo pressurization of whole mouse bladders was
used to analyze the mechanical stresses and stretches in the soft tissue. Bladder filling cycles were
digitally reconstructed in four dimensions (4D: 3D space + time). The reconstructions were used to
characterize the geometry and mechanics of the bladder as it fills. This led us to the novel discovery
that male and female bladder behaves in significantly different way, even in health. This work
contributes to the bladder mechanics literature as this level of 4D and mechanical analysis of bladder

filling in a mouse model has not been shown before.
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CHAPTER 1
INTRODUCTION

1.1 Bladder Dysfunction

Bladder dysfunction is prominent in humans. Large-scale surveys of adults have estimated
the prevalence of bladder dysfunction in Western populations is between 10-20%.%? Prevalence of
at least one bladder symptom has been estimated at 40-70% of the world population.® Treating
bladder symptoms is challenging since the pathogenesis of dysfunction is often unclear® and there
are multiple risk factors including age, sex, body mass index, and high-impact sport.:%7-10

The concept of bladder dysfunction is separated into storage dysfunction or voiding
dysfunction.!! Storage dysfunction is defined by the International Continence Society as
“abnormal changes in bladder sensation, ... pressure or bladder capacity”, while voiding
dysfunction is defined as “abnormally slow and/or incomplete bladder emptying manifest as an
abnormally slow urine flow rate and/or an abnormally high post-void residual”.!*

Dysfunctions are diagnosed by patient symptoms and urodynamic testing.* Urodynamic
study in the clinical setting involves artificial bladder filling followed by conscious voiding all
while measuring bladder pressure and volume. This test is called cystometry. Pressure is measured
via a double-lumen catheter, and volume is quantified by imaging the abdomen (via X-ray, CT
scan, or ultrasound) and recording the infused and voided volumes. Abdominal pressure may also
be measured to account for non-bladder pressure events such as coughing.'! Dysfunction diagnosis
is then done by comparing the pressure-volume chart to published standards for normal or
dysfunctional cystometry results and pressure-flow nomograms,***2 and by interpreting the
patient’s first sensation, normal urge, and strong urge to void during the test.!!

Patient-reported lower urinary tract symptoms (LUTS) can also inform dysfunction
diagnosis.!! LUTS are defined as “a symptom related to the lower urinary tract; it may originate
from the bladder, prostate, urethra, and/or adjacent pelvic floor or pelvic organs”.!! These
symptoms may include for example: increased urinary frequency, incontinence, intermittent or
slow voiding, or urinary tract infection. LUTS are the primary signal for some bladder-related
dysfunction; however the root cause of the symptoms can be hard to determine from symptoms
alone, and as such, the bladder has long been called an “unreliable witness”.241" For example,

LUTS prevalence is high as 80% in spinal cord injury patients,*3-?! but the initial symptoms are



the result of nervous system dysfunction (spinal shock), not a bladder pathology.?>® However,
the long term effect of the nerve dysfunction leads to bladder wall tissue remodeling and altered
bladder function, which is then specifically a bladder dysfunction.?’-3? The challenges in assessing

bladder health/dysfunction will be discussed further in the following sections.

1.2 Bladder Health

Bladder health has been defined as “a complete state of physical, mental, and social well-
being related to bladder function and not merely the absence of LUTS” by the consortium on
Prevention of Lower Urinary Tract Symptoms. In regard to storage, a healthy bladder should be
able to “hold urine for a reasonable duration of time and sense bladder fullness without fear of or
concern about urgency, discomfort, or leakage”, while for voiding having “the ability to empty the
bladder completely in a timely, efficient, effortless, comfortable manner”.3® The consortium also
asserted that objective measures should also be used to determine bladder health. These include:
healthy first sensation and strong urge to void, capacity, duration of voiding, and time between
voids.® Yet, they have not published data on normative bladder function to declare what these
parameters should be in the “healthy” state. Herein lies a significant gap in the literature on bladder
health. There is simply not enough evidence of measurable parameters to draw a consensus on
healthy bladder function.3*38 Instead, much of the literature on bladder function is on the
dysfunctional state.®*3* While studying dysfunction is crucial for disease treatment, the lack of
healthy reference information leaves no context for understanding the research on dysfunction.

Although there are no established standards, there are studies on parameters for healthy
bladder function. Healthy subjects will have between 4-12 voids per 24 hours, with 0-1 voids at
night.343%-45 Normative voiding time based on meta-review has been estimated between 23-33
seconds,®% and total voided volume over 24 hours is between 1400-1700 mL.3*3" Sex
comparisons have found that males void at higher volumes and less frequently than females,
although total voided volume over 24 hours and fluid intake were not found to be different.446
Brain activity in regard to bladder control has gender differences in the areas of neural activation
and intensity as well.*’

Looking at normative parameters for bladder sensation, first sensation occurs between 100-
250 mL, urge to void between 200-350 mL, and strong urge is from 350-500+ mL.*3-%! |t should
be noted that the healthy subjects in these studies are often included based on self-reported normal

bladder health, when they may in fact have some non-normative function to which they have
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acclimated.® The subjectivity of bladder health, and the variability of these many “healthy”

bladder parameters hint at the difficulty in establishing standards for normative bladder function.

1.3 Tools to Study Bladder Function

Cystometry is called the gold standard for measuring bladder function.>>" It is indeed the
best way for fully profiling filling and voiding behavior, and there are many parameters which can
be gleaned from the test. Objective measures include: flow rate (maximum and average; named
Qmax and Qave), time to maximum flow rate (tQmax), intravesical pressure (i.e., internal bladder
pressure), bladder capacity, the volume/pressure at which sensations occur (first, urge, and strong
urge), and compliance (the relationship between volume and pressure, calculated as AV /AP).!
Cystometry may be recorded in a single session, with simultaneous urinary tract imaging
(videourodynamics), or for an extended period (ambulatory urodynamics).!

Other methods for bladder assessment include free uroflowmetry or a bladder diary.'! Free
uroflowmetry is non-invasive and provides measures of flow rate, flow continuity, voided volume,
and voiding time. This test only profiles voiding and cannot assess storage. A bladder diary in
which voiding frequency and volume are recorded can also inform bladder health assessment.
These methods are more accessible than cystometry with the tradeoff of less information.

Cystometry is the most comprehensive bladder test; however, it is not without its
limitations. This test is invasive, requires special equipment/expertise not all clinics may have, and
the results may not be comparable to published data if the established guidelines are not followed
carefully (e.g., patient posture, infusion fluid properties, and fill rate).** It has been shown that the
data is not repeatable in the same subject with successive testing.%®% Furthermore, and as
discussed earlier, the volumes at which sensations occur (first, normal, strong urge), and
urodynamic parameters used for diagnosis are not consistent across healthy subjects. 384859

Further illustrating the difficulty in assessing pressurized organs, one can look at lung
testing for comparison. The lungs undergo pressure and volume changes via fluid flow, which are
measurable similar to the bladder. The literature shows that, like the bladder, normative parameters
from lung testing are not well defined and can have large variability.®® Pressure-volume curves are
obtained from lung testing and, like the bladder, these curves are not trivial to interpret.®® The
challenge in profiling these organs can be explained by the complexity of their multi-system
function. The bladder does not function alone; it is a sophisticated interaction between the bladder

wall, pelvic muscles, urethral sphincters, and neurological regulation. The same can be said for the
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lungs, which function as the combined interaction of the lungs, chest wall, airway passages, and
neurological regulation. It is for this reason that there has been an increasing call for investigating
lung function in relation to the tissue mechanics.®°-2 It can be argued that there is a similar need
for better understanding of bladder tissue mechanics as a means for assessing bladder function.

In pulmonary function testing and cystometry, compliance is a standard clinical measure
that quantifies mechanical function of the target organ (i.e., distensibility).** It is calculated as the
change in pressure per change in volume when filling from empty.!! This “mechanical” measure
is fraught with issues though. The International Continence Society standardized this parameter in
1976,%% and still recommends its use for bladder assessment!! even though it has been known to be
highly variable in healthy subjects for over four decades.®*® Furthermore, it can be completely
misleading as an indicator for tissue distensibility. While compliance is purported to be a
comparable metric for modulus of elasticity®®, it is not. A bladder with supposed low compliance,
as indicated by the pressure-volume data, can actually have a higher compliance if modulus of
elasticity is analyzed from stress-stretch data (Figure 1.1).” To understand this conflict, the

definition(s) of compliance must be unpacked further.
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Figure 1.1: Different conclusions about bladder distensibility obtained from bladder
compliance vs. mechanical compliance.®” A) Bladder compliance, as derived from pressure-
volume data, cannot show the true nature of bladder wall stiffness. B) Stress-stretch data
provides more accurate results not captured by pressure and volume alone. Reproduced
from Hennig et al. 2022.%7
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Compliance as discussed, which may also be called bladder compliance, suffers from
homonymy between the fields of urology and mechanics.*->6% Further complicating the issue, the
objective of the compliance measure is the same between the fields — it is a measure of
distensibility. However, the measure is obtained differently in urology vs. mechanics, and they are
often discussed as equivalent when they are not.®"° The term “compliance” in the field of
mechanics is defined as the inverse of stiffness, or modulus of elasticity, which is the change in
stress by change in strain.”* Bladder compliance is used as a proxy measure for mechanical
compliance as the ratio of pressure to volume is said to be a substitute for the ratio of stress to
strain.®®™ The difference is that mechanical stress accounts for the material geometry, which in
this case would be bladder wall thickness, and that strain is normalized. Mechanical metrics are
superior for analyzing bladder function for these reasons, in addition to the fact that stress and
elasticity correlate with sensation and bladder muscle activity, whereas bladder compliance does
not reflect these bladder functions.”>"

Standard urological assessment methods can be more valuable with some extension into
macroscopic tissue mechanics. Urologists and urology researchers may not be engineers, but they
have the tools and capacity to include some straightforward mechanical analysis which can
enhance medical insights. For example, bladder wall thickness can be measured via ultrasound.”-
" Then, with the commonly used method of modeling the bladder as a sphere,’28%82 a bladder
effective radius can be estimated, and mechanical stress (o) and strain (¢) may be calculated with

the thin-walled spherical pressure vessel equations from Laplace’s Law®® given in Equation (1.1):

£=— (1.2)

where P is the bladder pressure measured during cystometry, r and r, are the radius during filling
and radius at empty, respectively, and h is the bladder wall thickness. This method of determining
bladder distensibility/stiffness is more accurate and relevant than the traditional bladder
compliance measure since it accounts for the bladder geometry and is normalized.

Beyond extending current standard assessment methods, there is a need to “reverse
engineer” the bladder, so that the underlying mechanisms which drive its functions can be better

understood. A common method engineers use for researching mechanical behavior of soft tissue



is stretching excised tissue strips and recording the loading and deformation characteristics (stress
and strain).2+8° This method is limited in that it does not reflect the in vivo loading conditions;
however it allows for direct measurement of the tissue’s material properties with well-established
mechanical tests. Tissue strip stretch tests have indeed revealed that the bladder wall has
anisotropic behavior (directional material properties), and that the bladder wall has stress-
regulating components that behave differently in diseases, such as diabetes.***® For more accurate
physiological mechanical testing, preliminary methods were developed by researchers for tracking
the mechanical behavior of the whole bladder during pressurization.®>%-1%4 These tests have
validated that the bladder has directional mechanical behavior, and that the shape of the organ is
best approximated by a spheroid.%1% Whole organ pressurization methods are limited in that they
are less standardized than planar tissue stretching, but the fact that the true loading behavior of the
tissue is captured provides significant value. These types of mechanical testing tools are not yet
integrated into urological assessment methodologies, but as their value is continually
demonstrated, mechanical testing may be the missing link needed to better characterize bladder
health and dysfunction. Developing whole bladder pressurization mechanical models is a primary

aim of this dissertation, which will help understand in vivo function in terms of bladder mechanics.

1.4 The Mouse Model

Animal models are popular for research and development of mechanical testing and
modeling the bladder. Pigs and rats are commonly used animal models for bladder mechanical
testing.2729-31.81.96,103.107-111 The mouse model, however, has been underutilized in this field of
research.!211 The reasons for this may due to the smaller size of the bladder can make it more
difficult to work with compared to pigs or rats, and the fact that the mouse bladder lacks smooth
muscle in the mucosa layer that is present in larger animals (anatomy to be discussed in the next
section). These “limitations” can actually prove to be advantageous. As will be explored in Chapter
2, the smaller diameter and thinner bladder wall in mice allowed for a novel whole-bladder
pressurization device and mechanical modeling method to be developed.®” Furthermore, mouse
models have many benefits compared to other animal models. Mice are more cost-effective due to
their smaller size and faster maturation vs. pigs and rats.}*®>*!" There are also a number of
standardized mouse models for health and disease.'!812 This aids in reproducibility of research,
and allows results from different labs to be compared. Finally, mice are powerful models due to

the established genetic manipulation tools available. Methods such as cre-lox recombination and
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CRISPR/Cas9, allow targeted DNA modifications to knockout or knock-in genes to explore their
function or mimic diseases in humans.*?*12¢ For these reasons, mice are a go-to animal model for
biomedical research, although these advantages have not been utilized to their potential for the
study of bladder mechanics.

One must certainly be cautious in extrapolating results found in mouse models to humans,
but for development and validation of mechanical testing methods and models, they are valuable
as explained above. Additionally, there are still notable similarities between humans and mice. For
one, it is known that 80% of the mouse genome is shared by humans.2” Moreover, in regard to the
bladder, human and mouse bladders function within similar pressure and stress
magnitudes.67'72'128'129

When fully developed, the mouse urinary bladder ex vivo tissue weighs ~50 mg with an
area of 100 mm? when empty and flattened — roughly the weight of 2 grains of rice and similar in
size to an M&M.*1%2 Typical fluid capacity of the mouse bladder is around 200 pL, which is
equivalent to 4 drops of water.3-135 Mice will void a total of 2-4 mL/day with an average fill rate
of 2 pL/min.***-13 Filling and voiding patterns can be affected by sex, stress, and age.!12138-143
Genetic background also affects mouse bladder function.#>-144 While all this is known, research
on the mouse bladder — and especially bladder mechanics — is lacking. The paucity of literature on
mouse bladders is an open invitation for basic research on this organ (although few may be tooled
to accept it). More research on the mouse bladder will allow the power of genetic models in the
mouse to be leveraged for deeper understanding of the bladder.

Presently, literature on the physiological mechanical behavior of the mouse bladder is
sparse to non-existent. There are few studies that analyze the loading/stress behavior of the bladder
wall in mouse models. However, in all of these studies, the data was collected via bladder tissue
sectioned into strips and uniaxial or biaxial extension.!t3114145-147 \Whijle these studies are still
useful, they are not true to the actual mechanical loading of the bladder in vivo. Sectioning damages
the tissue and alters the boundary conditions, as the in vivo organ is loaded via pressurization and
not planar extension. The mechanical stresses of the pressurized mouse bladder have not been
quantified before. In contrast, bladder research in humans, pigs, and rats has developed extensive
characterization of the tissue mechanics, often with accurate 3D models.%104148

The scientific community knows much about mice and much about bladder mechanics;

yet, the Venn diagram intersection of these two is extremely thin. The aims of this dissertation are



to: A) quantify wall stresses of the pressurized bladder in a mouse model, and B) elevate mouse

bladder research up to the level of other animal models with 3D modeling and mechanical analysis.

1.5 Anatomy

The mouse bladder has a unique structure which allows it to be highly distensible while
maintaining low internal pressure. Its primary functions are to store and facilitate evacuation of
urine, and to prevent waste products from re-entering the body during storage. The bladder wall
is composed of layers with each contributing to the organ’s functions. Figure 1.2 gives a schematic
identifying the different layers, and Figure 1.3 shows a cross-section micrograph of the layers in
mouse tissue. The bladder wall structure is not as complex as other tissues, such as vasculature

and the gut,**® but it does have some specialized components which are unique to this organ.
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Figure 1.2: Schematic of bladder wall in mice. Reproduced from Tykocki et al. 2022.1%°



Figure 1.3: Cross section of the mouse bladder wall. T, transitional epithelium/urothelium;

L, lamina propria; S, submucosa; M, muscle layer. Reproduced from Hossler et al. 2013.%%!

The inner-most layer of the wall is the urothelium, which serves as the impermeable barrier
between urine and the underlying tissues.'®? The urothelium has been shown to be the strongest
epithelial barrier in the body across species.'®® This is accomplished by the combination of a
glycosaminoglycan (GAG) surface barrier, which is protective against bacteria and other
inflammatory insults, > and umbrella cells that are unique to the bladder urothelium. The
umbrella cells of the urothelium are highly compliant,’*® and as the bladder fills, their shape
changes from cuboidal to a flat lengthened shape with an increased surface area to accommodate
stretching of the bladder wall.*® In addition to being a protective barrier, the urothelium has a
significant role in the mechanical behavior of the bladder wall. Specifically, the urothelium shows
stretch-induced cellular signaling.'4"1%8-161 Moreover, the urothelium contributes significantly to
the elasticity and compliance of the bladder wall,°>!47:162 which has been suggested to be driven
by a muscle-relaxation mechanism of the urothelium in response to stretch.92162-165 Another factor
is the strong tight junctions that are the bond between the umbrella cells, which may also contribute
to the overall stiffness of the bladder wall, although this factor has not been well explored. 166167

The urothelium and lamina propria make up the bladder mucosa. When relaxed, the mucosa
has a high degree of folding.*%817° Figure 1.4 shows these folds on the inner surface of the bladder.

As the bladder is filling, these folds (also called rugae) flatten and contribute to the high



distensibility of the tissue. After flattening, the lamina propria, which is primarily connective
tissue, stretches for further accommodation of urine. 617" Figure 1.5 shows two cross sections of
the whole bladder highlighting the extensive inner folding and thickness of the detrusor layer. As
mentioned previously, the mouse bladder wall is unique in that it lacks smooth muscle in the
lamina propria (muscularis mucosa).!”* Based on evidence that removing the detrusor muscle from
the mouse bladder has no significant effect on the pressure-volume profile during filling,'®? it is
possible that the mucosa is largely responsible for the passive mechanical behavior of the bladder
during filling. Passive accommodation is indeed the role of the lamina propria’s elastin-collagen

network as the bladder is filled.

Figure 1.4: Folds in mouse bladder urothelium. Reproduced from Hossler et al. 2013.1!
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x100 Bladder transverse section

Figure 1.5: Cross sections of relaxed mouse bladder showing extensive folding on the inner
mucosa layer. Left: green shows collagen and arrow indicates mucosa/detrusor boundary.
Reproduced from Hornsby et al. 2017.14¢ Right: blue shows urothelial cells, blue shows

muscle cells. Reproduced from Nguyen et al. 2021.15°

Below the mucosa is the smooth muscle layer, called the detrusor, which is the active part
of the wall.1’® Contraction of the detrusor allows the bladder to empty, while the muscle must relax
during filling to allow distensibility. An interesting feature of the detrusor is that, during filling,
the muscle exhibits rhythmic transient contractions called non-voiding contractions.}’>1* These
contractions may act as a “pressure monitoring” function via the stress response of the bladder
wall.1>"" To elaborate, when the bladder is at a low volume, these contractions are able to be
dispersed throughout the tissue as it still has appreciable elasticity. However, when the bladder is
nearing its capacity, the tissue has increased stiffness, and these contractions transiently increase
the stress on the bladder wall which increases the signal to void via bladder sensation.’?74172
However, this pressure monitoring function is still a hypothesis. Transient bladder contractions are
well known in the literature, and it has been made clear that the bladder wall has mechanosensory
components, but the exact mechanisms by which the bladder is able to sense stretch and stress are

unknown.
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Beyond the detrusor muscle, there is another connective tissue layer called the adventitia.
This layer is a mesh-like arrangement of collagen and elastin.!” It should be noted that while the
layers of the bladder wall have distinct functions, they themselves are not neatly divided. In reality,
the layers have some degree of entanglement between one another, and connective tissue (collagen
and elastin) is dispersed throughout the bladder wall layers as the “glue” holding it all
together.’®"® Even in the detrusor layer, connective tissue is found permeating the muscle
bundles/fascicles/fibers. Finally, the outermost layer of the bladder wall is covered in mesothelial
cells, which create a slippery surface allowing the organ to slide freely on other abdominal tissues
as it distends and deforms.179:180

Each of the bladder layers has a significant blood and nerve supply, with nerve endings
particularly concentrated between the lamina propria and detrusor muscle.'>:16%181 Bladder
vasculature has a unique structure with many features that allow it to maintain blood flow even as
the tissue is stretched and compressed during filling. In particular, the mucosa has a dense mesh-
like network of capillaries arranged with extensive cross-connections for collateral circulation.™

Figure 1.6 shows the complex bladder vasculature via corrosion casting imaging.

\“ \\_ o
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Figure 1.6: Corrosion castings of mouse bladder capillary structure. Left shows the fine
blood supply of the bladder wall around the urethral outlet, Right shows a ureteral inlet.

Reproduced from Hossler et al. 2013.%°!

While this dissertation is primarily focused on the bladder wall itself, it cannot go without

mentioning the bladder neck (urethral outlet) and the ureters. The bladder is comparable to a
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balloon in shape and with each narrowing down to an opening at the bottom neck. The trigone is
a triangular structure at the neck which includes the urethral sphincter and two ureters at each
“corner” (each orifice is also visualized by Figure 1.6).182-18 The trigone is part of the bladder
wall, but does not exhibit appreciable deformation during filling as it is stiffer than the rest of the
luminal wall.®*18 The two ureters provide the inflow of urine from the kidneys, and the urethral
sphincter relaxes to permit voiding.t8-1% The ureters are open to one-directional flow (although
reflux is possible as a dysfunction), and the urethral sphincter is held closed except during voiding.
Although each is important for bladder function, this dissertation will make minimal reference to
these anatomical features. The focus here is on the mechanics of the deformable bladder wall
tissue. Furthermore, as will be explored in the next section, mechanical testing of the whole bladder
typically involves closing or disregarding the ureters, and artificial filling and voiding is often
accomplished by infusion/outflow from a catheter via the urethral opening, which nullifies the
sphincter action.

The final detail worth mentioning is nomenclature for the anatomical directions used to
describe the bladder. Figure 1.7 illustrates the two common directions, namely circumferential
denoting the transverse orientation, and longitudinal denoting the apex-to-base (dome-to-neck)
orientation. For the purposes of the current work, the longitudinal direction is not specific to the
coronal or sagittal planes. Although the bladder wall does have some distinct structure front-to-

back, this is beyond the scope of this dissertation and is left to be explored in future work.

Figure 1.7: Directions used to describe the bladder. The top of the bladder is called the

dome, while the bottom is called the base or trigone.
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1.6 Mechanical Testing

The method of measuring bladder physiological function in vivo via artificial filling is
termed cystometry. Fluid, typically saline, is infused at a specified flow rate through a double-
lumen catheter. Internal bladder pressure is measured via a pressure transducer in-line with the
fluid infusion. The pressure is plotted against the infused volume or infusion time. The shape of
this plot reflects bladder function. Typical bladder function shows an initial phase where the
pressure is low and slowly increasing as the organ expands. As the bladder tissue approaches its
elastic limit, the pressure ramps up quickly with a corresponding sensory urge to void. Figure 1.8

illustrates this typical bladder pressurization behavior in a conscious mouse.
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Figure 1.8: Bladder pressurization from ex vivo mouse bladder filled at a rate of 30 pL/min.

While previous studies have not included mechanical analysis, there are several reports of
whole-bladder filling experiments in mouse models. These studies primarily analyze bladder
physiological function in vivo with two approaches. In one approach, the animal is catheterized
via the urethra (traditional catheterization). Another approach is surgically implanting a tube at the
dome of the bladder. Traditional catheterization can be used to both fill and empty the bladder.

However, this method can disrupt physiological voiding function as the infusion route blocks
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natural outflow, and the fact that with current tools it is nearly impossible to catheterize the male
mouse without damage to the urethra.'®*-1% Surgical implantation of a tube at the bladder dome is
only intended for filling; the tube acts as a synthetic 3" ureter. This procedure is more invasive,
and the surgical implantation can confound the bladder mechanics due to wound healing and
remodeling around the surgery site which will alter the tissue mechanics. However, dome
catheterization allows for the bladder neck and urethra to remain unaffected which is valuable for
studying voiding function. Bladder filling experiments may also be done ex vivo, with the bladder
excised and catheterized via the urethra.1?8162172 |n this case, voiding function is clearly no longer
present, and the ureters need to be closed off to prevent leakage. This method may be preferred
over in vivo experiments so that the bladder tissue is better isolated for imaging in certain
experimental setups.®’

Regardless of the method which the bladder is filled, the rate of fluid infusion must be
considered. As with any soft tissue, the observed mechanical behavior depends on the rate of
deformation. In bladder tissue this is due to viscoelastic characteristics of the connective tissue and
relaxation of the smooth muscle (often called “tone”). There is no standard filling rate for
cystometry. Physiological filling occurs around 1-2 pL/min.**¢1%8 Most researchers choose not to
use a physiological filling rate since the length of the experiment becomes prohibitive. Studies
with mouse cystometry commonly use an infusion rate of 25 pL/min,12144194-197 glthough some
use rates as low as 10 pL/min,*3*1%2 and as high as 50 pL/min,"1% or even 100 pL/min,5%199-201
and some use a range of fill rates.*?81331% Infusion of room temperature fluid is standard, however
one study was found which used 37°C fluid. Viscoelasticity of the bladder tissue may be affected
by the temperature of infused fluid,®>29220% and the kidneys infuse the bladder at body temperature,
so artificial filling with a fluid at body temperature is justified for mimicking physiological
conditions.

Since the bladder wall exhibits viscoelastic characteristics, the fill rate will directly affect
the observed mechanical behavior.2°22% The ability for soft tissue to deform has a time-dependent
characteristic as the microstructure reorganizes and relaxes over time. Studies that have tested a
range of fill rates show how this variable affects the bladder behavior.128133135 Slower fill rates
allow the constituents of the bladder wall to have more time to reorganize and relax.®*® So,
experiments with slower cystometry fill rates will better reflect physiological conditions with

greater capacity and distensibility. However, there is conflicting data on this. One study found that
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increasing fill rates show decreasing bladder capacity,™*® while another study found that different
fill rates did not affect capacity.®*® The different results found by similar studies may be due to the
different mouse strains tested, or to one study being performed in unconscious animals and the
other used awake animals. Other results from varying fill rate show that higher fill rates increase
bladder pressure overall (at baseline and at maximum), and that voiding occurs more frequently.**
There is other evidence that fill rate does not cause more frequent voiding.?® This shows that while
the fill rate can affect the bladder behavior, it is only a contributing factor and may have complex
interactions with other aspects of bladder filling.

Preconditioning is also important when mechanically testing soft tissues.?%
Preconditioning refers to the practice of repeating mechanical loading to allow for hysteresis to be
minimized which results in repeatable behavior. Mouse cystometry studies may perform 3
cycles,? 4 cycles, 341 or simply state that they started recording data once it appeared
repeatable.!21%" However, many studies make no mention of repeatability when testing this soft
tissue. It is arguable whether the bladder is preconditioned as it functions in vivo. Bladder filling
via the ureters is continuous, although it has been shown that fill rate has some variation with
circadian rhythms.***2% On one hand, the slow continuous and repeated filling of the bladder are
good arguments for the bladder being preconditioned in vivo. On the other hand, the nature of
voiding is not reflective of preconditioning. VVoiding incurs large contractile deformation in a very
short time frame compared to filling, and has a cycle rate on the order of hours. Thus, it seems
reasonable to conclude that the bladder is preconditioned in vivo during the natural filling phase,
but the voiding phase does not reflect the concept of preconditioning.

In vivo bladder filling experiments may be performed in animals under anesthesia or while
conscious.112172.207208 \When feasible, conscious cystometry is most physiologically accurate, as it
has been shown that cystometry under anesthesia affects bladder function.?®® Moreover, the type
of anesthesia used can disrupt bladder function to different degrees. Urethane is preferred for
anesthetized cystometry. While urethane does have some effect on bladder function, other types
of anesthesia, particularly isoflurane, can significantly alter the observed bladder behavior.?10211

A relevant factor of interest in bladder filling is the point where the organ signals the desire
to void. In ex vivo conditions, the bladder may be filled until leakage occurs. However, leakage is
not typical physiological behavior. In vivo studies are more useful in determining the point where

desire or urge to void occurs. Conscious cystometry is the best source of this information, since
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anesthesia can suppress sensory signaling. Unconscious animals do still void, however it seems to
be delayed compared to awake animals.®* In unconscious mice, voiding occurs around 20-30
mmHg, 12135144194 while in conscious mice, voiding occurs around 15-20 mmHg.140.142.194197 5.
30 mmHg has been deemed to be the “max” physiological pressure by some. 28133135

Using cystometry it has been found that genetic background,#?144 age,''? stress,'39-141
sex, 2 and time of day!®® effect bladder function. Bladder wall remodeling (i.e., changes in the
wall structure and composition) has been also associated with altered bladder function,12141.197.201
Although there is a chicken-and-egg problem where it is not clear if the remodeling precedes
dysfunction or vice-versa. Changes in sensory function are also associated with bladder
dysfunction,'*? and bladder wall remodeling may be downstream of sensory pathology.'®® To
create context for the relationship between bladder mechanics, wall microstructure, and
dysfunction, it is crucial to investigate the basic mechanics of the bladder wall so that remodeling,
as seen in aging and pathology, can be better understood for potential therapies and treatments.

Mechanical stretching of excised bladder tissue strips is another way of measuring the
mechanics of the bladder wall. Although uniaxial or biaxial stretching tissue sections may not
directly inform bladder function per se, this type of testing is still valuable. As previously
discussed, this type of test is a well-established method of material testing, and the loading
conditions are not directly reflective of the bladder pressurization in vivo. However due to the
advanced development of stretch tests compared to bladder pressurization experiments, stretch
tests can allow for the material properties to be directly measured, and with advanced imaging
techniques simultaneously.1#® This contributes significantly to knowledge about bladder function
and bladder mechanics, since the microstructure of the bladder wall can be studied in tandem with
the applied deformation.46147.212 Understanding bladder mechanics in terms of the microstructural
aspects is necessary for advancing insights into bladder function, and currently planar tissue stretch
tests are the best tools available for this goal. The combination of stretch testing and whole bladder
pressurization experiments provide powerful tools for researching bladder function at the tissue

level and as a whole organ.

1.7 Bladder Mechanics

The urinary bladder is often modeled as a spherical pressure vessel.’?7380:82129,186213-217
The law of Laplace is typically invoked when the bladder wall is presumed to be thin-walled.?8

This law asserts that wall tension T o< Pressure x Radius. Less often, when the bladder is presumed
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to be thick-walled, the more complex Lamé equations are used to model the internal wall stress.?**
Thin-walled is often defined as the radius being 10x or 20x wall thickness.?*

Either way, these spherical models imply that the bladder wall tissue is isotropic,
homogeneous, incompressible, has uniform thickness, and has no viscous behavior. In reality (and
based on the anatomy of the bladder wall) none of these assumptions are valid and the use of
Laplace’s Law has been long critiqued for this reason.?*822% Still, the law is ubiquitous in bladder
mechanics research as it is a valuable general principal and is remarkably simple. Furthermore,
more sophisticated bladder models which do not assume homogeneity, isotropic, or incompressible
behavior show results that do not differ much from those obtained employing Laplace’s Law.??
The law of Laplace is quite reasonable barring highly accurate finite element simulations; even
then, the results of this simple equation may not be significantly different. This result will be
explored later in this dissertation.

The bladder wall undergoes large deformation as it fills, and this is quantified in the
measure of stretch, 1. Specifically, the circumferential stretch is calculated as the ratio between the
deformed and undeformed circumference. This ratio can be reduced to the deformed radius by the
reference radius. The radial stretch is calculated as the ratio of the deformed wall thickness by the
reference thickness. Large deformation (finite strain theory) is when the undeformed and deformed
configurations are significantly different. Small deformation (infinitesimal strain theory) is when
the deformation is small enough that the undeformed and deformed configurations are similar
enough to be considered identical.?> The mathematical notation and models used for
deformation/loading of the bladder will be outlined next.

Scalars are denoted by plain letters, vectors are bold, and 2" order tensors are bold
underlined. The reference and deformed configurations are referred to by X and x respectively.
These are related by the deformation gradient shown by Equation (1.2). Modeling soft tissues
commonly includes an assumption of incompressibility.??® So, the reference and deformed
volumes V and v are equal, and the Jacobian of the deformation gradient is equal to 1. Mechanical
behavior is often assumed to be quasi-static and passive (i.e., preconditioned, negligible
viscoelastic effects, and no active muscle contraction) when modeling the large deformation of the

bladder filling and these effects are not being studied directly,2:213:214.224
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dx
= — 1.2
F=> (1.2)

Strain energy is the energy added to a body via deformation. Like other soft tissues, the
mechanical behavior of bladder wall tissue is often modeled by using a strain energy density
function, which relates mechanical stress and deformation.??>-228 Since bladder tissue behaves in
a highly non-linear way,??°2% the strain energy function used to describe its behavior is typically
a power or exponential function®13224 with constants which may have a physical interpretation
(phenomenological)?12%2 or not.8%213 Strain energy density functions, W (C), are functions of the
right Cauchy-Green tensor, which is calculated as € = FTF. These functions define hyperelastic
materials.?*

The general form relating the Cauchy stress g and W (C) for an incompressible material is

given by Equation (1.3):

oW
o =2F-F" —pl (1.3)

where p is a Lagrange multiplier related to hydrostatic pressure that enforces the incompressibility,
and I is the identity matrix.

The three invariants of the right Cauchy-Green tensor are used to describe the deformation
of a body, and strain energy functions are often written as a function of these terms.??? The first
invariant I; is a measure of stretch in the three principal directions and is an indicator of the shape
change due to deformation.?** The second invariant captures information about the interaction
between the principal stretches as a characterization of shear deformation and anisotropy. The third
invariant I3 quantifies the volume change due to deformation. If volume is or is assumed to be
constant throughout deformation, this invariant has a value of 1. The formulation of these
invariants is given by Equation (1.4). For isotropic materials, strain energy density can be written
as a function of the right Cauchy-Green invariants, and Equation (1.3) can be rewritten as shown
by Equation (1.5).

19



WO =tr(©),  h(©) =3|(r©) ~r(@)], hO=dr© @

ow  aw ow 2
— - T T
o 2( 11+11 IZ)FF —2—12 (FFT)" —pI (1.5)

Two common isotropic hyperelastic models include Mooney-Rivlin material and Neo-
Hookean material.?3>-27 Mooney-Rivlin strain energy function and the Cauchy stress are shown
in Equations (1.6) and (1.7) where p and « are material constants. Neo-Hookean is a special case

of Mooney-Rivlin where a = 1.

W(Ilﬂ 12) =

NI=

@l =3)+(1-a)(,-3)], u>0 0<a<l (1.6)

o =p(a+1,(1- a))FF" - (1 - )u(FFT)" - pI (1.7)

Hyperelastic material models may also be functions of the principal stretches (44, 1,, 43)
For example, the Ogden model is commonly used for non-linear elastic isotropic materials when
Mooney-Rivlin is not well-suited.?** The incompressible case is given below by Equations (1.8)
and (1.9):

N
WAy, Ay, A3) = 2 Fna, @ 42, 42, —3], N>0 (L.7)
=i
N
o=-pl+ Z P ATr (1.9)
n=1

where N, Un, and an are material constants, and 4 is the principal stretch matrix. When N = 1 and
a = 2, the equation reduces to a Neo-Hookean model.

More sophisticated models used for soft tissues are anisotropic and account for directional
fibers in the material. These typically are a linear combination of a Neo-Hookean term for the
ground matrix, and a directional fiber term for the connective tissue embedded in the ground

matrix. For example, an arbitrary two-fiber model®® is given by Equations (1.10) and (1.11):
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where p and y are material constants, N and N’ are the two fiber directions defined by an angle S1

and p2 in the reference configuration as shown in Equation (1.12):
N = cos B, e, + sinB;e,, N' = cos B,e; + sin B, e, (1.12)

and l4 and le are “pseudo-invariants” which depend on the two fiber directions and are defined by
Equation (1.13):

I,=FN-FN, I,=FN'-FN' (1.13)

The constants in a strain energy function are often found by optimizing to experimental
data. This parameter optimization may be done with non-linear least squares with algorithms such
as Levenberg-Marquardt, dogleg, or Trust Region Reflective methods.?®

The significance of this mechanical theory groundwork is that it allows for mathematical
models of soft biological tissues (in the current case, for the bladder wall) which are defined in
terms of the physiology. Specifically, that the mechanical stress of the bladder wall is modeled in
direct relation to the measured deformations, and in some models (such as the fiber or anisotropic
models), prior knowledge about the microstructure. This is the basis for the “mechanical
properties” of the bladder tissue. Rather than modeling the stress and stretch relation with any
arbitrary good fitting polynomial, exponential, or power function, a primary aim of the field of
tissue mechanics is using deformation theory to formulate strain energy density functions that
embody the phenomenology of the tissue material behavior. In essence, deformation theory shows
how stresses are a direct result of material deformation, and so mechanical models are
“constrained” by measured deformation, with fittable parameters which reflect the specific
properties of the material in question. Although there is no “universal” mechanical model for soft
biological tissues (yet) as each tissue has a unique structure and loading driving its mechanical

behavior. So, it is common to use a strain energy equation that has been shown to represent the
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tissue being studied, and/or to explore several models to compare their “accuracy” to a tissue.
These models are standardized in tissue mechanics because they are based on the material
phenomena, and the standardization allows for comparison of the material parameters across

publications.

1.8 Digital 3D Reconstruction

Medical imaging has been a popular application of research on 3D reconstruction from 2D
images. Digital reconstructions of tissues started in the 1980s, where preliminary work started with
the spine, heart, and skull.*>-?%® Internal organs/tissues are primarily of interest as they cannot be
observed/measured directly. Imaging methods such as sonography (ultrasound), computed
tomography (CT), or magnetic resonance imaging (MRI) allow internal tissues to be visualized --
however only in 2D.

Converting 2D imaging to 3D requires solving two main problems. The first problem is
differentiating the object to be reconstructed from the background. This process is called
“segmentation”, as in segmenting the image into foreground and background parts. This can be
done manually; however it is time consuming, tedious, and depends on a knowledgeable
operator.?*® The second problem is the actual reconstruction of these segmentations into a 3D
object. This process is highly dependent on the structure of the 2D imaging data. Generally, this
involves positioning the 2D data in 3D space and using some form of interpolation to generate the

full 3D object. Figure 1.9 shows this process of segmentation and reconstruction.
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Figure 1.9: Segmentation and 2D to 3D reconstruction. 1: Original image of human thigh
cross section. 2: Thigh tissue segmentation with multiple foreground segments for bone
(white), muscle (dark grey), and fat (light grey). Orange outline also shows full foreground
segment. 3: Stack of 2D thigh segmentations positioned in 3D space. 4: Result of
interpolating 2D segments to obtain full 3D object.

The problem of converting 2D segmentations to a 3D object was the main focus of early
digital image reconstruction research in the 1980s and 1990s. In the 1980s, most effort was
centered on creating computational 3D structures (i.e., storing and rendering 3D data). The concept
of a 3D pixel (voxel) became highly popular as an intuitive extension of the pixel.?*” 2D images
are represented as square picture elements (pixel), so the logical equivalent in 3D is a cubical
volume element (voxel). The first work to transform 2D CT scans to a 3D object did so by adding
depth to segmented pixels to create voxels and then stacking the voxel layers to form a 3D left

ventricle.?* Figure 1.10 shows the results. This method of stacking segmentations is still highly
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popular for reconstruction today since ultrasound, MRI, and CT are the most common sources of
imaging data and they provide images in the form of slices at a certain distance interval. A
significant limitation to this method is related to the Nyquist limit which constrains the spatial-
resolution to the sampling rate.?*324® Specifically, the more precise detail you wish to obtain from
wave-based methods such as MRI and ultrasound, the longer an image must be recorded. The
faster an image is obtained, the more errors will be present. Overcoming this limitation is an area

of significant research in signal processing for the purpose of reconstructing MRI type data.?5%2%2
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Figure 1.10: First medical digital 3D reconstruction. 3D left ventricle obtained by stacking

voxel layers of segmentations. Reproduced from Herman et al. 1978.24

Other methods for converting 2D to 3D were also developed in the same decade. A
significant method was called shape-from-silhouette or volume carving.?>32% This method is
useful in cases where the 2D images are obtained from different orientations and are not planar as
in CT slices. It also requires fewer images of the object for reconstruction. In many cases, an image
of the object from the top, side, and front views is enough to describe the 3D shape.?®* Shape-
from-silhouette, as the name implies, uses the silhouettes of the object from different perspectives
to carve out the 3D object. Figure 1.11 illustrates how complex shapes can be reconstructed from
only 3 images. Numerous other methods of reconstruction emerged that leverage lighting and color
information, although these significantly increase complexity and are less useful in medical

imaging, which is often greyscale.?®® This method has benefits over traditional medical imaging
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techniques, as the resolution and sampling frequency of video cameras are still bound by the
Nyquist limit, but video cameras are able to achieve higher resolutions and frame rates compared
to MRI due to their comparatively reduced complexity.?>"?%® The challenge is that the object of
interest must be completely isolated (ex vivo) to accomplish the imaging, whereas MRI has the

benefit of providing internal imaging.
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Figure 1.11: Shape-from-silhouette method for 2D to 3D reconstruction. Left side shows
three orthogonal segmentations of the object. Right side shows the 3D object reconstructed

from only these three images. Reproduced from Chien et al. 1986.2%

As digital reconstruction research continued into the 1990s, work next focused on storage
and rendering of surfaces rather than voxel volumes. Surfaces were desired over voxels for saving
disk space and for aesthetic reasons.?*® One method emerged that efficiently converted voxel
volumes into surface meshes, called “marching cubes”.?*®2%! This algorithm scans the entire
surface of the voxel volume, and uses a lookup table for all possible 2x2 orientations of voxels to
determine a corresponding triangular surface. The original paper presented the results of the
algorithm to reconstruct surfaces of the skull, heart, and soft tissue of the head, and was later used
to reconstruct the entire human body.?®®?2 The marching cubes algorithm was later improved
when it was shown that the lookup table was incomplete.?%%6! The original algorithm mapped

only 15 voxel configurations, which resulted in multiple triangular solutions in certain cases. The
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improved version was extended to 33 configurations and has been shown to resolve the multiple
solution ambiguities of the original algorithm. Another popular method for surfacing is called
variational, where the surface is guided by the voxel volume and an objective function to produce
a higher quality surface. Variational reconstruction is typically guided by Voronoi tessellation?3-
265 or a 3D extension of Delaunay triangulation.?%®-2%° \ariational reconstruction produces meshes
that are suited for finite element modeling (FEM) at the cost of higher complexity and computation.

More recently, research efforts have shifted to focus on segmentation. In the past,
computation was costly and more prohibitive than the labor of manual segmentation. Now, there
are a variety of 2D to 3D methods and computation is cheap.?’® Manual segmentation is now the
limiting factor, and so automated segmentation has become the primary focus. Automated
segmentation is approached in two main ways: classic image segmentation or machine learning.

The first way relies on classical image analysis methods such as boundary detection via
image gradients, enforcing smoothness, connectivity, and symmetry, and growth/search
algorithms.?*>2" This way is simple, logical, and formulaic. Although because it is so formulaic,
it is difficult to adapt when it produces erroneous results. The algorithms are so hyper-tuned to a
dataset that they do not deal well with noise, outlier data, or completely fail when applied to
similar-but-different data.?’>2® Generally, segmentation via classical image analysis is only
reliable for very clean, uniform, and predictable data.?’#27

The second way to automate segmentation is with advanced machine learning algorithms.
These algorithms have significantly increased in popularity and in the last five years used by many
researchers to segment the bladder.?”628 These algorithms are more robust and reliable than
classic image segmentation algorithms, although they are essentially “black boxes”, require
significant data and expertise to implement, and are better but still weak when applied to similar-
but-different data.?’227® In traditional image analysis segmentation, the precise steps map a raw
image to the segmentation are strictly specified and known to the researcher. Conversely, in
implementing a machine learning method, the algorithm is shown the raw images, and the
corresponding expected output segmentation, and the steps in-between are not specified by the
researcher. Instead, the algorithm “learns” the image manipulation steps to transform the raw
image into the segmentation.

The steps the machine learning algorithm “learns” and use can be more generalizable than

classic image techniques, however they are not translatable to human interpretation. In the case of
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neural networks, which are the type of machine learning model most often applied for image
processing, the transformation between raw and segmented image is a highly interconnected
network of “neurons” which transform the data using their learned activation criteria.?®* Examining
the inner workings of a trained neural network would only reveal a large network of weight and
bias values for each neuron having virtually no real-world interpretability, and as such their image
transformation methods are black-box like. Although a well suited machine learning algorithm can
provide highly accurate results (95%-+).28 When the expected output is largely achieved, not
understanding how the output was obtained is an accepted trade off. The expertise and amount of
data required to develop a machine learning algorithm cannot be understated. However, their
power for data processing is increasingly proven to be useful, especially for the medical imaging
field.2"2273.275 Machine learning methods are developed as a part of this dissertation for the purpose
of image segmentation, and will be employed in Chapter 2. Examples of 3D bladder reconstruction
which employ segmentation are explored next.

Bladder 3D reconstruction is most commonly done to estimate bladder volume/capacity.
A common and easy method for reconstruction in humans is with proprietary equipment and
software.102286-28% Jtrasound machines from companies, such as GE and Phillips, can be used
with their proprietary software which reconstructs the bladder in 3D from the scanning device
(shown in Figure 1.12). Researchers have also commonly used custom algorithms to generate 3D
bladder from 2D sources such as MRI, CT, or ultrasound (shown in Figure 1.13),%7:98.101,104,278,290-
292 Other novel methods for bladder reconstruction in humans includes surface mapping via
internal endoscope®®®2°%* and reconstruction via electrical impedance tomography.?®® Digital
reconstruction of the bladder has also been done in animal models including pigs, rats, and mice
with similar methods in vivo but also more novel methods ex vivo.%°:99.2%

As discussed earlier, a significant limitation to these techniques is the spatiotemporal
resolution in addition to the need for costly medical imaging equipment. In particular, MRI is slow
to obtain the images, and only provides good detail in a single plane, with space and time between
subsequent image slices. Ultrasound suffers from the same limitations. There is a need for
improved imaging methods to study the bladder geometry at higher space and time resolutions. In
this dissertation, a novel low-cost imaging method is used to develop high-accuracy geometrical
models of the mouse urinary bladder with high spatiotemporal accuracy.
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Figure 1.12: Bladder reconstruction from ultrasound via General Electric’s proprietary

reconstruction software VOCAL+4D view. Reproduced from Hirahara et al. 2006.1%
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Figure 1.13: Bladder reconstruction via custom algorithms from MRI Reproduced from

Pewowaruk et al. 2020.1%1
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CHAPTER 2
MODELING BLADDER MECHANICS WITH 4D
RECONSTRUCTION OF MURINE EX VIVO BLADDER FILLING

2.1 Introduction

The urinary bladder is a highly deformable organ with complex mechanical behavior.
During filling, the bladder undergoes large stretches while maintaining low pressures. When the
organ approaches its elastic limit, the pressure increases significantly and a signal alerts the brain
of the need for voiding.?%"?%® Healthy bladder function is poorly defined.®® There is a need for
more mechanical testing and analysis in order to characterize the healthy bladder as a starting point
to understanding the broad category of bladder dysfunctions.

Bladder mechanics are sophisticated in that the bladder wall tissue can be described as a
viscoelastic, anisotropic, and inhomogeneous material. These characteristics arise from the bladder
wall’s complex microstructure, which is tuned to allow the organ to undergo large deformations
within a duty-cycle on the order of hours. Better mechanical models that fully capture the
sophisticated mechanics of the urinary bladder are needed. It is indeed difficult to capture
physiological bladder behavior in terms of its mechanics. Bladder tissue is often tested ex vivo to
quantify its mechanical properties. The type of mechanical tests available, such as uniaxial or
biaxial testing, often require of the tissue to be sectioned before testing.''*145146 While these
methods can be useful for characterizing the material, they arguably do not reflect the
physiological loading condition the organ undergoes as a whole in vivo. From the opposite
perspective, in vivo bladder pressurization via catheterization is another often used method which
gives insight to the function of the organ.!1213%-142.144 However, quantifying the mechanics with
this experimental setup then becomes challenging as accurate mechanical models become more
complex compared to tensile testing. There are some novel methods with human, pig, and rat
models which were able to quantify mechanics of the pressurized bladder, although these methods
of modeling whole-organ bladder mechanics is limited in the literature.®®1%4148 Knowing this, it is
apparent that whole-organ level mechanical modeling of the bladder needs to be further developed
to quantify deeper mechanical measures which can be related to organ function.

The most common method for modeling mechanics of the bladder at the organ level is with

a thin-walled spherical pressure vessel model.’2738082129.186.213-216 Thjs method uses the thin-
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walled assumption with Laplace’s law?'®, which asserts that wall tension is proportional to the
internal pressure times radius of the vessel. This model is indeed useful due to its simplicity, and
it can give similar results to more complex models.?? However, it is still reductive and obfuscates
underlying mechanics, such as anisotropy and inhomogeneity, which may be important to
understanding the nuances of this organ’s behavior. On the other hand, more complex models are
not trivial to develop. Implementing non-spherical models requires significantly more data and
expertise. As such, work to model bladder mechanics in 3D is often low-resolution in space or
time, requires extensive labor, or is cost-prohibitive, 29300

The work here presents a method for mechanical modeling of whole-organ mechanical
testing under physiological loading conditions. This work aims to generate datasets for spatially
and temporally accurate modeling of the unique tissue mechanics of the urinary bladder. This
methodology leverages high-frequency imaging of bladder pressurization with computer vision
algorithms to allow for meticulous analyses of geometry and wall stresses from empty to full
capacity. This 3D model is compared to the spherical model and the differences and similarities
are discussed. Furthermore, the data processing and modeling steps are compiled into a highly
automated pipeline which uses data from a low-cost experimental setup.®” As such, this work
expands our knowledge about the healthy bladder in mice using a novel methodology which is

able to generate deeper mechanical models in a highly automated way.

2.2 Methods

All experimental procedures were reviewed and approved by IACUC at Michigan State
University. Data were collected from 8 male C57BL/6 mice ages 10-12 weeks old. The complete
experimental protocol has been previously described.®” Briefly, the bladder was extracted and
tested on a custom Pentaplanar Reflective Imaging Microscopy (PRIM) device illustrated in Figure
1 of Hennig et al. 2022.%7 Each bladder was cannulated in the device and pressurized with three
loading-unloading cycles to allow for tissue acclimation. Bladders were filled to a maximum
luminal pressure of 25 mmHg at a constant rate of 30 pL/min. Internal bladder pressure was
measured via pressure transducer and synchronized with video imaging, each at a rate of 10 Hz.

The data from the last filling cycle for each bladder was analyzed. All data was processed
with Python 3.7.9 and custom code. Data collected and analyzed included synchronous recording

of luminal bladder pressure measurement and video imaging. From each test, data was subsampled
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at 0.5 mmHg pressure steps from 0 mmHg to 25.5 mmHg (52 data points for each bladder). For
each pressure step desired, the pressure value nearest to the step in the data was used.

The shape-from-silhouette method?3-2>® was used to generate bladder 3D reconstructions
at all time points in the subsampled data. Initially, the image data showed 5 views of the bladder.®’
However, only three orthogonal silhouettes were essential for this reconstruction method, and the
two remaining silhouettes were redundant.?>* First, silhouettes were obtained by masking three
orthogonal bladder views from the background in the image data (Figure 2.1). A U-Net machine
learning model*® was employed for this binary segmentation task. The U-Net architecture was
sourced from an open-source implementation®%? and trained on our dataset. For training the neural
network, 1,500 individual bladder images were collected from the complete video data, and
corresponding segmentation masks were created manually. The training dataset did not intersect
with the subsampled data. Data augmentation allowed the dataset to be expanded to 12,000 image-
mask pairs via rotations and cropping. The augmented dataset was split 80% for training and 20%
for validation with random selection. To optimize the model’s performance for this specific
application, various hyper-parameter combinations of learning rate and weight decay were
explored. The best model was selected based on lowest training and validation errors, convergence
without over-fitting or under-fitting, as well as qualitative assessment of model segmentation
results. Final segmentations were reviewed and manually repaired when necessary, before the next
steps of the analysis.

Next, the 3D bladder shapes were obtained from the volume intersection of the three
orthogonal silhouettes at each time point (Figure 2.2). For each instance of reconstruction, a 3D
array with dimensions corresponding to the silhouettes was initiated and populated with ones as
V'(i,j,k) =1 (Figure 2.1b). Let S,(y,2),S,(x,z), and S,(x,y) be the binary silhouettes
projected on the planes normal to the x-, y-, and z-axes, respectively. The silhouettes allocate a
value of 1 to the portion of the image occupied by bladder tissue, and a 0 to the background. Each
axis of the V' array was then multiplied by its respective silhouette. Specifically, S, and S, were
first multiplied element-wise on the array by V'(i, j, k) - S, (j, k) - Sy, (i, k) (Figure 2.1c). However,
to overcome the visual hull effect®®, S, was dynamically modified for each z-axis layer of the
array. For each layer k along the z-axis, the bladder cross-section created by S, and S, was

identified, and S, had its silhouette region rescaled to correspond to the cross-section dimensions.

The rescaling step effectively eliminated sharp corners in the final shape which are inherent to

31



shape-from-silhouette volume carving from three perspectives. Obtaining the final bladder volume
shape can be expressed by Equation (2.1):

VG, j, k) =V'(i,j, k) - Sx(, k) - Sy (i, k) - S£ (1)) (2.1)

where S¥ be the rescaled S, for layer k and V (i, j, k) is a 3D array containing ones where there
exists bladder volume, and zeros where there exists empty space. This process gave a voxel
representation of the bladders at each subsampled time point. Measure of the volume occupied by
the bladder in voxels was obtained by multiplying the total sum of the array by the cubed pixel-to-
mm scale factor, which is 2.62-10 for this specific system.

Figure 2.1: Representative result of binary segmentation on three perspectives of the

bladder in one image.
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Figure 2.2: Shape-from-silhouette method. a) Silhouettes are projected on their
respective axis and solid primitive is initialized. b) Side silhouette is used to carve solid. ¢)

Second side silhouette is used to carve. d) Top silhouette is applied to complete carving.

Finally, the voxellized bladder reconstructions were transformed into triangular surface
meshes using a marching cubes algorithm.26%3% This allowed the tissue surface to be represented
with 3D point coordinates in space, rather than an array. To improve the quality of the mesh
generated by the marching cubes algorithm, the outer surface of the bladder in the voxel array was
labeled first. In essence, for each reconstruction, each voxel which did not have an empty voxel in
its 26 neighbors was deemed a non-surface voxel and had its value incremented. More specifically,
a new 3D array was initialized as V,(i,j, k) = V(i,j, k). Then, for each solid voxel, where

V(i,j, k) = 1, the sum of values in its 3x3x3 neighborhood, was computed as Equation (2.2):

1 1 1

(i, k) = Z Z z V(i+aj+bk+o) 2.2)

a=—1b=—1c=-1
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V. was then updated such that V,(i,j, k) = 2 if X(i,j, k) = 27. This resulted in V; being
zero where there is empty space, one at outer surface of the bladder, and two inside the bladder.
The marching cubes algorithm was then used to generate surface meshes for each voxel array at
the boundary, i.e., where V,(i, j, k) = 1. Constructing V; allowed the algorithm to generate meshes
with nearly half the number of vertices and faces and minimal topological differences compared
to running the marching cubes algorithm on the binary V array. Note that the V arrays were padded
with zero on all sides to ensure Equation (2.2) is always valid, and to provide the marching cubes
algorithm a clear transition boundary to develop the surface from. As a last step, the meshes, which
were originally quite faceted, were smoothed with Laplacian smoothing®%3% using a lambda of
0.9 and 50 iterations.

After creating surface meshes for the data of interest (i.e., all bladders at subsampled time
points), several metrics for assessing the shape of the bladders were obtained. These include: fitting
an effective sphere, sphericity®’, and principal curvature.

The radius of the effective sphere was obtained by minimizing the difference between the
surface mesh vertex points of the reconstructed geometry and a sphere. The general equation to
describe the surface of a sphere centered at the origin is x2 + y? + z? = a? where a is the sphere
radius. The radius of the best fitting sphere, @, can be calculated analytically as the average distance
of all vertices on the mesh surface from the centroid. To simplify this process, the meshes were
translated such that their centroid was aligned with the coordinate system origin. Thus, for N
vertices on a mesh, the distance from the origin was found as d; = (x? + y? + z?)/? and the

effective radius was

Zizo & (2.3)

a = N

To calculate the goodness-of-fit for the sphere we quantified a surface deviation parameter

as the root-mean square deviation (RMSD) of d; and a of the fitted sphere as

2?’:1(611‘ - 5)2 (2.4)

RMSD =
N
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Sphericity®®’, a measure of how spherical a surface is, is defined as a ratio of volume Vand

surface area A4 as

_n'aev)3
=

(2.5)

Both of these metrics can be interpreted as quantifying how spherical the bladder surfaces
were. The RMSD of the best fitting sphere provided a more localized assessment since it is based
on specific surface irregularities at each point in a mesh. Sphericity gave a more global assessment
of the surface since it derives from the total volume and surface area.

Principal curvatures of each surface mesh (i.e., k; and k,) were quantified using an
established algorithm.3%3%° |n short, at each vertex in a mesh, a local quadric surface is fit to
nearby vertices and the principal curvatures of the quadric were found with differential geometry.
Essentially, the eigenvalues and eigenvectors of the negative differential of the fitted quadric
surface’s normal vector field give the principal curvatures and principal directions at the vertex.3!
Quantifying curvature of the bladder surface provides localized geometrical data, as well as
informing a non-spherical mechanical model of pressurization.

Mechanical analyses were formulated for the full 3D meshes and the spherical

approximation. Generally, at each point, the Cauchy stress tensor is defined as

o O 0
0 0 o

where ¢, is the principal stress in the radial direction, and o, and o, represents the principal
stresses along the in-plane principal directions defined at each point. For a thin-walled,

axisymmetric membrane with negligible bending stiffness, we can define the principal stresses

following the generalized Laplace’s law®!! as
_ P P _ P <1 Kq )
TETY N T oy 2T g 2k, (2.7)
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where k; and k, are the in-plane principal curvatures, P is the luminal pressure, and A" is the wall
thickness in the current configuration. Principal curvatures x, and x, were found as described
previously.

The effective sphere was also used to model the mechanical stresses under the spherical

approximation with Laplace’s law. In this case, the principal stresses become

Pr! .
Oy = ——7, 01 = 0y = ZT;ll:d (28)

where r',,,;4 and h' are the mid-wall radius and wall thickness calculated for all subsampled time
points (i.e., current configuration). The method for quantifying wall thickness is described in the

Supplementary Material section. The von Mises stress a,, was also calculated as

Oy = \/% [(O-r - 01)2 + (Ur - 02)2 + (01 - 02)2] (29)

2.3 Results

The bladder volumes quantified using this novel method of 3D reconstruction were
validated by comparison to experimental parameters and a manual volume estimation.
Specifically, the volume of the 3D bladder meshes was highly linearly dependent upon time, which
is in agreement with the constant infusion rate employed during the experiments. Figure 2.3a
shows the reconstructed volume for each bladder as a function of time during filling. The best fit
line was found to have a slope of 25.13 pL/min while the experimental slope (i.e., infusion rate)
was 30 puL/min. Figure 2.3b shows the comparison between the volumes obtained from this
reconstruction method to the volume obtained with a manual method, as previously described in
Hennig et al. 2022.%"
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Figure 2.3: a) Reconstructed bladder volume over time from 0 mmHg to 25 mmHg internal
bladder pressure. Experimental fill rate was 30 pL/min (gray line), and the average fill rate
observed from volume reconstruction was 25.13 puL/min (black line). The best fit line had
an R? of 0.96, and RMSE of 20.74 pL. b) Pressure-Volume plot for the volume obtained
from the reconstruction method, and a manual method by which final volume was
estimated by measuring ellipsoidal axis lengths in the images, and all other volumes were

based on the constant infusion rate.®” Standard errors shown.

This reconstruction method leads to a more accurate description of the bladder geometry.
Figure 2.4a illustrates the 3D mesh geometry overlaid on the effective sphere, for a representative
bladder at luminal pressure 25 mmHg. This figure highlights how the shape of the bladder can
deviate quite significantly from the effective sphere, even if the difference between the two
volumes is small. The average difference between the 3D bladder mesh volume and effective
sphere volume across samples was 4.93 mm? for all pressures, and 6.05 mm? at 25 mmHg. Figure
2.4b shows the RMSD of mesh geometry from the effective sphere for all samples, as a function
of luminal pressure. For most samples, the RMSD was largest at low pressures, and the spherical

approximation became more accurate as the pressure increased.
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Figure 2.4: A) Wireframe mesh of a reconstructed bladder #5 at 25 mmHg pressure
overlaid with the fitted sphere for this geometry. The sphere may be able to approximate
the volume as the average difference between mesh and sphere volume was 4.93 mm?,
however the reconstruction gives more accurate geometry. B) Effective sphere RMSD.
Error was defined as the average distance between the best fitting sphere surface and the
reconstructed surface. Sphere error generally decreased with pressure.

Analyzing sphericity also revealed that, at low volumes, the bladder is poorly approximated
by a sphere (Figure 2.5).
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Figure 2.5: Sphericity of bladder reconstructions throughout pressurization. Low pressures

had the lowest spehricity across all samples before plateuing.

The stress analysis formulated using the 3D reconstruction provides a novel location-
specific mapping of the bladder wall stress. To better visualize the stress distribution, the 3D
bladder surface was flattened to 2D. The highest z-coordinate in the mesh (i.e., the dome) was set
as the origin, and the distances to all other vertices on the mesh were calculated using an
established algorithm.3!? The mesh vertices were then remapped to the 2D representation at their
respective distance and angle relative to the dome. For the following figures, the origin of the plot
corresponds to the bladder dome, and the outer circumference corresponds to the bladder neck.
Figure 2.6 illustrates this remapping and gives the stress map as pressure increases from 5 mmHg
to 20 mmHg, and the respective 3D representations. From these plots, it can be seen that the stress
distribution is non-uniform over the surface, but the non-uniformity is preserved with increasing
pressure. Figure 2.7 shows the mapping of the principal in-plane Cauchy stresses, the von Mises
stress, as well as the spherical approximation for comparison. This representation allows
appreciation of how both the in-plane principal stresses, as well as the von Mises stress varies in a
localized manner. This in contrast to the spherical model, in which the stress is uniform across the

entire surface, shown by Figure 2.7.

39



45.
30.
15.
0.00

5 mmHg 10 mmHg 15 mmHg 20 mmHg

-10 -5 0 5 10 -10 -5 o 5 10 —i() —‘5 0 5 10 -10 -5 0 5 10

Figure 2.6: von Mises stress distribution for a bladder at 5, 10, 15, and 20 mmHg. Top)
3D mapping of the stress distribution on the bladder surface. Bottom) Equivalent stress
disrtribution displayed in 2D. The 3D vertices were flattened such that the center of the

plots corresponds to the dome of the bladder, and the outer circumference corresponds to

the bladder neck. Axes are mm. Scale bar is in kPa. Same stress scale.
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Figure 2.7: Stress distribution on a bladder surface at 25mmHg. Principal stresses, von
Mises stress, and spherical stress shown. Spherical stress was 57.29 kPa, while the average
von Mises stress over the surface was 60.35 kPa. The 3D vertices were then flattened such

that the center of the plots above corresponds to the dome of the bladder, and the outer
circumference corresponds to the bladder neck. Axes are mm, scale bars are kPa. This is a
2D remapping of the 3D bladder surface/stresses. The 3D mesh vertices were remapped to

the 2D representation at their respective distance and angle relative to the dome. The
origin of the plot corresponds to the bladder dome, and the outer circumference
corresponds to the bladder neck.
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From these stress maps, it was found that stresses were highest near the bladder neck (outer
circumference of the plots in Figure 2.7), and across the rest of the surface, the stress distribution
was non-uniform. Although, it was also found that when the von Mises stress over the entire
surface was averaged, the result was on the same magnitude as the uniform spherical stress at the
same pressure. This is illustrated below by Figure 2.8a.

The ratio of a; to o, provides more insight into the distribution of stresses in the bladder
wall. Figure 2.8b illustrates this ratio for a bladder at 25 mmHg. It was found that the distribution
of stresses visualized this way was not uniform, with potential stress concentrations around the

bladder neck and around the dome.
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Figure 2.8: a) Volume vs stress averaged across pressures. Reconstruction data is the
average Von-Mises stress across the entire surface vs the reconstructed volume. Spherical
data is the spherical volume vs the spherical volume. Results shown are averaged over the

pressures from 0 to 25 mmHg. b) Ratio of o4 to o, for a bladder at 25 mmHg. The ratio

was non-uniform. Axes in mm.
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2.4 Discussion

The method of reconstruction proved to be accurate based on the linear volume results
shown by Figure 2.3a. Volume reconstruction allows the actual shape and deformations of the
bladder wall to be analyzed. Shape analysis presented here showed that the spherical model is
more accurate at higher pressures, but less accurate at lower pressures. When the bladder is at a
low volume/pressure, the organ can appear more collapsed which leads to a more non-spherical
shape, and may even be non-convex. Furthermore, Figure 2.4B shows that the bladder is more
poorly approximated by a sphere at low pressures, but approaches a more spherical shape as
pressure/volume increase. Quantifying bladder shape may be relevant as a non-spherical bladder
may indicate functional deficiencies or irregularities in the bladder wall microstructure. Tissue
stiffening, as seen in bladder fibrosis, can also alter the elasticity of the tissue and drive non-
spherical deformation. A non-spherical bladder may also present altered emptying characteristics
compared to a more spherical bladder.1%21%6313 Fyrthermore, diseased conditions such as diabetes
have shown increased bladder capacity, and can present altered bladder shapes compared to
healthy subjects.®1431> Although this work does not include a model of bladder dysfunction, the
methodologies demonstrated here lay the groundwork for assessing dysfunction in terms of the
mechanical behavior of the healthy bladder. The literature is lacking in consensus data on measures
of bladder health, and deeper understanding of the bladder mechanics may be the bridge to this
gap.

Mechanical stress in the bladder wall was modeled via the local curvature of the
reconstructed volume, and also via Laplace’s law as a thin-walled spherical pressure vessel. The
results of both stress models were of the same magnitude. The agreement between the two models
indicates that the spherical approximation is comparable to the average wall stress based on surface
curvature. However, the spherical model can only provide an average uniform stress across the
entire surface. Modeling the stress using local curvature allows the wall stresses to be discretely
mapped over the entire surface which can be of value to study the anisotropic behavior observed
in bladders.

Comparing the pressure-volume results shown by Figure 2.3B, the methods of estimating
bladder volume via a manual method and the reconstruction method showed significant overlap.
This validates the reconstruction method with a method that is commonly used to estimate bladder

volume in the clinical setting.3!® There was some difference at low volumes, which is likely due
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to the manual methodology by which only the final volume was estimated, and all preceding
volumes were inferred from the infusion rate. This discrepancy may be due to the infusion rate
being affected by the bladder reaching max capacity. Near capacity, there may be more system
losses or leakage which would reduce the filling rate. This can be seen in Figure 2.3A, where the
volume with respect to time is highly linear for the majority of the filling, but at higher volumes,
the trend became non-linear as shown by the plotted data falling away from the linear trend.

The reconstruction method involved generating voxellized representations of the bladders
as the geometries were sourced from the pixelated image data. The conversion from voxel to mesh
representation has many benefits. Meshes are a more standard 3D data representation than voxels
since they are much more efficient in memory usage and graphical rendering.31%3!7 In this work,
converting the voxel data to mesh data reduced the memory footprint by an order of magnitude
while retaining data resolution, and rendering time was reduced by 72%. Creating meshed
geometries also lend the data to future analysis by integration with finite element methods. A
limitation that must be overcome however is that the meshes are all created independently from
each other. In other words, the faces and vertices for a mesh at a given time point in the experiment
have no connection to the faces and vertices of the mesh at the previous or following time point.
Furthermore, each mesh has a different number of vertices and faces since they are independent of
meshes of the same bladder at different time points. This limitation may be overcome by
development of a method in which the vertices of the final mesh are projected onto the preceding
mesh, and repeating this projection for all meshes back to the first bladder mesh surface.

Another limitation of this work is the shape-from-silhouette method. The shape-from-
silhouette method is limited in that it does not completely capture the whole geometry of the
bladder surface. This is a known drawback known as the visual hull effect.3®® To overcome the
visual hull problem, the silhouette on the z-axis was scaled for each z layer of the reconstruction.
This effectively solved the hull issue, but imparts an assumption that the geometry across the entire
z-axis is characterized by a single silhouette of the bladder from this top-down perspective.
Overcoming this limitation is difficult, as more accurate shape-from-silhouette reconstruction
would require many more imaging perspectives of the bladder. Where experimental setups allow,
this is accomplished with more cameras, or by rotation of the object being reconstructed. Neither
of these approaches is applicable to the experimental setup used for data collection here. There are

other reconstruction methods in the literature, such as texture mapping where the lighting
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conditions of the object are included rather than simply the object silhouette, or more advanced
machine learning methods. These methods may be the applied to bladder reconstruction method
in future work as they require more development and expertise.

Other limitations include the amount of data generated from reconstruction and mechanical
modeling, and visualizing this substantial amount of 4D data. For the data presented here, which
includes 8 samples each including 52 data points, the total size of the mesh data alone was 7
gigabytes (GB). Each sample had significantly more than 52 data points in the raw data, with the
average being 6300. Extrapolating, reconstruction of the full data set would size up to 100+ GB
per sample. It is possible to reconstruct and model the full data, but it was beyond the scope of the
current work. Additionally, the computational methods developed here were significantly
optimized. Initially, the data processing pipeline for the data presented here took 14 days, and was
reduced down to 2 hours after optimization and parallelization was implemented. Extrapolating
again, processing the full data set would take 10 days with this optimized pipeline run on a typical
workstation desktop. Neither the size of the data or processing time exceed the computational
capacity available for this research, however it was beyond the scope of the current work.
Specifically, the full data processing was out of scope largely due to the limited visualization
methods developed. Significant time was dedicated to development of the reconstruction method.
Methods for visualization were developed as shown by the figures in this chapter, however they
leave much to be desired in terms of data analysis. Improved visualization is a subject of future
work, and integrating the mesh and mechanical data into existing 3D visualization software may
be a potential route to explore in the future. Nonetheless, the geometry and mechanical modeling
of the bladders throughout pressurization were still able to be created and useful for the analyses
here.

The mechanical model presented from the 3D reconstruction is useful since, due to the
mechanics and material properties of the bladder wall, stresses are not expected to be uniform
across the surface, and with this method, the distribution of stresses can be quantified and studied.
This is an indication that the material properties at these regions may be different than the rest of
the bladder wall. Analyzing the stress distributions in this way with dysfunctional bladders may

provide even more insight into how the mechanics may be altered as a consequence of disease.
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2.5 Conclusion

It is possible to create 3D models of ex vivo bladder filling accurately with low-cost
laboratory equipment and open-source code. These methods can be used to inform better models
of the mechanics of bladder filling. In this work, a detailed 3D model of the bladder was compared
to a spherical approximation of the bladder. Results for average stress on the wall were similar.
However, the full 3D model allowed for more in-depth analysis which is relevant to study the non-
isotropic nature of the bladder as it deforms. Next steps will use these methods to compare the

effects of sex on the mechanics and shape of the murine bladder.

2.6 Supplementary Material

An algorithm was developed which estimates the thickness of the bladder wall from the
image data. The thickness was observable in the image data as the brighter pixels along the edge
of the bladder due to dark food dye being added to the infusion solution. The contrast between the
edge and the interior of the bladder in the images was marked enough that it allowed the thickness
of the wall to be quantified as the radial depth of brighter pixels on the edge of the bladder.

This algorithm estimates the wall thickness by averaging the sum of bright pixels within a
threshold around the edge of the bladder. First, the background was subtracted from the image
using the segmentation mask. Bladder pixel values below the 5" and above the 95" percentiles
were also dropped to remove dark and over-exposed spots. Remaining pixel values were then
normalized. Next, two regions were obtained: the inner region, which was the set of normalized
pixels not within a 4 pixel distance from the edge of the segmentation mask, and the edge region,
which was the set of normalized pixels within 4 pixels from the edge of the segmentation mask.
The inner region was the result of eroding the normalized pixels with 4 iterations and a 3x3 kernel.
The edge region was obtained by masking out the inner region from the normalized set. The
average pixel intensity on the inner region of the bladder (/) was then calculated. Finally, the
thickness was calculated as the sum of edge pixel values which were greater than I divided by the
circumference of the bladder in the image and then multiplying by the pixel-to-mm factor. The
final thickness estimate was the average of both side view results. The thickness algorithm was
applied to the two side view images, since these views had better contrast than the superior view.

This thickness estimation was completed for each bladder on only the image at maximum
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subsampled pressure. Finding the wall thickness at lower pressures using this method was less
feasible since the wall was less visible having less contrast solution infused.

After estimation of final wall thickness (h), the thickness at all other subsampled time
points (h") was calculated employing the hypothesis of material incompressibility (i.e., isochoric
deformation) during filling. First, the volume of each mesh at max pressure was found using an
established method®°538 and was declared v,,., as the outer volume of the bladder. Second, all
vertices on the mesh were translated inward (i.e., direction opposite to the outward-facing vertex
normal vector) by a distance h. This allowed quantification of the inner luminal volume (v;,5er)
at max pressure. Volume of the bladder wall was then quantified as v,,q;; = Vouter — Vinner-
Once v, was found, the wall thickness at all other time points k' was found by the inverse process.
For each reconstructed mesh in the subsampled data, the wall thickness was found via a

minimization function given by

!

n}li,n |vwall - (v,outer —-v inner)l (2-10)

where v’ ,,.er @aNd V' ;06 are the outer and inner volume for each value of pressure, as a function
of h’. The optimized thickness is calculated as the first that results in an error below 1e> mm?3. This
is possible only under the condition that the outer volume quantified for the minimum pressure
was larger than vy, ;.

The results of this thickness estimation algorithm were compared to manual thickness
measurement (Table 2.1) completed in ImageJ as previously described.®” The accuracy of the
manual measurement was also previously validated with direct measurement of the bladder wall

thickness via confocal microscope, and the error was between 1-4% (not shown).®’
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Table 2.1: Comparison of methods for determining bladder wall thickness. RMSD = 0.018.

Sample Manual Measure Algorithm Estimation Percent Error
1 0.112 0.114 2%
2 0.129 0.133 3%
3 0.127 0.138 9%
4 0.082 0.115 40%
5 0.132 0.126 -4%
6 0.121 0.128 6%
7 0.160 0.127 -20%
8 0.144 0.132 -8%
Mean 3%

The wall volume for the spherical model was found as
4 3 3
Vwall = §7T[ro - —h) ] (2.11)

Knowing the volume of the wall, and outer radii at all other time points of interest, the
thickness at other time points can be found as the difference between v, ;er & Vipner» Where vy ner
can be calculated as
3 /4m
= E(?TO 3 — vw> (2.12)
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CHAPTER 3
ADVANCED MODELING TO REVEAL SEX-SPECIFIC
DIFFERENCES IN WHOLE BLADDER FILLING MECHANICS

3.1 Introduction

The mechanical behavior of the bladder is not well explored but is crucial for understanding
the proper functioning of the lower urinary tract. Research on bladder mechanics is essential for
creating better context for bladder dysfunctions which affect millions worldwide.1 Despite the
impact of urological conditions on quality of life and healthcare costs,*!*-*2* mechanical models of
bladder filling which account for sex-specific differences are scarce in the literature.

The bladder functions through the interaction of neural, muscular, and connective tissues.
Mechanical modeling of the bladder allows these physiological aspects to be studied and simulated
in order to understand how these structures play a role in bladder health and dysfunction. This type
of modeling has been effective in providing breakthroughs in our understanding of other organs
such as the heart, brain, and lungs.62%2432% There is a need for more accurate models of bladder
mechanics using advanced computational and biomechanical techniques, as well as an increased
awareness of biological sex differences as a contributing factor. Although the functional and
anatomical sex differences are well-known in the literature, the effect of sex in regard to bladder
mechanics during filling has not been investigated substantially.*”**? Unraveling this nuance in
bladder mechanics is crucial for developing more appropriate gender-specific treatments and
therapies for lower urinary tract dysfunctions.

This study aims to fill these gaps by comparing mechanical models of the bladder during
the filling phase for male and female mice. By using a novel experimental method and advanced
computational biology techniques, anatomically precise geometrical and mechanical models were
developed to identify sex-specific mechanical behavior that may drive differences in urological
outcomes. This work highlights that contemporary methods allow the ability to create such
advanced models, and that bladder mechanics and sex differences can provide insights to bladder

function that previous methods have not captured.

3.2 Methods

Mouse bladder experiments and 3D bladder geometry reconstructions were done as

previously described [Chapter 2]. Briefly, mouse bladders were extracted, cannulated, and
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pressurized in a novel experimental testing device.®” The bladders were imaged simultaneously
with pressure recordings. Bladder pressurization was done with a fill rate of 30 uL/min, and
pressurization was repeated 3 times for each bladder to allow tissue acclimation. A pressure of 24
mmHg was reached for all bladders tested. Male (N = 17) and female (N = 12) animals (aged 10-
12 weeks) were used. 3D reconstruction involved taking three orthogonal views of the bladder
from the imaging, and using the shape-from-silhouette method?>3-2* to generate triangular surface
meshes of the bladder at 0.5 pressure intervals from 0 mmHg to 24 mmHg.

An analysis of bladder shape and mechanical behavior was done as previously described
[Chapter 2]. Surface curvatures were found and used to inform a pressure vessel mechanical model.
The 3D bladder meshes were also modeled with a effective sphere. This provided information on
how well the bladder is approximated by a sphere throughout filling, and also informed a spherical
pressure vessel mechanical model.

This study builds on the previous analysis methods by extending the shape fitting to
examine the best-fitting spheroid for the 3D bladder meshes. This was explored as the true shape
of the bladder is often non-spherical 10219313315 Byjilding mechanical models which can account
for the anisotropic characteristic of the bladder wall can provide deeper understanding of the
bladder mechanics. In this approach, a least-squares fitting was done to find the best fitting
spheroid for each bladder mesh. First, the moment of inertia tensor was found for each mesh, and
then the mesh was rotated such that the principal axes of inertia aligned with the global coordinate
axes. This was done to simplify the spheroid fitting process, as it eliminates the need to account
for off-axis rotation of the mesh. For the least squares fitting, the axes for the best fitting spheroid

are found as an optimization of the squared Euclidean norm as given by Equation (3.1).

min||Ax — b|l3 (3.1)

Where A contains the rotated mesh vertex coordinates with size nx2 with n being the
number of vertices, x contains the two target spheroid coefficients (a and c for the circumferential
and longitudinal directions, respectively), and b is the matrix of ones with the size nx1. Equation
(3.2) shows the structure of these matrices. The structure of Equation (3.2) is based on the equation

for a spheroid, given by Equation (3.3).
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This only represents spheroids with z as the symmetry axis. To account for either x or y
potentially being the symmetry axis in the best fitting spheroid, the fitting was repeated twice again
to reflect the other symmetry axes. Specifically, least squares fitting was repeated to find the best

fitting parameters with all three variants of A with the additional two shown by Equation (3.4).

2 2

Z12+Y1 x1] x12+212 Y1
, A

2 2
Zn tYn Xn

i+ ¥

Then, after fitting the three possible orientations of a spheroid to each bladder mesh, the
best fitting parameters (axis lengths a and c¢) were taken from the fitted orientation with the lowest
residual error. Once the best fitting spheroid parameters were found for each bladder, it was
manually verified that the parameters corresponded to the longitudinal and circumferential
directions of the bladder as previously described.

Lastly, the spherical stress and stretch data were analyzed as previously described.'®
Briefly, a low stiffness and high stiffness region was identified for the stress-stretch data of each
sample, and the slope of the stress-stretch curve in these regions were quantified as k;,,, and kp; 4p,.
The upper boundary of the low stiffness region was defined by the stress and stretch at this point,
o; and A;. Similarly, the lower boundary of the high stiff region was located as the stress and
stretch at this point, o, and 1,. The intersection point of the low and high stiffness regions was
defined by the point o;,; and A;,;. These parameters are visualized by Figure 3.1, which is
reproduced from Zwaans et al. 2022.1'3 Note that ¢ in Figure 3.1 is called o in this work. Statistical
comparisons were done with ANOVA with a significance level of P < 0.05 for pressure-volume,
stress-stretch. Student’s t-test with a significance level of P < 0.05 was used for statistical

comparisons of compliance and stiffness parameters.
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Figure 3.1: Stiffness regions and parameters obtained for the spherical model stress-stretch
data for each sample. A low stiffness region, high stiffness region, the boundaries of these
regions, and the intersection of the low and high stiffnesses were located and compared

between the two sexes. Reproduced from Zwaans et al. 2022113

3.3 Results
Plotting the volume data averaged across pressures for each sex revealed significant

differences between male and female bladders as shown by Figure 3.2. A 2-way ANOVA with

factors of sex and pressure and an interaction term showed that female bladders were significantly

smaller in size compared to males on average.
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Figure 3.2: Pressure-volume graph. Volume at each pressure step was averaged across
groups. Female bladders had significantly smaller volumes compared to males on average

(P < 0.05). Standard errors shown.

Plotting the spherical stress and stretch revealed similar significant differences in bladder
mechanical behavior between the two sexes, shown in Figure 3.3. In addition to female bladders
being smaller, a 2-way ANOVA with factors of sex and stress and an interaction term showed that

sex was a significant factor in the amount of stress for equivalent pressures.

53



Female N=12

50 1

40 -

30 4

Stress [kPa]

20 4

10

T
1.0 1.2 1.4 1.6 1.8
Stretch [-]

Figure 3.3: Spherical model of stress and stretch. Stresses calculated at equivalent
pressures and averaged for male and female groups. Bladder wall stress was significantly

lower in females compared to males on average. Standard errors shown.

Next, the stresses calculated from the spherical model, and the average von-Mises stress
across the entire surface were compared following the methods outlined in Chapter 2. Figure 3.4
shows the stress-volume results from the 3D model compared to the spherical model. VVolume for
the 3D model was quantified as the volume of the mesh, and volume of the spherical model was
calculated as the spherical volume using the radius of the effective sphere.
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Figure 3.4: Average stress-volume between the two groups using the 3D model and
spherical model. For the 3D model, volume was obtained as the volume of the bladder
mesh, and stress was the average von-Mises stress across the entire surface of the bladder.
For the spherical model, stress was obtained from the thin-walled spherical Laplace
equations, and volume was obtained as the spherical volume using the radius of the

effective sphere. Standard errors shown by the filled regions.

An analysis of bladder shape is presented next. Figure 3.5 shows quantifications of
spherical measures. Specifically, the RMSD between the effective sphere and mesh, and
sphericity. Both measures showed that at low pressures, the bladder is more poorly approximated
by a sphere compared to higher pressures. Figure 3.6 shows geometrical analysis of spheroid fitting
to the bladder meshes. If was found that the rate of change of both spheroid axes appeared similar,
but since the circumferential axis was shorter than the longitudinal, the stretch in the

circumferential direction was larger.
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Figure 3.5: Bladder shape spherical measures. Left) RMSD of the effective sphere fitted to
the bladders throughout filling. There was larger error between the effective sphere and
mesh at lower pressures, which decreased as pressure increased. Right) Sphericity of the

bladders throughout filling. Lower pressures showed lower sphericity. As the bladder
filled, this measure indicates that the bladders become more spherical as the pressure

increased.
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Figure 3.6: Fitted spheroid geometry results. Left) Longitudinal (c) and circumferential (a)
stretches averaged between the groups. Both groups showed larger stretch in the
circumferential direction. Right) Spheroid axis lengths for all samples. The rate of change
for each axis was relatively equivalent, but since the circumferential axis was shorter than
the longitudinal axis for the samples, it showed larger amount of stretch as given in the left

plot.

The stress distribution on the 3D bladder geometry was visualized by flattening the mesh
as previously described, normalizing the dimensions, and then creating a heat map of the average
von Mises stress across each group over the normalized plot. This is shown in Figure 3.7 for two
levels of pressure (10 and 20 mmHg) for both sexes. The plots revealed that the male and female
bladders had unique non-uniform stress distributions, and the distribution appeared to be preserved
between the pressure levels analyzed.
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Figure 3.7: Average von Mises stress distribution at 10 and 20 mmHg for male and female.
The stress distributions between the two sexes were non-uniform and showed different
patterns between male and female sex. The non-uniformity unique to each sex appeared to
be preserved throughout these pressures analyzed. In these plots, the center of the heat
map corresponds to the top of the bladder (dome), and the outer circumference
corresponds to the bladder neck.
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Bladder compliance is defined as the change in volume by the change in pressure during
filling as a measure of distensibility. Compliance was calculated for several pressures (5, 10, 15,
20 mmHg) and averaged for male and female groups. The results are shown by Figure 3.8.
Compliance was significantly higher in males compared to females at all pressure levels analyzed
(P < 0.05). This is likely due to the fact that the female bladders exhibited a smaller volume

compared to the males (Figure 3.2) at all pressures.

S Male
* * Female
20 A T
El - .
B *
;? 15 — =
E
£ L *
o -
L= ———
§ 104 — -
EL .
3 1T
; . =
G T Li T

L]
5 10 15 20
Pressure [mmHg]

Figure 3.8: Bladder compliance (AV/AP) at 5, 10, 15, 20 mmHg pressure levels.
Compliance was significantly different between the two groups at all pressure levels
analyzed. This difference is likely driven by the smaller volume of the female bladders

shown by Figure 3.2.
Finally, the low and high stiffness parameters described in the methods are presented as

group averaged in Table 3.1. Comparing the parameters between the two groups, only the upper

boundary for the low stiffness region, 1,, was significantly different between the two groups.
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Table 3.1: Spherical Stress-Stretch Stiffness Region Parameters & Constitutive Parameters.

Parameter Male Average Female Average P value
Kiow 11.015 6.609 0.417
Khign 961.088 676.147 0.396
04 4.216 2.047 0.290
o, 89.034 88.588 0.775
A4 1.325 1.234 0.045 *
A, 1.787 1.759 0.640
Oint 6.527 4.616 0.637
y 1.596 1.641 0.418

3.4 Discussion

The reconstruction method applied to experimental data collected on male and female
mouse bladder pressurization was able to show geometrical and mechanical differences between
the sexes.

As expected, the bladders collected from female animals were found to have a smaller
volume when compared to those collected from male animals (Figure 3.2). Furthermore, shape
analysis of the 3D bladder geometries revealed that the sphere represents a reasonable
approximation at high pressures (and infused volumes) for both sexes. However, it also highlighted
that bladders from both male and female animals are poorly approximated by an effective sphere
at low values of pressures, in a range relevant to the in vivo condition (Figure 3.5). Approximating
the bladder as a spheroid can capture the unique shape of the bladders better than a simple sphere.
It was found that the rate of change of the bladders in the longitudinal and circumferential
directions appeared similar. However, the circumferential direction exhibited greater stretch than
the longitudinal direction (Figure 3.6). This could be due to the circumferential axis being shorter
than the longitudinal when the bladder was empty. The anisotropic stretch behavior shown by
Figure 3.6 is worth highlighting, as this behavior can only be captured by non-spherical modeling
of the bladder.

The spherical stress analysis showed that bladder from female animals exhibited lower

mechanical wall stresses for the same level of pressure compared to the male group (Figure 3.3).
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This suggests that the bladders from female animals are more distensible when compared to male
animals. This is also confirmed by the parameter of compliance which was quantified here at
various pressure intervals and was found to be significantly lower in bladders collected from
female animals compared to male at all pressures (Figure 3.8). Bladder compliance is a metric
commonly used clinically to assess bladder distensibility. This difference seems to be due to a
combination of geometrical and structural characteristics of the bladder wall as the female bladders
were already found to have volumes (Figure 3.2) as well as reach lower stresses for equal pressures
(Figure 3.3) compared to males. In addition, our results confirm what observed by other research
who have also shown that female bladders have a lower compliance than male bladders.3?
Furthermore, the 3D mechanical model was able to reveal significant differences between sexes
in a few ways. First, it revealed the existence of sex-differences between directional stretches,
which is a measure of tissue anisotropy, as the bladders were pressurized (Figure 3.6). Second, the
comparison of the von Mises stress pointwise average based on animals’ sex over the normalized
plot (shown in Figure 3.7) showed, for the first time, a unique non-uniform distribution within
each group. Specifically, across the bladder surface, the low and peak stress areas were ascribed
to different anatomical locations between male and female groups. Furthermore, these locations
were consistent across pressure levels. At the bladder neck, which corresponds to the outer
circumference of the plots of Figure 3.7, were the highest stresses for both groups. This seems to
confirm that the bladder neck is stiffer than the rest of the bladder wall which has also been shown
in other studies.%18¢

Lastly, several parameters to characterize the stress-stretch curves of the spherical model
previously shown,'!® were quantified in this research. While the spherical stress-stretch curves
showed some significant differences, primarily in the lower amount of stress in female bladders
(Figure 3.3), the majority of the stiffness parameters assessed from this analysis did not reveal any
differences between the groups (Table 3.1). The single parameter that showed a significant sex-
dependent difference was the stretch defining the upper boundary of the low-stiffness region (4,).
This supports the idea that the differences between mechanical behavior of the male and female
bladder wall is concentrated in the low stress region. In addition, it is important to point out that
our results highlighted how the spherical analysis may not be the most appropriate in this low-
stress, low-pressure region (Figure 3.5). In other words, sex-dependent differences in the low-

pression region (i.e., the most relevant to the in vivo filling behavior) might be lost in applying the
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simplified and “averaged” spherical analysis. Finally, the results of Figure 3.3 as well as 3.7 show
that the high-stress high-pression mechanical behavior of the bladder may also contain sex-
differences, which are similarly lost when applying the spherical approximation.

Finally, this analysis is not without limitations. The main limitation is represented by the
possibility of geometrical artifacts derived from the 3D reconstruction method. The reconstructed
bladder surfaces were heavily smoothed as a processing step to minimize these geometrical
artifacts (e.g., sharp edges in the meshes). However, the bladder neck is a transition region which
is difficult to capture consistently from the imaging and reconstruction method. Due to variation
in the bladders’ tissues, some of the bladders had a clearly defined neck region in the imaging
throughout pressurization, while in other bladders the neck was not clearly visible in the imaging.
This introduces the possibility of the existence of geometrical artifacts around the neck which may
be confounding factors in the point-wise stress analysis. Nonetheless, the focus of this research is
mainly on the mechanics of the bladder wall as a whole, so this does not take away from the value

of the stress distributions shown here.

3.5 Conclusion

The differences in mechanical stress and stretch behavior between male and female
bladders as modeled here highlights that biological sex is an important factor to consider when
studying the bladder. This has implications for bladder treatments and interventions, as well as
establishment of standards for measures of healthy bladder between the sexes. Previous research
has shown that the male and female bladders have different filling and emptying
characteristics.47.79.142.289,327.328 Thege differences may be driven by microstructural differences in
the bladder wall between the sexes. The work here primarily analyzed the bladder mechanics based
on an accurate macro-level geometrical information. The results presented here indicate that future
work should focus on inclusion of microstructural information of the bladder tissue for deeper
insight into the drivers of sex differences within the bladder. Furthermore, this research lays the
groundwork for inspection of the stress distributions throughout the bladder wall. Microstructural
differences between male and female tissue may also alter the distribution of stresses in the bladder
wall, which may play a role in the higher stresses observed in male bladders. This level of detail
in mechanical modeling can only be captured by these advanced methods, and are completely lost
when the bladder is modeled as a sphere. While the spherical model has value in its simplicity and

that it may provide a reasonable estimate of overall stress in the bladder wall, the advanced
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experimental and computational methods available today are able to be utilized for deeper
understanding of the mechanics of the bladder wall. Further development of more sophisticated
bladder modeling is imperative to understanding bladder health in terms of the tissue mechanics.
Pairing sophisticated mechanical models with metrics of bladder health in future work may reveal
underpinnings of bladder functions which are currently not well understood.

This work contributes to the literature of sex differences in bladder function and mechanics.
The female bladder exhibits lower volumes and stresses at similar pressure compared to the male
bladder. The detailed geometrical and mechanical models of the bladder presented here for a
mouse model has not been shown in the literature before. The results presented in this research
highlight how more advanced mechanical models provide deeper insight to the mechanical
functioning of the bladder wall. Specifically, understanding the anisotropic characteristics of
bladder deformation, and the non-uniform stress distributions can aid in understanding of bladder
functioning that is not often shown in the literature. The spherical approximation of the bladder
for modeling pressurization mechanics is often relied upon where advanced methods have not been
developed. However, this model is simplistic and dated. Modern experimental methods and
computational resources provide the tools to advance bladder mechanics models and have not been
appreciably leveraged for their utility. The methods developed and used here to analyze sex
differences in bladder mechanics contribute to pushing forward the standards for analyzing bladder

filling behavior at a more detailed level.
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CHAPTER 4
UNIAXIAL BLADDER RING TESTS REVEAL SEX-SPECIFIC
DIFFERENCES IN BLADDER TISSUE MECHANICS

4.1 Introduction

Uniaxial stretching tests were done on bladder tissue sections from the same cohort of
specimens used for the 3D reconstructions. In these tests, the effect of sex (male vs female) and
decellularization was analyzed. It has been previously shown in mice that sex effects filling and
voiding behavior.'* Uniaxial stretching of bladder tissue can reveal if mechanical behavior of the
tissue plays a role in these differences. Although this type of testing is different from the loading
conditions of the whole organ in vivo by pressurization, uniaxial loading is a valuable mechanical
test which provides information about the mechanical characteristics of the biological
material. }1332%3% The testing protocol implemented here is also conducted with the tissue samples
submerged in a thermo-chemical environment comparable to the physiological state. Furthermore,
comparing the results of tissue with intact cellular structure vs decellularized tissue allows the
mechanical contribution of the cells/extracellular matrix (ECM) to be analyzed. Since the bladder
wall has a muscular component (the detrusor) which can be active ex vivo, it is important to
consider that the tissue mechanics can have contributions from both the ECM (passive) and muscle
cells (active).! Previous studies have compared the bladder mechanics between cellular and
decellularized tissue in rats!, however the decellularization effect on bladder mechanics in mice
has not been shown before. In the experiments described here, significant differences were found
in the bladder geometry due to sex and decellularization, and the interaction of sex and

decellularization showed significant effects on the mechanical behavior of the tissue.

4.2 Methods

For these mechanical tests, the bladder was excised and transported to the lab in the same
way as described in Hennig et al. 2022.5” Once the tissue was received, the bladder was sectioned
into three sections. The bladder was flattened on its side, and two cuts were made longitudinally
(Figure 4.1). The cuts were done such that two rings of equivalent thickness were obtained, and
the dome of the bladder was stored for other experiments. The lower ring, containing the neck of
the Dbladder, was mechanically tested immediately. The upper ring was tested after a

decellularization protocol. This was done so that the results could be compared between the
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cellular and the decellularized tissue.3! Bladder tissues were collected from male (N = 7) and

female (N = 7) animals so that the effect of sex (if any) on the mechanical results could also be
assessed.

Figure 4.1: Representation of bladder ring sectioning method. Two cuts are made, one
roughly below the midline of the bladder, and another near the dome of the bladder. Gave
two rings of comparable size, and the dome tissue was disregarded for these experiments.

The lower ring was tested immediately, and the upper ring was tested after

decellularization.

The decellularization protocol is as follows. The tissue is submerged in Phosphate-buffered
saline (PBS) containing 0.2% heparin for 15 minutes, then a 1% Sodium dodecyl sulfate solution
for 48 hours, then deionized water for 15 minutes, and finally a 1% Triton-X100 solution for 30
minutes, all at room temperature. Decellularization leaves only the extracellular matrix (ECM).
Figure 4.2 shows a collection of some of the bladder tissue rings with intact cellular structure vs
isolated ECM tissue.
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Figure 4.2: Left) Cellular bladder tissue rings. Right) Decellularized bladder tissue rings.

The mechanical testing protocol is as follows. The ring was mounted on the uniaxial testing
device via two loops of thread. One of the threads looped through the ring and attached to a rigid
hook, and the other thread looped through the ring and attached to a load cell (Futek LSB200, 2509
capacity). The sample was submerged in a Krebs bath (36°C, 7.4 pH) during setup and testing.33!
A camera (Hitachi KP-M2A, grayscale, 2592x2048 resolution) was positioned in front of the tissue
to capture the deformation during stretching. Custom LabVIEW code was used to collect data from
the load cell and camera simultaneously during testing. The code also drives a motor which
stretches the tissue by changing the distance between the two plates which the load cell and rigid
hook are attached to. Within this setup, the code allows control of load applied to the tissue by
either specifying a change in distance between the plates, or by setting an amount of stretch based
on the height of the ring within the testing device. Figure 4.3 shows the testing device setup with

the neck of a balloon in place of the ring sample for visibility.
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Load Cell I

Krebs Bath

Figure 4.3: Testing device setup. The bladder ring sample (represented by the neck of an
orange balloon here) was tied to a rigid hook in the Krebs bath (black chamber) and the
load cell. A camera positioned in front of the chamber captured the bladder geometry
during testing. The tissue was stretched by increasing the distance between the two plates

which the rigid hook and load cell are fixed to.

A temperature regulation device was developed for these experiments. Although the tissue
is excised and sectioned in these tests, there was still an aim to simulate the physiological
environment that the tissue typically functions in in vivo. The Krebs bath is a physiological salt
solution which mimics the fluid environment of physiological tissue by offering similar electrolyte
concentrations, osmolarity, and pH.3! Biological tissues operate within a specific chemical
environment, but also a thermal environment (i.e., body temperature). The resting body
temperature of the mouse is near 36°C.3% So, to further simulate the typical tissue environment, a
temperature-regulated heating element was added to the testing device to maintain the Krebs bath
at this temperature. To accommodate the heating element, a new chamber was added to the bath
setup shown in Figure 4.3. The heating element (50W hygger Pinpoint Saltwater Aquarium Heater)
was fixed in the lower chamber, with the power cord routed out the back and sealed with silicone.

The heater power was plugged into a temperature regulator which monitored the bath temperature
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via a thermometer probe placed in the upper chamber throughout testing. The regulator cycled
power to the heating element to maintain the specified temperature. The main bath was modified
with holes which allowed the heat from the element to rise to heat the main chamber and the tissue
sample (Figure 4.4). After the tissue was mounted in the device, the heating device was powered
on, and time was allowed for the bath to get up to temperature. This setup was found to reliably
maintain the temperature within the bath at 36°C + 0.1°C.

Figure 4.4: 3D schematic of temperature regulation bath. Acrylic walls are added to the
device to enclose the main chamber (black) and heating element chamber (blue). The
heating element is fixed in the blue chamber. Both chambers are filled with Krebs solution,
and the heat generated by the element rises to heat the main chamber via the holes in the

bottom of the black chamber.

Once the tissue was loosely mounted in the device and the temperature was equilibrated, a
one-gram preload was applied continuously to the tissue for 10 minutes. This was a continuous
process of incrementally increasing the distance between the boundaries (load cell and rigid hook)
since, due to the viscoelastic nature of the tissue, the load on the tissue decreases as the tissue
relaxes and acclimates to its current condition.?>3! It was found that after 10 minutes at the one-

gram preload, the tissue relaxation was diminished. After the preloading step, the tissue was
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subjected to cyclical and incrementing stretches. The stretching protocol included 10% stretch for
10 cycles, and 20%, 30%, and 40% stretches for 5 cycles each. Figure 4.5 shows the cyclic loading
and unloading for a sample tested at 40% stretch. Stretch was applied at a constant rate of 1%/s to
the specified stretch, and then in reverse back to 0% stretch. This was repeated in cycles so that
the mechanical behavior of the tissue in this test became repeatable. Between each group of stretch
cycles, a one-gram preload was reapplied for 90 seconds. The preload was able to be applied for a
shorter amount of time between stretching due to the tissue being sufficiently acclimated and
having minimal relaxation throughout the testing. The last loading cycle was used for analyzing
mechanical stress and stretch of the tissue.

13C last test

40% force [g]

40% height [px]

Figure 4.5: Data recorded during a stretch cycle group. Representative sample being
stretched to 40% stretch for 5 cycles. The first loading cycles appear unique, however as
the cycles progress, the loading graph becomes repeatable. Pink represents the last loading

cycle which was used for the mechanical analyses.

Throughout testing, the load applied to the tissue was recorded via the load cell, and an
image from the front camera was captured simultaneously at 5 Hz. The front images were used to
quantify the height and width of the tissue using thresholding in LabVIEW (Figure 4.6, bottom).
The tissue in the image was thresholded into a binary image, and height was quantified as the
average vertical height of white pixels, and width was the average horizontal width of white pixels.
A separate side camera was used to capture an image of the bladder from the side at the start of

each group of stretch cycles. The thickness of the bladder tissue (Figure 4.6) was quantified as the
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average width of white pixels in the thresholded side view image. This thickness could only be
quantified for the reference configuration since it was only captured at the beginning of each cycle
of tests. However, with the assumption of isochoric deformation (i.e., incompressibility), the
volume at the reference configuration was calculated, and was used to calculate the thickness of
the tissue throughout stretching as the height and width at all configurations is known from the
front images. The incompressibility hypothesis is often used for mechanical modeling of bladder
tissue. 2899113148213 The |oad was measured in grams, and the tissue geometry obtained from
images of the tissue was converted from pixels to mm with the pixel-to-mm factor of 1/39 for this
specific setup. Figure 4.6 shows the dimensions of the bladder ring and how they are obtained by

measuring the thresholded images of the front and side views of the bladder in the testing setup.

Front

height

thickness

width

Figure 4.6: Bladder dimensions obtained from thresholding front and side views images.
The front image gives the height as the average vertical number of white pixels in the
thresholded image, and the width as the average horizontal number of white pixels in the
same image. Thickness is quantified as the average horizontal number of white pixels in the
thresholded side image at the reference configuration. The isochoric deformation
assumption allows the thickness to be calculated for all other configurations from the front

view dimensions. The pixel dimensions are converted to mm with the scales in the images.
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A post-processing method was developed to find the best thresholding value for each
bladder ring tested to allow for more accurate geometrical measurements. This was approached as
an optimization problem for the thresholding parameter that led to the most linear measure of
height throughout stretching. That is because the height is expected to increase linearly since
experimentally the stretch was applied at a constant rate (1%/s). Briefly, all the image data obtained
from the stretch test was loaded, and a range of thresholding parameters from 40 to 100 (min 0,
max 255) were applied to the images for each tissue sample. The height was then quantified from
the thresholded images as described above. An error term was quantified for each threshold value
as the root-mean squared deviation (RMSD) divided by the slope of the best fitting line for the
height of the last stretch cycle (pink in Figure 4.6). The optimal thresholding parameter was chosen
as the one minimizing the error. The structure of the error term was to minimize RMSD to ensure
a good linear fit while maximizing the slope of the fitted line. Maximizing the slope term was done
to prevent the optimization algorithm from selecting a threshold value that gave a low RMSD but
a little increase in height as the tissue is stretched. During development, it was found that only
optimizing for low RMSD often resulted in overly aggressive thresholding which gave a near-flat
height measure as the tissue was stretched. This optimization method gave an optimal thresholding
parameter per sample for measuring the tissue dimensions from the front images. After each image
was thresholded with the optimal parameter, the height was quantified as the average of the sum
of vertical white pixels, and the width was quantified as the average of the sum of horizontal white
pixels. Since the side images were obtained with a different camera and different lighting
conditions, these images were thresholded manually, and the thickness at the reference
configuration was similarly found as the average of the sum of the horizontal white pixels.

In a uniaxial testing condition, the deformation gradient tensor is defined as

4, 0 0
F=|0 A, o] (4.1)
0 0 A

where 1,, 4,, and A5 represent the principal stretches and x; represents the direction of testing.

The mechanical stretches are defined as
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where h, w, and t represent the height, width, and thickness in the current configuration, hy, wy,
and t, represent the height, width, and thickness in the reference configuration (i.e., at the start of
the last loading cycle) in mm. The incompressibility hypothesis imposes J = det(F) = 1, which
allows to calculate A5 as a function of A4, and A,.

Next, the Cauchy stress tensor was calculated. The force F measured during the test was
first zeroed by subtracting the minimum value measured, and then converted from grams to
Newtons. The average cross-sectional area in the current configuration was quantifiedas A = w -

t (units mm2). The Cauchy stress tensor was then defined as
0 O
0 0 O

The stress and stretch along the direction of testing where then smoothed with a locally
weighted scatterplot smoothing function (LOWESS, a = 0.4).3%%3% The circumference of the
bladder rings was also quantified before stretching as 2xheight. The volume of the ring was also
obtained with the same 3D reconstruction method previously shown for the whole bladder
pressurization. The front and side views were used with the shape-from-silhouette method to
generate a volume reconstruction of the rings at each stretch interval. The stress and stretch results
calculated by Equations (4.2) and (4.3) were plotted and statistically analyzed, specifically on the
low stress part of the loading curve. The low stress region of the curves had to be used as not all
of the bladder rings reached higher levels of stress.

A 3-way ANOVA was performed on both the circumference and stress-stretch data with
independent variables of sex (male vs female), tissue type (cellular vs decellularized), and level of
stretch (0, 10, 20, & 30%) with ordinary least squares.3**
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4.3 Results

The diameter of the bladder tissue rings at the start of each test (i.e., at the one-gram preload
stage) was analyzed. The data used for the statistical analysis is plotted in Figure 4.7. The
regression model revealed an R? = 0.458, F(4, 24) = 22.6, and p < 0.0001, which indicates that a
significant proportion of the variance was explained by the model variables.

Sex, tissue type, and mechanical stretch coefficients were significant with all having p <
0.001. The interaction term was also significant having p <0.01. Based on the statistics on the data
collected here, female bladders can be expected to have a circumference 2.9 mm less than males,
and decellularizing the bladder rings can be expected to increase the circumference by 2.79 mm.
The interaction term being significant indicated that the effect of sex also depends on the tissue
type. Specifically, the significant interaction term indicates that the difference between sexes is
more pronounced for decellularized tissue than cellular tissue, as can be observed in Figure 4.7.
Finally, the mechanical stretch coefficient being significant shows that after stretching the tissue
by an increasing 10% amount, the circumference can be expected to increase by about 0.1 mm.
This highlights how mechanical stretching alters the tissue’s microstructural organization and the

effect of sex and tissue type.
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Figure 4.7: Bladder tissue ring circumference means (measured as 2xheight from test
imaging) measured at one-gram preload before each stretch test. Plot shows male (M),
female (F), cellular, and decellularized tissue. Standard errors shown. The female tissue
had smaller circumference on average than the male. Also, decellularized tissue had larger

average circumference in males but not females.

The volume of the ring at the one-gram preload stage before each stretch test was found by
the same reconstruction method as described for the 3D bladder pressurization methods. The
results are shown by Figure 4.8. From this graph, it was found that the cellular tissue volume was
more stable than the decellularized tissue volume as the tissue was progressively stretched. It can
also be seen from Figure 4.8 that, before any stretching, the decellularized tissue had a larger
volume compared to the cellular tissue in both sexes. Furthermore, with increased stretch, the

average volume of the decellularized tissue decreased approaching the cellular average.
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Figure 4.8: Mean volume of 3D reconstruction of ring at one-gram preload before each
stretch test. It appeared that the cellular tissue volume was relatively stable as it was tested.
Conversely, the decellularized tissue volume decreased with stretching. This trend

appeared for both male (M) and female (F) tissues. Standard errors shown.

Finally, the first principal stress and stretches were plotted and analyzed with another 3-
way ANOVA as done for the circumference results. Figure 4.9 shows the full plots of the stress-
stretch results of the last loading cycle for the last stretch test, and Figure 4.10 shows the same data
on a different scale to highlight the toe region (low stress) of the curves. As can be seen in Figure
4.9, not all the samples reached the expected linear region, so to compare the groups with the

ANOVA, only the toe region (range from 0 kPa to 15 kPa) was used.
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Figure 4.9: Cauchy stress and stretch collected from the last loading cycle of the last stretch
test. The left full color curves show the results for the cellular (C) tissue, and the right
translucent curves show the results for decellular (D) tissue. Note that that the samples do

not all reach the same amount of stress/stretch due to limitations of the testing setup.
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Figure 4.10: Same data as Figure 4.9 on a different scale to highlight the toe region of the
curves used for 3-way ANOVA. The left full color curves show the results for the cellular

(C) tissue, and the right translucent curves show the results for decellular (D) tissue.
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A 3-way ANOVA was performed on the independent variables of sex (male vs female),
tissue type (cellular vs decellularized), and level of stress (range 0 kPa to 15 kPa) with ordinary
least squares. The regression model revealed an R? = 0.626, F(4, 24) = 185, and p < 0.0001, which
indicates that a significant proportion of the variance was explained by the model variables.

Sex and tissue type were not significant in this model, however mechanical stress and the
sexxtissue type interaction coefficients were significant with both having p < 0.001. This model
revealed that sex and tissue type alone do not account for different mechanical stretch between the
groups. However, the interaction term being significant highlights that the combination of sex and
tissue type can show different mechanical behavior between groups. To explore the specific
interaction effects, the same data was analyzed post-hoc with Tukey’s test. The Tukey test revealed
that the female cellular and decellular stress-stretch results were significantly different (p < 0.05),
and that female and male decellular stress-stretch results were significantly different (p < 0.05).
These results indicate that the female ECM has unique mechanical behavior among these groups.
This can be qualitatively visualized in Figure 4.9 as the cellular male and female tissue appears
clustered, while the female decellular tissue appears to have a lower stiffness compared to the

decellular male.

4.4 Discussion

The ECM is largely responsible for the mechanical structure of the tissue as it is comprised
of structural proteins including collagen and elastin.'%” The results presented here show that the
decellularized tissue is different from the cellular state in both geometry and mechanical behavior.
From the images in Figure 4.2, it was observed that the decellularized rings appeared larger than
their cellular counterparts. This qualitative observation was validated by the circumference data.
Figure 4.7 and the related statistical analyses showed that the decellular ring tissue indeed had a
larger circumference. This may be due to the breakdown of the cellular structure, cell-ECM
connections via integrins, and subsequent relaxation of the ECM.3®* To summarize, it was found
that, on average, female bladders had a smaller circumference than male bladders, and that
decellularization had a smaller effect on the female bladders compared to the male group. These
differences may be due to different cellular or ECM composition between the sexes.

Different geometry was also shown by Figure 4.8 where interesting trends in volume was
observed with increased stretching. The cellular tissue volume was stable throughout the tests,

while the ECM volume was larger prior to testing, and decreased with stretching to approach the
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cellular average. The effect of reduced volume with progressive stretching for the decellularized
tissue may be due to this tissue being more porous than cellular tissue, and increased stress causing
fluid expulsion from the ECM. Since the ECM is hydrophilic®*®, the two-day long decellularization
protocol may have saturated the tissue and increased its apparent volume. Since the cellular tissue
did not have an extensive hydration period before testing, the tissue may have had less fluid volume
contributing to its overall volume. So, the more stable volume results of the cellular tissue could
be a result of better water retention, or lower hydration before testing, or a combination of these
two factors. Thus, the constant volume assumption used in the methods appeared to be more valid
for the cellular tissue than the decellularized.

Although significant differences due to sex and tissue type (C vs D) were found in the
analysis of geometrical data, the mechanical stress-stretch results showed some but fewer
differences. Statistical analysis of stress-stretch was only done on the toe region of the curves due
to some samples not reaching high levels of stress. However, this low-stress region is still
reasonable for defining the characteristics of the stress-stretch curve, since this non-linear regime
is largely responsible for the overall shape of the curve, and at higher stresses, the plots become
highly linear as shown by Figure 4.9. In comparing the toe region of the stress-stretch data, it was
found that the female decellularized tissue was significantly different from the female cellular
tissue, and the male decellular tissue. This result highlights the complexity of the sex-tissue
structure interaction and its effects on the observed mechanical behavior. As stated earlier, this
unique result may be due to different cellular or ECM composition between the sexes. The fact
that no significant differences between the male cellular and decellular tissue mechanics was an
interesting result, especially considering there were larger circumference differences between the
two tissue types in males compared to females. The decellular tissue being oversaturated may have
played arole in this outcome, as it has been previously shown that bladder tissue osmolarity effects
its mechanics.*

There were some notable limitations in the experimental setup. Most limitations were
specific to the mechanical testing device used. Before testing, each sample was preloaded to one
gram so that all the tissues started at a similar reference configuration. A stress-based preload is
preferred to the load-based method, however the experimental setup did not allow for this. There
were some limitations in the imaging method as well. The testing setup did not allow for

simultaneous imaging of the front and side views of the tissue, although it is preferred. The side
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images were only captured before each group of loading cycles, and an assumption (isochoric
deformation) had to be made about the tissue. Simultaneous imaging from both sides would have
allowed for more accurate stress calculations, as well as deeper analysis of the volume during
testing. The final limitation of the experimental device was in the way the stretch was applied. As
explained earlier, the device determines the height of the sample via thresholding, and then
stretches the tissue to the target height based on the input stretch. As shown in Figure 4.9, not all
the samples reached the same amount of stretch even though each had the same stretch input. This
was likely due to using an un-optimized thresholding parameter, and system losses. It was for this
reason that post-processing threshold optimization was developed. However, there was no way to
optimize the threshold before the tissue was stretched so this limitation could not be overcome
with the current device setup. Despite these limitations, notable differences between the tissue
groups due to sex and decellularization were found.

Directions for future study include mechanical stretching with an improved uniaxial
stretching device so achieve more robust mechanical results, biaxial stretching which better
reflects the loading conditions of the bladder in vivo, and whole bladder pressurization of

decellularized bladder tissues to further approach the in vivo load conditions.

4.5 Conclusion

The work here shows for the first time in mouse bladder tissue that decellularization affects
the tissue geometry and mechanics in unique ways. This work supports the concept of testing and
modeling tissue mechanics as a combination of the passive structural extracellular matrix and the
active cellular components. Further investigation into the structural differences between the male
and female bladder tissue may help explain the differences in geometry and mechanics observed
here. The results of the current study show that decellularization effects the male and female mouse
bladder tissue in different ways. Specifically, that the male ECM tissue rings had increased
circumference, while a marginal decrease was observed in the female tissue. The female tissue
also had smaller geometry in both circumference and volume compared to the males. Mechanical
analysis showed that the female decellularized tissue was uniquely distinct from the other groups,
which indicates an interaction effect of sex combined with decellularization. These results support
the notion that sex differences on average are important to consider when studying physiology and
tissue mechanics. Future work will develop improved testing methods to closer resemble in vivo

conditions, as well as investigating the structural differences which are driving the results shown.
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CHAPTER 5
SUMMARY

Quantitative metrics for bladder health are not well defined. Deeper research into the tissue
mechanics of the bladder wall may provide a better characterization of bladder health and
dysfunction. The thin-walled spherical pressure vessel model has long been used for modeling the
mechanics of the bladder wall. There is a need for more detailed and descriptive mechanical
models to be developed for more precise insight into the mechanical behavior of the bladder. The
work presented in this dissertation works toward this goal by the development and implementation
of a high fidelity 4D (space + time) reconstruction of the ex vivo bladder during pressurization. 4D
reconstruction allowed implementation of a location specific mechanical model of the stresses on
the bladder wall as well as more descriptive geometrical analysis.

From these advanced modeling techniques shown here, it was found that the bladder has
anisotropic stretching behavior, and that the mechanical stresses at equivalent pressures are lower
in the female bladder wall compared to male. Specifically, the bladder undergoes larger stretch in
the circumferential direction than the longitudinal direction. This anisotropic behavior can only be
exhibited with an accurate reconstruction of the bladder geometry, or with a spheroidal
approximation. The sphere model that is often used to approximate bladder shape is not able to
account for this unique directional mechanical stretching behavior. Additionally, it was found that
for equivalent pressures above 6 mmHg, the female bladder wall exhibits lower mechanical
stresses than the male bladder wall in both the spherical model and 3D mechanical models. Female
bladders also had significantly smaller volumes compared to males at all pressures from 0 to 25
mmHg. Lastly, from the 4D modeling of bladder pressurization, it was found that female bladders
also had lower compliance than males at pressure intervals of 5, 10, 15, and 20 mmHg. All taken
together, these results illustrate how there are sex-specific mechanical behaviors of the murine
bladder wall throughout pressurization.

Uniaxial testing of bladder tissues from the same cohort of mice used for the 4D
pressurization experiments and modeling reflected more sex-specific geometrical and mechanical
properties. Specifically, the circumference and volume of bladder ring sections were smaller for
female tissue compared to male. Furthermore, decellularization had sex-specific effects on the

geometry and mechanics of the bladder tissues. Male bladder ring tissues exhibited a larger
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circumference after decellularization which was not observed for the female tissue. Finally, the
female decellularized tissue had unique mechanical stretch and stress behavior compared to the
male cellular, decellular, and female cellular tissues. Taken together, these bladder ring
experimental results indicate that the female bladder may have microstructural differences
compared to the male bladder which would be driving these observed differences. Accounting for
sex-specific tissue properties is an important factor to consider for research on bladder health,
dysfunction, and treatments.

The use of tissue mechanics in terms of understanding bladder function is limited in the
literature. As tissue mechanics have had a significant impact on our understanding of other organs
such as the brain, heart, and lungs, it seems imperative that there needs to be a greater focus on
tissue mechanics of bladder to better characterize the function of this organ. The mechanics of the
bladder deserve more attention, as the current urological methods for analyzing the bladder simply
in terms of pressure and volume have not been able to tease out well-defined metrics for bladder
health and disease. There is significant variation in clinical measures of bladder function in the
healthy population, which may be able to be explained by inspection of the tissue-level mechanics,
although this has yet to be fully explored.

Moreover, use of mouse models for studying bladder mechanics is currently underutilized
in the literature. While results from animal models cannot be extrapolated directly to human
applications, animal models are useful for development of basic knowledge and understanding of
the bladder. Specifically, mice are powerful due to the models of gene modification and disease
being widely standardized. Standard mouse models are valuable for studying the bladder in healthy
and diseased conditions, as well as aiding in research reproducibility.

Biological sex is another factor that has been previously received less attention, although
sex differences are increasingly appreciated in contemporary literature. Interestingly,
physiological science has historically underrepresented female sex, but urology research has
actually had a large focus on female sex due to substantial sex differences in the lower urinary
tract. This has had the opposite effect where male sex has been underrepresented in urological
research. Considering both sexes equally for biological research on the bladder is important for the
development of gender-appropriate standards for health and treatments.

This current work shown is not without limitations. With regard to the bladder

pressurization experiments, it was noticed that even after excision, not all the bladders were empty
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when received for testing. The bladder being empty or having some degree of fullness would likely
affect the results of the mechanical testing. A fuller bladder can be expected to have a greater
degree of distensibility compared to an empty bladder, especially since the ex vivo bladders were
tested the day after excision. In the future, quantifying the fullness of the ex vivo bladder before
testing would give insight to the potential effects on the resulting mechanical behavior observed.
Furthermore, the method of measuring thickness can be improved upon. With the current imaging
technique, while the thickness of the bladder wall is visible, the thickness was typically 2 to 3
pixels thick. This is not a precise measure, and higher resolution imaging or a different thickness
measure such as microscopy imaging would be beneficial.

With regard to the data analysis and reconstruction techniques, the segmentation method
requires further refinement for future applications. In the development of automating image
segmentation, a variety of image processing algorithms were explored, but all were found to be
under-performing for the task. A machine learning method was instead implemented, but the
neural network model was not sufficiently optimized for the task. It was found to perform better
than the image processing algorithms, but the segmentations still required some manual repairs
when the neural network performed poorly in some imaging conditions. Increasing the size of the
training dataset, and further hyper-parameter optimization would likely be useful for improving
the accuracy of the machine learning model so that less human intervention is required. Another
area which requires further development is the visualization tooling. With the substantial amount
of 3D data produced from the data analysis, visualizing this data is important. Inspection of the
results would be vastly improved with better tools for viewing this 3D data.

Future work to build on the current methods presented here would include development of
a method for tracking surface deformations of the bladder. Currently, as the bladders are segmented
into binary images, all of the texture data from the imaging is lost. A 3D reconstruction method
which accounts for the pixel texture of the bladders would open the door for both: more precise
3D reconstruction, and tracking surface deformations via digital image correlation techniques.
Finally, as this work only studies the bladder mechanics in healthy mouse models, exploring the
bladder mechanics of certain conditions such as aging, diabetes, or hormone replacement therapy
would help draw better conclusions about healthy vs atypical bladder mechanics.

The work shown in this dissertation shows how the bladder has sex-specific mechanical

behavior, which may be driven by microstructural sex differences. The sex differences in the
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macrostructure of the lower urinary tract are well known. However, specifics about the
microstructure of the bladder between the sexes are not well explored. Studying bladder function
by accounting for the macro- and micro-level sex differences will likely be important for future
research on bladder function and health. The results presented here are a step forward in
illuminating the importance of bladder tissue mechanics and bladder wall microstructure as

underleveraged drivers of bladder function.
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