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Abstract

Lower urinary tract dysfunction significantly impacts millions globally, reducing quality
of life. Limited understanding hinders the development of more effective treatments.
Computational models offer a promising approach to address this gap in knowledge.
This report details the implementation, validation, and development of a model of
the human female lower urinary tract. A rigorous validation process was performed,
including a comparison to published human female trends and a comparison to estab-
lished physiological ranges. Additionally, the outputs of the model were correlated
with the pressure-volume relationship from rodent bladder data, demonstrating a strong
correlation coefficient of 0.93. This successful development paves the way for future
integration with neural circuit models.
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Chapter 1

Introduction

1.1 Motivation

Lower urinary tract symptoms (LUTS) are highly prevalent, affecting over 60% of
adults by the age of 40 [[1]]. Overactive bladder (OAB) is a type of storage LUTS [2] that
affects millions of people worldwide and is characterised by urinary urgency, frequency,
and urge incontinence [3]]. According to a study conducted in 2011, approximately
10.7% of the global population was impacted by OAB, with further increases expected
[4]. In the United Kingdom, it is estimated that 12% of the population have OAB [3],
although the true figure could be higher as many cases go unreported due to social
stigma [5]. Moreover, OAB can have a significant impact on quality of life, causing
social embarrassment, sleep disruption, and anxiety [3l].

Despite the availability of treatments for OAB, such as bladder retraining and medi-
cations [6], limited knowledge about the underlying mechanisms remains a barrier to
developing more efficient solutions with fewer side effects. This knowledge gap can be
addressed by developing computational models of the lower urinary tract (LUT).

Modelling of the LUT enables clinicians and researchers to construct simulated organs
that integrate individual patient characteristics and different states of disease. This
personalised approach enables the prediction of treatment outcomes under different
scenarios, guiding the selection of the most effective treatment strategy. As an example,
a model could emulate how medication, surgery, or lifestyle changes influence urinary
function. Clinicians can use the results to make informed choices about the most
effective treatment for a particular patient. By minimising time spent trialling ineffective
treatment plans, valuable time and resources can be conserved. Given the £840 million
that the UK is currently spending on OAB patients each year through the NHS [7]], this
becomes particularly advantageous.

Moreover, models play a significant role in designing and optimising medical devices.
One instance is tibial neuromodulation, which provides a minimally invasive therapy for
LUT dysfunction, such as OAB. It works by stimulating the posterior tibial nerve in the
ankle, which modulates the sacral nerves in the spinal cord responsible for controlling
bladder function [8]. Integrating a model of the LUT can simulate the effects of
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tibial neuromodulation on individual patients, helping to predict treatment response
and optimise stimulation parameters. This approach has already been successfully
implemented within the lab. The work presented in this report could further ongoing
research by providing valuable data generation to refine these models and improve their
accuracy for clinical application.

Finally, the LUT is a highly intricate system, and its dysfunction can stem from vari-
ous factors. By utilising biophysical models, researchers can systematically study the
pathophysiology of the LUT. This involves the exploration of the underlying mecha-
nisms of urinary tract disorders, including the interplay between various physiological
parameters, such as bladder pressure, urethral resistance, and neural control.

1.2 Aims and objectives

Aim 1: Conduct a literature review of current techniques used in the biophysical
modelling of the LUT.

* Objective 1.1: Identify existing biophysical models used for simulating the LUT.
* Objective 1.2: Analyse the strengths and limitations of current approaches.
Aim 2: Implement and validate a biophysical model of the LUT

* Objective 2.1: Implement a selected biophysical model of the LUT identified in
the literature review.

* Objective 2.2: Evaluate the model’s functionality by simulating various physio-
logical scenarios.

* Objective 2.3: Validate the model’s accuracy by comparing its simulated outputs
with reported physiological results.

1.3 Contributions

Within this project, the following contributions are presented:

* A novel and complete implementation of the Bastiaanssen et al. model [9].
Despite providing a valuable foundation, Bastiaanssen’s work did not offer a
complete and reproducible model or any accompanying code. This report bridges
that gap by creating a functional open-source model which can be used by the lab
to explore LUT neuromodulatory therapies in a simulated environment.

* A rigorous model validation through comparisons to established benchmarks:
published human trends, known physiological ranges, and pressure-volume rela-
tionships from rodent bladder experiments.

* An extension beyond the existing model. By incorporating physiological features
like circadian rhythm in the kidney function and noise injection, the model
captures the natural fluctuations in urine production and inherent variability within
the LUT, resulting in a more realistic model which outperforms the original.



Chapter 2

Background

2.1 Biology of the Lower Urinary Tract

While this project focuses on implementing a computational model, a foundational
understanding of the biological system is necessary for several reasons. Firstly, the
LUT refers to a complex group of interconnected organs and nerves involved in urine
storage and voiding (release). The complexity of the LUT requires a focus on essential
components in order to achieve a model that can be validated and run efficiently.
Learning about its biology helps to identify these components and replicate LUT
function at a level relevant to the model’s purpose.

Gaining knowledge of the biological mechanisms also enables the establishment of
feasible parameter ranges. In the absence of these limits, the model’s behaviour could
become unrealistic and deviate from the actual physiological processes.

Understanding the physiology and innervation is important when defining interactions
between components. By comprehending the way certain LUT interact with each other,
such as the nerves and muscles in the bladder, the model can accomplish a more accurate
and physiologically meaningful representation of the LUT’s function.

The LUT consists of three main components: the bladder, the urethra, and the neural
control system [10]. Sex differences exist in LUT physiology and this project specifi-
cally focuses on a female bladder model, due to the greater prevalence of female models
in existing literature. Certain parameters, such as urethral length, may differ between
sexes [11], however, the core functional components remain similar and will be the
focus of this discussion.

2.1.1 Bladder

The bladder is a muscular organ innervated by somatosensory and motor neurons
responsible for storing urine [[12]. Ascending sensory (afferent) nerves originating
from the bladder send signals to the brain about the volume of urine while descending
(efferent) motor nerves send signals from the brain to the bladder to control contractions
[13]]. The main bladder muscle involved in micturition is the detrusor, a smooth muscle
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Figure 2.1: Anatomy of the lower urinary tract, highlighting the detrusor, urethral
sphincters, and their innervation, created with BioRender.com [16]

comprised of interlacing fibres which contracts involuntarily to force urine out of the
bladder into the urethra, or relaxes to allow for storage [14]. In addition to the smooth
muscle that contracts involuntarily, the LUT also relies on striated muscle within the
urethra for voluntary control [15]].

2.1.2 Urethra

The urethra is a collapsible tube that extends from the bladder neck and comprises both
smooth and striated muscle, and contains two sphincters which facilitate or prevent
the transport of urine out of the body [[10]]. The internal urethral sphincter is a smooth
muscle that is responsible for maintaining continence during the storage phase of the
bladder by involuntarily contracting and promoting urination by relaxation during
the voiding phase [15]]. Comprised of striated muscle, the external urethral sphincter
is situated at the distal inferior end of the bladder [15]. Due to its composition of
striated muscle, the external sphincter enables voluntary control through contraction or
relaxation, unlike the smooth muscle of the internal sphincter [15]].

2.1.3 Neural control

The three nerves of importance to micturition (urination) are the pelvic nerve, the hy-
pogastric nerve, and the pudendal nerve [12]]. These nerves work together to coordinate
storage and voiding of urine from the bladder.

Stimulation of the pelvic nerve results in the contraction of the detrusor muscle [12].
During micturition, the pelvic nerve sends signals to the detrusor muscle, causing it to
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contract and expel urine from the bladder.

When the hypogastric nerve is stimulated, it leads to the contraction of the bladder neck
and urethra. Additionally, it helps relax the detrusor muscle and counteracts the pelvic
nerve during storage [12]. During storage, the hypogastric nerve helps prevent urine
from leaking out of the bladder by keeping the bladder neck and the internal urethral
sphincter closed.

The external urethral sphincter is under the control of the pudendal nerve [12]. While
in the storage phase, stimulation of the pudendal nerve causes the contraction of the
external urethral sphincter, preventing the flow of urine from the urethra.

The anatomical details of the lower urinary tract (LUT), with emphasis on its aforemen-
tioned key components and their innervation, are summarised in

2.2 Description of the neural circuit

The existing Python code, developed by another member of the lab, simulates a neural
circuit model of the lower urinary tract. The model is based on the topology described
in the previous work by de Groat and Wickens [17], in which the LUT has three efferent
and afferent neurons, each to and from the bladder, internal sphincter, and external
sphincter.

The neural activity underlying micturition has been studied in animals, and so the
current bladder model uses pre-recorded neural data from rats displaying normal bladder
function [[18]]. This data comprises a set of pressure and volume measurements taken
at independent time intervals. These measurements are interpolated to generate data
points for each time step in the simulation run. However, this approach does not allow
for causal data beyond the finite recorded set. In other words, it is not possible to use
the model to investigate the effects on bladder function when altering neural inputs, or
to extend the temporal range of the data. The aim of this project is to implement a LUT
model that is generates outputs similar to the recorded values (bladder pressure and
volume). This project lays the groundwork for future integration of the model, enabling
continuous data generation for unrestricted studies and a deeper understanding of the
circuit’s function under neural perturbations.

2.3 Model selection

The choice of model is important for the success of any study investigating the mecha-
nisms of LUT function and dysfunction. In this section, the different leading models
will be discussed and evaluated in relevance for this project.

Currently, there is no comprehensive LUT model that caters to all purposes. Instead,
the present research emphasises the utilisation of modular components that specialise in
particular parts of the LUT [10].

In order to make a model selection, a set of criteria was defined. Firstly, the model must
be able to receive input from the neural circuitry that controls bladder function. This
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will allow the model to simulate the effects of changes in neural activity on bladder
function. In addition to receiving neural input, the model must also be able to calculate
bladder pressure and volume, either directly or by using an intermediate calculation.
This will allow the model to simulate changes in bladder pressure and volume that occur
during storage and voiding. The best model from the remaining will be the one that
is computationally efficient and generates realistic results comparable to the recorded
data.

After reviewing several models of the lower urinary tract, the model by Bastiaanssen
et al. [19] was selected. The primary advantage of this model lies in its support of the
three neural inputs, facilitating seamless integration into the ongoing work within the
lab at a later phase. Additionally, this model accurately represents the structure of the
striated muscle found in the external urethral sphincter. Besides incorporating more
physiological accurate elements, this addition also simplifies clinical investigations into
urethral obstruction or bladder hypertonicity [9].

One of the alternative models considered was the Valentini, Besson, and Nelson (VBN)
model [20]. With its detailed mathematical representations of the micturition process,
the VBN model has emerged as one of the predominant models in the field. However, it
is not as best suited as it does not describe reproducible mathematics behind the system,
nor does it publicly share open-source code. The lack of accessible code is a prevailing
issue in LUT modelling, as highlighted in a recent review, which found that none of the
prominent models use online repositories to share code [10]].

The models by Hosein and Griffiths [21] and van Duin [22] are simpler than the
Bastiaanssen model. However, their portrayal of urethral mechanics is described as
an adjustable resistance, which overlooks the physiological details presented in the
Bastiaanssen model, thus reducing their accuracy.

Furthermore, the model implemented by Fletcher [23]] (previously designed by Hiibener
et al. [24]]), is thoroughly documented from a mathematical standpoint, akin to Bas-
tiaanssen’s work. However, it suffers from the same lack of detail in the urethra as
the other models. In addition to the missing urethral dynamics, the nerve signals are
modelled by only two equations:

si=1—e X 5=(1-Cle " +C (2.1)

This would require further work to map the three inputs/outputs of the existing circuitry
described in into two nerve signals provided in the model. Consequently,
Bastiaanssen’s model outperforms the models proposed by Hosein and Griffiths, van
Duin, and Hiibener in terms of suitability for modelling in this particular case.

Finally, Paya et al. [25] have presented a model that shows similarities with the work of
Bastiaanssen. In contrast, this model includes a more comprehensive representation of
the afferent signals originating from the internal urethral sphincter [25]. However, this
increased detail comes at the cost of greater complexity in the neuronal representation,
which is unnecessary for the research that the model will be used for. The additional
complexity would also make validation more challenging with the current resources.
Hence, the decision was made to not proceed with this method.
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Methods

This section provides an overview of the framework and verification methods used in
the LUT model. The description begins with the model’s core principles and high-level
methodologies. Following that, a computational outline of the model’s implementation
is given, along with a flowchart. Finally, the methodologies used to assess the validity
and performance of the model are described. Detailed mathematical descriptions and

pseudocode implementation will be presented in

3.1 Model description

The Bastiaanssen model [19] starts by inputting three normalised neural inputs: ®} for
the excitatory input of the detrusor, ®; for the inhibitory input of the detrusor, and
for the excitatory input of the sphincter. These relate to the pelvic, hypogastric, and

pudendal nerves, respectively, as shown in

The remaining part of the model is centred on three state variables:
e Vp: The volume within the bladder.

* f;p: The normalised activation of the detrusor

* f.s: The normalised activation of the sphincter
Each state variable is modelled and updated by a differential equation, where the neural

activations make use of time constants Tp and Ts. The paper refers to the functions that
model each equation as fi, f2, and f3, respectively:

av, .
5 =1 V5. Q) = O — 0
drr " * *

175) d[;D:fZ(faD70):7(D;'k>:we_f;D_mif;D (31)
d " k * * *

Ts d?S:f3(faS7ws):ws_faS

However, whilst the normalised activations of the detrusor and sphincter are updated
using their prior values and the neural inputs, the volume is determined by Q;, and

7
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0, the bladder inflow and outflow of urine. Urine inflow, Qj,, is always either a fixed
constant or zero (if there is high fluid pressure in the bladder, blocking inflow from the
kidneys). Consequently, the primary aim of this model is to compute the outflow of
urine, Q, at each time step.

Q is modelled as an expression of the urethral opening radius, ry, and the state variables.
The urethral radius, ry can be determined by analysing the flow characteristics within
the urethra. An implicit relationship exists that defines ryy. This relationship can be
expressed as a function, fo(Va, fip, f.s.7v ). The root of this function is found using the
bisection method and provides the value of ry;. Within the simulation model, a mapping
function, fiap, is used to describe ry based on the other state variables.

3.2 Implementation

Computationally, this model was implemented in Python as shown in This
implementation differs from the existing model by including a basic neural network
model that updates the neural inputs. Bastiaanssen’s neural model, as described in a
previous paper [26], does not offer enough specifics about its fitting procedure and data
sources, rendering it non-reproducible. Consequently, the approach involves utilising a
piecewise function that emulates the observed behaviours outlined in the paper.

3.3 Validation methodology

The validation of data generated by the LUT model is an essential step in ensuring
safe deployment of the model. Neuromodulation relies on manipulating the nervous
system’s activity, and inaccurate outputs could have unintended consequences when are
being deployed in medical therapies.

The majority of LUT models do not use contextually appropriate data when validating
[1O]. There are various limitations that can cause this. Firstly, the acquisition of human
data can present ethical challenges. Additionally, the use of low-resolution equipment
can hinder the accurate representation of the biological processes targeted by the model
[9]. Finally, achieving comprehensive validation would require testing against a range
of individuals. Conducting the assessment of all the necessary parameters for the model
can take a substantial amount of time and money when using a larger sample size.

Given the time limitations of this project, it was not possible to obtain human data.
Hence, the approach to validation is to compare the model with:

* Published results of human data. While the data is not publicly accessible, the
model’s results will be visually compared with existing findings.

 Physiological ranges of components. Model outputs will be checked to see if they
are within established physiological ranges.

* Data recorded from rats. Although it cannot replace human data, it can contribute
valuable quantitative insights to evaluate the model’s accuracy.
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This approach seeks to ensure that the model is consistent with existing scientific
knowledge and established physiological bounds, even in the absence of human data.

ﬁv {
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Calculate
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y

Update Update Update
sphincter detrusor detrusor
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input input input
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Figure 3.1: Outline of the model’s structure




Chapter 4

Implementation

This chapter describes the implementation of the mathematical model outlined by
Bastiaanssen, adopting a sequential format, closely resembling the model illustrated in
Every section represents a fundamental component of the algorithm and
will be summarised through pseudocode algorithms as needed.

4.1 Neural control model

In it was stated that the neural control model mentioned in the original
source could not be replicated because of insufficient data and descriptions of fitting
techniques. Instead, the model was simulated using piecewise functions as displayed
below:

As seen in both excitatory and inhibitory detrusor neural inputs increase
linearly with bladder volume, where the excitatory input has a greater weight. This
difference between inputs results in an accelerated neural response per unit volume.
Upon voiding, the excitatory input increases to 1 and the inhibitory input decreases to 0,
resulting in a maximum contraction of the detrusor (see[Figure 4.1p). Conversely, the
sphincter input has a constant value which relaxes upon voiding (see [Figure 4.1b).

The purpose of these functions is not to replicate the system exactly, but rather to serve
as a simplified approximation for implementing and validating the LUT model. If the
work were to be integrated with the lab’s existing circuit model, the weights would be
calibrated.

10
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Algorithm 1 Neural control model

1: function UPDATE SYMPATHETIC INPUT(Vp, voiding)
2 if voiding then return 0

3 else

4 k = 0.5 return max (k%,O.l)

5: end if

6: end function

7
8
9

: function UPDATE PARASYMPATHETIC INPUT(Vp, voiding)
if voiding then return 1

10: else

11: k= 0.075 return k%
12: end if

13: end function

14:

15: function UPDATE SOMATIC INPUT(Vp, voiding)
16: if voiding then return 0.05

17: else
18: return 0.5
19: end if

20: end function

(a)
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Figure 4.1: Excitatory (®,) and inhibitory (®;) detrusor neural inputs and sphincter
neural input (®;) during full storage and voiding cycle (a), with the voiding event
highlighted by a dotted rectangle. The same cycle is magnified on the voiding event (b).
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4.2 Detrusor and sphincter activation

Rearranging the functions, f; and f3 described in the normalised activa-
tions of the detrusor and sphincter were calculated, as shown in Figure During
voiding, the activation of the muscles in the bladder wall increases, resulting in greater
contraction, while the sphincter relaxes.

1.0 A

0.8 A a8

0.6 -

0.4 -

0.2 A

Normalised activation

0.0 —

I I I I I I I
5990 5995 6000 6005 6010 6015 6020
Time (s)

Figure 4.2: Normalised activation of the detrusor f;, and sphincter f¢ during voiding.

4.3 Calculating urethral radius

4.3.1 Equilibrium of forces in the urethra, f;,,

Initially, it is assumed that there is a known flow of urine out of the bladder (defaults
to Q = 0). However, the rate at which urine flows out subsequently depends on the
opening of the urethra. Increasing the radius of this opening will cause a higher outflow,
whereas closing the opening will cause the outflow to decrease until it stops completely.

The fmap function accepts three arguments, namely Vp (bladder volume), f, (nor-
malised detrusor activation), and f (normalised sphincter activation). This function
identifies a value for ryy (urethral radius) that meets a specific condition regarding pres-
sure differences. Internally, fmap utilises a numerical bisection optimisation technique.
In the Python implementation of the model, the bisection method was achieved using
the SciPy package [27]. This method iteratively refines its guess for ryy by evaluating
a function (fy) with different ryy values within a range (0 m to 0.005 m). fo calculates
the pressure difference (pr — ps) between the entrance of the urethra (p7) and the
sphincter (ps). The bisection method is used to calculate the root of the function fj,
which signifies the point at which pressures are equal, thereby indicating the radius of
the urethra. In cases where the bisection method fails to locate a root, it defaults to
assigning a value of zero to ry, under the assumption that the urethra remains closed
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(see|Algorithm 2)).

Algorithm 2 f,,,

function f,.p(Vp, fip: fis)
ry < bisect (ry = fo(Va, fip, fis:rv),0,5 x 1073)
if no solution found then
ry < 0
end if
return ry
end function

4.3.2 Active tensile stress-length relationship for striated muscles

Before establishing the objective function fj, it is necessary to define key relationships,
starting with the force-length relationship for striated muscles.

Contraction in striated muscles, such as those found in the sphincter and detrusor, is
achieved through the use of sarcomeres, which serve as the fundamental contractile
units of striated muscle fibres [28]. Specialised protein filaments, namely actin and
myosin, are arranged in a repeating pattern within the sarcomeres. These filaments
interact with each other to produce the force that leads to muscle contraction.

The sliding filament theory explains the generation of force by sarcomeres. According
to this theory, the actin and myosin filaments show sliding movement when contracting
[28]]. The force generated by the sarcomere is determined by the extent of overlap
between the filaments. Maximum force generation in the sarcomere occurs when
the overlap is at its optimal level. However, excessive stretching or compression of
the sarcomere results in a reduced filament overlap, which causes a decrease in the
production of force [29].

The force-length relationship can be applied to both the detrusor and sphincter. In
these striated muscle tissues, the normalised isometric active tensile stress is related
to the normalised radius of curvature of the bladder/sphincter. The radius of curvature
reflects stretch or compression in the muscle. When the normalised radius of curvature
is optimal, the muscle can generate maximum force. In the model, this is used implicitly
within the relationship between curvature radius and sarcomere length:

I I
Ip= L, o= S 4.1

ToptD ToptS

Although the original paper established a solid basis for the LUT model, certain essential
relationships were not explicitly described mathematically. To tackle this problem, non-
linear functions were reconstructed by analysing the presented data [9] and validating
physiological principles against other experimental results [29]. Subsequently, the
mathematical functions were reconstructed and transcribed into the Python code. This
approach successfully captures the fundamental concept of the LUT system, even
without explicit reference to the specific formulas outlined in the original paper.
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Figure 4.3: Active tensile stress-length relationship for the sphincter and detrusor.

Sphincter tensile stress-length relationship

T T T T T
0.0 0.5 1.0 1.5 2.0
l*

S

Detrusor tensile stress-length relationship

—

T T T T T
0.0 0.5 1.0 1.5 2.0

b

14

Operational bounds are denoted by vertical dashed lines. 6} and 6}, represent the
normalised tensile stress in the sphincter and detrusor.

4.3.3 Active force—velocity relationship for striated muscles

Another key relationship is the effect of contraction velocity on tensile stress. The Hill
equation [30] can be used to describe the force-velocity relationship of striated muscles
during shortening. This equation relates the normalised active force (c;,) developed by
the muscle to its normalised shortening velocity (¢*). The Hill curve can be defined
by two muscle-specific parameters, namely k (a constant) and upy,x (the maximum
attainable normalised velocity).

The Hill equation is only valid for shortening (u* > 0) [29], whereas a separate relation-
ship, established through experimental data [31]], is used for lengthening (u* < 0) of
muscle fibres in the LUT model as presented in Bastiaanssen [9].
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Here, the relationship between u* and the normalised stress (G} ) at the optimal muscle
fibre length is expressed as follows:

0.8(14u*)
1.8 — 55w

o,(u)=<1 if u* = 0 (isometric contraction) 4.2)

EwT if u* > 0 (shortening)

if u* < 0 (lengthening)

Active force-velocity relationship for striated muscle
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Figure 4.4: Active tensile stress-velocity relationship for the striated muscles

4.3.4 Sphincter pressure

Active tension is muscle tension that results from a neural stimulus, whereas passive
tension is caused by elastic potential stored during muscle stretching, regardless of the
presence of a stimulus. The total pressure at the inner side of the sphincter is influenced
by both the active and passive components.

The passive component is modelled by an exponential relationship dependent on the
urethral radius ry and various physiological constants [9]:

U

ros
PpasS = P0S * (pnomS) (4.3)

Pos

where pos is the pressure at ry = 0 (urethra fully closed) and ppoms is the nominal
pressure when the urethra has a radius of ryg, allowing the exponential model to be fit
around established data points.

Active pressure within the urethra depends on the muscle tension in the sphincter wall
(os) and the curvature of the sphincter. Given the assumption that the sphincter can be
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modeled as a cylinder, it exhibits unidirectional bending. Hence, the active pressure can
be represented by the equation [9]:

ToutS OactS

dr

Dacts =
Tins r

YoutS
= OyctsIn ( )
TinS

In order to calculate the active tensile stress, the model calculates the nominal active
tensile stress Gpom_acts at @ known sphincter width Apoms. The magnitude of the force
exerted in the sphincter depends upon the contractual unit’s length, the velocity of
normalised contraction, and the activation of said unit. The model assumes a uniform
activation of contractile units, allowing the utilisation of the equation for a muscle fibre

[9f:

4.4)

Onom_actS — fa*s - Oiso0S * GuS(uz’) ' GTS(ZS) (4-5)

The final non-geometric calculation required is to calculate the contraction velocity ug.
As the bladder fills with urine, it stretches the sphincter muscle fibers. The contraction
velocity, how fast the muscle shortens, depends on the current length of the fibers
(relative to their optimal length, Is/ lopts)- The velocity at which the sphincter is closing
can be determined by analysing this ratio and the rate of change [9]:

_dlS / loptS
=
B 1 drg (4.6)
The rate of change of rg can be found as follows:
drS . drS dAU drU
dt dAy dry dr
d(routs + rins/2) dry
= 2 — .
dAU ( r U) ar (4 7)
2 \rous Tins/ df
Hence, the contraction velocity of the sphincter is given as:
ry 1 1 > dI’U
us = — +— | — (4.8)
2r, optS (I’ outS  tinS dr

The derivative is approximated as the difference between urethral radii between time
steps. The purpose of this approximation is to compute contraction velocity without
relying on Q. The importance of this lies in its use to determine the urethral radius,
which is essential for the later calculation of the flow rate, Q. To this end, introducing Q
in the calculation would create a cyclical dependency.

summarises the previous derivations into a single function to calculate
sphincter pressure, where any undefined variables are constants sourced from Basti-
aanssen et al. [9]].
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Algorithm 3 pg

function ps(Ay, f g, 7v)
1/2
ToutS = (%(AU + Adissues +AmuscleS)) /
1/2
Tin§ = (%(AU +AtissueS>) /

rg = "oud;‘rins

hs = Fouts — Tins
dry _ U U (i-Ar)

dr At
—__rw (1L 4 1) dw
us = 2roptS (routS + rinS) dr
up =18
N UmaxS
— optS
ToptS
Onom_actS = f;S - OjsoS 'GMS(M?S(‘) '675(15)
Gacts = n;;;nS * Onom_actS
¥,
Pacts = Oacts - In ( ;IE‘SS>

v
— . Pnoms \ '0S
PpasS = P0S ( Dos >
DS = PactS + PpasS
return pg
end function

4.3.5 Outflow in terms of urethral radius

The complete derivation for calculating the square outflow (Q?) is beyond the scope
of this discussion. However, the main concept revolves around harnessing principles
of fluid dynamics to establish a relationship between the changing urethral radius (ry)
and the rate of urine flow. According to Bernoulli’s principle, the velocity of a fluid
is inversely proportional to its pressure [32]]. By applying Bernoulli’s principle to the
pressure difference between the bladder neck and the urethra, the model treats the flow
as analogous to a small, expanding funnel. This reflects the increasing radius as urine
moves from the bladder into the urethra. The aim of this is to define a function that can
ascertain the square outflow at different time intervals, based on the urethral radius (ry).
This function is presented below [9].

_ ps(rv)Ag (rv)
51 =Ag (rv) /A7 (rv)) + (R(ru)A (rv))

0’ (4.9)

4.3.6 Detrusor pressure

There are several parallels between the calculation method for detrusor pressure and
sphincter pressure. The first notable variation is observed in the evaluation of the
detrusor’s contraction speed [9]:

1 drp

up = —

(4.10)
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Employing a similar approach as with the sphincter, this time using the knowledge that
the volume is spherical:

1 drpdVp
up = — e ——
1 (o +7p)/2)
- _ ou in . 4.11
1 1 1

-~ 1)) (a0
871:roptD (routD rinD "

However, considering the negligible influence of the inflow on the detrusor’s tensile

stress and pressure, it is assumed that Q;, = 0 [9]].

Additionally, the subsequent change occurs when the detrusor tensile stress takes into
account Ojp,sp and Gyupasp, Which are the elastic and visco-elastic elements of the bladder
wall.

Algorithm 4 pp
function pp(Vp, f,,0)
Foud = (7= (Vs + Viissuen + VinuscleD)) 13
Finp = (75 (VB + Viissuen) ) 13

rp= ToutD+"inD

__0 1 1
“D = Baronn \ 7 outh t D

x __up
l/t _ ——=
D UmaxD

Gu}‘) = Gus (u;))
loptD

Ip= ropn D
if rp < roD then
OlpasD = 0
else o
o =C - 'D—roD
IpasD — LI oD
end if

GChomD = f;D * OisoD * Gu;‘) -Op* (lD) + GlpasD + GupaSD(u*D)
_ 2 2

Ap = Z’(routD - rinD)

Op = er_ng * OnomD
— . ToutD

pD_GD 1n<rinD)

return pp
end function

4.3.7 Urethral objective function, f

The objective function (fp) returns the different in pressure between pressure at the
entrance of the urethra and the pressure within the urethra (pr — ps). It considers various
factors, including bladder volume (Vp), muscle contraction strength in the bladder wall
(f,p)» sphincter muscle resistance (f;), and urethral radius (ry).
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The initial stage entails the computation of areas pertaining to the urethral opening, the
bladder neck, and the cross-sectional area of the urethra encompassed by urine. The
calculations depend on the given urethral radius (ry7) and predefined constants for the
difference between radius in the urethra-bladder transition zone (8r) and bladder neck
opening radius (rgy).

The sphincter pressure (ps), square rate of outflow (0?), and detrusor pressure (pp)
can then be obtained using the methods explained in [section 4.3.4} [section 4.3.5| and

section 4.3.6| respectively.

Using the newly calculated data and Bernoulli’s law, the pressure at the bladder neck
(pBn) can be computed. This involves subtracting a pressure value from the detrusor
pressure. The pressure reduction is caused by an increased flow and is calculated using
urine density, urine flow rate, and the areas of the relevant places in the bladder.

A similar approach is applied to acquire the pressure at the entrance of the urethra.
However, there is the additional possibility of a further reduction in pressure due to
tissue pressing on the bladder neck opening. The pressure loss depends on the pressure
at the bladder neck opening, a constant, and the relative difference between the surface
area of the bladder urine sphere and the cross-sectional area of the bladder neck opening.

Subsequently, the algorithm calculates the difference between the pressure at the en-
trance of the urethra and the pressure at the urethral surface. This value represents the
pressure difference of interest to be used in the optimisation function.
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Algorithm 5 f

function fo(V3, f;p, fis,1v)
Ay g,
AT < TC(I"U +Ar)2
Ay  Trgy

TinD <— (%(VB +VtissueD))
AinDp 4nri2nD

ps < ps(Au, fig,1u)

Q* « Q*(Au,Ar, ps)

o < pp(Vs, fip,\/ Q)

et (1L _
PBN < PD 2 A123N A2

1/3 inD
3V,
rp < (4_7'f>

Ap « 47rd
if tissue pressed in bladder neck then

2
Ap < Cyppy (2122 )

else

Ap 0

end if ,

PT < PD— % —Ap
return pr — ps
end function

1/3

4.4 Updating urine outflow

Algorithm showcases the urine outflow update function (Q), which serves
as a prime example of the core design principle employed in this LUT model: modular
calculation through the abstraction of complex relationships.

This algorithm leverages the modular functions which calculate sphincter pressure (ps)
and the square outflow of urine (Q?), which are both dependent on the urethral radius
(ry) to focus on the impact of the urethral radius on the new urine flow rate. This
approach offers several advantages.

By separating pressure and flow rate calculations into dedicated functions
and [section 4.3.5), the model promotes modular design and code reusability. In the event
of future enhancements to the model, modifications can be made to these fundamental
relationships without impacting the core logic. In addition, this abstraction enables the
function to show the connection between the urethral radius and the resultant flow rate,
thereby enhancing the code’s readability and maintainability.

The operation of the function is performed through a sequence of steps. Initially,
it computes the cross-sectional area of the urethral entrance and the cross-sectional
area of the urethral urine, both dependent on the radius of the urethra (ryy). Second,
it leverages the pre-defined relationship between sphincter pressure, urethral area,
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sphincter activation state (f), and the urethral radius (section 4.3.4) to determine the
sphincter pressure (ps). Then, it utilises the pre-defined relationship between flow rate,

urethral area, total outflow area, and sphincter pressure (section 4.3.5) to calculate the
square flow rate (Q?). Finally, the square root is then taken to obtain the updated urine
flow rate (Q).

Algorithm 6 Q
function O(f,rv)
A7 w(ry +Ar)?
AU < TU’%]
ps < ps(Au, frg.1u)
0* + Q*(Au,Ar, ps)

return / Q2

end function

4.5 Updating bladder volume

The model’s final component is centred on calculating and integrating the urine’s net
flow into the bladder volume. The net flow is determined by Algorithm (f1
in the model).

As stated before, the inflow rate (Qj,) remains constant and represents the average urine
production. However, this inflow is regulated during voiding to mimic physiological
patterns.

Using the function described in the algorithm calculates the detrusor
pressure (pp) by considering the bladder volume (Vp), normalized detrusor activation
state (f;), and outflow rate (Q). This detrusor pressure represents the pressure exerted
by the bladder wall to expel urine.

Then, the pressure is compared to a threshold pressure (pg). This threshold pressure
represents the minimum pressure required to initiate voiding. If the detrusor pressure
falls below the threshold (pp < pg), the inflow rate (Qj,) remains at the constant value
(Cqin)- This represents the continuous production of urine in the bladder. Conversely,
if the detrusor pressure exceeds the threshold (pp > pg), the inflow rate is set to zero
(Qin = 0). The cessation of inflow emulates the prevention of additional urine entering
the bladder during voiding.
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Algorithm 7 f;

function f,(Vg, £, 0)
PD <— pD(VB7f;D7Q)
if pp < pg then

Qin — CQiH
else

Qin +~0
end if

return Q;, — 0
end function

The algorithm concludes by calculating the net urine flow through the subtraction of the
outflow rate (Q) from the adjusted inflow rate (Qj,). This net flow value represents the

change in bladder volume over a specific time interval.

The bladder volume (Vp) is updated based on the calculated net flow (f1) through the

use of the following equation:

Va(t +Ar) = V(1) + f1(t) At

4.12)

Here, ¢ represents the current time, At represents a small time step, and Vp(t + At)

represents the updated bladder volume at the next time step.
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Model results and development

5.1 Initial model behaviour

illustrates the resulting model, while provides a magnified view

of the voiding phase. This shows that the model can successfully store and void
urine. In addition, the pressure trend observed during the voiding cycle validates the
implementation by matching the findings of the original paper [9]. The outflow of urine,
represented by O, demonstrates an increase in response to pressure. Conversely, the
inflow of urine remains consistent and stops when voiding occurs and the pressure
exceeds the threshold, in accordance with the design.
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Figure 5.1: Simulation of the lower urinary tract model showing bladder volume V3,

detrusor pressure pp, urine outflow Q, and urine inflow Q;, during one cycle of storage
and voiding. Pressure threshold pg is denoted by a horizontal dashed line.
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Figure 5.2: Simulation of the lower urinary tract model showing bladder volume Vj,
detrusor pressure pp, urine outflow Q, and urine inflow Q;, during voiding event.
Pressure threshold pg is denoted by a horizontal dashed line.

5.2 Periodic bladder inflow

The current bladder inflow behaviour assumes a steady urine flow rate from the kidneys
to the bladder. Modelling the state of kidney outflow for an individual is challenging
because of factors such as liquid intake, food consumption, medications, other medical
conditions, age, and perspiratory behaviour [33]]. As a result, the current model, which
assumes a constant inflow rate, is a fair assumption and can be conveniently changed
for a patient if a flow test is administered. Unfortunately, this outcome creates a highly
deterministic system with no variation, making it impractical for a biological system
which is naturally variate.

Given the intricate nature of the factors discussed, it would not be feasible to implement
or validate a kidney model relying on these factors. However, there is one factor that
universally affects bladders: time. Although the production of urine in the kidneys does
not change intensely throughout the day, it has been shown that numerous functions of
the kidney, including urine production, vary with circadian rhythm [34, 35].

Based on this information, the inflow (Qj,) has been represented mathematically as a
sinusoidal function, as depicted in As there is insufficient public data on
per minute urine production, the function was fit to align with an average inflow that
experiences fluctuations over a 24-hour cycle within ranges of typical urine production.
With that in mind, the numbers provided can be adjusted and personalised, thereby
enhancing the model’s compatibility with users. illustrates the observed
peaks in urine production during the afternoon and weaker inflow during the early
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morning, aligning with what is reported in the literature [34]. Furthermore, the data
indicates that the number of voiding cycles remains consistent with a healthy number of
cycles per day [36].

I I I I
0 20 40 60
t / hours

Figure 5.3: Sinusoidal filling rate of bladder

Despite its increased complexity, this model of urine production can still be adjusted
with just a few parameters if there were a significant difference between a patient’s flow
rates and the current model.

5.3 Stochastic bladder inflow

The previous section introduced the idea of circadian rhythm in urine production,
which is represented in the model as a sinusoidal function. Although this approach
demonstrates the cyclical nature of bladder filling, it fails to incorporate the inherent
variability present in biological systems. In order to make the model more realistic, a
stochastic component is introduced through the injection of noise.

It is uncommon for biological processes to display complete periodicity. Inherent noise
in physiological systems arises from factors including individual variations, hormonal
fluctuations, and dietary intake [35]].

Moreover, introducing a stochastic component could offer an advantage for future
research. This is because a non-deterministic wave might challenge the learning capacity
of connected neural circuits when fitting more complex data compared to the previous
model.

In order to overcome this constraint, random noise is introduced into the incoming
flow. After each minute (or chosen time step), a random scalar uniformly distributed
between -1 and 1 is multiplied by the volume obtained from the sine function. The
bounds were manually adjusted and serve as an estimation of noise, however, a more
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data-driven analysis based on a larger dataset could fine-tune these parameters. This
method preserves the overall circadian pattern while introducing controlled variability.

I I I I
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Figure 5.4: Stochastic sinusoidal filling rate of bladder

The absence of an exact period is evident in signifying that each set of data
for a given time can be deemed unique within the context of this model. Nevertheless,
the filling model continues to demonstrate the general circadian trend as a result of the
underlying sinusoidal function.
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Discussion

6.1 Key findings and model performance

Chapter [] details the successful replication and enhancement of a lower urinary tract
model. The inclusion of sinusoidal kidney function altered the filling rate to be non-
constant and varied the intervoid interval to better reflect human biology. Furthermore,
by introducing noise, a stochastic filling rate was achieved that preserves the underlying
patterns while creating a non-constant time period and random intervoid interval,
mirroring the unpredictable nature of biological systems.

Validating a biophysical model of the lower urinary tract (LUT) is a challenging task.
In an ideal scenario, the validation process of the model would consist of a direct
comparison between its outputs and data obtained from human clinical studies. However,
the acquisition of high-quality data pertaining to bladder pressure, volume, and voiding
dynamics frequently involves invasive measures. Moreover, ethical considerations
constrain the scope of experiments that can be undertaken on individuals who are in
a state of good health. Even with access to patient data, the variations in anatomy,
physiology, and medical conditions among individuals can pose challenges in attaining
an exact correspondence between model predictions and actual observations. Even in
cases where human data exists, researchers do not share it publicly because of privacy
laws and ethics, hindering the reproducibility of validation results.

Consequently, researchers often validate specific components of a model by compar-
ing them to data obtained from animal studies or in vitro experiments. This entails
employing a variety of methods, such as comparing against established physiological
ranges, reproducing published model outputs, and examining model behavior during
well-understood physiological perturbations.

6.1.1 Pressure-Volume relationship

While the implementation aligns with the original paper [9] in terms of pressure, volume,
and neural fire frequencies, there are discrepancies between certain aspects of the model
and the published literature. For instance, when evaluating the pressure of the detrusor

27
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muscle while the bladder is being filled (Figure 6.1)), the present contraction rate is too
high, causing an abrupt rise in pressure that exceeds normal thresholds.
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Figure 6.1: Pressure-volume relationship during filling.

The initial assumption was that the problem does not lie with the model itself, but rather
with the simplified neural control model. To assess this, modifications were applied to
the neural circuit. This included the utilisation of Gaussian functions to model the spike
in neural activity, resulting in a smoother increase in pressure during the filling phase.
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Figure 6.2: Updated neural inputs using Gaussian model

Figure 6.2 displays the updated neural weights. The modification in the neural weights’
interaction with the model leads to a gradual rise in pressure, as depicted in [Figure 6.3
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Figure 6.3: Updated pressure-volume relationship using Gaussian neural firing model

Consequently, the relationship between pressure and volume shows a less pronounced
slope. To facilitate comparison with literature, the detrusor pressure in this figure has
been converted to units of cmH,O. The pressure-volume plot exhibits a close resem-
blance to an ideal cystometrogram of a typical adult human female [37], characterised
by an initial rise in pressure during phase I, subsequent bladder compliance in phase II,
and concluding with a gradual pressure increase and voiding during phases III-IV.

6.1.2 Bladder compliance

During phase II of the bladder exhibits compliance as it stretches with
minimal increase in detrusor pressure. For a bladder to be considered normal, its
compliance should be over 40 mL/cmH,O [38]]. Since each voiding cycle is no longer
deterministic, a simulation was conducted to determine compliance in each filling cycle.
displays the results, indicating that compliance exceeds 40mL/cmH,0 in
all cycles, demonstrating a healthy bladder.
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Figure 6.4: Violin plot showing distribution of compliance values during each filling cycle.

6.1.3 Intervoid interval

The initial model maintained a constant intervoid interval within the healthy range. The
changes to the model now lead to a variable interval, requiring the model to run over
50 days to extract the interval from each void cycle. For the purposes of grouping the
intervals, it was assumed that night falls between 10pm and 6am, however this will vary
depending on the sleep cycle of the individual.
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Figure 6.5: Histogram showing distribution of intervoid intervals.
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displays the distribution of time intervals between voiding events. Majority
of the cycles during the day align with the 3-4 hour time period as mentioned in the
literature [39, 36]. On the other hand, the night voids seem to be shorter than expected,
with the model consistently experiencing at least one void at night. Although this is
not uncommon, it could indicate that the filling model needs to be revised beyond a
singular sine curve.

6.1.4 Voiding duration

Alongside the assessment of the intervoid interval, the investigation also explored the
distribution of voiding durations over the course of the 50-day simulation. As illustrated
in each voiding event exhibited a duration of approximately 27 seconds,
independent of the preceding bladder filling time. Previous research suggests an average
voiding duration of 21 4 13 seconds [40]]. While the value in this simulation exceeded
the expected duration slightly, it remained within the range established by the literature.
The previous neural firing model used in the framework showed a similar distribution,
but with a shorter voiding duration centred around 16 seconds. The observed difference
suggests that modifications to the neural control model may be required for improved
synchronisation with the voiding dynamics depicted in the current model. The LUT
model itself, however, appears to be functioning within a physiologically relevant range.
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Figure 6.6: Distribution of voiding duration.

6.1.5 Rat data comparison

Utilising data obtained from rat experiments [18], a two-step validation was employed
to assess the lower urinary tract model’s ability to represent real-world physiology. First,
min-max scaling was applied to the rat data to bring it into a range comparable with the
predictions of the human model. This allowed for a visual overlay of the scaled rat data
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onto the model’s outputs. This qualitative comparison provided valuable insights into
the similarity between the model’s behaviour and the actual observations from the rat
experiments.

Secondly, a quantitative analysis using Pearson correlation was conducted. In this case,
the non-scaled rat data was compared with the corresponding outputs from the human
model. The relationship of P/V was used as a metric to compare.
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Figure 6.7: Pressure-volume relationship for scaled rat data and LUT model.

The scaled rat data in [Figure 6.7|exhibited high similarity when overlaid on the human
model outputs. This suggests the model effectively captures the general trends observed
in the rat experiments. Further strengthening this validation, the Pearson correlation
coefficient between the non-scaled rat data and the model outputs yielded a statistically
significant value of 0.93 (p < 0.001). This high correlation value highlights a strong
positive relationship between the model’s predictions and the in-vivo data, providing
further confidence in the model’s accuracy.

However, the rat data does demonstrate fluctuations during the compliance phase of
storage. This could be due to muscle spasms or noise produced in the recording of the
small pressure values.

6.2 Limitations

The current LUT model relies on several assumptions inherited from gaps in the original
reference paper. These assumptions, such as the tensile stress-length relationship, may
not precisely reflect the complexities of real-world physiology. Additionally, the neural
and kidney models within the LUT system utilise approximated parameters, which
could benefit from further refinement.



Chapter 6. Discussion 33

The rat data used for validation, while valuable, revealed fluctuations during compliance
measurements. It’s important to note that these fluctuations might not be a limitation
of the LUT model itself. The limitations could lie with the recording instruments used
in the rat experiments or even the process of filling the rat bladder. Moreover, these
fluctuations might not be representative of what happens in a human bladder due to the
capacity difference.

Exploring these limitations provides promising opportunities for future research.

6.3 Future work

There are multiple options available for advancing and improving the current LUT
model. By incorporating these advancements, the model’s capabilities can be enhanced
and its applications can be broadened.

6.3.1 Refining model parameters

The analysis of voiding duration reveals that modifications to the neural control model
may be required. Additionally, other model parameters, such as the weight of the noise
during bladder filling, should be tuned to ensure the model is as accurate as possible.
The goal of these adjustments is to achieve a more effective synchronisation with the
voiding dynamics captured by the current LUT model. Future studies could focus
on particular areas for improvement, including the incorporation of additional neural
feedback mechanisms or the optimisation of parameters governing neural firing patterns.

Depending on the particular research emphasis, the model may be extended to in-
corporate further physiological details. This could involve the integration of urethral
resistance dynamics, a more detailed modelling of the micturition reflex, or including
age-related physiological changes.

6.3.2 Model validation

The acquisition of human data is important for achieving conclusive validation. Future
research should prioritise the acquisition of such data while ensuring adherence to
ethical and privacy considerations. The facilitation of this process could be achieved
through collaboration with clinical researchers and healthcare professionals.

Apart from relying on in vivo data, other validation techniques can be investigated.
Possible options could involve conducting in vitro experiments on isolated tissue
samples of the LUT or comparing simulation results with established models to cross-
validate. Although it would be a time-consuming task, this could be a feasible choice if
there were a lack of available supplementary data.

6.3.3 Applications of the model

The model’s capability to simulate OAB presents avenues for exploring its mechanisms
and potential treatments. Future work could identify primary parameters that exhibit
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high correlation with OAB and establishing their ranges through literature or physiolog-
ical principles. These parameters should then be systematically adjusted to simulate
various degrees of OAB severity. The analysis of the resulting voiding patterns would
explain how the model captures variations in OAB.

In order to utilise the model effectively, further research will focus on integrating it
into the neural firing circuit developed by another member of the lab (as previously
described in [section 2.2). By combining the biophysical model and a neural firing
network, this integration offers a chance to create a more comprehensive LUT function
model which can generate new results indefinitely. This combined model would be
an improvement over the current circuit which depends on finite pre-recorded data.
However, the key to successful integration lies in addressing the compatibility between
the two models. More precisely, the firing rates of the afferent and efferent pathways
in the neural circuit will need to be transformed in order to meet the input and output
criteria of the current LUT model. This conversion process might involve scaling or
transforming the firing rates to neural inputs used within the LUT model, which can be
calibrated using rodent pressure and volume data.



Chapter 7

Conclusion

This project was able to successfully implement and develop a model of the lower urinary
tract. By incorporating sinusoidal kidney function and noise injection, a more realistic
model was achieved that accurately represents the dynamic filling rate and unpredictable
behaviour of the biological system. Validation of the model was performed, confirming
its results by comparing to established physiological ranges and published literature on
bladder compliance and voiding intervals.

Based on the performance across multiple metrics, it can be concluded that the model’s
functionality is consistent with established physiological principles. However, some
variations observed in results highlight the potential for further refinement. The suc-
cessful development of a biophysical LUT model lays the groundwork for further
integration with the existing neural firing circuit. This combined model has the potential
to create a comprehensive representation of LUT function, paving the way for a deeper
understanding of neural and biomechanical interactions within the lower urinary tract.
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