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Abstract

Patients with kidney failure must undergo long, painful, costly weekly hemodialysis
sessions until a donor is found. Reducing the process's time and cost means improving
each hemodialysis session's efficiency. Mathematical models are tools used to evaluate
the relationship between parameters. Previous models used complex mathematical
equations that needed an understanding of various subjects. A user-friendly app is
developed using MATLAB R2022 that evaluates parameters, defines their relationship,
and makes it convenient to be used by both healthcare professionals and researchers in
engineering. The model evaluated the effect of blood flow rate on clearance and predicted
that this model had less percentage difference with experimentally measured clearance
than previous in-silico models. Also, as the value of the dialysate flow rate increases from
200 mL/min to 1000 mL/min, the percentage difference between the current and previous
models reduces at first but then increases at a constant rate. According to the single pool
model, drop-in Urea concentration with time is rapid initially but becomes minute towards
the end of the session. At a dialysate flow rate of 400 mL/min, the percentage difference
between the clearance of the co and counter-current dialyzer is maximum. It starts to
decrease as the dialysate flow rate increases. With increasing length and radius of hollow
fibers, clearance increases, and the percentage difference between current and previous
models' predicted clearance reduces. A rise in residual renal clearance by a value of 0.5
mL/min doubles the standard KT/V, and a similar effect can be seen with an increasing

number of weekly dialysis sessions.
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Chapter 1

Introduction

1.1 Background and motivation

Kidneys are bean-shaped structures located beneath the ribcage in the human body. They
are responsible for filtering the blood, thus keeping the concentration of nutrients at an
average level. A common problem with the kidney is its failure which occurs when the
filtration rate of the kidney falls below 16 mL.min? [1]. In this case, the toxins in the
blood do not get filtered out properly, and their concentration starts to build up, which can

lead to life-threatening circumstances.

The weight of kidneys in human males is 125-170 g and 115-155 g in women; the latter
have elongated size of kidneys. The kidney's central functional unit is the Nephron; each
kidney has around a million nephrons. Inside the nephron is a glomerulus surrounded by
a network of capillaries called the Bowman’s capsule [2]. The walls of these capillaries
are made of micro voids which filter toxic wastes from blood by a difference in pressure.

Figure 1 shows a detailed structure of a nephron.
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Figure 1 Structure of Nephron [3]

Along with filtering the blood, the kidney has other vital functions within the human body,
such as [4]:

e It maintains the acid-base levels of the human body.

e |t is responsible for hormones such as eyrhtroprotein, which protects red blood
cells from destruction.

e The kidneys are responsible for converting vitamin D obtained from supplements

to the active form required by the body.

Kidney or renal failure is when one or both kidneys cannot function correctly, i.e., they

cannot remove uremic toxins from the blood.

Two common types of renal failure include Chronic Renal Failure (CRF) and Acute
Kidney Injury (AKI). In AKI, sudden damage to the kidneys happens over a few days or
months and is commonly caused due to low blood volume after bleeding, excessive

vomiting, and severe dehydration [5].



In CRF, the filtration rate of the renal capsule falls below 60ml/min/1.73m? of the body’s
surface area for a minimum of three months. Consequently, urine output is less than 0.5
ml/kg/hr for more than six hours, and creatinine level is equal to or more than 0.3 mg/dL
[6]. Table 1 shows a classification of CRD.

Table 1 Classification of Glomerulus filtration rate

Description Glomerulus  filtration  rate  (GFR)
(mL/min/1.73m?)

Normal function >90
Mildly decreased functioning 60 to 89
Moderately  decreased to  mildly | 45to 59
decreased

Moderately to severely decreased 30to 44
Severely decreased 1510 29
Kidney failure <15

As a result of renal failure, the concentration of uremic toxins starts building up in the
blood to a life-threatening level. Uremic toxins are molecules produced due to various

reactions in the human body and are classified into three categories.

e \Water soluble toxins
e Protein-bound toxins

e Large toxins

Water soluble uremic toxins are those toxins that have a molecular weight of less than
500 Da, such as Urea and Creatinine. They only dissolve in water and do not get bound

to protein. Hence they are relatively easier to remove from blood [7].

Protein-bound toxins get attached to the albumin present in the blood. Albumin is a protein
present in blood that is responsible for not letting fluids in blood leak into other tissues. It

is also responsible for carrying enzymes and hormones through the human body. Protein-



bound enzymes attach to albumin; common examples are p-cresol and indoxyl sulfate.
These compounds are responsible for chronic kidney diseases and can lead to kidney

failure over a longer time [8].

The large toxins category includes those with a molecular weight greater than 500 Da, for
example, p2-microglobulin.

Table 2 is a tabular representation of toxin categories found in the blood.

Table 2 Classification of Uremic toxins in blood [9]

Type of toxin Weight (gmol™?) Toxins
Water soluble toxins 60 Urea

168 Uric acid

113 Creatinine
Protein-bound toxins 108 p-cresol

251 Indoxyl sulfate
Large toxins >500 Da 2-microglobulin

Typical drivers for kidney failure include diabetes, hypertension, obesity,
glomerulonephritis (inflammation) or pyelonephritis (infections), enlarged prostate, and
long-term use of pain-relieving analgesics. The leading cause is diabetes, a common
symptom in one-third of all cases [10]. In Pakistan, the per year average cost of dialysis
for a single patient is around 8 to 8.5 lacs which is many times higher than the per capita
income of a citizen. Although philanthropists fund several of these patients, many suffer
the expense themselves. Most of the patients have to undergo the painstaking process of
dialysis twice a week; each session lasts around 4 hours [11]. A more efficient membrane
can lead to a reduction in the time of the process. Also, local designing and manufacturing
of membranes can lead to reduced cost of membranes, ultimately resulting in reduced cost
of the hemodialysis process. Around 17 million people suffer from renal disease of
various kinds. The costs associated with dialysis are expected to rise due to inflation in
the country [12]. Therefore, there is an urgent need for local designing, manufacturing,

and optimizing membrane performance parameters.



Kidney failure leads to the build-up of Urea, and Urea, although itself is mildly toxic.
However, its buildup represents that there has been an accumulation of toxins within the
human body [13]. Since Urea is a low molecular weight toxin, diffusion removes it from
the human body. In contrast, for higher molecular weight toxins such as 2-microglobulin
and complement factor D, convection is the principal phenomenon behind its removal
from the human body. The efficiency and the extent of removal of both small and large-
size toxins depend upon various parameters related to the hemodialysis process, such as
the geometry of hollow fibers, membrane characteristics, and the operating variables [14].
Significant challenges related to the hemodialysis process include the cost and longer
times, which can be tackled to some extent with a thorough understanding of the process
parameters and their interaction and dependence upon each other. A better understanding
and comprehension of process parameters can help design the dialyzer and the
hemodialysis process as a whole, to conclude in less time and cost with the least painful

side-effects.

1.2 Problem Statement

The hemodialysis membrane simulations have been performed using COMSOL
Multiphysics using computational fluid dynamics concepts, but these concepts require
extensive background knowledge. Therefore, a more straightforward approach is needed
to perform simulations and understand the relations between process parameters. Also,
there is a need for a user-friendly app that allows physicians and researchers to analyze
the effects of various parameters on each other for the prognosis of the condition. The
current work is focused on simulating and analyzing the interaction between various
process parameters related to hemodialysis, investigating the underlying causes behind
each trend and relation of parameters, and finally developing a user-friendly app that can

assist in understanding the effect of various parameters.

1.3 Objectives and Scope of the study

The study aims to investigate the relationship between changes in concentration of Urea
with varying blood and dialysate flow rate, the change occurring in Urea concentration
overtime during the hemodialysis process, the influence of flow orientation on the

clearance of Urea during hemodialysis, the effect of overall mass transfer area coefficient



on clearance of Urea, variation in Urea clearance with changing dimensions of hollow
fiber and finally the relationship between hemodialysis adequacy and residual renal
clearance. MATLAB 2022b was used to develop the simulations and app. MATLAB
comes with a built-in app developer that was utilized for developing the app.

1.4 Research questions

Regarding hemodialysis challenges, cost and time outweigh all other process cons since
the patients have to undergo painful procedures several times weekly. The cost of the
process and equipment required is another pain point. The primary concern of physicians
in the hemodialysis process is to eliminate as many toxins as possible while retaining the
valuable components in blood. Therefore, clearance, a significant indicator of process
efficiency and adequacy, must be explored thoroughly. Research is focused on what
values of process parameters provide us with optimal efficiency and where exactly we
need to set values for parameters to optimize the cost of the process. Increasing the values
of parameters comes with a specifically associated cost that needs to be paid by the patient.
Therefore, optimal values required for clearance are needed while minimizing the cost of

the process.

1.5 Thesis outline

The introductory chapter discusses the background of the problem, the current study's
objectives, and the research questions that are investigated. Chapter 2 contains a literature
review of the problem at hand, a thorough understanding of the underlying phenomena
occurring, and the previous research that has been conducted related to the topic. Chapter
3 focuses on the simulation and app developing part of the research and thoroughly
discusses the software, equations, and assumptions involved. Chapter 4 contains the
results of simulations and the final images of the app that has been developed, while final

chapter 5 contains the conclusions and the discussion.



Chapter 2

Literature review

2.1 Overview of Kidney Function

The excretory system is responsible for removing the toxins built up in the human body.
Kidneys are a vital organ of this system, responsible for excreting the wastes that build
up in the human body and removing extra minerals to maintain an equilibrium of water
and salts. Also, kidneys are responsible for hormones that control blood pressure, making

red blood cells and hormones to keep bones strong and healthy.

pelvis

Figure 2 Excretory system of the human body [15]

When it comes to filtering blood, the primary component within the kidney that is
responsible for filtering wastes is the nephron. Each kidney has around a million nephrons
containing a glomerulus filter and a tube known as a tubule. The blood enters the nephron
through the renal artery and passes through the glomerulus. Glomerulus then extends
further and wraps around a large tube called the tubule which returns those essential
substances needed to the human body to the body. The renal vein then takes the remaining

wastes towards excretion from the body.
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Figure 4 Structure of the human kidney [17]




Kidneys remove Uremic toxins from the body produced due to various reactions in the
human body. The Urea cycle occurring in the liver is the primary reaction responsible for

producing Uremic wastes.

2.2 Artificial Kidney Technology

The mortality rate due to chronic kidney disease is reported to be around 15% in the
Western world, which is similar to the percentage of colon cancer [18]. Kidney failure
treatment is the process of Dialysis and is performed using an artificial kidney or a
Dialyzer. A dialyzer removes excess salts, fluids, and toxins from the patient’s blood. The
dialysis process has proved to be a successful substitute to donor nephrectomy in which a
healthy person's kidney is removed and installed into a patient suffering from kidney
failure [19]. However, other substitutes to hemodialysis are peritoneal dialysis and kidney

transplant, which are discussed as follows:

2.2.1 Kidney Transplant
Kidney transplant is one of the solutions employed to treat End Stage Renal Disease
(ESRD), in which the defected kidney of a patient is replaced with a healthy one. It is a
surgical process and requires a consensual donor to donate his or her kidney. The surgery
is followed by a long period of extreme care, as even a single infection can lead to the
failure of the process [20]. Rejection is a common observation in such cases where the
body refuses a foreign kidney. The immune system treats the donated kidney as a foreign
object and attacks it. Medication ensures that the immune system does not damage the
newly planted kidney in the patient [21]. Also, the donor has to be in good health and
should be a good match with the receiver’s body. Along with health risks and the cost of
Kidneys, the surgery itself is very costly, and in third-world countries, people find it

challenging to go for this treatment for end-stage renal disease.

2.2.2 Peritoneal Dialysis
Peritoneum is a serous membrane inside the abdomen that forms the lining of the
abdominal cavity and covers the organs in the abdomen. In peritoneal dialysis, a solution
mainly consisting of water, salt, and other additives is introduced outside the peritoneum.
The patient can move around and perform daily life activities after fluid insertion [22].

After a specific time, the fluid absorbs the wastes in the blood, and the used fluid is



discarded. Disposed fluid is replaced with a new one, repeated four to six times daily.
Common problems associated with peritoneal dialysis include Hernia and infections [23].
Also, weight gain is a common complaint from patients undergoing peritoneal dialysis.
Figure 4 shows the process of peritoneal dialysis.

PERITONEAL
DIALYSIS

Dialysis
solution

Peritoneal
lining

Peritoneal
cavity

\

Figure 5 Process of peritoneal dialysis [24]

2.2.3 Hemodialysis
In this type of dialysis, a device called a dialyzer is used, which contains membranes that
purify the blood. A dialysate solution is made to flow on one side of the membrane, while
on the other side, blood is made to flow. The toxins in blood move to dialysate through
the mechanism of convection, diffusion or ultrafiltration and purified blood is injected
back into the patient's body [25]. The temperature and blood pressure are essential
parameters maintained throughout the process. Heparin is an anti-coagulant used to
prevent the formation of blood clots during the process. The dialysate is continuously
changed to maintain a constant concentration of minerals in it. The hemodialysis process
lasts about four hours and is done three to six times per week, depending upon the severity

of the case [26]. Figure 5 shows the process of hemodialysis.
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Figure 6 Process of Hemodialysis [26]

2.3 Membrane-Based Separation Processes

The membrane-based separation process in hemodialysis occurs inside the membrane

of the dialyzer. Besides being used for hemodialysis, membrane technology has

lucrative applications in several other fields, such as water purification, the separation

of gases and chemicals, the beverage industry, and biomedical fields. During World

War 11, this technology gained profound interest, especially for cleaning water and in

the biomedical engineering realm [27]. The idea of using membranes as a

semipermeable barrier has been under discussion since the early 1900s. Figure 6

shows a summarized history of the journey which membranes have gone through since

their invention.
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Figure 7 Journey of membranes [28]
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Since 1971, the use of membrane separation technology has been on the rise, and

currently, the membrane industry's worth stands at US$1-2 billion per year.

2.3.1 Hemodialysis History

Prof. Abel performed the first dialysis using a celloidin tube in Philadelphia. He
investigated the separation process of two fluids passing through these tubes. Later, Prof.
Alwall, in an experiment, showed that cleaning of blood could also be done using an
artificial kidney around 30 years ago. The work done by the latter paved the path for the
modern day hemodialysis process that we utilize. After several modifications and
improvements in his work, today we have modern dialysis that is highly efficient and
lifesaving [29, 30]. The first artificial kidney center was developed by James Haviland
and Scribner in 1962, and it was also the first nonprofit kidney disease treatment center
where their most significant challenge was to enhance and improve the efficiency of
hemodialysis technique so that it is cost-effective, cheap, and has less mortality rate [31].
Despite the efforts of researchers, a few challenges that remained persistent throughout
hemodialysis’ inception were the accumulation of toxic large and middle-size molecules.
To this day, the efficient separation of middle molecules remains an area of deep interest

for all researchers [32].

The efficiency and outcome of the membrane separation process depend highly on the
membrane, which is the heart of the entire process. Once the pressure is applied, it allows
specific molecules to pass through it while retaining the others based on certain factors
such as the membrane’s selectivity, size of pores, the affinity of molecules towards the
membrane, and physiochemical reactions occurring at the membrane’s surface. The
stream of liquid fed to the membrane is referred to as the feed stream, and the stream that
successfully passes through the membrane is referred to as permeate. In contrast, those
species retained by the membrane during hemodialysis are called retentate or the retained

constituents [33].

2.3.2 Transport Mechanisms in Membrane
In hemodialysis, blood and dialysate are made to come into contact with each other
through a semi-permeable hollow fiber membrane. During this contact, toxins in blood

move from the blood to dialysate while the ions in dialysate move from dialysate to the
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blood side, thus replicating the auctioning of kidneys present in the human body.
Diffusion and convection are prominent mechanisms during this bi-directional flow
process of molecules and ions. Alongside diffusion and convection, ultrafiltration,

osmosis, and adsorption are also at work.

2.3.3 Diffusion

Diffusion is defined as the process during which the molecules of a species move from a
region of higher concentration to a region of lower concentration by the Brownian motion.
The driving force involved in diffusion is the concentration difference between the two
regions [34]. As shown in the Figure 8, the metabolic toxins in the blood stream move
from the region of their high concentration (blood) to the low concentration side
(dialysate). At the same time, the movement of electrolytes such as Sodium and

Magnesium occurs from dialysate side to the blood stream.

DIFFUSION Blood stream Dialysis fluid
Metabolic toxins, 3 o (@) O O o) Water
urea, small molecules
proteins i QQ ] ® & .o b
o < 0 0
o o< .\ Electrolytes
Blood cells = 9) like sodium,
Dialyzer magnesium
membrane

Figure 8 Diffusion process occurring in hemodialysis [34]

The diffusion process in hemodialysis depends upon the blood and dialysate stream
concentration, their flow rates, the temperature of the fluids, viscosity, and morphology
or surface area of the membrane. Of all the mentioned variables, one that is decisive is the
difference in concentration of both fluid streams [35]. The governing equation used to

describe diffusion phenomena is called Fick’s law.

dc
J==eD ) (1)
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In Eq. (1) the rate of diffusion flux is represented by J and has units of m2s?, diffusion
coefficient D has units of ms™ while ¢ represents the molar density and has units of kmol.
The concentration gradient is represented by the partial differentials of ¢ and x where

concentration units are gm™ and distance is m=.

2.3.4 Convection

The driving force for diffusion is the concentration gradient, while for convection, the
driving force is the pressure gradient. The transport of middle-sized molecules from the
blood to the dialysate stream occurs through convection. The significant variables
determining the extent of convection in hemodialysis are hydraulic permeability, sieving
coefficient, membrane area, and, most importantly, the pressure gradient applied across
the membrane [36]. Figure 9 shows the phenomena of convection occurring during

hemodialysis.
Blood Out
(To Patient)
Transmembrane
pressure
Blood In

from Patient

To Waste \ / ( )

Low pressure 4 High pressure

Figure 9 Convection phenomena occurring in hemodialysis [37]
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2.3.5 Osmosis

The process of Osmosis, like diffusion, depends upon the difference in concertation on
both sides of the membrane. However, unlike diffusion, where molecules move from a
region of high to low concentration, in osmosis, molecules move across a semi-permeable
membrane from a region of low to a region of high concentration. During hemodialysis,
osmosis is responsible for water movement across a membrane into the blood [38]. Figure

10 illustrates the phenomena of osmosis occurring in dialysis.

OSMOSIS
Peritoneum membrane
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=
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I oty - 0
0 0 v 0 Dialysis fluid

Figure 10 Osmosis in dialysis

2.3.6 Ultrafiltration

The ultrafiltration process is the one through which excess water is removed from the
body when it moves from blood to dialysate due to pressure differences. The blood side
has a higher pressure than the dialysate side, so the water starts moving from the high to
the low-pressure side [39]. The ultrafiltration process depends on variables such as blood
pressure and the porosity of the membrane across which transfer is occurring. It is also

responsible for removal of middle-sized toxin molecules.
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Figure 11 Ultrafiltration occurring in hemodialysis [11]

2.3.7 Adsorption

Adsorption is a phenomenon that occurs during hemodialysis when the molecules present
in the blood stream start forming blonds at the surface of the membrane. A specific class
of toxins exhibits such behavior as P-cresol, peptides, and indoxyl-sulfate [40]. Such
molecules are eliminated from the blood stream either by attaching themselves to the
membrane surface or the adsorbent in the membrane. Few proteins that are adsorbed on
the surface and need to be introduced back into the blood stream are retained in the blood

through back flushing.

The extent to which adsorption occurs depends upon the surface area of the membrane

since this phenomenon occurs on the membrane [41].

2.4 Computational Modeling of Membrane-Based Separation Processes
For the first time, Zydney AL used simulations and modeling to understand the convective
and bulk transports occurring across the hollow fibers. He deduced that convective
transport occurring across the membrane plays a vital part in defining and improving the
clearance efficiency of membranes used for hemodialysis. His work also resulted in the
formation of model equations for dialysate and blood side compartments and for both

diffusive and convective transport across membranes [42].
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Jaffrin MY developed an empirical relation for finding out the total clearance that
included both the effects of convective and diffusive transport across the membrane, and
this relation is as follows:

K = Kp + 0.4Q; + 8.3 x 10-3Q; (2)

In the Eq. (2), Qsis the flow rate of ultrafiltration. The work discusses three models that
calculate clearance using a concentration of toxins at the outlet and sieving coefficient.
The outcomes and results found using the above relation were in satisfactory agreement with

the works of other authors who performed simulation-based work [43].

A theoretical model developed by Legallais C showed the effect of design parameters,
membrane characters, and process parameters on clearance efficiency. A model
developed by Legallais C incorporated the influence of concentration polarization, change
in mass transfer coefficient for flow rate, and variations in water flux in the module. The
model showed that if saline and plasma were substituted with blood, there was an

agreement of 10% and 20% with in-vivo results, respectively [44].

A mathematical model was developed by Coli et al. for evaluating the body fluids and
solutes transport in hemodialysis. The study proposed a 3-compartment model for fluid
transport while a 2-dimensional model was presented for solute transport. For validating
the simulations, in-vivo clinical data was used. The results showed a change in
ultrafiltration profiles with time and changes in concentrations for solutes such as Urea,

Sodium, and Potassium. These results agree with the data obtained from patients [45].

During hemodialysis, small-sized molecules are transported via diffusion, while for
middle-sized molecules, the dominant phenomenon is ultrafiltration across the membrane
[46]. Many research articles used the following equations to find out the flux of solutes

and the flux of ultrafiltration.
Jv =Lp(Ps— Pp—Am) (3)
Js = Ko(Cs — Cp) + Juy(fsCs + fpCb) (4)

In the Eq. (3) and Eq. (4), Jv and Js represent fluxes of ultrafiltration of solutes,

respectively, while Y shows the value of the sieving coefficient, which varies between 1
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to 0. In the case of Urea, the value of the sieving coefficient is taken as 1, while for larger
particles, it is taken as less than 1. Lp represents hydraulic permeability multiplied by
osmotic and oncotic pressure differences. CB and CD represent the concentration of
dialysate and blood compartment.

A comparison of models presented by Legallais, Waniewski, and Jaffrin was done by
Galach M et al. and found that all these models are 1-dimensional and utilize simple
assumptions to find the value of mass transfer coefficient across the dialysis membrane
[46]. The model of Legallais utilizes individual mass transfer coefficients at the membrane
and inside the membrane [44, 46]. The model presented by Wanieswki combines the
overall mass transfer coefficient with the membrane's permeability [46]. Jaffrin found the
empirical relations that evaluate the dependence of the coefficient of transmittance on
flow rates of ultrafiltration [47].

Finite Element Analysis (FEA) was performed by Conrat et al. on the hollow fibers with
hexagonal geometry. He applied continuity and mass transport equations for convection-
diffusion with the Navier-Stokes equation to determine the momentum [48]. Merril
equation found the effect of concentration polarization on osmotic pressure and boundary
layer [43]. Incorporating the Brinkman equation with porous media, considering blood as
non-Newtonian fluid, and including the Carreau-Gambarodo model, the non-Newtonian

behavior of blood was observed [49].

A virtual patient model developed by Galach M et al. showed the physiological processes
occurring during hemodialysis. It helped select dialysis treatment for a particular patient
profile. The work done by Galach showed variations in glucose levels and volume

changes with time while the process of peritoneal and hemodialysis [50].

“Tortuous Capillary Pore Diffusion Model (TCPDM)” was presented by Yammamoto K
et al., which provided a better water flux and permeability estimation than a simple pore
diffusion model. With the incorporation of tortuosity, the path length for diffusion is

longer compared to straight, right-angle displacements [51].
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Figure 12 A comparison of the pore diffusion model (left) with the tortuous pore diffusion
model (right) [51]

A study by Azar et al. showed that dialyzer clearance and Urea reduction ratio could be

enhanced by increasing the dialysate flow rates. It was proved through an in-vivo study
done on 138 patients undergoing dialysis [52].

The model presented by Olson JC introduced the design of the portable system of
hemodialysis. In this work, Simulink was utilized to design the model in which several
inputs were provided, including the dialyzer's geometry, therapy time, and blood flow
rate. This model was validated using in-vitro experimental results obtained using porcine

blood and other published data from hemodialysis patients [53].

A computational analysis was performed by Lu J. et al. of flow through parallel paths of
channels in which the Kendem-Katchalsy model and Navier Stokes equations were

simulated to form the concentration distribution profile and velocity field.

Shihamul Islam studied the commercially available dialyzer membrane named Polyflux
210H, in which the manufacturer provides process and design parameters [54]. Field
emission scanning Electron microscopy was used to examine and study the membrane's
morphological aspects. The author applied the pore diffusion model using COMSOL
Multiphysics 4.3 to simulate a mathematical mode of the membrane [55]. The work did
not include the effect of tortuosity. However, it plays a massive role in the clearance of
middle and big-sized molecules as giant molecules face considerable hindrance by a zig-

zag path rather than a straight one.

Ding W et al. used COMSOL Multiphysics to form the geometry and simulation of the

dialyzer. They also developed the 3D geometry, including housing, dialysate, blood inlets,
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outlets, and hollow fibers. The simulation showed that the clearance rate could be

increased by increasing the flow rate of blood and dialysate [56].

Ravagli E et al. developed an updated mathematical model of hollow fibers by connecting
it with the blood pool model. As a result, the model can update the change in blood
concentration with time [57].

Using the COMSOL Multiphysics Finite element method (FEM), Donato D et al. has
shown the effect of the aspect ratio of hollow fibers, pressure across membrane module,
and packing density of module on the overall clearance efficiency for different solutes
[58].
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Chapter 3
Methodology

3.1 Membrane Module Design

A membrane module comprises a collection of hollow fibers bundled together, as Figure
13 shows. In a commercially available membrane module, around 12000 hollow fibers
are present inside a shell enclosed by a covering. There are two inlets and two outlets for
both the fluids, and the blood flows through the cavity of hollow fibers, while dialysate is
made to flow through the annular space between fibers and the external shell. Due to
convection and diffusion occurring between the two fluids, the purification of blood takes
place while, at the same time, electrolytes present in the dialysate move into the blood to
balance the electrolytes in the bloodstream. In contrast, modeling in most instances is
assumed that the fibers are uniformly spaced in a hexagonal order, and the spaces between
the annulus are neglected. It must also be noted that in case of uneven spacing between
the fibers, the overall mass transfer coefficient value is reduced, thus reducing the
efficiency of the dialyzer. Also, the flow orientation inside the dialyzer is kept
countercurrent to maximize the concentration gradient throughout the length of the
dialyzer as fresh dialysate comes in contact with blood moving towards the dialyzer outlet.
For this study, Urea was the toxin under consideration for all models, although it is mildly
toxic. However, its high levels indicate other toxins also build up within the body. Also,
most of the nitrogenous wastes from the human body are eliminated in the form of Urea.
It is produced in the human body through the Urea cycle, mainly in the liver but also to

some extent in other body tissues [59].
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Figure 13 Membrane module showing directions of fluid flow

3.2 Computational Model Development
Different computational models were developed using relevant equations and
assumptions. The following is a list of models that were first developed in MATLAB and

then were further transformed using MATLAB app designer in the form of an app.

e Change in Urea clearance rate with blood and dialysate flow rate
e Change in Urea concentration with time
e Effect of flow direction on Urea clearance with a varying dialysate flow rate

e Effect of overall mass transfer area coefficient on Urea clearance with a varying

dialysate flow rate
e Changes in Urea clearance with changes in hollow fiber dimensions

e Effect of residual renal clearance on standard and equilibrated hemodialysis

adequacy
The following section discusses the development of models individually.

3.2.1 Change in Urea clearance rate with varying blood and dialysate flow
rate
For finding the change in clearance of Urea with varying values of blood flow rates, Eq.

(5) was used:
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Qd is dialysate, and Qb is blood flow rate; both are in mL/min. Kd is the value of
clearance in units of mL/min. The value for dialysate flow rate was kept constant at 500
mL/min while the value of blood flow rate was initially kept at 300 mL/min and later at
400 mL/min. The results were compared with experimental data and in-silico findings of
Islam et al. and Tooba et al. The value of KoA was kept to 1000 mL/min to assume a high-

efficiency dialyzer. Table 3 summarizes the values used to develop a model.

Table 3 Values of parameters used for Urea clearance vs. Qb model

Parameter Value Units
Overall mass transfer | 1000 mL/min
coefficient, KoA

Dialysate flow rate, Qd 500 mL/min
Blood flow rate, Qb 300,400 mL/min

Eqg. (5) was used to find the change in Urea clearance rate with increasing dialysate flow rate. The
value of the dialysate flow rate varied from 200 mL/min to 1000 mL/min, and the resulting plot
was compared with previous in silico investigations. The value of the parameters was as per Table
4:

Table 4 Values of parameters used for Urea clearance vs Qd model

Parameter Value Units
Overall mass transfer | 1000 mL/min
coefficient, KoA

Blood flow rate, Qb 400 mL/min
Dialysate flow rate, Qd 200-1000 mL/min

3.2.2 Change in Urea concentration with time

The following Eq. (6) is used to find the change in the concentration of Urea over time.
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Where Co was the initial Urea concentration in blood, Ce is the final Urea concentration
in blood, both in mmol/L, was used with input parameters such as blood, the dialysate
flow rate in mL/min, initial concentration of Urea in a blood sample and the final desired
concentration of Urea in the blood and then Eq. (5) calculates the clearance of the
dialyzer. Further input parameters include the patient’s weight based on gender. Based
on the patient’s dry weight and gender, the value of Urea distribution volume is
calculated using equations for males' and females’ volume distributions.
Vmate = 0.58DW (7)

Where DW is the patient’s dry weight in kilograms, the equation below incorporates all
the above-calculated parameters and plots change in concentration over time in minutes.

Table 5 contains values of parameters that were kept constant and utilized in this model.

Table 5 Values of parameters used for Urea concentration vs. Time model

Parameter Value Units
Dialysate flow rate, Qd 500 mL/min
Initial Urea concentration in | 30 mmol/L

a blood sample, Ci

Final Urea concentrationina | 13 mmol/L

blood sample, Ce

Patient’s weight, DW 70 Kg

3.2.3 Effect of flow orientation on Urea clearance
The effect of flow direction is always substantial in case fluids come into contact with one
another, whether directly or through a semipermeable barrier. For example, in clinical
arrangements, blood and dialysate contact counter-currently across a hollow fiber module.
The rationale behind this flow arrangement is that counter-current flow assists in

maintaining a constant concentration gradient because fresh dialysate keeps coming in
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contact with blood containing sufficient solutes [60]. However, how much is the
quantitative effect of this difference of directions upon the clearance of Urea was explored
in this study. For counter-current flow, the clearance of Urea was evaluated using Eq. (5),
while for co-current flow, clearance was calculated using the Eq. (9).

1—.:;‘(I(A(Zzb+§é

Qb
T+og

D = Qb L(9)

The model required blood flow rate, the concentration of Urea in blood, and dialysate
sample as inputs. The overall mass transfer area coefficient is calculated through
concentration values, which are further used in both co and counter-current clearance
equations.

Table 6 Values of parameters used for finding Urea clearance in Co and Counter current flow
arrangement

Parameter Value Units
Blood flow rate, Qb 250 mL/min
Overall mass transfer | 1000 mL/min

coefficient, KoA

Concentration of Urea in a | 30.3 mmol/L

blood sample, Ce

Concentration of Urea in | 9.8 mmol/L

dialysate sample, Cd

3.2.4 Effect of overall mass transfer area coefficient on Urea clearance
with a varying dialysate flow rate
The overall mass transfer coefficient values are always mentioned in the specification
manual of each commercially available hemodialyzer. The manufacturer calculates these
values of overall mass transfer coefficients under certain blood and dialysate flow rates.
Here, KoA was initially considered constant for a certain dialyzer, but investigation
showed that varying dialysate flow rates result in varying values [61]. As varying

dialysate flow rates vary the values of KoA, the changes in values of KoA produce a
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change in the value of clearance. For finding the effect of changing KoA values on
clearance, Eq. (5) was used with different values of KoA. Dialyzers with KoA up to 600
mL/min represent moderate efficiency, while those above 600 mL/min are considered
high-efficiency dialyzers [17]. Other than the input values of KoA, the value for blood

flow rate was provided.

Table 7 Values of parameters used for evaluating the effect of overall mass transfer area
coefficient on Urea clearance

Parameter Value Units
Blood flow rate, Qb 250 mL/min
Mass transfer area | 500 mL/min

coefficient (Low efficiency)

Mass transfer area | 800 mL/min
coefficient (High
efficiency)

3.2.5 Changes in Urea clearance with change in hollow fiber dimensions
For investigating the effect of change in hollow fiber dimensions on Urea clearance, Eq.

(10) was used to find the area of hollow fibers:

Agiver = (2m)(r) (D) (10)

The value of one of the parameters between length and radius was kept constant. From

the value of a single fiber, Eqg. (11) was used to find out the total area of the membrane:
Adialyzer = (Afiber) (No) (11)

The membrane area was used in Eq. (5) to determine the change in Urea clearance over a
certain range of changes in specific fiber dimensions. The user will enter the initial and
final values of these dimensions to evaluate the clearance value over a specific fiber length
or radius range. Also, as the program aims to compare the effect of change in fiber

dimensions, blood and dialysate flow rates are kept constant.
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Table 8 Values of parameters for evaluating change in Urea clearance with change in hollow
fiber dimensions

Parameter Value Units
Blood flow rate, Qb 300 mL/min
Dialysate flow rate, Qd 500 mL/min
Hollow fiber initial length, | 20 Cm

Li

Hollow fiber final length, Lf | 60 Cm
Hollow fiber initial radius, | 100 pm

Ri

Hollow fiber final radius, Rf | 220 pm

3.2.6 Effect of residual renal clearance on standard and equilibrated

hemodialysis adequacy
There have been multiple attempts to find the most accurate dialysis dose equation. The
significant difference lies in the variables required to calculate adequacy using a particular
equation. The most commonly used equations are of a single pool, equilibrated, and
standard KT/V. Here we have analyzed standard KT/V and equilibrated KT/V as both of
these equations incorporate residual renal function, which plays a vital role in assessing
morbidity and mortality of ESRD patients. A study reported that patients with healthy and
preserved residual renal function had a lower mortality rate than patients with no or
minimal residual renal clearance [62]. Therefore, Eq. (12) was used to calculate eKT/V

with varying residual renal function:

eKt Kru
— =45 x — (12)
V
1—e—eKt/V
stdKT _ 10,080 p (13)
v 1=e—¢Kt/V 10080,
eKt/V Ft

Also, the change in values of stdKT/V with varying numbers of sessions per week was

evaluated and analyzed.

27



Table 9 Values of parameters for evaluating the effect of residual clearance on standard and
equilibrated hemodialysis adequacy

Parameter Value Units
Time for a dialysis session, | 120 Min
t

Number of sessions per | 3,4,5 -
week, F

Patient's post-dialysis | 70 Kg
weight

3.3 Simulation Scenarios
Different simulation scenarios were utilized in models considering the real-time
limitations and ranges of various parameters. The purpose behind these simulation

scenarios was to better understand the optimization of parameters.

3.3.1 Simulation scenario for change in Urea clearance rate with varying blood and
dialysate flow rate

From Table 3, initially, the value of the dialysate flow rate is kept fixed at 500 mL/min
while the value for the blood flow rate is kept at 300 mL/min and then raised to 400
mL/min. The value of dialysate in most cases is two times the value of the blood flow

rate, whereas in most cases, it is kept between 500 mL/min to 800 mL/min [63].

Similarly, for the Urea clearance versus dialysis flow rate model, the overall mass transfer
coefficient is equal to 1000 mL/min, the blood flow rate is kept constant at 400 mL/min

while the dialysate flow rate is varied from 200 to 1000 mL/min.

3.3.2 Simulation scenario for change in Urea concentration with time

The model to find the change in Urea clearance for change had a dialysate flow rate value
equal to 500 mL/min while values for initial and final blood sample concentration present
in Table 5 were taken from the literature [64]. The patient's weight is assumed to be 70
Kg, as is the nominal weight of an adult human being. Figure 14 shows the app's user

interface to determine the drop in Urea concentration with time.
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Change in Urea concentration w.r.t Time During Hemodialysis
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Figure 14 User interface of the app to find change in Urea concentration with change in time

3.3.4 Simulation scenario for the effect of flow orientation on clearance

Table 6 shows the input values provided to the model for predicting flow orientation's
effect on Urea clearance. The overall mass transfer coefficient is again supposed to be
1000 mL/min as it is the value for a high-efficiency dialyzer. The values for the

concentration of toxins are taken from the literature [64]. Figure 15 compares the flow
orientations of both fluids within a dialyzer.
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Co vs Counter Current Flow Clearance (Kd) w.r.t Dialysate Flow Rate (QD)
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Figure 15 User interface of the app to calculate the change in clearance with a change in flow

orientation

3.3.5 Simulation scenario for the effect of overall mass transfer coefficient

The bifurcation between a high and low-efficiency dialyzer done by most authors based

on the mass transfer area coefficient shows that dialyzers having KoA less than 750

mL/min are low efficiency. In contrast, those above 750 mL/min are classified as high-

efficiency dialyzers. For this reason, a value of KoA was taken for a low and a high-

efficiency dialyzer. Figure 16 shows the effect of change in KoA values while keeping all

other parameters constant.
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Comparison of Clearance w.r.t Change in Mass Transfer Area Coefficient

Enter blood flow rate B (mUmin) | 250 |
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Figure 16 User interface of the app to calculate the change in Urea clearance with change in
overall mass transfer coefficient

3.3.6 Simulation scenario for the effect of hollow fiber dimension on clearance

The length of a hollow fiber used for hemodialysis varies in the range of 20-4 cm, while
hollow fibers' diameter varies between 180-220 um [65]. The values of blood and
dialysate flow rate were kept fixed to find the change in clearance only due to changing
dimensions of hollow fibers. Figure 17 shows the app’s user interface used to evaluate the

effect on clearance with changing dimensions of hollow fibers.
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cnange in Dialyzer Clearance w.r.t Change in Hollow Fiber Dimesnions
Enter dialysate flow Rate (mL/min) 300
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Figure 17 User interface of the app to calculate the change in Urea clearance with a change in
dimensions of the hollow fibers

3.4 Performance Metrics

3.4.1 Mean Squared Error
Mean squared error is usually utilized to find the quality of a prediction or an estimation
model. The formula for mean squared error measures the difference between the model's

predicted and available values. The equation to find the mean squared error is

Mean square error (MSE) = iZn Y ="Y)? (14)
n i=1 0 i

In Eq. (14), Yiis the observed value, and Yi" is the predicted value of the model, and n is
the number of values in the data set.

3.4.2 Coefficient of determination
R squared, or the coefficient of determination represents the difference between the

predicted and actual values. Its value varies between 0 and 1. O denotes that the model
cannot explain any of the values in the data
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set. In contrast, values closer to 1 depict that model can be used to describe the variation

occurring in the values across various input values. The equation to find R? is

In Eq. (15), Yi represents the model-predicted values, Y Represents the mean of actual

values, Yi represents the actual values and n is the number of values in the dataset.
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Chapter 4

Results and Discussion

4.1 Membrane Module Design Results

The models were developed to analyze the effect of varying parameters on the Urea

clearance and compare the current model results with the existing literature.

4.1.1 Change in Urea clearance rate with blood and dialysate flow rate

The model was developed to find the change in the clearance values of Urea and the

change in blood and dialysate flow rates while keeping all the other parameters at a

constant value. Initially, the value of the dialysate flow rate was kept constant at 500

mL/min while the blood flow rate value varied from 300 mL/min to 400 mL/min. Figure

18 shows that the models of Islam and Tooba are in close agreement with each other,

while the current model is in relatively good agreement with the experimental data.
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Urea clearance rate (mL/min)
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Il Islam et al.

I Tooba et al.
I Experimental
Il Model predicted

300 400

Blood low rate (mL/min)

Figure 18 Urea clearance values for in-vitro and in-silico scenarios with varying blood flow rate
and constant dialysate flow rate (Qd=500 mL/min)
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Table 10 Comparison of model results with the literature [55, 58, 66]

Blood Model Tooba | Islam | Experimental | Percentage Percentage

flow rate | predicted | elal. |etal. | data difference difference

(mL/min) (Polyflux between between

210H) Model- Tooba et al.

predicted and | and
Manufacturer | Manufacturer
data data

300 262 247.77 | 244.62 | 281 6.76 11.82

400 305 289.52 | 286.40 | 339 10.03 14.59

Table 10 shows that the percentage difference between the models’ predicted clearance
and experimentally found clearance is due to the absence of ultrafiltration flux across the
membrane, which is not accommodated in the current model. Also, the difference between
model values of clearance and clearance values of Islam and Tooba is because parameters
such as tortuosity and porosity are not accommodated. This model overestimates the
clearance values. Also, since the Polyflux 210H is a high-efficiency hemodialysis
membrane (KoA =1452 for Urea), the KoA value was considered 1000 mL/min to
compare the model with it. However, assuming the overall mass transfer coefficient

values closer to 1452 mL/min brings the model more aligned with experimental data.

The model was further extended to evaluate the change in the Urea clearance with varying

dialysate flow rate at constant blood flow rate value.

The model-predicted clearance curves were plotted with Islam et al. and Tooba et al. in
silico model results [55, 66]. The comparison shows an increase in clearance as the
dialysate flow rate increases. Initially, the model predicted values are much lower than
previous in silico models. This difference decreases until around the dialysate flow rate
of 400 mL/min. The predicted clearance becomes greater than in previous in silico
models. The underlying reason behind this steep increase is mainly due to the non-

inclusion of tortuosity and porosity parameters of the membrane. The increasing trend
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continues as per Eq. (5). However, further investigations revealed that if the value of the

dialysate flow rate is further increased, the curve becomes a plateau.

Any further increase in the value of the dialysate flow rate does not result in any increase
in clearance values. Also, if the blood flow rate value is not kept constant at 400 mL/min,
the clearance values would further enhance. However, blood and dialysate flow rate
values are kept between specific ranges in clinical practices. For example, the average
variation range is from 250 mL/min to 300 mL/min depending on the patient profile and
quality of vascular access. A study showed that an increase of 30% in the value of blood
flow rate results in around a 23% increase in Urea clearance, provided that all other
parameters are kept constant [67]. However, lower blood flow rates can also lead to
reduced adequacy, which promotes atherosclerosis, infection, and mortality [68]. In
addition, increasing value beyond this range can cause complications related to

cardiovascular function in the human body.

Similarly, in clinical arrangements, the dialysate flow values are kept between 500
mL/min to 800 mL/min. Higher dialysate flow rates increase adequacy and clearance.
However, it also increases the amount of dialysate utilized in a dialysis session, increasing
the overall cost of a dialysis session. A study showed that increasing the dialysate flow
rate from 500 mL/min to 800 mL/min increased the Urea KoA by an average of 14 £ 7%
as it decreases the thickness of a thick fluid layer on the dialysate side. It is also suggested
that it is due to improved flow distribution of dialysate [69]. Modeling the Urea clearance
equation also shows a plateau of the clearance curve after a particular increase in the value

of the dialysate flow rate.

36



380
—l— Islam et al. Clearance

360 - —@— Tooba et al. Clearance

—A— Model predicted Clearance
340 -
320 ~
300
280 -
260

240

220

Urea Clearance Rate (mL/min)

200

180 —7tr . r - r - r -t r° 1 1.7
100 200 300 400 500 600 700 800 900 1000

Dialysate Flow Rate (mL/min)

Figure 19 Model predicted Urea clearance vs. in silico solute clearances plotted at increasing
dialysate flow rate at Qb=400 mL/min

Table 11 Percentage difference between this model and previous models [55, 66]

Model Percentage Percentage
Dialysate Tooba et al. Islametal. predicted difference  b/w difference  b/w
flow rate clearance clearance clearance Model and Tooba Model and Islam
(mL/min) (mL/min) (mL/min) (mL/min) et al. et al.
203 266.23 265.73 193.75 -37.41% -37.15%
303 279.61 276.64 252.97 -10.53% -9.35%
403 285.56 283.58 286.47 0.32% 1.01%
503 289.52 284.81 306.21 5.45% 6.99%
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603 292.25 288.78 318.60 8.27% 9.36%

703 293.98 290.02 327.20 10.15% 11.36%
803 295.96 291.50 333.30 11.20% 12.54%
903 296.96 292.25 337.80 12.09% 13.48%

4.1.2 Variation in Urea concentration with time during hemodialysis
The plotted change in the concentration of Urea over time showed that a single pool model
predicts an exponential decrease in the toxin concentration over time. A single pool model
considers the whole patient's body into a single compartment and the extracorporeal
circuit or dialyzer into a separate pool. To find the time required to reduce toxin
concentration to a certain level, the single pool model first calculates a dialyzer's clearance
value. Here it must be noted that an advantage of using this model is that it allows the
calculation of dialyzer clearance before the single pool equation is solved. Based on the
blood, dialysate flow rates, and initial and final concentrations of the toxin in the patient's
blood, it calculates clearance which in the given scenario was calculated to be 216
mL/min. Also, the model calculates the toxin distribution volume, which for a 70 kg male
patient in our case, was calculated to be 4.09x10* mL. In the case of a female patient, Eq.
(7) and Eq. (8) are utilized to find the distribution volume of the toxin. The final equation
(6) incorporates the dialyzer clearance and the toxin distribution volume to find the Urea

concentration at a specific time.

38



30

25

20

15 H

Urea Concentration (mmol/L)

10 H

T T T
0 50 100 150 200
Time (min)

Figure 20 Graph showing the decrease in Urea concertation over time

Table 12 Change in Urea concertation with time

Time (min) Urea concentration (mmol/L)

25 26.25
50 22.97
75 20.10
100 17.59
125 15.40
150 13.47
175 11.79

200 10.32




4.1.3 Effect of flow orientation on Urea clearance

The change in urea clearance rate for both orientations is negligible initially as the
dialysate flow rate increases. However, as the dialysate flow rate approaches a value of
100 mL/min, the difference in clearance starts becoming prominent. The underlying
reason behind the similar clearances for both flow orientations initially is the negligible
convective mass transfer when the dialysate flow rate is less. However, as the value for
the dialysate flow rate increases, the convective transport starts adding to the diffusive
mass transfer. It becomes the dominant mass transfer phenomenon at a higher dialysate
flow rate when the fresh dialysate is constantly exposed to blood.

On the other hand, as dialysate flow rates are increased for co-current flow, the
concentration gradient approaches a constant value, after which it does not alter further,
and clearance becomes constant since the concentration gradient is the primary driving
force in hemodialysis. The counter-current arrangement is utilized in clinical practices
since it exposes fresh dialysate to blood to maintain a high concentration gradient [60].
Table 13 also shows that as dialysate flow approaches 500 mL/min value, the percentage
difference between clearance starts changing with a constant rate since at higher dialysate
flow rates, the maximum concentration gradient is approached, and clearance varies very
to a minimal extent with further increasing dialysate flow rate. Further extending these
curves gives plateaus for both flow arrangements as the effect of the dialysate flow rate

becomes constant.
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Figure 21 Difference in Urea clearance with change in flow orientation at different dialysate
flow rates

Table 13 Percentage difference in clearance rate with increasing dialysate flow rates for Co and
Counter current flow arrangements

Co-current flow Counter current flow Percentage difference
Dialysate flow Urea clearance Urea clearance between co and counter-
rate (mL/min)  (mL/min) (mL/min) current clearance
100 71.43 99.85 28.46%
200 111.11 179.15 37.98%
300 136.36 212.61 35.86%
400 153.85 225.69 31.83%
500 166.67 231.86 28.12%
600 176.47 235.26 24.99%
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700 184.21 237.37 22.40%

800 190.48 238.79 20.23%
900 195.65 239.80 18.41%
1000 200.00 240.55 16.86%

4.1.4 Effect of varying overall mass transfer area coefficient on Urea

clearance
The effect of changing values of the overall mass transfer coefficient (KoA) on clearance
is negligible until at a dialysate flow rate of 100 mL/min, where it becomes prominent.
This effect on clearance keeps on becoming prominent until around 30 mL/min, after
which both the curves start forming plateaus, and the percentage difference between both
clearance rates becomes stable. Further, increasing the dialysate flow rate produces no
change in the clearance of Urea for both cases. For both scenarios, the concertation
gradient reaches a maximum value, and any further increase in dialysate flow rate causes
no assistance in incrementing the concentration gradient. Also, for initial similar clearance
patterns, the rationale is that at low dialysate flow rates, diffusion is the dominant mass
transport phenomena, and diffusion rate is dependent on the dialysate flow rate to a
considerable extent at lower dialysate flow rates. The increase in Urea clearances for both
values of KoA is because fluid mixing is good at higher dialysate flow rates and reduces
the film resistance for smaller molecules [70]. The solute clearing efficiency of a dialyzer
is quantified by KoA which is the overall mass transfer coefficient and is often referred to
as the efficiency of the dialyzer [17]. The manufacturers mention the values for KoA under
specific blood and dialysate flows. Initially, the value of KoA was supposed to be constant
for a certain dialyzer; however, investigations have refuted this supposition as with
increasing dialysate flow rates, flow distribution within the fiber bundle enhances, thus
enhancing the overall mass transfer coefficient [71]. Classification of dialyzers is also
often done based on this parameter, with low-efficiency dialyzers having KoA less than
500 mL/min, moderate-efficiency dialyzers having 500 to 600 mL/min, and high-
efficiency dialyzers having KoA greater than 600 [17]. Several researchers have

theoretically predicted the effects of increasing dialysate flow rates on the KoA.
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Table 14 Percentage difference in clearance of dialyzers with low and high overall mass transfer

Dialysate

area coefficient

Percentage

difference in

flow Clearance rate at K,A Clearance rate at K,A clearance with low and high

rate (mL/min)

100

200

300

400

500

600

700

=500 (mL/min)

96.95

152.87

175.90

187.16

193.65

197.82

200.70

99.50

171.94

202.18

215.21

221.93

225.90

228.48

=800 (mL/min)

KoA

2.57%

11.09%

13.00%

13.03%

12.74%

12.43%

12.16%
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800 202.81 230.27 11.92%
900 204.42 231.59 11.73%

1000 205.69 232.60 11.57%

4.1.5 Changes in Urea clearance with change in hollow fiber dimensions
As the length of dialyzer fiber increases, there is an increase in the value of the Urea
clearance rate. The clearance rate, however, is more for the current model than the
previous ones. This difference is because the current model incorporates radius, fiber
length, dialyzer's KoA, and blood and dialysate flow rates. In contrast, previous models
include tortuosity, the porosity of layers, and the sizes of pores of each fiber, due to which
the value of Urea clearance is underestimated compared to the current model. The
percentage difference is relatively less with Tooba et al. than with Islam et al., as the
former model was based on the tortuous pore diffusion model. Also, the model shows that
further increasing the fiber length produces a plateau for Urea clearance without any
significant increase in Urea clearance. Increasing the length also adds to the dialyzer cost,

ultimately increasing the cost of the process for patients.
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Figure 23 Change in Urea clearance rate with change in length of hollow dialyzer fiber

Table 15 Percentage difference between models showing a change in Urea clearance with a
change in length of fiber

Islametal.  Tooba et al. Percentage Percentage
Length of Urea Urea Model Predicted difference b/w difference b/w
dialyzer clearance rate clearance rate Urea  clearance model and model and
fiber (cm) (mL/min) (mL/min) rate(mL/min) Islam et al. Tooba et al.
27 243.89 247.23 289.00 15.61% 14.45%
30 252.80 256.59 291.72 13.34% 12.04%
33 260.16 264.17 293.75 11.44% 10.07%
36 266.62 270.64 295.27 9.70% 8.34%
39 272.20 275.32 296.42 8.17% 7.12%
42 276.66 280.22 297.28 6.94% 5.74%

45




45

48

51

54

280.89

284.01

285.57

288.03

283.57

286.24

288.69

290.70

297.93

298.43

298.80

299.09

5.72%

4.83%

4.43%

3.70%

4.82%

4.08%

3.38%

2.80%

As was the case for the length of hollow fibers versus clearance, the same is valid with

the radius of hollow fibers, which is the increase in radius results in an increase in Urea

clearance. The percentage difference between the model and previous models is

somewhat similar to the percentage difference obtained for the hollow fiber length versus

the Urea clearance model. Also, the percentage difference between the current models

with Tooba et al. is less compared to Islam et al., as the former model was based on the

tortuous pore diffusion model, which considers the factors that cause hindrance within the

porous medium. The model further shows that increasing the fiber radius produces a

plateau for Urea clearance without any significant increase in Urea clearance. Increasing

the radius also adds to the dialyzer cost, ultimately increasing the cost of the process for

patients.
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Figure 24 Change in Urea clearance rate with change in radius of hollow fiber

Table 16 Percentage difference between models showing a change in Urea clearance with a

The radius Islam et

of hollow Urea

fibers
(um)

100
110
120
130
140
150

160

clearance rate
(mL/min)

243.90
249.55
255.20
258.42
262.46
266.49

268.63

al.

change in the radius of a fiber

Tooba et al. Percentage Percentage

Urea Model Predicted difference b/w difference  b/w
clearance rate Urea clearance model and Islam model and
(mL/min) rate(mL/min) et al. Tooba et al.
248.49 288.64 15.50% 13.91%

253.60 291.18 14.30% 12.91%

258.45 293.14 12.94% 11.83%

263.02 294.65 12.29% 10.74%

266.51 295.82 11.28% 9.91%

269.73 296.73 10.19% 9.10%

272.14 297.44 9.69% 8.51%
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170 270.50 274.55 297.99 9.23% 7.87%

180 273.45 276.96 298.43 8.37% 7.19%
190 274.50 278.29 298.80 8.13% 6.86%
200 277.46 279.89 299.06 7.22% 6.41%

4.1.6 Change in values of standard and equilibrated hemodialysis

adequacy with increasing residual renal clearance
With the increasing number of sessions per week and the improvement of residual renal
function, the values of std KT/V also improve, as shown in Figure 25. This improvement
in std KT/V becomes more prominent with improvement in residual renal clearance. Also,
with an increasing number of dialysis sessions per week, with some residual renal
clearance, it can be seen that the increase in std KT/V is two times the initial value, as
shown in Table 17. It validates that improved residual renal clearance plays a vital role in
dialysis patients. A study showed that patients on hemodialysis therapy that had preserved
residual renal function one year after dialysis initiation had a 30% lower mortality risk
and a 31% lesser risk of cardiovascular death [72]. This relation between residual renal
function and mortality indicates that residual clearance plays a vital role in the excretion
of uremic toxins [73]. Patients suffering from ESRD have a minimal value of residual
renal clearance if they have any at all. However, dialysis is usually recommended for
patients with residual clearance of less than 15 mL/min [17]. For patients having minimal
residual clearance, an acceptable value of std KT/V can be achieved by increasing the

number of sessions per week.
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Figure 25 Change in std KT/V with increasing residual renal function at different numbers of
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Table 17 Increase in std KT/V with an increase in the number of hemodialysis sessions per week

Residual renal std KT/V 'std KT/V std KT/V Changeinstd KT/V Change instd KT/V
clearance (mL/min) at N=3 at N=4 at N=5 when N=3-->4 when N=4-->5
1 0.32 0.42 0.53 0.1 0.21

15 0.46 0.61 0.77 0.15 0.31

2 0.6 0.8 1 0.2 0.4

25 0.73 0.97 1.22 0.24 0.49

3 0.85 1.14 1.43 0.29 0.58

3.5 0.97 1.3 1.62 0.33 0.65

4 1.08 1.45 1.81 0.37 0.73

4.5 1.19 1.59 1.99 0.4 0.8

5 1.29 1.72 2.16 0.43 0.87
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4.2 Discussion of Results

4.2.1 Validation of the models
The mathematical models were developed using MATLAB 2022 with a specific fixed
value for certain inlets while simultaneously varying the values of other parameters. The
models were validated by comparing them with Islam et al. and Tooba et al., while in
some cases, a comparison with experimental work was also made [55, 66]. In Figure 18,
the values of dialysate flow rate are kept constant at 500 mL/min while the value of blood
flow rate has two different values of 300 mL/min and 400 mL/min. The model-obtained
results are plotted along with previous studies and with experimental data available. The
experimental values of clearance present in the literature contain a combined effect of
ultrafiltration and diffusion occurring during hemodialysis. The percentage difference
between the model predicted by the Tooba et al. and experimental values is because of
ultrafiltration occurring across the membrane, which was not included in the previous or
current works. However, the values predicted by the previous model of Tooba et al. for

diffusive transport across the membrane agree well with Islam et al. results.

In this model, a model that compares the change in the value of Urea clearance with
changing dialysate flow rate was compared for validation with Islam at al. and Tooba et
al. work. The blood flow rate value was kept constant at 400 mL/min while the value of
the dialysate flow rate varied from 200 mL/min to 1000 mL/min. The value of all other
parameters was kept constant. Figure 19 shows that for all three models, increasing the
dialysate flow rate increases the value of clearance; however, the change between
clearance values of the current model is more than that compared to previous models due
to both the previous models included parameters such as porosity and tortuosity of the

membrane.

Figures 23 and 24 exhibit the change occurring in the clearance rate of Urea with a change
in the dimensions of the hollow fibers. As the length of hollow fibers is varied from 25-
55 cm, there is an increase in the Urea clearance. However, the increase for the current
model is more than the increase compared to the previous models, as the previous works
include factors like tortuosity and porosity. Due to their effect, the value of Urea clearance

is underestimated, as shown in Figure 23. Table 15 shows the percentage difference
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between the clearance rates for the compared models. The percentage difference between
the current model and the model by Tooba et al. is less compared to the difference between
this model and Islam et al.

Figure 24 shows the change in clearance rate with a change in the radius of hollow fibers.
Similar to the change in clearance for length, the change in clearance for radius also shows
an increasing trend with an increase in the radius value. Table 16 shows the percentage
difference between the clearance rates for the compared models. The percentage
difference between the current model and the model by Tooba et al. is less compared to

the difference between this model and Islam et al.

4.2.2 Mean Square Analysis
The mean squared error value is usually utilized to find the quality of a prediction or
estimation model. The formula for mean squared error measures the difference between
the model-predicted and the available values. Eq. (14) is used to find the mean squared
error. In which, Yi is the observed value, and Y;" is the predicted value of the model, and

n is the number of values in the data set.

Table 18 shows the calculations for finding out the Mean squared error for a model that

calculates the clearance values with changing dialysate flow rates.
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Table 18 Table showing Mean square error for model calculating clearance w.r.t dialysate flow

rate
Difference | Difference | Difference | Difference
) Tooba et | Islam et | Model bw model | bw model | bw model | bw model
Dialysate .
al. al. predicted | and Tooba | and Tooba | and Islam | and Islam et
flow rate
) clearance | clearance | clearance | et al. | et al. | et al. | al.
(mL/min) ] ] )
(mL/min) | (mL/min) | (mL/min) | clearance | clearance | clearance | clearance
(Yi-Yin) squared (Yi-Yin) squared
203 266.23 265.73 193.75 72.48 5253.35 71.98 5181.12
303 279.61 276.64 252.97 26.64 709.69 23.67 560.27
403 285.56 283.58 286.47 -0.91 0.83 -2.89 8.35
503 289.52 284.81 306.21 -16.69 278.56 -21.4 457.96
603 292.25 288.78 318.6 -26.35 694.32 -29.82 889.23
703 293.98 290.02 327.2 -33.22 1103.57 -37.18 1382.35
803 295.96 291.5 333.3 -37.34 1394.28 -41.8 1747.24
903 296.96 292.25 337.8 -40.84 1667.91 -45.55 2074.80
Sum 11102.50 12301.33
MSE 1387.81 MSE 1537.67

Similarly, for the model calculating the effect of length on the clearance of Urea, Table

19 shows the value for MSE once the model is compared with the existing literature.

Table 19 Table showing Mean square error for model calculating clearance w.r.t hollow fiber

length
Islam et | Tooba et | Model Difference | Difference | Difference
. bw model | bw model | bw model
Length of | al. Urea | al. Urea | Predicted
. and Tooba | and Tooba | and Islam
dialyzer clearance | clearance | Urea
. et al. | et al. | et al.
fiber (cm) | rate rate clearance
(mL/min) | (mL/min) | rate(mL/min) clearance clearance clearance
(Yi-Yin) squared squared
27 243.89 247.23 289 -41.77 1744.7329 | 2034.9121
30 252.8 256.59 291.72 -35.13 1234.1169 | 1514.7664
33 260.16 264.17 293.75 -29.58 874.9764 1128.2881
36 266.62 270.64 295.27 -24.63 606.6369 820.8225
39 272.2 275.32 296.42 -21.1 445.21 586.6084
42 276.66 280.22 297.28 -17.06 291.0436 425.1844
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45 280.89 283.57 297.93 -14.36 206.2096 | 290.3616
48 284.01 286.24 298.43 -12.19 148.5961 | 207.9364
51 285.57 288.69 298.8 -10.11 102.2121 175.0329
54 288.03 290.7 299.09 -8.39 70.3921 122.3236
Sum 5724.13 7306.24
MSE 572.41 730.62

Table 20 Table showing Mean square error for model calculating clearance w.r.t hollow fiber

radius

Differen

ce bw .
;I:Jleius Islam et | Tooba et Mod_el model Difference E\;vﬁers::;il Difference

al. Urea | al. Urea | Predicted and bw  model bw  model
of and Islam et
hollow clearance | clearance | Urea Tooba et | and Tooba et al. and Islam et
fibers rate _ rate _ clearan_ce rate | al. al. clearance clearance al. clearance
(mL/min) | (mL/min) | (mL/min) clearanc | squared O squared

(um) . (Yi-Yin)

e (Yi-

Yin)
100 243.9 248.49 288.64 -40.15 1612.0225 -44.74 2001.6676
110 249.55 253.6 291.18 -37.58 1412.2564 -41.63 1733.0569
120 255.2 258.45 293.14 -34.69 1203.3961 -37.94 1439.4436
130 258.42 263.02 294.65 -31.63 1000.4569 -36.23 1312.6129
140 262.46 266.51 295.82 -29.31 859.0761 -33.36 1112.8896
150 266.49 269.73 296.73 -27 729 -30.24 914.4576
160 268.63 272.14 297.44 -25.3 640.09 -28.81 830.0161
170 270.5 274.55 297.99 -23.44 549.4336 -27.49 755.7001
180 273.45 276.96 298.43 -21.47 460.9609 -24.98 624.0004
190 274.5 278.29 298.8 -20.51 420.6601 -24.3 590.49
200 277.46 279.89 299.06 -19.17 367.4889 -21.6 466.56

Sum 9254.84 11780.89

MSE 841.35 MSE 1070.99

The mean square error values higher than 0 indicate that the data points are dispersed at

various points around the mean of data. Hence a lower MSE model is a better-fit model
than the one with a higher MSE.
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4.2.3 Coefficient of Determination
R squared, or the coefficient of determination represents the difference between the
predicted and actual values. Its value varies between 0 and 1. O denotes that the model
cannot explain any of the values in the dataset. In contrast, values closer to 1 depict that
model can be used to describe the variation occurring in the values across various input
values. Eq. (16) was used to find R? in which, Y; represents the model-predicted values,
Y represents the mean of actual values, Yi represents the actual values, and n is the number

of values in the dataset.

Table 21 Table showing R square values for the model predicting the clearance w.r.t dialysate

flow rate
. Difference Difference
Difference | bw model
bw model redicted bw ‘model
. Tooba et | Islam et | Model . P and mean
Dialysate . predicted | values and
al. al. predicted value of
flow rate and Tooba | Tooba et
. clearance | clearance | clearance Tooba et
(mL/min) . . . et al. | al.
(mL/min) | (mL/min) | (mL/min) . al.
clearance | predicted
. clearance
(Yi-Y) values .
(Yi-Y)
squared
203 266.23 265.73 193.75 -72.48 5253.3504 | -93.7588
303 279.61 276.64 252.97 -26.64 709.6896 | -34.5388
403 285.56 283.58 286.47 0.91 0.8281 -1.03875
503 289.52 284.81 306.21 16.69 278.5561 | 18.70125
603 292.25 288.78 318.6 26.35 694.3225 | 31.09125
703 293.98 290.02 327.2 33.22 1103.5684 | 39.69125
803 295.96 2915 333.3 37.34 1394.2756 | 45.79125
903 296.96 292.25 337.8 40.84 1667.9056 | 50.29125
Sum 11102.50
R?=0.63

The general rule is that the more the value of R? is closer to 1, the better the model predicts
the data, or it indicates that the difference between the observed and the predicted values

is small.
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4.3 Sensitivity Analysis

4.3.1 What is sensitivity analysis?
Sensitivity analysis is a technique used to evaluate the effect of one or two input
parameters on the output parameter and is widely used in various fields worldwide. It is
used to analyze how sensitive output is to the input. There are two types of sensitivity
analysis commonly performed. The first one is the single variable sensitivity analysis,
where there is a change in the value of a single variable while all other variables are kept
constant. The second is two-variable sensitivity, where two variables are varied to find
the effect on the output parameter [74, 75]. Sensitivity analysis considers mathematical
models to predict the parameter outcome with certain input conditions. It addresses the
what-if-the-key-inputs-or-assumptions-changed questions [76]. So, it can be described as

a data-based forecast incorporating uncertainty into the decision-making process.

A two-variable sensitivity analysis is performed using MS Excel to find the effect of
change in length and radius on clearance with changing dialysate flow rate values. For
simplicity, five values of each variable are used, and the ‘What-if analysis” function
is used from the Data toolbar in Excel.

Table 22 Two variable sensitivity analysis showing a change in clearance with changing length
and dialysate flow rates

; Length of hollow fiber (cm)
275 |21 22 23 24 25
800 | 287.69 289.23 290.58 291.75 292.78
Dialysate
700 | 285.60 287.27 288.75 290.05 291.19
flow rate
) 600 | 282.37 284.21 285.85 287.32 288.63
(mL/min)
500 |276.94 278.98 280.83 282.51 284.03
400 | 266.68 268.91 270.96 272.84 274.58

Table 22 shows the effect of a change in Urea clearance value with a change in the
length of hollow fibers and dialysate flow rates. The highlighted cell shows the value
of clearance that we target. The table shows the clearance values in each cell, which

is the combination of each top row and initial column. 275 mL/min is the operator
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value or can also be stated as the reference value against which all rest of the values
are calculated.

Table 23 Two variable sensitivity analysis showing a change in clearance with changing radius
and dialysate flow rates

_ Radius of hollow fiber (cm)
275 0.01 0.02 0.03 0.04 0.05
800 285.92 299.00 299.93 299.99 | 300.00
Dialysate
700 283.69 298.56 299.87 299.99 | 300.00
flow rate
~ | 600 280.29 297.70 299.72 299.97 | 300.00
(mL/min)
500 274.67 295.70 299.21 299.85 | 299.97
400 264.25 289.81 296.64 298.85 | 299.60

Table 23 shows the effect of the change in the value of Urea clearance with the change
in the radius of hollow fibers and dialysate flow rates. The highlighted cell shows the
value of clearance that we target. The table shows the clearance values in each cell,
which is the combination of each top row and initial column. The operator value (275

mL/min) is the reference value against which all the values are calculated.
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Conclusion and Recommendations

Summary of Findings

The study aimed to develop a user-friendly app that enables people carrying out the
hemodialysis process to track the prognosis of the disease conveniently and monitor the
hemodialysis process. Initially, the effect of change in blood and dialysate flow on the
clearance was observed, and it was found that the model for change in Urea clearance for
blood flow rate was in relatively good agreement with experimental data because the
percentage difference was <10% in both blood flow rate arrangements compared to
previous in silico models. The model showing the change in Urea clearance with changing
dialysate flow rate showed that initially, at lower dialysate flow rates, predicted clearance
is 37% less than previous models. Increasing dialysate flow rates reduces this percentage
difference, which ultimately comes to 13%. Change in Urea concentration with time
model showed a drop in Urea concentration was initially more prominent. However,
during the second half of the process, with the passage of each 25 minutes interval, the
drop in Urea concentration is 1 mmol/L. When evaluating the effect of flow orientation,
it was observed that at very high dialysate flow rates, the percentage difference in
clearance value decreases, as it was found to be 16% at 1000 mL/min as compared to 31%
at 400 mL/min which is its usual inception point. Comparison of Urea clearance with
different KoA showed that with an increase in value of KoA of 300 mL/min, the percentage
increase in Urea clearance was almost 12%. With increasing length and diameter of
hollow fiber, it was found that model-predicted clearances had a high percentage
difference with previous models initially. However, increasing the length and radius of
hollow fibers reduces this percentage difference. Exploring the relationship between
standard KT/V and reduced renal function showed that with increasing renal function by
a value of 0.5 mL/min, there was twice an increase in the value of std KT/V. Also, by

incrementing a single weekly session, the std KT/V value doubles.

Limitations and Future Research Directions
The accuracy of the user-friendly app can further be enhanced by incorporating a CFD
model on the backend, which considers tortuosity, porosity, initial conditions and

boundary conditions into consideration. It can result in increased accuracy, but it will
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require more time to process, and a suitable processing machine will ultimately increase
the cost of the app. Also, carrying out any changes in such an app would require a solid
theoretical background in fluids. 1t would only allow engineers to carry out any changes
in the backend code later. However, the challenge can be overcome by collaborating and
carrying out interdisciplinary research and explorations, as it can familiarize developers
and users with different app aspects and troubleshoot its issues. More research and
explorations can be done toward developing such an efficient, cost-efficient, easy-to-use

app.
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