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Hemodialysis is crucial for patients with end-stage renal disease,

yet evaluating its operating parameters often requires complex mathematical
models. To simplify this process, user-friendly modules have been

developed to accurately assess key parameters with minimal inputs, enabling
users to track disease prognosis. These modules incorporate governing
equations and allow straightforward analysis. Validation against experimental
data from polymer membrane studies demonstrated that at a blood

flow rate of 300 mL min~', the model predicted a clearance of 262 mL min~’,
showing 7% difference from the actual value of 281 mL min~". At a dialysate
flow of 400 mL min~", the model’s predicted clearance was 286.47 mL
min~', with only a 1% difference compared to previous model. The module
also showed 40% higher clearance in counter-current flow compared to
co-current, with a 47% difference at 400 mL min~' dialysate flow. Increasing
the hollow fibre length from 27 to 50 cm led to a 4% clearance increase.
Additionally, increasing residual renal clearance by 0.5 mL min~" doubled

the standard Kt V' Kt/V, and similar effects were seen by increasing weekly
hemodialysis sessions. The app allows simulations, plots, and comparisons
with minimal inputs and can be integrated into MATLAB or other platforms,
benefiting both patients and researchers in prognosis and treatment analysis.

from ESRD have hemodialysis as a last
resort, but the mortality and morbid-
ity rates are still considerably high.B
Hemodialysis is an intermittent therapy
performed usually three times a week.[*]
Each session is ~3-5 h, during which
the excess solutes and fluids that have
been accumulated in the human body
throughout a few days need to be re-
moved within a few hours, and this of-
ten leads to complications such as dialy-
sis disequilibrium and hemodynamic in-
stability, both of which have unpleasant
symptoms.l>) Hemodialysis requires hol-
low fiber membranes with a surface area
of 0.8-2.5 m? and a 180-220 um diame-
ter. This extracorporeal circuit acts as an
artificial kidney and mimics the function-
ing of the glomerulus.[®”]

Most nitrogenous waste from the hu-
man body is removed in the form of
Urea. Although Urea itself is mildly
toxic, the buildup of Urea represents that

1. Introduction

End-stage renal disease (ESRD), Kidney failure, is a condi-
tion where the glomerular filtration rate (GFR) falls below
15 mL min~'/1.73 m?. The various stages of ESRD are de-
scribed based on the value of GFR.[!] Around 89% of patients rec-
ommended dialysis undergo hemodialysis.[?! Patients suffering

other waste compounds are not being
eliminated.®] Urea is generated in the
human body by the process of the Urea
cycle, mainly in the liver and, to some extent, in other tissues.”!
Urea is a low molecular weight toxin removed via diffusion while
middle molecular weight toxins such as f2-microglobulin and
complement factor D are removed via convection. The convective
and diffusive processes’ efficiency depends on factors such as the
geometry of hollow fibers, the characteristics of the membrane,
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Figure 1. Comparison of urea clearance values for in-vitro and in-silico
scenarios with the current module at varying blood flow rate and constant
dialysate flow rate (Qd = 500 mL min~").

and the operating variables.['! The major challenges related to
hemodialysis include the cost and time of the hemodialysis pro-
cess, as longer session times come with a high cost.®] A thorough
investigation of the process parameters is needed as it can help
minimize time and cost while optimizing efficiency.l°!

Several attempts have been made to mimic kidney toxic re-
moval processes using mathematical models that are focused on
the operating parameters of the hemodialysis process. Mathe-
matical modeling assists in accurately analyzing the course of
treatment and predicting the possible outcomes of treatment
undertaken with certain process conditions. It can help physi-
cians develop a prognosis according to patient profile.''l How-
ever, mathematical models for evaluating operating parameters
are complex and require solvers and expertise. Also, in compu-
tational fluid dynamics (CFD) models, fluid behavior is a chal-
lenging part as the exact flow conditions are hard to replicate.['?]
Even after the attainment of the required skills in these fields,
integrating the background algorithm with the front-end inter-
face of an app requires a certain level of understanding of app
development which specifically falls in the realm of software en-
gineering. Furthermore, existing applications are focused on diet
and a limited number of parameters. In previous mathematical
models related to hemodialysis, the inclusion of the tortuous pore
diffusion model caters to the effect of parameters such as tortu-
osity and porosity to estimate the clearance of Urea across the
hemodialysis membrane.!"3] Also, the blood and dialysate flow
rates play a critical role in determining the adequacy and clear-
ance of the hemodialysis process and prediction of clearance with
varying blood and dialysate flow rates can assist in achieving the
target adequacy.['* The existing applications for hemodialysis pa-
tients focus on one or the other aspect of the process and do not
cater to multiple parameter calculation or their plotting. Lastly,
several mobile applications are available for patients to use to
keep track of their nutrient intake, assist in meal planning, and
also help the patients to meet the target intakes set according to
dietary guidelines. Therefore, user-friendly modules can be de-
veloped that can evaluate key parameters accurately and can be
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used by end-users, researchers, and physicians with minimal in-
puts, also allowing comparisons to be made for certain input val-
ues and enabling the prognosis of the disease.

Herein, a combination of modules developed using MATLAB
R2022 can carry out calculation and comparison analysis of key
parameters. The key parameters particularly related to Urea clear-
ance were shortlisted and the equations governing these param-
eters were incorporated in MATLAB code that allows the user to
enter the value of input parameters.!'>] The parameters include
blood and dialysate flow rates, flow orientations, overall mass
transfer coefficient, and standard adequacy. The modules com-
pare the effect of blood and dialysate flow rates on the clearance,
the drop in Urea concentration over time, the impact of flow ori-
entation on clearance, the effect of overall mass transfer area co-
efficient on clearance, and the effect of hollow fiber dimensions
on clearance. The last module plots the influence of residual re-
nal clearance on standard dialysis adequacy with an increasing
number of dialysis sessions per week. Blood and dialysate flow
rates in hemodialysis are important key factors determining ad-
equacy and clearance.l'®! A study also found that blood flow rate
values less than 250 mL min~! are associated with higher mor-
tality rates, the underlying reason being dialysis dose inadequacy.
The inadequate dose promotes malnutrition and infection which
ultimately increases mortality.l'®) Another study showed that by
increasing the blood flow rate from 300 to 400 mL min~!, the
value of clearance increased by 8% while increasing it further
from 400 to 500 mL min~! further increases clearance by 18%.!13!

Hemodialysis being the most efficient treatment for hemodial-
ysis, is recommended to most of the patients and its efficiency
is dependent on key parameters that are explored using math-
ematical models. Mathematical models used to evaluate operat-
ing parameters in hemodialysis are complex and replicating ex-
act flow conditions in computational fluid dynamics models is
challenging.!'?] Integrating the algorithm with an app’s front-end
interface requires software engineering expertise and existing ap-
plications in hemodialysis mainly focus on diet and a limited
number of parameters and lack comprehensive parameter cal-
culation and plotting. Additionally, mobile apps exist for nutrient
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Figure 2. Model predicted Urea clearance versus in silico solute clear-
ances plotted at increasing dialysate flow rate at Qb = 400 mL min~".
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Table 1. Comparison of module results for Urea clearance versus blood flow rate with the previous models.
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[13,18,67]

Blood flow rate Model predicted Tooba et al. Islam et al. Experimental data Percentage difference Percentage difference Percentage difference
[mL min~"] Urea clearance  predicted clearance predicted clearance  (Polyflux 210H) of Model-predicted of Tooba et al. and of Islam et al. and
[mL min7T] [mL min] [mL min7T] [mL min~"] and Manufacturer  Manufacturer data [%] Manufacturer data [%)]
data [%)]
300 262 247.77 244.62 281 6.76 11.82 12.94
400 305 289.52 286.40 339 10.03 14.59 15.51

tracking, meal planning, and adhering to dietary guidelines.'”]

Therefore, there was a need for an application incorporating key
parameters that is convenient to use, allows for analysis, compar-
isons, tracking prognosis, and is accurate as well.

The current study demonstrates a pioneering MATLAB R2022-
based application that has been designed to optimize hemodialy-
sis parameters and its novelty is present in its integration of mul-
tiple analytical modules that can compare and assess key factors
that influent hemodialysis efficiency which includes dialysate
and blood flow rates, flow orientations and mass transfer coeffi-
cient. Existing tools are focused on specific aspects which include
isolated parameter calculations or dietary management, whereas
this application represents a holistic approach by allowing real-
time comparison and evaluation of parameters. In addition, the
user-friendly interface allows for intuitional input of data and al-
lows for analysis, thus making complex mathematical models ac-
cessible to users with the least expertise on the technical side. It
allows for making accurate predictions and makes the tracking
of the prognosis convenient. The integration of all these features
into a singular tool covers the gap between computational model-
ing and clinical and patient use, presenting significant improve-
ment over current solutions that are used in the management of
hemodialysis. This tool not only offers treatment planning and
tracking of the prognosis but also reduces the complexity and cost
of hemodialysis by crucial decision-making processes.

2. Results and Discussion

2.1. Increasing Urea Clearance with Increase in Blood and
Dialysate Flow Rate

The modules developed in MATLAB R2022 app designer were
simulated with the values of parameters inserted as mentioned
in the previous section of this paper. To validate the module in Ex-
perimental Section, the model predicted curves of Islam et al. (8]
Tooba et al."3 and experimental data from the literature was used
as shown in Figures 1 and 2. In Figure 1, the dialysate flow rate
is kept constant at 500 mL min~!, and the Urea clearance rate is
plotted at different values of blood flow rate while in Figure 2, the
blood flow rate is kept constant at 400 mL min~! and Urea clear-
ance rate is plotted at varying dialysate flow rates. The module is
in agreement with the fact that an increased blood flow rate in-
creases clearance.[*! This is in agreement with previous results
as with increasing blood flow rate, the volume of blood flowing
through the dialyzer per unit of time increases and as a result,
there is an increase in the convective transport of Urea across
the dialyzer membrane This convective transport is directly pro-
portional to the value of flow rate of blood. As a consequence,
more Urea gets transported from blood to dialysate due to in-
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creased mixing and turbulence in the dialyzer.[?%! In Table 1, the
percentage difference between the module’s predicted clearance
and experimentally found clearance is relatively less as compared
to previous works. This can be attributed to the underestimation
of diffusivity and friction across the membrane in the case of
the current module developed using MATLAB. Previous models
incorporate the tortuous pore diffusion model (TPDM), which
takes into account all factors that cause hindrance to the move-
ment of molecules across the membrane, such as effective diffu-
sivity and friction coefficient due to which the values for clearance
are underestimated as compared to the current module which
does not cater for friction that occurs between the pore wall and
solute molecules. Furthermore, previous simulations performed
using COMSOL can incorporate boundary conditions alongside
complex geometries and utilize finite element analysis for solving
partial differential equations that describe transport phenomena,
fluid dynamics, and more. Alongside, detailed models of Physics
such as fluid dynamics, mass transfer, and chemical reactions oc-
curring within a system can be incorporated.?!]

Although the optimal value for blood flow during hemodial-
ysis is not determined and depends on the patient profile and
the quality of vascular access of the patient, a study has shown
that mortality rates are significantly higher in patients with Blood
Flow Rate (BFR) BFR<250 mL min~" than those patients who
are treated with BFER>250 mL min~1.['*) TPDM also takes into
account the steric hindrance factor that represents the volume
fraction available for the solute molecules in cylindrical pores.[??]
Therefore, this model overestimates the clearance values com-
pared to the previous works. The inclusion of TPDM in the cur-
rent module may result in clearance values closer to the previ-
ous works. However, that would require the development of a
module on computational fluid dynamics software since there
are no backend models for solving and converging the system of
equations in MATLAB. The models that are developed in MAT-
LAB may lack the spatially resolved phenomena that CFD soft-
ware can capture and sometimes also lack the details.[?}! Since
the Polyflux 210H is a high-efficiency hemodialysis membrane
(KoA = 1452 mL min~! for Urea), for comparison of the module
with it, the value of KoA was considered to be 1000.2! However,
assuming values of the overall mass transfer coefficient closer to
1452 mL min~! brings the model more aligned with experimen-
tal data.

The module predicted a trend for an increase in clearance
with increasing dialysate flow rate agreed with previous research
works.[”! This is in agreement with the fact that as the value of
the dialysate flow rate is increased, the stagnant fluid layer adja-
cent to the dialyzer membrane reduces thus increasing the trans-
fer of Urea from blood to dialysate. This boundary layer is also
sometimes referred to as concentration polarization and it can
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[13,18]

Dialysate flow rate Tooba et al. clearance Islam et al. clearance

Model predicted

Percentage difference b/w Percentage difference b/w

[mL min~"] [mL min~"] [mL min™"] clearance [mL min~] Model and Tooba et al. [%] Model and Islam 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

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

hinder the transfer of solutes from blood to the dialysate.[? The
module for evaluating the effect of dialysate flow rate on clearance
was used for plotting and the model-predicted clearance curves
were plotted with Islam et al.['® and Tooba et al.l!3] in silico model
results for comparison, as shown in Figure 2. Both the current
and previous models depict an increase in clearance with increas-
ing dialysate flow rate as it results in a decrease in the thickness
of stagnant fluid layers close to the membrane wall.[?°} Table 2
shows an increase in clearance as the dialysate flow rate increases
initially and the model predicted values are much lower than pre-
vious in silico models, which can be attributed to the fact that
the current module uses Michael’s equation for calculating clear-
ance, whereas, previous in-silico models utilize TPDM model
and Navier Stokes equation embedded in the CFD software to
calculate clearance.??] In addition, the convergence criteria, ini-
tial boundary conditions, and cell zone conditions provided to the
CFD solver play a role in calculating clearances using computa-
tional software.l?”] Moreover, the algebraic equations used in this
model developed using MATLAB are not able to capture all the
real-time complexities of the process which includes membrane
fouling, flow conditions that are nonideal, and dynamics of so-
lute transport.[”*) Due to these reasons, the predicted clearance
becomes greater after 400 mL min~! dialysate flow rate as the
current module is following the trend of an equation, whereas
previous models utilize solvers that solve within specified initial
boundary conditions and they cater for hindrance factors as well
through models embedded in the software.

Furthermore, the meshing of the geometry, its sizing, and
quality are important considerations when it comes to developing
a computational model. Incorporating all of these factors in the
current computational tool can result in clearance values in closer
agreement with previous models. In COMSOL simulations, fac-
tors such as membrane characteristics, detailed fluid dynamics,
and turbulence modeling are also captured.!'*) However, it would
require a complex system of equations to be solved in the backend
of the module and would require several different input parame-
ters that the user would have to provide.!?®! Therefore, the current
module can be utilized for predicting the clearance with increas-
ing dialysate flow rates within acceptable dialysate flow rates but
a coefficient value can be introduced to cater to the differences be-
tween the current and the previous models. However, blood and
dialysate flow rate values are kept between specific ranges in clin-
ical practices.!?) For example, the average variation range is from
250 to 300 mL min~! depending on the patient profile and quality
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of vascular access. An increase of 30% in the value of blood flow
rate results in ~ a 23% increase in Urea clearance, provided that
all other parameters are kept constant.3%

However, lesser blood flow rates could lead to reduced ade-
quacy that promotes atherosclerosis, infection, and, ultimately,
mortality. In addition, increasing value beyond this range can
cause complications related to cardiovascular function in the hu-
man body.*”) Similarly, in clinical arrangements, the dialysate
flow values are kept between 500 and 800 mL min~'. A higher
dialysate flow rate increases adequacy and clearance. However,
it could increase 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 to
800 mL mi~!n increased the Urea KoA by an average of 14 + 7%
as it decreases the thickness of a stagnant fluid layer on the
dialysate side.[*! It could be suggested that it is due to improved
flow distribution of dialysate.

2.2. Decrease in Urea Concentration with Time

The backend equation governing the drop of Urea concentration
with time is the one-compartmental model equation where all
the body fluids and plasma water are considered a single volume
while the dialyzer is considered another volume where the trans-
fer occurs from blood to dialysate.'!] 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, as shown in Figure 3. A single pool model considers the
whole patient’s body into a single compartment and the extra-
corporeal circuit or dialyzer into a separate pool. For calculating
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 module is
that it allows the calculation of dialyzer clearance before the sin-
gle pool equation is solved.[3!) The model also relies on first-order
kinetics according to which the rate at which Urea is removed is
proportional to the concentration of Urea in the blood. As the pro-
cess progresses, the value of the concentration gradient present
between blood and dialysate lowers due to which the rate of Urea
removal slows down. Consequently, we can observe an exponen-
tial curve indicating the proportional nature of solute removal
as it is described by this model.??! Based on the blood, dialysate
flow rates, and initial and final concentrations of the toxin in the
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Figure 3. Graph showing the decrease in urea concentration with respect
to time.

patient’s blood, it calculates clearance which in the given scenario
was calculated to be 216 mL min~!.

Furthermore, the module calculates the toxin distribution vol-
ume that was assumed to be a 70 kg male patient in our case.
Finally, the incorporation of the dialyzer clearance and the toxin
distribution volume was done to find the Urea concentration at
a specific time during the hemodialysis session. Table ST7 (Sup-
porting Information) shows the decrease in toxin concentration
with time quantitatively. This exponential drop in Urea concen-
tration was experimentally confirmed by Ziolko, ! where a pa-
tient was dialyzed for 3 h and 30 min thrice a week using a Poly-
suflone F-6 dialyzer with a blood flow rate 250 mL min~! and
dialysate flow rate 500 mL min~'. The current module allows
users to determine the drop in Urea concentration keeping un-
der consideration the initial concentration of Urea in blood along
with the desired concentration at the end of the dialysis session
and calculates the clearance as well. Finally, it incorporates the
distribution volume and calculates the drop in Urea concentra-
tion.

2.3. Comparison 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, blood and dialysate con-
tact counter-currently across a hollow fiber module in clinical ar-
rangements. The rationale behind this flow arrangement is that
counter-current flow assists in maintaining a constant concen-
tration gradient because fresh dialysate keeps coming in contact
with blood containing sufficient solutes.**) The module calcu-
lates the change in clearance for co and counter-current flow ar-
rangements. The change in urea clearance rate for both orien-
tations is negligible initially as the dialysate flow rate increases.
At the dialysate flow rate of 100 mL min~!, the difference be-
tween the clearance of both flow orientations is less and as the
dialysate flow rate is increased, the difference in clearance starts
to increase as shown in Figure 4. The underlying reason be-
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hind 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 in-
creases, the convective transport starts adding to the diffusive
mass transfer.3] It becomes the dominant mass transfer phe-
nomenon at a higher dialysate flow rate when the fresh dialysate
is constantly exposed to blood. This is also in agreement with the
fact that in counter-current flow arrangement, the highest con-
centration of Urea in the bloodstream comes in contact with the
lowest concentration of dialysate and as a result, more efficient
transfer of Urea is observed from blood to dialysate in this flow
arrangement.[%)

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 driv-
ing force in hemodialysis.?®! In clinical practices, the counter-
current arrangement is utilized since it enables exposing fresh
dialysate to blood to maintain a high concentration gradient. A
study showed that the removal of small solutes is #20% greater
when the dialysate flow rate is made to flow counter-currently for
the blood flow rate.?*] In the current study, the values for clear-
ance in both flow orientations increased with increasing dialysate
flow rate. This difference was maximum at a dialysate flow rate of
200 mL min~! where the counter-current flow arrangement had
37% more clearance than the co-current flow arrangement. This
difference can be explained by the fact that at lower values of flow
rates, the efficiency of the countercurrent system is higher since
slower flow rates allow more time for diffusion to take place. With
increasing dialysate flow rate, the gradient tends to become more
and more balanced.*’!

Once the dialysate flow rate is increased beyond 800 mL min~!,
the difference in clearance values becomes constant. Table 3 also
shows that as dialysate flow rates 500 mL min~! value, the per-
centage difference between clearance starts changing with a con-
stant rate since at higher dialysate flow rates, the maximum con-
centration gradient is approached and clearance varies very to a

250
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[=3 (5] [=3
o o o
1 1 1

Urea Clearance Rate (mL/min)
[,
o

—— Co-current Flow Urea Clearance
—@— Counter-current Flow Urea Clearance

0 200 400 600 800 1000
Dialysate Flow Rate (mL/min)

Figure 4. Difference in urea clearance with change in flow orientation at
different dialysate flow rates.
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Table 3. Percentage difference in clearance rate with increasing dialysate flow rates for Co and Counter-current flow arrangements.

Co-current flow Urea
clearance [mL min~]

Dialysate flow
rate [mL min~']

Counter-current flow Urea
clearance [mL min~]

Percentage difference between
co and counter-current clearance [%]

100 71.43
200 111.11
300 136.36
400 153.85
500 166.67
600 176.47
700 184.21
800 190.48
900 195.65
1000 200.00

99.85 28.46
179.15 37.98
212.61 35.86
225.69 31.83
231.86 28.12
235.26 24.99
237.37 22.40
238.79 20.23
239.80 18.41
240.55 16.86

minimal extent with further increasing dialysate flow rate. Fur-
ther extending these curves gives plateaus for both flow arrange-
ments as the effect of the dialysate flow rate becomes constant.
This can also be understood from the fact that as the dialysate
flow rate approaches higher values, concentration polarization
starts to diminish due to which the concentration of Urea present
near the surface of the membrane decreases, and as a result,
the clearance curves start forming a plateau. Furthermore, at
higher dialysate flow rates, the performance of the hemodialysis
system becomes less sensitive to the flow direction because the
dialysate flow rate significantly boosts the overall transfer rate.>¢]
Therefore, the results obtained by utilizing equation equation-
based modules are in agreement with the literature. Counter-
current flow maximizes the concentration gradient throughout
the length of the dialyzer and is the most commonly used clini-
cal arrangement.®”] The current module allows users and poten-
tially new researchers to hemodialysis to evaluate the effect flow
orientation has on the clearance by providing as little as three in-
puts only since this area of flow orientation in hemodialysis is
usually not explored thoroughly.

2.4. Increase in Urea Clearance with Overall Mass Transfer
Coefficient

Dialyzers with KoA up to 600 mL min~ represent moderate ef-
ficiency, while those above 600 mL min~! are considered high-
efficiency dialyzers.[?] The effect of changing values of KoA on
clearance is negligible until it becomes prominent at a dialysate
flow rate of 100 mL min~!, as shown in Figure 5. The underlying
reason behind this trend is that at lower values of dialysate flow
rates, the influence of KoA on Urea clearance is more prominent
as clearance is very sensitive to changes in values of the mass
transfer coefficient. Lower values of dialysate flow rates result in
a stagnant boundary layer formation that is thicker which has a
profound effect on the mass transfer efficiency.’® This effect on
clearance keeps on becoming prominent until ~#300 mL min~!,
after which both the curves start forming plateaus and the per-
centage difference between both clearance rates becomes stable.
The reason behind the formation of plateaus is that beyond a cer-
tain value of dialysate flow rate, the Urea removal rate is also lim-
ited by factors other than KoA which includes the intrinsic prop-
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erties of membrane and blood flow rate. Further, increasing the
dialysate flow rate produces no change in the clearance of Urea
for both cases as shown in values in Table 4. The stabilization of
clearance can be attributed to the fact that at very high dialysate
flow rates, the system approaches maximum efficiency and mass
transfer limitations are minimal.[3¥] For both scenarios, the con-
certation gradient reaches a maximum value and any further in-
crease in dialysate flow rate causes no assistance in incrementing
the concentration gradient. Furthermore, for initial similar clear-
ance patterns, the rationale is that at low dialysate flow rates, dif-
fusion is the dominant mass transport phenomenon and diffu-
sion 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 be-
cause fluid mixing is good at higher dialysate flow rates and
reduces the film resistance for smaller molecules. 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.”®] The manufacturers mention the
values for KoA under specific blood and dialysate flows. Ini-
tially, the value of KoA was supposed to be constant for a certain

260

—m— Clearance Rate at KoA =500
240 4 —@— Clearance Rate at KoA =800
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Figure 5. Effect of overall mass transfer area coefficient on clearance with
changing dialysate flow rates.
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Table 4. Percentage difference in clearance of dialyzers with low and high overall mass transfer area coefficient.

Clearance rate at
KoA = 500 [mL min~"]

Dialysate flow
rate [mL min~']

Clearance rate at
KoA = 800 [mL min~"]

Percentage difference in clearance
with low and high KoA [%)]

100 96.95
200 152.87
300 175.90
400 187.16
500 193.65
600 197.82
700 200.70
800 202.81
900 204.42
1000 205.69

99.50 2.57
171.94 11.09
202.18 13.00
215.21 13.03
221.93 12.74
225.90 12.43
228.48 12.16
230.27 11.92
231.59 11.73
232.60 11.57

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 trans-
fer coefficient. 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 mL min~1.1*] Several researchers have theoretically pre-
dicted the effects of increasing dialysate flow rates on the KoA.
The module allows the user to quantitatively carry out a compar-
ison and plot the comparison curves between high and low-value
overall mass transfer coefficient dialyzers. It also enables to eval-
uation of the effect of the overall mass transfer coefficient on
clearance and how with increasing flow rates, it influences the
clearance.

2.5. Increase in Urea Clearance with Hollow Fiber Length

Hollow fiber modules are preferred over others as capillary di-
alyzers offer minimal overall resistance to transfer.*!) As the
length of the dialyzer fiber increases, there is an increase in the
value of the Urea clearance rate, as shown in Figure 6. Increas-
ing the length could add to the dialyzer cost, ultimately increasing
the cost of the process for patients. Previous studies have shown
an increase in the clearance with the increasing length of hollow
fibers.['*) Previous models have shown that as the length of hol-
low fibers is increased from 27 cm with an increment of 3 cm, the
increase in clearance is 4% and this increase becomes minute
as the length of fibers approaches 50 c¢m as clearance becomes
constant.['*] In this study, the clearance rate throughout the curve
is higher for the current module than the previous ones. This dif-
ference is because the current models incorporate radius, fiber
length, dialyzer’s KoA, and blood and dialysate flow rates. In con-
trast, previous in-silico models utilize TPDM and Navier Stokes
equation embedded in the CFD software to calculate clearance,
and the convergence criteria, initial boundary conditions and cell
zone conditions provided to the CFD solver are important in cal-
culating clearances using computational software.[*?] In addition,
flow patterns are assumed to be idealized, and certain resistances
that are present within the hemodialysis system are neglected
due to which clearance values obtained are higher. The influence
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of steric effects, turbulent flows, secondary currents, and eddies
is not accounted for and solute-membrane interactions are also
not incorporated.!**!

Due to these reasons, the module calculated clearance values
as shown in Table 5 with increasing dimensions are higher as
the current module is following the trend of Michael’s equation
in which the values of the area are being varied further influenc-
ing the values of final clearance. Whereas previous models uti-
lize solvers that solve equations within specified initial boundary
conditions and they cater for hindrance factors as well through
models embedded in the software. Furthermore, the meshing of
the geometry, its sizing, and quality are important considerations
when it comes to developing a computational model. Incorporat-
ing all of these factors in the current computational tool can result
in clearance values in closer agreement with previous models.
However, it would make the model challenging to use by users
as it would require a complex system of equations to be solved in
the backend of the module and would require a number of dif-
ferent input parameters that the user would have to provide.[*?]
Increasing the length of hollow fibers can increase the clearance

310

Islam et al.
—8— Tooba et al.
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o
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Length of Dialyzer Fiber (cm)

Figure 6. Change in Urea clearance rate with change in length of hollow
dialyzer fiber.
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Table 5. Percentage difference between models showing a change in urea clearance with a change in the length of the fiber.

Length of dialyzer Islam et al. Urea Tooba et al. Urea

Model Predicted Urea

Percentage difference b/w Percentage difference b/w

fiber [cm] clearance rate [nL min~']  clearance rate [mL min~']  clearance rate [mL min~'] model and Islam et al. [%)] model and 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
45 280.89 283.57 297.93 5.72 4.82
48 284.01 286.24 298.43 4.83 4.08
51 285.57 288.69 298.80 4.43 3.38
54 288.03 290.70 299.09 3.70 2.80

and this has been proven by a recent study by Goodrazil*! as well.
The module developed also resulting an increase in the value of
Urea clearance with an increasing length of hollow fiber which
is in agreement with a previous study conducted by Goodrazi.l*}]
However, the length of hollow fibers can only be increased to a
certain extent, the reason being the higher cost associated also,
over the length of hollow fibers, the concentration gradient keeps
decreasing thus reducing the driving force for diffusion. Further-
more, the membrane has a certain capacity to transfer solutes
and once this capacity is fulfilled, further increasing the length of
fibers does not improve the clearance as sufficient solutes have
been removed till the point they reach the end of the fibers. Pres-
sure drop across the length of the dialyzer and issues in flow dis-
tribution are other factors that limit the length of hollow fibers.[*4]
Therefore, the current module can be utilized for predicting the
clearance with increasing hollow fiber dimensions but within a
certain range and a coefficient value can be introduced to cater
for the differences between the current and the previous models.

2.6. Increase in Standard Hemodialysis Adequacy with Residual
Renal Clearance

As per various guidelines, an acceptable value of hemodialysis
session adequacy is >1.2. The single pool Urea kinetic model
considers the uniform distribution of Urea within the body hav-
ing a certain concentration in a certain volume.*") The single
pool Urea kinetic model is based on the assumption that Urea
concentration is distributed uniformly in a volume V and it is
used to explain the clearance during and after the hemodialy-
sis process has been carried out. The transport of toxins across
the membrane occurs due to diffusion and convection.[*] A sin-
gle pool model further has the following assumptions there is
a constant generation of Urea within the body, there is a con-
stant rate with which interdialytic weight gain occurs, and there
is instantaneous mixing occurring within the pool. For assess-
ing adequacy, an equation based on a single pool kinetic model
is commonly used.[*’] However, the single pool adequacy equa-
tion slightly overestimates clearance and consequently, adequacy
as it does not take into account the Urea rebound that occurs
after 30 min of a hemodialysis session. The Urea rebound can
be catered by the equilibrated adequacy equation, which gives a
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more accurate adequacy value.[*8] With the increasing number of
hemodialysis sessions per week and the improvement of residual
renal function, the values of std KT/V could improve, as shown in
Figure 7. This improvement in std KT/V becomes more promi-
nent with the improvement in residual renal clearance.

Besides, 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 6. The reason behind the increase in std KT/V is that with
more dialysis sessions per week, the toxins that are present in the
blood are removed more frequently and as a consequence, the
buildup of toxins does not occur and solute removal efficiency is
higher.[**] This validates that improved residual renal clearance
plays a vital role in dialysis patients.>®) With increasing the num-
Dber of sessions per week by one and with a 0.5 mL increase in
residual renal clearance, std Kt/V increases by a value of 0.85 ini-
tially but as residual renal clearance approaches 5 mL min~, in-
creasing the number of sessions per week has a minute effect
on std Kt/V. This can be explained by the fact that as residual re-
nal clearance approaches a value of 5 mL min~!, the contribution

24
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Standard KT/V
P o

0.4

0.0 T T T T T
2 3 4 5

-

Residual Renal Clearance (mL/min)

Figure 7. Change in standard KT/V with increasing residual renal function
at different numbers of hemodialysis sessions per week.
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Table 6. Increase in standard KT/V with an increase in the number of hemodialysis sessions per week.

Residual renal std KT/V at std KT/V at std KT/V at Change in std KT/V Change in std KT/V
clearance [mL min~] N=3 N =4 N=5 when N =3-4 when N =45
1 0.32 0.42 0.53 0.1 0.21

1.5 0.46 0.61 0.77 0.15 0.31

2 0.6 0.8 1 0.2 0.4

2.5 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 13 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

of kidneys in removing the toxins is more and the relative con-
tribution of hemodialysis sessions becomes smaller ultimately
leading to a minimal effect on std KT/V with each session. Since
kidneys are doing the major part of clearance work, therefore, the
influence of extra dialysis becomes less prominent. The forma-
tion of the plateau with increasing residual renal function can be
attributed to the fact that kidneys are functioning better and mini-
mal benefits can be obtained in terms of KT/V.[!] A study showed
that patients on hemodialysis therapy had preserved residual re-
nal function one year after dialysis initiation had a 30% lower
mortality risk and a 31% lesser risk of cardiovascular death. This
relation between residual renal function and mortality indicates
that residual clearance plays a vital role in the excretion of uremic
toxins.[>?] Patients suffering from ESRD have a minimal value of
residual renal clearance if they have any at all. However, dialy-
sis is usually recommended for patients with residual clearance
of less than 15 mL min~!. For patients having minimal residual
clearance, an acceptable value of std KT/V can be achieved by in-
creasing the number of sessions per week. The module allows
users to have an estimate of their std Kt/V by providing three ba-
sic input values of which every patient undergoing hemodialysis
sessions is aware. In addition, it depicts the influence of residual
renal clearance on adequacy and the important role it plays. An-
other important factor deduced from the plot is the effect of the
number of hemodialysis sessions per week on adequacy.

3. Conclusion

In this study, a user-friendly application containing modules for
evaluating, comparing, and analyzing hemodialysis parameters
was developed. The modules show good agreement with exper-
imental data and previous models, with a <10% difference for
the blood flow rate module and a <2% difference for the lower
dialysate flow rate module. It was observed that a 0.5 mL min~!
increase in residual renal clearance doubles the std KT/V, and in-
creasing the number of weekly sessions has a similar effect. The
accuracy of the flow orientations module was verified by the fact
that at high dialysate flow, the percentage difference in clearance
value decreases, which was found to be 16% at 1000 mL min~!
and 31% at 400 mL min~'. It was found that with an increase in
the value of KoA of 300 mL min~!, the Urea clearance was in-
cremented by 12%. With increasing hollow-fiber length, model-
predicted clearances had a high percentage difference with pre-

Adv. Mater. Interfaces 2025, 12, 2400435 2400435 (9 of 12)

vious models that reduce if the dimensions are incremented fur-
ther. The results of the modules developed are in agreement to
a certain degree with the previous studies and models but a ma-
jor factor behind the difference in results is that previous mod-
els utilized CFD solvers to solve a complex system of equations
and they required a number of inputs whereas current modules
solve much simpler equations with minimal inputs. The mod-
ules allow for simulations, plots, and comparisons with mini-
mal inputs, providing accurate prognosis, and can be easily inte-
grated into MATLAB or other platforms, benefiting patients and
researchers.

4. Experimental Section

Module Development:  For hemodialysis, hollow fiber membrane mod-
ules are used commercially and are widely studied in silico studies. A col-
lection of ~12 000 hollow fibers is present in a hollow fiber membrane
module casing.[>*] Blood is made to flow through the cavity of hollow
fibers while dialysate, a solution of various electrolytes, moves counter cur-
rently on the external side of the fibers.[>*] When the process begins, the
uremic toxins and electrolytes such as Sodium present in the blood start
to move toward the dialysate side as they are usually present in higher
concentrations in blood while at the same time, electrolytes present in
dialysate such as bicarbonates move into the bloodstream which helps
in maintaining homeostasis and electrolyte balance.[?®l The transport oc-
curs through diffusion for molecules with less molecular weight, such as
Urea. In contrast, for larger molecular weight molecules, such as Albumin
and f2-microglobulins, convection is responsible for transport across the
membrane.[*] The designing of the modules was based on the standard
procedures as outlined in the literature. Specifically, the modules were de-
veloped based on methodologies presented in the study of Clark et al.I”]
and Chang et al.l® Furthermore, the standardized principles of design
used for hollow fiber dialysis membranes, including flow dynamics and a
number of fibers, were utilized to ensure the relevance and accuracy of
the simulations. The model analyzes the transport of Urea and further
assumes that fibers are uniformly spaced in hexagonal order, as uneven
spacing of fibers leads to a decrease in dialyzer efficiency.l®] It is fur-
ther assumed that the transport is occurring under isothermal conditions
(T =37 °C) with a steady—state and laminar flow is present on both sides
of hollow fibers. The value of the overall mass transfer area coefficient
(KoA) was kept fixed at 1000 mL min~" except in one of the models. As for
high-efficiency dialyzers, KoA is equal to or close to this.[?’ Moreover, the
number of hollow fibers was assumed to be 12 000, and 24 cm was the
length of each fiber since commonly available dialyzers have this number
and length of hollow fibers.[’]

Change in Clearance Concerning Blood and Dialysate Flow Rates: The
module allows the user to input values; however, for the curves plotted,
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commonly utilized values for these parameters are used as demonstrated
in the study of Clark et al.l’! and Chang et al.["®] For evaluating the change
in clearance of Urea with varying values of blood flow rates, Michaels’
equation was used (Equation 1).[2’] Where Qd is dialysate and Qb is blood
flow rate, both in mL min~! and Kd represents the clearance. The value
for Qd was kept constant at 500 mL min~" while the blood flow rate value
was initially kept at 300 mL min~" and later at 400 mL min~'. The re-
sults were compared with experimental data and in silico Islam et al. and
Tooba et al.’s findings.!"3] The value of KoA was kept to 1000 mL min~" to
assume a high-efficiency dialyzer.[23] Table ST1 (Supporting Information)
shows the values of parameters that were used in the model. The change
in urea clearance rate with increasing dialysate flow rate can be found us-
ing the above equation in which the dialysate flow rate was varied from 200
to 1000 mL min~", and the resulting plot was compared with the previous
in silico investigations.

[N )
QbQd <eQb - eQd>

Kd = M

KA

KA
Qde® — Qbeod

Effect on Urea Concentration with Time: The module plots the drop in
Urea concentration with time and it allows the user to enter input values
of dialysate flow rate along with initial and targeted Urea concentration
at the end of a dialysis session. For this module, a single-compartment
model Equation (2) was utilized.['"] Where Ce is the Final Urea concentra-
tion in a blood sample in the blood exiting the dialyzer, and Co is the toxin
concentration in the blood entering the dialyzer, both in mmol L=, Ini-
tially, the clearance of the dialyzer is calculated using Michael’s equation
with input parameters as blood, dialysate flow rates in mL min~', initial
concentration of Urea in a blood sample, and the final desired concentra-
tion of Urea in the blood, and finally, the drop in Urea concentration with
time is calculated. 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 (3) and (4).1'"]

Ce () =C,e vV @)
Vinale = 0.58DW (3)
ermale =0.55DW (4)

In the above equations, Ve and Veemale are urea distribution volumes
in the case of male and female patients respectively. DW is the dry weight
of the patient in kilograms. Distribution volume is a pharmacokinetic pa-
rameter representing the distribution of Urea within the human body.[%”]
Finally, Equation (2) incorporates all the above-calculated parameters and
plots changes in concentration over time in minutes. Larger reductions
in uremic solute concentrations may not be achieved due to non—dialytic
solute clearances or due to variations in solute production.[*®] Figure SF1
(Supporting Information) shows the user interface of the MATLAB app
module developed to find the change in the concentration of Urea with
respect to time. The values of inputs are mentioned in Table ST2 (Sup-
porting Information). The app takes dialysate flow rate, initial and final
Urea concentrations, and patient’s weight as input to plot the curve.

Influence of Flow Direction on Urea Clearance: The module evaluating
the effect of flow orientation on clearance uses Michale’s equation and
its rearranged form. For comparing the effect of the overall mass trans-
fer coefficient on clearance, Michale’s equation is utilized where a user is
allowed to input the values of blood, dialysate flow rate, and lower and
higher-end values of K,A.[2*] However, how much is the quantitive 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 Equation (1), while for co-current flow, clearance was calculated us-
ing the following.[>*] Where D is the clearance of Urea for co-current flow
arrangement. The model required blood flow rate, the concentration of
Urea in blood, and dialysate sample as inputs. The overall mass transfer
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area coefficient is calculated through concentration values, which are fur-
ther used in both co and counter-current clearance equations. The values
of the parameters that are used are shown in Table ST3 (Supporting In-
formation). Furthermore, Figure SF2 (Supporting Information) shows the
interface of the module to evaluate the change in the clearance rate of Urea
with co and counter-current flow orientation over a range of dialysate flow
rates.

a(1+2)
1—=

D=0Qb ()

ob
'I+Qd

Overall Mass Transfer Area Coefficient and Urea Clearance: The over-
all mass transfer coefficient values are always mentioned in the specifica-
tion manual of each commercially available hemodialyzer. The manufac-
turer calculates these values of overall mass transfer coefficients under
specific blood and dialysate flow rates.[®%] Here, KoA was initially con-
sidered constant for a certain dialyzer, but varying dialysate flow rates
result in varying its values. As varying dialysate flow rates vary the val-
ues of KoA, the changes in values of KoA produce a change in the value
of clearance. For finding the effect of changing KoA values on clearance,
Equation (1) 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.[?>] Other than the
input values of KoA, the value for blood flow rate was provided. Table ST4
(Supporting Information) shows the values of parameters that were used
to form the plots. The user interface of this module is shown in Figure
SF3 (Supporting Information), where blood flow rate and mass trans-
fer area coefficient values are provided as inputs to plot the comparison
curve.

Urea Clearance and Hollow Fiber Dimensions: ~ For finding the effect of
hollow fiber dimensions, the value of the area in Michael's equation is
calculated based on the input value provided by the user, and this area
is used in clearance calculations. For investigating the effect of change in
hollow fiber dimensions on Urea clearance, Equation (6) was used to find
the area of hollow fibers in which ris the radius and | represents the length
of an individual fiber.’] In Equation (7), N, is the number of hollow fibers
present in the module while A, is the area of a single fiber.[’] At the same
time, the value of one of the parameters between length and radius was
kept constant. From the area value of a single fiber, Equation (7) was used
to find out the total area of the membrane (Adialyzer)'[7]

Afber = (27) () (1) ()
Adialyzer = (Aﬁber> (No) (7)

Finally, the membrane area was used in Equation (1) to determine the
change in Urea clearance over a certain range of changes in specific fiber
dimensions. The user will enter these dimensions to evaluate the clearance
value over a specific fiber length range. In addition, as the program aims to
compare the effect of change in fiber dimensions, blood, and dialysate flow
rates are kept constant. Table ST5 (Supporting Information) illustrates the
parameters that were used along with their respective values. Figure SF4
(Supporting Information) shows the interface of the module to find the
change in Urea clearance with a change in the dimensions of the hollow
fibers of the membrane.

Effect of Residual Renal Clearance on Standard Hemodialysis Adequacy:
There have been multiple attempts to find the most accurate dialysis dose
equation. The significant difference lies in the variables required to cal-
culate adequacy using a particular equation. Residual renal clearance is
strongly linked with the survival of patients on hemodialysis. A study found
that patients with preserved residual renal function had a 30% lower mor-
tality risk than patients with poor renal function.[8'! Residual renal clear-
ance increases equilibrated Kt/V by ~0.15 units per T mL min~ of resid-
ual renal Urea clearance in an average person.l®?] A critical parameter
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determining adequacy is the residual renal clearance (Kru), which indi-
cates any remaining kidney function in patients receiving hemodialysis.[63]
Preserving a healthy Kru has been related to reduced morbidity and mortal-
ity in hemodialysis patients. The relationship between residual renal func-
tion and std KT/V has been explored by initially calculating the single pool
adequacy using Daugirdas’s second-generation logarithmic equation.!?°]
The values obtained are then used to calculate weekly adequacy (nKt/V),
which was found using Depner and Bhatt’s[®*] equation, the results of
which are used to find equilibrated adequacy (eKt/V). Once eKT/V values
were obtained, they were substituted in the standard adequacy (std KT/V)
equation by Leypoldt.[®] Following Equation (8) shows the relation be-
tween residual renal clearance and equilibrated Kt/V (eKt/V). In the equa-
tion, V is the Urea distribution volume, and Kru is the residual renal clear-
ance in mL min~'. eKT/V is related to standard Kt/V (stdKT/V) through
Equation (9).16¢]

37'“ =45 x % ®)
176—5Kt/v
stakr _ 10,080—— o)
Vo lekV 10080
eKt/V Ft

where F is the number of weekly hemodialysis sessions and t is the dura-
tion of each session. The most commonly used equations are of a single
pool, equilibrated, and standard KT/V. Here, standard KT/V and equili-
brated KT/V as both of these equations incorporate residual renal func-
tion, which plays a vital role in assessing morbidity and mortality of ESRD
patients, have been analyzed. Therefore, Equation (8) was used to calcu-
late eKT/V with varying residual renal function, and the values obtained
for eKT/V were used to find out stdKT/V. Additionally, the change in val-
ues of stdKT/V with varying numbers of sessions per week was evaluated
and analyzed. Table ST6 (Supporting Information) shows the values used
for parameters to form the plot. Figure SF5 (Supporting Information) be-
low shows the module’s user interface, which takes time, dialysis sessions
per week, and post-dialysis weight as input to plot the change occurring
in standard KT/V with changing residual clearance.
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