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Abstract

Haemodialysis process is essential for patients with end-stage renal disease (ESRD), serving as a life-saving treatment that
substitutes the kidneys’ function in removing uremic toxins and maintain fluid balance in the bloodstream. Solute kinetic
models provide quantitative framework to predict solute clearance, assess treatment parameters, and improve patient
outcomes. This review offers insight into approaches in solute kinetic modelling in improving haemodialysis process and its
alignment with Sustainable Development Goals (SDGs). The review highlights the essential variables that influence solute
kinetic models towards achieving quality efficacy in dialysis treatment. These variables include dialyzer clearance, residual
renal clearance, rate, and location of generation of the substance in question, compartment volumes, intercompartment transfer
and distribution coefficient. Solutes (dissolved substances in the blood that need to be removed or regulated) were classified
and approaches to the solutes kinetic modelling were explained. Solute kinetic models contribute to achieve SDG Goals, SDG
3 (Good Health and Well-being); SDG 9 (Industry, Innovation, and Infrastructure); SDG 10 (Reduced Inequalities), and SDG
12 (Responsible Consumption and Production), through improved dialysis. These can be achieved by ensuring effective renal
replacement therapy, reducing mortality associated with kidney disease, promoting equitable accessible dialysis treatment,

and minimizing environmental waste in dialysis procedures.

KeyWOI‘dS: Kinetic Models; Haemodialysis; Renal Replacement; Kidney Disease; SDGs

Abbreviations

ESRD: End Stage Renal Disease; SDGs: Sustainable
Development Goals; UKM: Urea Kinetic Modeling; BMI: Body
Mass Index; DOQI: Dialysis Outcomes Quality Initiative; SKM:
Solute Kinetic Modelling

Introduction

Haemodialysis is a renal replacement therapy for the
removal of accumulated toxic waste and fluids in patients

Solute Kinetic Model in Haemodialysis Process: A Review and its Relevance to Sustainable Development Goals

(SDGs)

with end-stage renal disease (ESRD). The adequacy and
effectiveness of haemodialysis are important to patient
outcomes, affecting not only the removal of toxins but also
the overall quality of life [1]. Mathematical modelling of
haemodialysis process is an essential tool in understanding,
predicting, and optimizing treatment outcome. Researchers
have used mathematical models to simulate the dynamic
processes occurring during dialysis, predict outcomes under
various conditions, and refine treatment protocols to meet
individual patient needs. These models help unravel the
intricacies of solute transport, membrane interactions, and
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fluid dynamics within the dialyzer, providing a foundation
for advancing both the theoretical and practical aspects
of haemodialysis. Dialysis is a rate governed membrane
separation process whereby micro solute present in a feed
solution is driven across a semi-permeable membrane using
concentration gradient at a greater rate than macro solute
to the receiving solution (dialysate) thereby restraining the
macro solutes present in the feed solution from passing to
the dialysate stream [2,3]. Solute kinetic models describe
the transport and removal of solutes (waste products)
during haemodialysis. This review aims to provide different
approaches for solute kinetic modelling in haemodialysis
process. It explores the classification of solutes, principles
of solute kinetic models, their applications in clinical
and research settings, and the key factors that influence
their performance. In addition, the review explores the
intersection of solute Kinetic model in haemodialysis process
with the SDGs.

Solute Kinetic Models

The process model is a representation of the important
aspect of a system in mathematical form to describe the
behaviour of a system [4,5]. It can also be described as
the tool to analyze the system response at differing input
conditions and to describe the behavior of a physical or
chemical process [6,7]. They are also applied in biological
fields to obtain parameters that cannot and/or easily be
obtained in other ways [8].

A kinetic model is used to describe the changes in
a physical entity (such as concentration, mass, energy)
between a system and the environment over time when
applied to hemodialysis [9]. Kinetic models incorporate fluid
mechanics and mass transport mechanisms to represent the
whole patient-hemodialyzer system [10]. Kinetic models
help the physician to predict the changes in the body
compartments that are not accessible because of complexity
involved in the exchange between the body fluids (plasma,
interstitial and intracellular) and dialysis fluid for water,
toxins and electrolytes [10-12]. Solute kinetic modeling
helps in evaluating dialysis efficiency. Solute kinetic models
describe the transport and removal of solutes (waste
products) during hemodialysis.

Solute kinetic models consist of a set of ordinary
differential equations describing changes in solute
mass, concentration and distribution volume in body
compartments and the dialyzer. These models can be used
to predict the concentration of solutes in the blood over
time and to assess the efficiency of dialysis treatments.
These variables include dialyzer clearance, residual renal
clearance, rate and location of generation of the substance in
question, compartment volumes, intercompartment transfer
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and distribution coefficient [11,13].

Dialyzer Clearance: Dialyzer clearance is used to determine
the rate of removal of a solute from blood per unit time. It
depends not only on the treatment method but also on the
dialyzer characteristics. Dialyzer clearance for a particular
solute (urea, creatinine, phosphate, vitamin B12, etc.) is
characterized by its diffusive clearance values [10]. Dialyzer
clearance is calculated from the mass balance equation [13]:

KCBi = QBiCBi - QBoCBo (1)

K= clearance (mL/min), Q,= blood flow at the dialyzer
inlet, Q_BO= blood flow at dialyzer outlet, C_Bo and C_Bi =
concentration of the solute (mmol/L) for output and input
respectively

If Q, is ultrafiltration rate and blood flow is Q,, then

Qpo=Qpi- Qr (2

Substituting Equation (1) in Equation (2) and substituting

Q,=Q,, Q=0 gives general clearance for haemodialysis as
[11]:

C,-C C

K:KHD:QB B BO :QB 1- BO

Cyi Cyi

(3)

However, if ultrafiltration is present, that is, Q.#0, the general
clearance is written as,

Q iC i” Q i'Q C
K= Bi —B (CB F) BO:KHD+QF

CBO

(4)

Bi Bi

where K, =solute clearance by diffusion (no ultrafiltration),
Q; C,,/C,, = convective part of the solute transport.

Residual Renal Clearance: Residual renal clearance is
used to determine the error that might occur during the
estimation of the concentration of substances in a dialysis
patient. These errors might occur due to difficulty in passing
small volumes of urine or a change in plasma creatinine
concentration between dialysis treatments. Hence, urine
is usually collected for 24 h. and analyzed for urea and
creatinine to determine the residual renal function [11,13].
For a particular substance, Equation 5 is used to calculate the
residual renal clearance (Kr) [11].

K - excretionrate _ CpoVigine 1| _AM, 1 5)
r
Ce Turine Ce Turine Ce
Where Ce = plasma solute concentration, Curine = solute
concentration of urine, V. =volume of urine, T =Time

urine urine
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of urine collection and AMr = mass of solute removed from
the kidney.

Generation Rate: Synthesis of toxic substances takes place
eitherin the intracellular or extracellular compartments [13].
At a steady state and with continuous dialytic treatment, the
solute generation rate (G) is balanced by solute removal rate
(Kss) with a constant concentration within the patient body
[11]. Assume a single pool model, G is given by:

SYUETU I

where Cb = mean value of Cb(t) from time t=0 to t=t,,
V = distribution volume (mL), Cb (0) and Cb(t) = plasma
concentration at the beginning and end of the measurement
period (t), Kr = residual renal clearance.

Compartment Effects: There are large numbers of physical
compartments present in the human body where most of the
toxins to be removed reside aside from the blood [11,14,15] .
A compartment can be referred to as a space that is separated
from the environment and allows the controlled exchange
of energy, mass and information with the environment
[16]. In developing a model in haemodialysis, analysis of
physiological and chemical interaction between the body
fluid compartments is important. The compartments can be

one single pool or set of interconnected pools (two or more
compartments) with each of them being characterized by
homogeneous internal solute concentration (C,, C, ...) and
distribution volume (V,V,) all changing with time due to
changes in their transport process.

A human body can be described mathematically by
considering it as a single pool (one compartment) or a set
of interconnected pools (two or multiple compartments).
One compartment assumes that the body is a single, well-
mixed space with high permeability of cells to the modeled
solute and a rapid flow of blood that transports solute
through a perfused body. For two-compartment models, the
patient body is divided into intracellular and extracellular
compartments. Moreover, multiple compartment models can
predict changes in body compartments that are inaccessible
to the clinician but may be relevant to clinical side effects.

The transport processes can be modelled by considering
input and output amount of solute, solute generation (G)
and metabolic elimination. Each compartment is expressed
mathematically as an ordinary differential equation to
simulate changes in concentrations of solutes of dialysis
patients and describe changes of solute concentration,
mass and distribution volume in body compartments and
the dialyzer. The schematic diagram for the one and two-
compartment models is shown in Figure 1 [11,13,17].

Figure 1: One and Two Compartment Models for Solute Distribution Volume [11].

For one compartment solute distribution, the rate of
change of solute mass in the body (Mb) is given by:

dM, _d(C,V.)
dt d

The rate of change of solute mass in the dialysate (Md) is:

(6)
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dM,

=d(C,V,)/dt (7)

where C, and C, = concentration of solute in the body and
dialysate and V, and V, = fluid volume in the body and
dialysate.

The mathematical description of mass balance of total solute
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mass is given by Debowska M, et al. [11]:

% =G-K(C,-C,)K,C, (8)
L) eqco

where K= solute clearance, K =residual renal clearance, G=
rate of solute generation

However, for more than one compartment model, each
compartment will be represented by a set of the differential
equations which have to be solved simultaneously using
any appropriate numerical integration methods [17]. In this
case output of one compartment will serve as input to next
compartment which is serial arrangement.

An example is the two-compartment model where
solute removal by the hemodialyzer is a function of the
solute concentration in the extracellular compartment Ce
and is indirectly dependent on the intercompartmental mass
transport coefficient Kc. It can be mathematically expressed
as:

%=KC(Ci-Ce)-K(Ce-Cd)JrG-KrCe (10)
d(V.C))
— 1 V=K (C-C 11
" A(C-C.) an
—d(\gtc" ) =K (C,-C,)(12)

where C, and C, = solute concentration in intracellular and
extracellular compartments, V, and V, 0= fluid volume in the
intracellular and extracellular compartment.

A review of the past work showed that hemodialyzer
clearance and dialysis kinetic was first described by Wolf, et
al.[18]. Also, Renkin, pioneered the mathematical description
of dialysis. Bell, et al. applied to model to renal replacement
therapy where a simulation was developed based on
patient-hemodialyzer interaction while Sargent and Gotch
introduced the one-compartment model to clinical practice
for patient care. The solutes can be categorized based on
their molecular weight range into small molecules, middle
molecules and larger molecular as shown in Table 1 as
defined by the European Toxin Work Group (EUTox) [19,20].

Classification of . . . Molecular
Solutes Example (Molecular Weight) Origin Weight Range
Urea (60 Da) Breakdown of proteins and amino acids.
Creatinine (113 Da) Waste product from muscle metabolism.
Small molecules Electrolytes (Na+, K+,... etc.) (134 Da) | Dietary intake and metabolic processes <500
. A buffer that neutralizes acids in the
Bicarbonates
blood.
. . Deficiencies in various vitamins and
Vitamin B12 (1355 Da) :
minerals.
Vancomycin (1448, Da) Pharmacoklngtlcs and clinical
effectiveness.
Middle molecules - - 500 -15000
Inuline (5200, Da) Endotoxin Dietarv conditions
fragments (1000-15000 Da) y
B2-microglobulin (11818 Da) Protein associated with the immune
system
Myoglobin (17000)
Large molecules EPO (34000) >15000
Proteins: e.g. Albumin (66000 Da)

Table 1: Categorization of Solutes.

Urea Kinetic Modelling

Urea kinetic modeling (UKM) is the most widely used
application of solute kinetic models in hemodialysis. Urea
is used as a marker because it is a small, easily measurable
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solute and represents overall waste removal efficiency.
The first solute kinetic modelling approach is Urea Kinetic
Modelling (UKM) which was first investigated by Gotch in
the mid - 1970 [10]. UKM is a method used for describing
the combined effects of urea removal and generation taking
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the total urea distribution within the body into consideration
[14,21]. This was investigated for evaluation of dialysis
adequacy, urea distribution volume equated to the total body
water and protein catabolism rate [10,14], urea clearance to
measure haemodialysis adequacy because urea clearance
correlates more with clearances of all toxins [14,22]. Gotch
and Sargent (1985), use the parameter known as Kt/V index
or dialysis dose to describe the effectiveness of haemodialysis
treatment. This dialysis index (Kt/V) is the urea clearance
(K, ml/min) multiplying the length of dialysis treatment (t/
min) and dividing the patients’ volume of urea distribution
(V, 1). Several researchers [14,17,23,24] have worked on the
standard to measure adequate dialysis dose using the one-
or two-compartment model. However, a consensus was later

reached that the Dialysis Outcomes Quality Initiative (DOQI)
should be followed for its adequate measurement.

Indices For UKM Measurement

Standard Kt/V: This is a dialysis parameter usually used to
determine the dose of dialysis therapy. It is the ratio of the
dialyzer clearance (K), dialysis time (t), and the volume of
distribution of urea (V). Researchers have developed various
Kt/V models to estimate dialysis dose by utilizing pre and
post dialysis blood urea nitrogen. These models are shown
in Table 2, however, literature have supported the minimum
haemodialysis dose of at least kt/V=1.2, optimal dose is yet
to be given [22].

Model

UKM Formular

Lowrie Model

Kt C
—=]n| =

t

Jindal Model

Kt

Keshaviah model

~ ~0-04((C,-C,)/C,x100)-1.2
Kt 162m S
v C

t

Barth Model

~ ~0-031((C,-C,)/C, x100)-0.66

Calzavara Model

%=(co-ct)/(co+ct)/2

Kt C UF
Daugirdas 1 —=-In| = |-0.008xt-—
A% C Wt

[

Kt

Basile Model 7=0.023((C0 -C, )/COXIOO)-O.284

ljely Model %20.018((C0-Ct)/co><100)
Daugidas 2 E=-ln 3-0.008><'[ + 4-3.5><& XE
\Y C, C,) Wt
Kt
Kerr Model 720.042 ((C0 -C, )/CO>< 100)-1.48
Kt
Azar Model —2-0.081+1.082IH(C0)-1.053ln(Ct)
A%

Table 2: Different models for estimation of the Kt/V.

Sulayman AA, et al. Solute Kinetic Model in Haemodialysis Process: A Review and its Relevance
to Sustainable Development Goals (SDGs). ] Urol Nephrol 2024, 9(3): 000261.

Copyright© Sulayman AA, et al.


https://medwinpublishers.com/OAJUN/

Open Access Journal of Urology & Nephrology

Urea Reduction Ratio (URR)

This is the percentage reduction in blood urea
concentration during dialysis. Dialysis is adequate when URR
is 65% and above [25,26]. URR can be determined using:

URR=100(1-(C, /C,)) (13)

where, C= urea concentration at time t, C = initial urea
concentration

Kinetic Modelling of Solutes other than Urea

Sodium, a potent osmotic regulator of water distribution
in the body, can cause side effects such as muscle cramps,
symptomatic hypotension, headache, nausea when there is
a change in sodium concentration and water shift between
intracellular and extracellular space during haemodialysis.
Sodium kinetic modelling is thus important to guarantee
appropriate manipulation of sodium concentration [27,28].
Petitclerc, et al. [27]; Filippo, et al. [29]; Coli, et al. [30-32]
are among researchers that have worked on sodium Kkinetic
modelling to demonstrate how sodium can reduce the side
effect during haemodialysis. Few clinical studies have been
able to demonstrate the clinical evaluation of the sodium
model in reducing hypotension-related morbidity [28].
Modelling of electrolytes such as K+, HCO3- and Ca2+ have
been studied by Locatelli F, et al. [30], Fernandez de Canete
], et al. [33], Eloot, et al. [17], Cronin-Fine D, et al. [34] have
proven to be essential in feedback control systems and
profiled dialysis.

The kinetics of iodine was investigated by Eloot S, et
al. [35-37]. Eloot, et al. [35] determined the best dialysis
approach. In their work, two-injured patients were treated
with povidone-iodine on their open burn wounds and
were placed on different haemodialysis strategies such
as intermittent dialysis, alternate day dialysis, long and
intensive dialysis. The result of their work showed that the
best dialysis strategy to remove iodine was obtained by daily
long (12h) intensive dialysis. Other researchers on iodine
kinetics are

Sprenger, et al. [13] studied the urea and creatinine
kinetic models using the single and double pools and
concluded in their work that the double pool model is
necessary and suitable for simulating creatinine Kkinetic
models, and for describing the kinetics of uric acid, vitamin
B12 and inulin during dialysis. The toxin kinetic model for
Haemodialysis patients was studied by Spalding EM, et al.
[38] to understand the physiological distribution of toxins,
their accumulation and removal characteristics. The work
employed a model-based design of experiments technique
to explain optimal sampling protocol. The result of the
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work showed that with the technique used, parameters are
estimated better using samples collected in the intra-dialytic
phase. However, these samples should be collected only
towards the end of the post-dialytic phase because post-
dialytic phase samples are less informative.

Phosphate kinetics was described by Eloot S, et al
[17], the work showed that phosphate kinetic model is not
only governed by diffusion and inter-compartment mass
transfer and solute generation, it is also a time-dependent
and rapid influx of phosphate into the extracellular space
by biochemical processes or mobilization from the bones
which constitute a large phosphate reservoir. The work
concluded that phosphate concentration almost levels off
or even increases during dialysis which might be due to
active metabolic processes. A four-compartment model was
developed by Spalding, et al. [39] to describe the barrier to
phosphate removal during dialysis. The result of their work
suggested that the transfer of phosphate from intracellular to
extracellular compartment can limit the barrier to phosphate
removal during dialysis, however, some complex factors also
play a major role. Also, theoretical prediction from the model
is that increasing the treatment frequency or duration of
treatment can increase the removal of phosphate [40].

Baigent, et al. [32] modelled profiled haemodialysis, a
haemodialysis process whereby the rate of water removal
and/or the dialysis machine sodium concentration is
varied according to predetermined profile, by modelling
the intracellular sodium, hollow fibre dialyze and then a
method for identification of plasma volume refilling rate
from interstitial space as a rate-limiting process. The result
of their work was not compared with clinical data from a
profiled haemodialysis session. To analyze the accuracy of
haemodialysis modelling in the course of treatment and in
predicting the effect of the haemodialysis procedure, Ziolko,
et al. [9] used mathematical model coefficients that is based
on concentration measurement of urea, creatinine and uric
acid in the patients’ blood and dialysate using one and two-
compartment model. There result showed that both models
described the concentrations of urea, creatinine and uric
acid effectively, however, two-compartment model was more
effective but more complicated than the one-compartment
model.

In the investigative work of a Cronin-Fine D, et al. [34],
the mathematical model was developed to compare solute
kinetics in Haemodialysis patients having low body mass
index (BMI) with solute kinetics in patients with high BMI.
Their study focused on how kinetic modelling can explain
why smaller BMI patients a higher mortality risk have than
higher BMI patients using a three-pool urea-kinetic model.
The categorized BMI are 40kg bodyweight for the small
patients, 70 kg for the middle patients and 100kg for large
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patients. The result of their work suggested that higher
mortality for smaller dialysis patients may be facilitated by
higher average toxin concentration, especially for solutes
with a low mass-transfer coefficient value.

A two-compartment model, inter-compartment and
extra-compartment was developed by Canto, et al. [41], for
determining the efficiency of models used for dialysis process
analysis by using structural identifiability. The work was
based on the determination of some unknown parameters
using biological system’s behaviour to determine the input-
output behaviour in state-space, however, no clinical analysis
was carried out.

Intersection of Solute Kinetic Modelling and
SDGs

Chronic Kidney Disease has become common disease
worldwide affecting almost 850 million people with majority
undergoing dialysis treatment [15]. Solute kinetic modelling
is an important approach that align with broader global
objectives, outlined in the Sustainable Development Goals
(SDGs) established by the United Nations. The potential
contribution of SDGs in solute kinetic modelling are
highlighted as follows:

Good Health and Well-Being (SDG 3): Enhancing quality
and precision of hemodialysis treatments, effective solute
removal and electrolyte balance will improve patient health
outcomes and reduce morbidity and mortality of dialysis
patient.

Innovation in Healthcare Technology (SDG 9): Continuous
improvement in modeling techniques fosters efficient, cost-
effective solutions, innovative methods capable of promoting
in healthcare industry.

Reduced Inequalities (SDG 10): Innovative modelling
techniques can enable more effective, low-cost, and
accessible treatments, that reduce disparities in healthcare,
enabling that quality care is available to all patients.

Efficient use of Resources (SDG 12): Haemodialysis
solute kinetic modeling contributes to efficient resources
usage and sustainable healthcare practices and reduction in
environmental impact.

Conclusion

This work explained the importance of various
parameters that influence solute kinetic models, such
as dialyzer clearance, residual renal clearance, solute
generation rate, and compartment effects in predicting,
monitoring, and optimizing towards quality haemodialysis
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treatment. Classification of solutes and their kinetic models
were analyzed in this work. SKM has shown as quantitative
tool that predicts solute clearance, assess vital treatment
parameters, and contribute to improved patient outcome.
Also, innovation in SKM is closely related to Sustainable
Development Goals (SDGs) through advancing global health,
fostering innovation, reducing inequalities, and promoting
sustainability. SKM is important tool in achieving effective
and efficient haemodialysis treatment that can reduce the
mortality of patients with kidney disease.

References

1. SulaymanAA, AraromiDO, Ayodele OE (2023) Design and
Development of Arduino-Based Temperature Monitoring
System For A Portable Haemodialysis System. Journal of
the Nigerian Society of Chemical Engineers 38(1): 18-23.

2. Sirkar KK (2014) Separation of Molecules,
Macromolecules and Particles: Principles, Phenomena
and Processes, 1** (Edn.), Cambridge University Press,
United Kingdom.

3. Ho WSW, Sirkar KK (1992) Membrane Handbook.
Springer, New York, 1: 954.

4. Matzopoulos M (2011) Dynamic Process Modeling:
Combining Models and Experimental Data to Solve
Industrial Problems. In: Georgiadia MC, et al. (Eds.),
Process Systems Engineering, Wiley-Vch verlag Gmbh &
Co, pp: 3-33.

5. Roffel B, Ben B (2006) Process Dynamics and Control.
Netherlands.

6. lkonenE,NajimK(2002)Advanced ProcessIdentification
and Control. United States of America.

7. Ogunnaike BA, Harmon R (1994) process dynamics,
modelling, and control. 1% (Edn.), Oxford universty press,
Newyork.

8. Batzel JJ, Bachar M, Kappel F (2013) Mathematical
Modeling and Validation in Physiology. In: Batzel, J],
et al (Eds.), Applications to the Cardiovascular and
Respiratory Systems, Springer, London.

9. Ziofcko M, Pietrzyk JA, Grabska-Chrzastowska ] (2000)
Accuracy of hemodialysis modeling. Kidney Int 57(3):
1152-1163.

10. Morel H (2009) Acid-base balance during online
hemodiafiltration: modeling, in vitro and clinical analyses
of bicarbonate transfers. University of Technology of
Compiegne, French.

Copyright© Sulayman AA, et al.


https://medwinpublishers.com/OAJUN/
https://link.springer.com/book/10.1007/978-1-4615-3548-5
https://link.springer.com/book/10.1007/978-1-4615-3548-5
https://link.springer.com/book/10.1007/978-3-642-32882-4
https://link.springer.com/book/10.1007/978-3-642-32882-4
https://link.springer.com/book/10.1007/978-3-642-32882-4
https://link.springer.com/book/10.1007/978-3-642-32882-4
https://www.kidney-international.org/article/S0085-2538(15)46846-2/fulltext
https://www.kidney-international.org/article/S0085-2538(15)46846-2/fulltext
https://www.kidney-international.org/article/S0085-2538(15)46846-2/fulltext

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Sulayman AA, et al. Solute Kinetic Model in Haemodialysis Process: A Review and its Relevance
to Sustainable Development Goals (SDGs). ] Urol Nephrol 2024, 9(3): 000261.

Open Access Journal of Urology & Nephrology

Debowska M, Lindholm B, Waniewski ] (2011)
Kinetic Modeling and Adequacy of Dialysis. In: Carpi
A (Ed.), Progress in Hemodialysis - From Emergent
Biotechnology to Clinical Practice.

Galach M, Werynski A (2004) Mathematical Modelling of
Renal Replacement Therapies. Biocybern Biomed 24(4):
3-18.

Sprenger KBG, Werner K, Lewis AE, Stadtmuller U (1983)
Kinetic Modeling of Hemodialysis, Hemofiltration, and
Hemodiafiltration. Kidney Int 24: 143-151.

Azar AT (2013) Modellingand Control of Dialysis Systems:
Modelling. 1% (Edn.), Techniques of Hemodialysis
Systems, Springer, London.

Pstras L, Stachowska-pietka ], Debowska M, Pietribiasi
M, Poleszczuk ], et al. (2022) Dialysis therapies:
Investigation of transport and regulatory processes
using mathematical modelling. Biocybern Biomed Eng
42(1): 60-78.

Schneditz D, Daugirdas JT (2001) Compartment Effects
in Hemodialysis. Semin Dial 14(4): 271-277.

Eloot S, Schneditz D, Vanholder R (2012) What can the
dialysis physician learn from kinetic modelling beyond
Kt / V urea? Nephrol Dial Transplant 27(11): 4021-
4029.

Pstras L, Waniewski ] (2019) Mathematical Modelling
of Haemodialysis: Cardiovascular Response, Body Fluid
Shifts and Solute Kinetics. Springer, Switzerland, pp: 156.

Eloot S (2004) Experimental and Numerical Modeling of
Dialysis. Ghent University, Belgium.

John TD, Pete GB, Toss SI (2000) Handbook of Dialysis.
3 (Edn.), Lippincott Williams & Wilkins, USA.

Levy ], Morgan ], Brown E (2009) Oxford Handbook of
Dialysis. 3"(Edn.), Oxford University Press Inc, New York.

Azar AT (2008) Estimation of Accurate and New Method
for Hemodialysis Dose Calculation. Clin Med Insights
Urol 1(1): 15-21.

Gotch F (1998) Nephrology Dialysis Transplantation The
current place of urea kinetic modelling with respect to
different dialysis modalities. Medicine: 10-14.

Palmer BF The Dialysis Prescription and Urea Modeling.
Dialysis as Treatment of End-Stage Renal Disease.

Nafisi VR, Eghbal M, Reza M, Motlagh ], Yavari F (2011)
Fuzzy Logic Controller for Hemodialysis Machine Based

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

on Human Body Model. ] Med Signals Sensors 1(1): 36-
48.

Panhwar MA, Panhwar F, Zhao G, Pirzada N (2018) A
low-cost portable device for combined hemodialysis and
ultrafiltration. Int ] Appl Eng Res 13(7): 5400-5403.

Petitclerc T, Trombert JC, Coevoet B, Jacobs C (1996)
Electrolyte Modelling: Sodium. Is Dialysate Sodium
Profiling Actually Useful? Nephrol Dial Transplant
11(Suppl 2): 35-38.

Waniewski ] (2002) Mathematical Models for Evaluation,
Optimization, and Control of Artificial Kidney Therapy. ]
Med Informatics Technol 3: 27-40.

Locatelli E, Stefoni S, Petitclerc T, Coli L, Filippo SD, et al.
(2012) Effect of a Plasma Sodium Biofeedback System
applied to HFR on the Intradialytic Cardiovascular
Stability. Results from a Randomized Controlled Study.
Nephrol Dial Transpl 27: 3935-3942.

Locatelli F, Di Filippo S, Manzoni C (2000) Relevance of
the conductivity kinetic model in the control of sodium
pool. Kidney Int Suppl 58(76): S89-S95.

Tura A, Sbrignadello S, Mambelli E, Ravazzani P, Santoro
A, et al. (2013) Sodium Concentration Measurement
during Hemodialysis through lon-Exchange Resin and
Conductivity Measure Approach: In Vitro Experiments.
Plos One 8(7): e69227.

Baigent S (2001) Mathematical Modelling of Profiled
Haemodialysis.

Canete JFD, Huang PDS (2010) First-principles modeling
of fluid and solute exchange in the human during normal
and hemodialysis conditions. Comput Biol Med 40(9):
740-750.

Cronin-Fine D, Gotch F, Levin N, Kotanko P, Lysaght M
(2007) A mathematical model comparing solute kinetics
in low- and high-BMI hemodialysis patients. Int ] Artif
Organs 30(11): 1-8.

Eloot S, Dhondt A, Hoste E, Verstraete A, Waele |D,
et al. (2009) How to remove accumulated iodine in
burn-injured patients How to remove accumulated
iodine in burn-injured patients. Nephrology Dialysis
Transplantation 25(5): 1614-1620.

Kanakiriya S, Chazal ID, Nath KA, Haugen EN, Albright RC
(2003) Iodine Toxicity Treated With Hemodialysis and
Continuous Venovenous Hemodiafiltration. Am ] Kidney
Dis 41(3): 702-708.

Barenbrock M, Hausberg M, Matzkies F, Motte SDL,

Copyright© Sulayman AA, et al.


https://medwinpublishers.com/OAJUN/
https://www.kidney-international.org/article/S0085-2538(15)33008-8/fulltext
https://www.kidney-international.org/article/S0085-2538(15)33008-8/fulltext
https://www.kidney-international.org/article/S0085-2538(15)33008-8/fulltext
https://www.sciencedirect.com/science/article/abs/pii/S0208521621001315
https://www.sciencedirect.com/science/article/abs/pii/S0208521621001315
https://www.sciencedirect.com/science/article/abs/pii/S0208521621001315
https://www.sciencedirect.com/science/article/abs/pii/S0208521621001315
https://www.sciencedirect.com/science/article/abs/pii/S0208521621001315
https://onlinelibrary.wiley.com/doi/abs/10.1046/j.1525-139X.2001.00066.x
https://onlinelibrary.wiley.com/doi/abs/10.1046/j.1525-139X.2001.00066.x
https://academic.oup.com/ndt/article/27/11/4021/1813683
https://academic.oup.com/ndt/article/27/11/4021/1813683
https://academic.oup.com/ndt/article/27/11/4021/1813683
https://academic.oup.com/ndt/article/27/11/4021/1813683
https://link.springer.com/book/10.1007/978-3-030-21410-4
https://link.springer.com/book/10.1007/978-3-030-21410-4
https://link.springer.com/book/10.1007/978-3-030-21410-4
https://www.ugent.be/ea/ibitech/en/about-us/biommeda-staff-1/phd/phd-eloot-sunny.pdf
https://www.ugent.be/ea/ibitech/en/about-us/biommeda-staff-1/phd/phd-eloot-sunny.pdf
https://academic.oup.com/book/25086
https://academic.oup.com/book/25086
https://journals.sagepub.com/doi/10.4137/CMU.S771
https://journals.sagepub.com/doi/10.4137/CMU.S771
https://journals.sagepub.com/doi/10.4137/CMU.S771
https://www.semanticscholar.org/paper/Nephrology-Dialysis-Transplantation-the-Current-of-Gotch/d32d5d4e2549a92575b21db338c5e3ad40a19f32
https://www.semanticscholar.org/paper/Nephrology-Dialysis-Transplantation-the-Current-of-Gotch/d32d5d4e2549a92575b21db338c5e3ad40a19f32
https://www.semanticscholar.org/paper/Nephrology-Dialysis-Transplantation-the-Current-of-Gotch/d32d5d4e2549a92575b21db338c5e3ad40a19f32
https://pubmed.ncbi.nlm.nih.gov/22606657/
https://pubmed.ncbi.nlm.nih.gov/22606657/
https://pubmed.ncbi.nlm.nih.gov/22606657/
https://pubmed.ncbi.nlm.nih.gov/22606657/
https://www.ripublication.com/ijaer18/ijaerv13n7_114.pdf
https://www.ripublication.com/ijaer18/ijaerv13n7_114.pdf
https://www.ripublication.com/ijaer18/ijaerv13n7_114.pdf
https://pubmed.ncbi.nlm.nih.gov/8803993/
https://pubmed.ncbi.nlm.nih.gov/8803993/
https://pubmed.ncbi.nlm.nih.gov/8803993/
https://pubmed.ncbi.nlm.nih.gov/8803993/
https://www.academia.edu/94267877/Mathematical_Models_for_Evaluation_Optimization_and_Control_of_Artificial_Kidney_Therapy
https://www.academia.edu/94267877/Mathematical_Models_for_Evaluation_Optimization_and_Control_of_Artificial_Kidney_Therapy
https://www.academia.edu/94267877/Mathematical_Models_for_Evaluation_Optimization_and_Control_of_Artificial_Kidney_Therapy
https://academic.oup.com/ndt/article/27/10/3935/1826870
https://academic.oup.com/ndt/article/27/10/3935/1826870
https://academic.oup.com/ndt/article/27/10/3935/1826870
https://academic.oup.com/ndt/article/27/10/3935/1826870
https://academic.oup.com/ndt/article/27/10/3935/1826870
https://pubmed.ncbi.nlm.nih.gov/10936804/
https://pubmed.ncbi.nlm.nih.gov/10936804/
https://pubmed.ncbi.nlm.nih.gov/10936804/
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0069227
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0069227
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0069227
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0069227
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0069227
https://onlinelibrary.wiley.com/doi/10.1080/10273660108833070
https://onlinelibrary.wiley.com/doi/10.1080/10273660108833070
https://www.sciencedirect.com/science/article/abs/pii/S001048251000096X
https://www.sciencedirect.com/science/article/abs/pii/S001048251000096X
https://www.sciencedirect.com/science/article/abs/pii/S001048251000096X
https://www.sciencedirect.com/science/article/abs/pii/S001048251000096X
https://journals.sagepub.com/doi/abs/10.1177/039139880703001109
https://journals.sagepub.com/doi/abs/10.1177/039139880703001109
https://journals.sagepub.com/doi/abs/10.1177/039139880703001109
https://journals.sagepub.com/doi/abs/10.1177/039139880703001109
https://academic.oup.com/ndt/article/25/5/1614/1838472
https://academic.oup.com/ndt/article/25/5/1614/1838472
https://academic.oup.com/ndt/article/25/5/1614/1838472
https://academic.oup.com/ndt/article/25/5/1614/1838472
https://academic.oup.com/ndt/article/25/5/1614/1838472
https://pubmed.ncbi.nlm.nih.gov/12612997/
https://pubmed.ncbi.nlm.nih.gov/12612997/
https://pubmed.ncbi.nlm.nih.gov/12612997/
https://pubmed.ncbi.nlm.nih.gov/12612997/
https://www.sciencedirect.com/science/article/pii/S0085253815472734

38.

39.

Sulayman AA, et al. Solute Kinetic Model in Haemodialysis Process: A Review and its Relevance
to Sustainable Development Goals (SDGs). ] Urol Nephrol 2024, 9(3): 000261.

Open Access Journal of Urology & Nephrology

Schaefer RM (2000) Effects of bicarbonate- and lactate-
buffered replacement fluids on cardiovascular outcome
in CVVH patients. Kidney Int 58(4): 1751-1757.

Maheshwari V (2015) Application of Design of
Experiments in Hemodialysis: Optimal Sampling
Protocol for 32 -microglobulin Kinetic Model. Chem Eng
Sci 131: 84-90.

Spalding EM, Chamney PW, Farrington K (2002)

40.

41.

Phosphate kinetics during hemodialysis : Evidence for
biphasic regulation. Kidney Int 61(2): 655-667.

Leypoldt JK Kinetics of § 2 -Microglobulin and Phosphate
during Hemodialysis: Effects of Treatment Frequency
and Duration.

Canto B, Coll C, Sanchez E (2009) Structural Identifiability
of a Model of Dialysis. Math Comput Model 50(5-6): 733-
737.

Copyright© Sulayman AA, et al.


https://medwinpublishers.com/OAJUN/
https://www.sciencedirect.com/science/article/pii/S0085253815472734
https://www.sciencedirect.com/science/article/pii/S0085253815472734
https://www.sciencedirect.com/science/article/pii/S0085253815472734
https://www.sciencedirect.com/science/article/abs/pii/S0009250915002274
https://www.sciencedirect.com/science/article/abs/pii/S0009250915002274
https://www.sciencedirect.com/science/article/abs/pii/S0009250915002274
https://www.sciencedirect.com/science/article/abs/pii/S0009250915002274
https://www.sciencedirect.com/science/article/pii/S0085253815482572
https://www.sciencedirect.com/science/article/pii/S0085253815482572
https://www.sciencedirect.com/science/article/pii/S0085253815482572
https://www.sciencedirect.com/science/article/pii/S0895717709001332
https://www.sciencedirect.com/science/article/pii/S0895717709001332
https://www.sciencedirect.com/science/article/pii/S0895717709001332

	_GoBack
	Abstract
	Abbreviations
	Introduction
	Solute Kinetic Models
	Urea Kinetic Modelling 
	Indices For UKM Measurement
	Urea Reduction Ratio (URR)
	Kinetic Modelling of Solutes other than Urea
	Intersection of Solute Kinetic Modelling and SDGs

	Conclusion
	References

