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Abstract:

The human kidney is one of the most important organs in the human body; it performs many functions
and has a great impact on the work of the rest of the organs. Among the most important possible treatments is
dialysis, which works as an external artificial kidney, and several studies have worked to enhance the
mechanism of dialysate flow and improve the permeability of its membrane. This study introduces a new
numerical model based on previous research discussing the variations in the concentrations of sodium,
potassium, and urea in the extracellular area in the blood during hemodialysis. We simulated the differential
equations related to mass transfer diffusion and we developed the model in MATLAB Simulink environment.
A value of 700 was appeared to be the most appropriate as a mass transfer coefficient leading to the best
permeability. The suggested models enabled to track the temporal variations of urine, K and Na concentrations
in blood streamline. This also produced the time needed to reach the requested concentrations mentioned in
literature studies (960 ms). Concentrations evaluation was performed with error rates not exceeding 2% for all
ions compared to the normal values of human blood.The current work presents the first step towards combinig
the mass transfer and diffusion principles with our efforts in designing and implementing an electrophoresis-
based implantable kidney.

Key words: Applications of implantable kidney, Kidney design, Matlab, Numerical modeling, Renal ions
equilibrium.

Introduction:
Chronic kidney diseases are increasing
worldwide with about 10% of the world's adult

8% annually®. However, in hemodialysis, both
patient's blood and dialysis fluid are pumped into the

population. Although it affects all age groups and
gender, it is more prevalent among elderly
individuals, where the prevalence rate among people
over 64 years of age ranges between 3-36% 1.
Chronic kidney diseases are defined as a decrease in
the glomerular filtration rate to less than 60 mL /min
per 1.73 m? or signs of kidney damage, often
identified by albuminuria, for more than 3 months 2.
Recent studies have indicated that kidney-related
mortality was estimated to 2.2 million annual deaths
4% of deaths worldwide 2. To support renal patients,
two methods are used: kidney transplantation and
dialysis (hemodialysis and peritoneal dialysis). An
estimated number of 1.4 million people worldwide
need these treatments and this number is growing at

dialyzer in opposite directions to be purified based
on the difference in the concentration of waste
between both liquids *.

Simulation and modeling became a well-
established tool to assist health care decision-makers
in evaluating systems design and knowing all
technical design considerations to support decision-
making, providing adequate information to
physicians and managers, for forecasting and
assistance in effective future planning®. Ciandrini et
al. dealt with the modeling of potassium removing
and the results showed how important to discuss the
relationship among K+ apportionment between
extracellular and intracellular compartments, and K
concentration in the dialysate ®. Annan et al.
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suggested a model that takes into account the
exchange of bicarbonate ions within the dialyzer and
predicts the dynamics of dissolved exchange during
the dialysis session, lasting 4 hours. This model was
suggested to improve the acid-base status of patients
with renal disease in its final stages by appropriate
selection of HCO3— and electrolyte concentrations in
dialysis fluid ’.

Maheshwari et al. modeled the dynamic
balance between protein and toxins. The simulation
indicated that the increase in the flow rate of the
dialysis  fluid increases the efficiency of
detoxification, which is closely related to the protein,
while the toxins that are not closely related, it is
useful to increase the blood flow rate 8. Dauda et al.
developed a dialysis mathematical model in which
the kidney was modeled using two departments. The
model was validated using clinical data. They have
found that dialysis twice a week with five hours per
session is the optimal case to reduce the concertation
of urea ®. Kahshan et al. discussed blood filtration
through a permeable membrane in a flat plate
hemodialyzer (FPH). They built a mathematical
model using Darcy’s law, low Reynolds number, and
long membrane length assumption, equations of
motion. It also presented Casson fluid flow between
two parallel permeable membranes with an
application to the blood flow in (FPH) °.

In this paper, a new expanded model is
introduced which simulates the mechanisms of
solutes and ions equilibrium and diffusion through
the dialysis membrane, using the principles of mass
transfer and diffusion using concentration
differentiation. The results of this model will be
primordial for the progress of our dialysis
enhancement project relying on an electrophoresis
principle to control the diffusion of ions substrates
and the separation of blood toxins.

Methods

The present model consisted of three stages: 1-
Modeling of diffusion process between the
bloodstream and membrane dialyzing pipes. 2-
Sodium, Potassium, and 3- Urea mass transferred
inside the blood (in the extracellular space) during
the dialysis process. In this research, solutes
equilibrium equations are summarized in one
generalized equation that can be applied for Na, K,

and Urine. Three interconnected models were
developed in MATLAB/Simulink environment.
Finally, the results were compared with previous and
related studies.

Diffusion process in dialysis

The dialyzer device is modeled as two
centered pipes as shown in Fig. 1. The dialysate bath
sketched as a container blue pipe with flow rate (Qq),
input concentration (Cq_in), and output concentration
(C4_ou), the inner pipe referred to a blood vessel with
the volumetric flow (Qg), concentration value (Cg_in)
in the input and (Cs_ou) in the output.
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Figure 1. The Schematic of dialysis process

As hypothesis, the concentration of dialysate
was equal to zero, since it is empty of toxins.
According to the mass balance principle 1, and could
apply the following equation referred to
concentration differentiation depending on the mass
transfer coefficient (k) 2:

Vg 2 = Q4(Cain — Ca.out) = K(Caoue —

dt
Coout) 1
dc,
VB Z_tout = QB(CB_in - CB_out) + K(Cd_out -
Coout) 2

Caout(0) = Cqin Cp_out(0) = Cp_in 3

These equations briefly described the
diffusion process between dialysate and blood
depending on the concentration difference of urea
between the two mediums. A Simulink model is
proposed to simulates Egs. 1-3, and plotted
concentration variations according to mass transfer
coefficient (K) as shown in Fig. 2.
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Figure. 2: MATLAB model of diffusion equations Egs. 1, 2, 3. (a) The Renal model of the diffusion
process, (b) Final embedded model with mass transfer coefficient input and the plotting of blood flow

and dialysate.

Solutes mass transfer

This model part deal with mass balance
equations describing the fluxes of each solute
through the internal (IC) and external compartments
(EC), and across dialyzer membrane. Baigent et al.
summarized this process with one equation, which
calculates sodium mass variations in EC according to
sodium concentration in the dialysate and blood 2.
Ursino et al. published referential research in the
field of electrolytes in the dialyzing process, with
general equations that can be applied for Na, K, and
Urea including their concentration changing in blood
and dialysate 4. Ciandrini et al. presented a model of
potassium behavior within dialyzer, and they
concluded the potassium flux out of the dialyzer QK,
which was estimated as a function of the K+
concentration at the inlet (K_(k_d_in)) and outlet
(K_(k_d_out)) dialysate. This actual paper uses the
equations of potassium mass in the blood describing
how potassium can be diffused between blood and
dialysate.

As a result of combining the mathematical
models related to the studies of Baigent and Ursino,
an expanded equation that describes the behaviors of
solutes has been concluded. Each gradient has
different properties and considerations, but it was

handled using simple initial conditions determined
within Simulink models ©.

The equations below described the mass
transfer equation, the change of solute in the blood
entering the dialyzer, and EC concentration of solute.
Those equations are modeled in MATLAB as shown
in Fig. 4:

dM;, (t)
—o = D (Cs, () = Gs, () = U@®)Cs, ()
= —(Ds+ U(t))Cs ((t) +
DsCs 4(t) 4
_ B(CS_in(t)_CS_out(t))

Ds = (Cs.in(H)=Cs (1)) S

CS_e = M?/_::t_) 6

Where:S:  symbol refers to Na, K, and

u.

Ds: is the change of solute in solute content

M¢(t) = EC molar masses of solute Vo =
Extracellular volume
Cs ¢(t) = EC concentration of solute  Cg 4(t) =

dialysate concentration of solute
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CS_in (t) =
solute concentration of the blood entering
dialysate.

Csoye (D)

= solute concentration of the blood leaving
dialysate .U(t) = ultrafiltration rate

B(t) = blood flow rate at the dialyser inlet

(2)

c.orm
O _Ha {0 _Na
(5} I b
+
Sodiurn in dealyaate
{ 1 } | C_n_Na

(3)

Sodium Concentration in EC

e

K_a_Ma

Sodium molar masses in EC

Figure 3. Subsystem models that describe Sodium solute behavior during dialyzing as described in Eq.
4,5,6. (1) Model of Sodium behavior in dialysate, (2) Sodium molar masses in EC model (3) Sodium

concentration in EC after scaling to EC volume.

Results

After finishing the model implementation
via Simulink, the simulation is conducted according
to the parameters cited in Table 1, which used
standards gradient concentrations in the blood and
dialysate °.

Fig. 4 illustrates the concentration change of
blood and dialysate using the diffusion principle with

different values of mass transfer coefficient (K). The
most appropriate value of (K) equals to 700 which
gave a good permeability. Fig. 5 shows the numerical
variations of sodium and potassium and urea
concentrations over the time.

Results validation was done by comparing
the obtained values to relate and similar previous
studies '3 14 5, Table. 2, summarized the reference
values in the actual study.
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Figure 4. Diffusion results with different mass transfer coefficient values K = 100, 700, and 1600.
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Table 1. Simulation parameters used in the actual model

parameter Value Units

Qq 1 L/min

Qs 0.3 L/min

CNa_in» CNa_outs CNa a 142, 140, 138 mmol/L

Ck in» Cx ours Cx a 4.45,2,3.1 mmol/L

Cy in: Cy out: Cu g 24,0,5 mmol/L
| —Somymcancemranon 55

Sodium Concentration [mmolA]

o

Potassium Concentrations in EC fmmolt]
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Figure 5. Simulation results of (a) Na, (b) K, and (c) Urine concentration variation.

Table. 2 showed the values of solutes
concentration resulted of current model, compared to

the regular values existed in the blood, and to the
values of a previous related study 3.

Table 2. Comparison of ions concentrations

Solute Blood Baigent MODEL ~ ACTUAL model results Units

Sodium 135~ 145 138 136.8 mmol/L

Potassium 35 ~51 3.7 2.186 mmol/L

Urea 7.1~ 8.3 9.1 7.34 mmol/L
As an additional step, the methods of Discussion:

diffusion modeling and solute concentrations in EC
were combined by re-simulating the diffusion
process and supposing that blood was composed of
sodium solutes only. This was enabled in describing
the behaviors of dialysate and Na blood
concentrations inside both media as shown in Fig. 6.

Chronic kidney diseases are increasing
worldwide with different symptoms and severity ©
17 The proposed model contained sub-models of
electrolytes, in addition to the mass transfer model.
The resutls of final model were validated by the
values reported in the literature.

The final model presented a predictive
system of cellular electrolytes (sodium, potassium,
urea) and the pattern of plasma osmolarity. The final
model's output of electrolytes concentrations in
Table 2 using special parameters in Table. 1 showed
reliable values of ions and predictable behavior of
this model for any future aspects or modifications
especially when we take about embedding
electrophoresis with blood flow and mass transfer.
The model results described the kinetics of solutes
with small molecular weight, the fluid balance
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between the extracellular and intracellular
concentrations, and molecular balance.

Na+ balance (ECV balance) was an
important task of any artificial kidney system.Na+
balance was on two criteria: dietary salt intake and
Na+ removal during maintenance hemodialysis. The
modeling of solutes kinetics totally based on
reference 4, after enhancing the description of
solutes kinetics during hemodiafiltration with new
suggestions and validations. Coli et al. presented a
contribution in the modeling of sodium
concentration profile in the dialysate. Their work
depended on an approximated estimation of the
amount of sodium that is actually removed during
hemodialysis 2.

Major differences with model that could not
conduct a statistical study because of observations
lack were the lack of the description of protein
transport, and of parameters and the selection of
coefficients values. Moreover, in the study, dialysis
process is the repetition of passing blood process
through the filter so that the percentages of salts,
including sodium and potassium, as well as toxins,
including urea and creatine, are reduced to levels
below a certain level so that they remain within the
limits of safety for the human body.

The present work can be emmbeded or
expanded to involove some physiological changes in
the human body like pregnant and preeclamptic
women and

Conclusion:

The use of numerical modeling for renal
function understanding seems to be very useful in
producing the appropriate values for blood toxines
elimination. Based on the models, the value of mass
transfer coefficient could be determined, and the
values of solutes could be predicted. It is
recommended to use the actual model for the
understanding of phenomena laying behind the ionic
balance, and this information will be primordial for
the development of implantable and bionic kidney
which uses the principle of electrophoresis to
separate between the ions and achieve the required
and normal values, resulting in a more comfortable
solution and prolonging the life of service of renal
patients.
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