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In maintenance hemodialysis patients, efficient removal of phosphate during the hemodialysis
session is crucial for the control of hyperphosphatemia and other frequent abnormalities of mineral
metabolism. A mathematical model that integrates different distribution compartments and forms

of phosphate may provide deeper insight and elucidation of observed kinetics of phosphate levels in
plasma. Three mathematical models were constructed to describe the kinetics of phosphate during

a one-week cycle of three dialysis sessions. The models included the extracellular and intracellular
compartments for phosphate ions, plasma and interstitial compartments for phosphate ions bound to
protein, and a compartment for fast exchangeable phosphate ions, and differing by the presence or
exclusion of the fast or the intracellular compartment. The models included also an intracellular store
of phosphate that might be released at an increasing rate during dialysis sessions. The weekly kinetics
of total phosphate levels in plasma predicted by the three models were similar and agreed with the
clinical data. The inclusion of free phosphate ion and protein bound phosphate separately provided
small but significant modifications of the predicted profiles. The time dependent release of phosphate
from the intracellular store was critical for the correct description of phosphate kinetics in plasma. The
hypothesis that a fast compartment and an intracellular store compartment separately or combined
contribute significantly to the kinetics of total phosphate in plasma was shown to be compatible with
clinical data.
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Disturbances in mineral metabolism associate with increased mortality and cardiovascular events in end stage
renal disease patients on dialysis and can necessitate transfer to renal replacement therapies in patients with pre-
dialysis chronic kidney disease2. The correct mass balance for phosphate may be maintained by diet, phosphate
chelators and by dialysis, but many disorders related to mineral metabolism, including bone loss, adynamic bone
disease and smooth muscle and vascular calcification, are frequent among patients on dialysis®~>.

The kinetics of phosphate during and between dialysis sessions differs from that of other small solutes such
as urea and creatinine; however, the reason for these differences is unclear. Typically, phosphate concentration in
plasma decreases during the initial two hours of dialysis, then stabilizes or even increases, especially if the session
is longer than four hours; after the end of dialysis, the phosphate concentration in plasma quickly rebounds
reaching 80% or more of the pretreatment level in 4 — 12 hours®13. The standard two compartment model for
a single dialysis session cannot describe correctly the phosphate kinetics during and after a dialysis session and
therefore some authors proposed a specific role of the intracellular compartment®”-1%13!4, while others focused
on the “fast compartment” being likely the fast exchangeable pool of phosphate and calcium related to bone
mass'>~18, The removal of phosphate is also an important issue in peritoneal dialysis'**.

Another specific feature of phosphate kinetics in hemodialysis patients receiving three weekly dialysis
sessions is that the initial plasma phosphate concentration before each session is similar despite sessions being
unevenly distributed during a one week cycle of dialysis; this is in contrast to other small solutes such as urea
and creatinine!!7. This observation suggests tight control of phosphate level in the extracellular compartment.
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The kinetics of phosphate ions during dialysis sessions were analyzed previously in clinical studies and
by mathematical modeling using a simplified description for a single dialysis session!®!>?1:22 The successful
application of the so called pseudo one compartment model for standard hemodialysis was extended for
its mathematical theory and new test for hemodialysis with close loop dialysate circulation?*?*. Recently,
measurements of phosphate throughout a one-week cycle of three dialysis sessions enabled a more accurate
description of phosphate removal during dialysis by extending the pseudo-one compartment model for
phosphate from a single session to a cycle of one week!!'”. However, this modeling does not take explicitly into
account the mass balance based on intake, removal, generation and distribution of phosphate that should be
included into modeling to be able to predict changes in phosphate kinetics with different modes and schedules
of dialysis.

Phosphate has a complicated distribution in the body (85% is stored in bones, 14-15% in cells, and less than
1% in the extracellular fluid) and its turnover and plasma levels are regulated by a complex set of processes
that makes modeling and tests of the models difficult to perform. For example, Spalding et al. introduced a
model that, beside intracellular and extracellular compartments, included two non-specified compartments that
release phosphate into extracellular and intracellular compartments if plasma phosphate concentration drops
below predefined thresholds; the model was tested for a single hemodialysis session!’. Daugirdas proposed a
two compartment model with a distal compartment with large distribution volume, two to three times greater
than that for urea, and intercompartment clearance dependent on plasma concentration of phosphate!>2>-%7,

The aims of our study were: 1) to formulate a model of phosphate turnover during and between dialysis
sessions for the whole weekly dialysis cycle of three sessions with interdialytic breaks of 2-2-3 days!"'’, 2) to
formulate and theoretically analyze different assumptions involved in the extracellular phosphate control during
and between hemodialysis sessions, 3) to compare the kinetics of phosphate during hemodialysis predicted by
three different models that are based on different assumptions on the mechanisms of phosphate replenishment
in extracellular compartment: Model F, based on the fast phosphate compartment related to the bone phosphate
mass; Model IC, based on the exchange of phosphate between extracellular and intracellular phosphate
compartments with increased generation of intracellular phosphate during dialysis from an intracellular
phosphate pool'*23; and Model F&IC, with both these phosphate replenishment mechanisms taken into account,
4) to provide a description of different forms of phosphate ions in the extracellular compartment such as free ions
and protein bound ions, and 5) to assess the impact of different factors on the predicted kinetics of phosphate.

The proposed models go beyond the previous two pool compartment and pseudo one compartment models
for phosphate kinetics and the approaches to phosphate kinetics proposed previously!>?>?°, and they attempt to
take into account detailed observations that were made recently in clinical and animal studies. Some features of
the model were derived partly from previous models that were applied for the analysis of long term hormonal
control of phosphate plasma levels**-*%; those models go however beyond the problems related to the weekly
oscillations of these ions induced by dialysis. The model was adjusted to provide the weekly profiles of total
phosphate ion (inorganic phosphorus) measured in plasma in patients during dialysis'!.

The following issues were addressed in this study: 1) The prediction of the profiles of total phosphate
concentration in serum during a one-week cycle of dialysis and comparisons with the average measured
clinical profiles of the same duration!l. 2) The prediction of the profiles of free phosphate ion, and protein
bound phosphate in plasma and interstitial fluid, i.e., profiles that are not typically measured during clinical
studies. 3) The analysis of the relative impact of the intracellular phosphate compartment vs. fast phosphate
compartment on the phosphate profile during dialysis sessions. 4) The impact of a hypothetical intracellular
phosphate generation during dialysis on the plasma phosphate profiles in patients on maintenance hemodialysis,
i.e., the adjustment and comparison of three models: Model F, Model IC and Model F&IC. 5) The mass balance
of the intake and removal of phosphate in patients on hemodialysis.

Methods
Patients and measurements
The protocol of the study, and descriptions of the enrollment, clinical characteristics, treatment, and
measurements in the patients, were described previously! 17183334 Tn brief, three standard hemodialysis sessions
(duration 239+ 11 min) were monitored in 25 anuric, prevalent hemodialysis patients (age 62.3+ 14 years, 16
females, dialysis vintage 13.0+9.3 years, body weight 67.8 +15.5 kg, total body water 29.0+5.7 L, extracellular
water 13.8+2.6 L). All patients had arteriovenous fistulas and arterial blood samples were collected from the
fistula before, at 1, 2, and 3 h, at the end and 45 min after each session, and before the fourth dialysis session.
Hemodialysis treatments were performed using high-flux dialyzers in 4 patients or low-flux dialyzers in 21
patients with blood flow in the range of 200-360 mL/min, dialysate flow 500 mL/min and mean ultrafiltration
rate 10.6+3.5 mL/min. Plasma total phosphate concentration (i.e., inorganic phosphorous) was measured
using Advia 1800 (Siemens, Erlangen, Germany). Phosphate chelators were prescribed to all patients with the
dose regulated according to plasma phosphate. The volumes of total body water and extracellular water were
measured by a Body Composition Monitor (Fresenius, Bad Homburg, Germany) before, at the end, and 45 min
after the end of each dialysis session.

This prospective, observational study has been conducted in accordance with the Declaration of Helsinki and
applicable rules. The approval for the study was issued by the Bioethical Committee at the Medical University of
Lublin (Poland). Written informed consent was obtained from each patient.

Kinetics of phosphate in hemodialysis: content of the model

Assumptions of the model

The models, F, IC and F&IC, have some common features such as phosphate intake and phosphate removal by
dialysis. In the models, it is assumed that phosphate is absorbed from the gastrointestinal tract. The amount
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of absorbed phosphate may be reduced by phosphate chelators, and, because of the lack of detailed data, it is
considered in the model as an adjustable parameter. Furthermore, it is assumed that no residual renal clearance
is present, in agreement with the patient data!!.

The excretory function of the kidneys is replaced by intermittent dialysis therapy. A standard schedule with
three hemodialysis sessions per week and interdialytic breaks of 2-2-3 days is assumed. Excess water and solutes
are removed during the treatment, but slowly accumulate in the body between the dialysis sessions. There is no
phosphate in fresh dialysis fluid. Whereas small amounts of complexes with phosphate ions and small cations are
present in body fluids, the precise concentration and distribution is not known; therefore, this form of phosphate
is not taken into account in the model. Another form of phosphate, i.e., phosphate ions bound to protein, is
assumed not to be removed by dialysis but is expected to be in dynamic equilibrium with the free ion form. The
protein bound fraction of phosphate may slightly increase during dialysis because of the drop in the volume of
plasma water leading to hemoconcentration of proteins®. Typically, only the concentration of total phosphate
(or phosphorus) in plasma is available from clinical and experimental studies!"!3.

Changes in the volume of body fluids are taken into account as the ultrafiltration of water from blood during
dialysis and the (assumed continuous) intake of fluid that results in the accumulation of water in the extracellular
fluid between dialysis sessions. Plasma volume also changes during dialysis because of the ultrafiltration provided
by the dialyzer but because of the refilling of water from the extracellular compartment, the change in plasma
volume is much lower, about 20% on average, i.e., about 700 mL, in comparison to the total ultrafiltration volume
of 1.5 - 3 L. In our model, these processes are described as the net rate of the plasma volume decrease during
dialysis and the net rate of replenishment of plasma volume between dialysis sessions.

The transport of phosphate in the dialyzer is described according to the one-dimensional theory of dialyzer
with the parameter of clearance according to the clinical data and transmittance coefficient typical for small
solutes and ions**-3%. Protein bound phosphate is not removed directly by hemodialysis.

The models differ by the assumptions regarding the replenishment of phosphate in the extracellular
compartment from other possible phosphate pools in the body.

Model F. The phosphate ions in extracellular fluid are in equilibrium with the “fast” compartment, that is the
compartment with phosphate that can be quickly transported to plasma if its concentration in plasma decreases,
or absorbed from plasma if its concentration in plasma increases!>1830-3239 The fast compartment is attributed
to a small part of bone that is also in equilibrium with the bone mass of phosphate. In our approach, we do
not take into account this last equilibrium as the exchange between fast and bone compartments is slow and is
related to long term changes in bone structure*-32,

Model IC. Phosphate ion is present in the intracellular compartment with concentration five - six times higher
than phosphate concentration in plasma®’. The difference is maintained by active transport of phosphate ions to
the intracellular compartment*. The decrease of phosphate concentration in plasma/extracellular compartment
results in increased release of phosphate from the intracellular compartment. Our model also takes into account
experimental data suggesting intracellular generation of phosphate'“.

Model F&IC. In this model, we assume that fast and intracellular compartments are concomitantly available
for phosphate exchange during dialysis and in the intradialytic breaks.

Mathematical model

The three models comprise the following compartments: 1) extracellular fluid with volume V, for phosphate ion
(plasma is here considered as a part of the extracellular compartment), 2) plasma compartment with volume V|
for protein bound phosphate, and 3) interstitial fluid compartment with volume V. for protein bound phosphate
ions (the last two compartments have different protein concentrations and therefore different concentrations of
protein bound ions), (Fig. 1). In addition, Model F describes: 4) fast compartment for phosphate ions defined
by their mass amount without any specific volume attributed to it, and Model IC and Model F&IC have: 5)
intracellular compartment with volume V, for phosphate ions.

/ Extracellular fluid \
Intracellular fluid =

Ve=VietV, Fast compartment
Phosphate ions Phosphate ions Phosphate ions
I ! " Protein bound phosphate
Phosphate ion store | in interstitial fluid
Vit ;]
" Protein bound phosphate

JP_intake _ in p|35ma JP_diaI
Vv

K pl ’

Fig. 1. Schematic representation of the mathematical model for phosphate kinetics. The volume of
extracellular fluid (V,) is the sum of interstitial fluid (V,;) and plasma (Vpl) volumes. J, , . is phosphate intake
and J, ,, means flow of phosphate removed by dialyzer. -
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The general kinetic equations for the three models describe the rate of change in the mass of phosphate ion
in extracellular compartment, M, ,, mass of phosphate ion in intracellular compartment, M,, ,, protein bound
phosphate in plasma, My p and interstitial fluid, M,y phosphate ion, M, (.0 i0 fast compartment, volume of
extracellular fluid, V., and plasma volume, V_: - ;

pl’
dMP e
T— = -]Piintak:e + KPifast (Pe() - Pe) - JPfdial + KPiei (Pz - aiePe) (1)
+Kppp (PBp — apppiPe) + Kppif (PBif —appifFPe)
dMp ;
i (P — . 2
dt KP_ez (Pz azePe) ( )
dM
% = —Kppp (PBp — appp Pe) (3)
dM i
% = —Kppif (PBif —appifPe) (4)
dM as
— 0 — Kb fast (Peo — Pe) (5)
dt -
d(xe = —ufr + flintr (6)
d:l/:l = —bvd + bures (7)

where Mp_e = V; . PE N Mp_i = V; . Pi, Mpgipl = V;,l . PBpl, Mpgiif = V;'f . PBif, Pe phosphate
concentration in extracellular (e) compartment, respectively, P, is phosphate ion concentration in intracellular
(i) compartment, PB | is protein bound phosphate concentration in plasma, PB,; is protein bound phosphate
concentration in interstitial fluid, V, is intracellular compartment volume, Vi = Ve — V}; is interstitial fluid
compartment volume, ufr is the rate of ultrafiltration in dialyzer, flintr is the rate of fluid intake, bvd is the rate
of depletion of plasma volume, and bvres is the rate of restoration of plasma volume. The inflow of phosphate to
the extracellular compartments Jp intake is the net result of phosphate ingestion, absorption from the intestinal
tract, removal with feces or residual kidney function, impact of phosphate chelators, etc. The flow of phosphate,

Jp diap removed from blood in the dialyzer is described as:
Jp_diat = Kp_dial - Pe +T7rp - Pe - ufr (8)
where K, .., denotes clearance and Tr_ - transmittance coefficient for phosphate *. The parameters of the

models are described in Tables 1 and 2.

The specification of the model is obtained from the general equations as follows: for Model F: Kp ; =0
, for Model IC: Kp 45t = 0. The parameters for exchange of phosphate with the fast compartment, Kp fqst
, and with the intracellular compartment, Kp_.;, are separately adjusted in Model F&IC, which combines the
exchange of extracellular phosphate with the intracellular and fast stores.

Name Symbol | Value Unit
Extracellular phosphate concentration in equilibrium with fast compartment* | P, 1.4 mmol/L

Ratio of intracellular to extracellular phosphate concentration at equilibrium® | a,, 6.325

Decay rate constant for phosphate ions from binding to plasma protein* Kopound_pt | 1 L/h

Decay rate constant for phosphate ions from binding to interstitial protein* Kopound i | 1 L/h
Equilibrium constant for binding of phosphate ions to plasma proteins* Appound_pi | 0-15

Equilibrium constant for binding of phosphate ions to interstitial proteins* Bppound it | 0-06

Dialyzer clearance for phosphate® Kp gial 9 L/h
Transmittance coefficient for phosphate® Tr, 0.3

Volume of extracellular compartment® v, 12 L

Volume of intracellular compartment” A\ 15 L

Plasma volume Vil 35 L
Ultrafiltration® ufr 3/2/2 L/(4/4/4 h)
Fluid intake® flintr 2/2/3 L/(48/48/72 h)
Rate of depletion of plasma volume bvd 0.7/0.7/0.7 | L/(4/4/4 h)
Rate of restoration of plasma volume bvres 0.7/0.7/0.7 | L/(48/48/72 h)

Table 1. Model parameters for the simulations. *—estimated by adjusting computer simulations to clinical
data. *—from clinical data!>'7. %—from physiological data*!!40-42,
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Parameters of phosphate turnover Symbol | F IC F&IC | Unit
Jom | 05370 | 0.5025 | 0.5147 | mmol/h
6 NA 4 L/h

Intake*

Clearance to fast compartment*

Clearance from intracellular compartment* Kp o NA 0.70 0.25 L/h
Equilibrium intracellular generation* Gp 1o NA 50 50 mmol/h
Maximal intracellular generation during dialysis* | G, ; . | NA 69 55 mmol/h
Clearance to intracellular store* K NA 5.6465 | 5.6465 | L/h

Table 2. Model parameters specific for the simulations of the three models: Models E, IC and F&IC, as
presented in Figs. 2, 3 and 4. The parameters not included into Table 2 have the values from Table 1. NA
- not applicable. F, Model F with fast phosphate compartment; IC, Model IC with increased generation of
intracellular phosphate during dialysis; F&IC, Model F&IC with both these factors taken into account. *—
estimated by adjusting computer simulations to clinical data.

Three HD sessions

-
(3]

Total
—— Ion
""""""" Protein bound

Plasma P, mmol/L

e
(2]

0 24 48 72 96 120 144 168
Time, h

Fig. 2. The profiles of different forms of phosphate (P) in plasma during a one-week cycle of three
hemodialysis (HD) sessions in a stable patient predicted by Model F. Shown are total, free ions and protein
bound phosphate concentrations.

Equation. (2) describes the intracellular (inorganic) phosphate mass and its kinetics due to exchange
of phosphate between intracellular and extracellular compartments. To describe the internal intracellular
generation and clearance of phosphate and their hypothetical modification by hemodialysis discussed in', a
modified version of the model was developed. In this version, called Model IC, Eq. (2) is extended to:

dMp ;
7[11;— = GP_i — KP_iPi — KP_ei (Pz - aiePe) ©)
where G P _ils the intracellular generation of phosphate and K p_iis the intracellular clearance of phosphate.
Furthermore, a compartment of intracellular store of phosphate ion is introduced that is the source and sink for
intracellular phosphate ions, i.e.:

Mpi —-Gp i+ Kp P (10)
dt - -
where M p; is the mass of intracellular store of phosphate.
The parameter Gp_; may increase during dialysis session according to the data and hypothesis presented in'*.
It was assumed that during dialysis G p_; increases in a sigmoidal fashion from its equilibrium value Gp_; o to the
maximal value Gp_; max inaboutonehour,Gp i (t) = Gp_i0 + (GP7i7max - Gpj,o) 0.6t/ (1 + 0.61&4)

, and decreases after the end of the session, according to the analogous pattern, to the equilibrium value; the
parameters of this function were adjusted by computer simulations and comparison to the clinical data, c.f. Table
2. The application of similar “switching functions” for modeling of mineral metabolism may be found in®3,
The parameters of the models related to the patient and dialysis treatment (dialyzer clearance and
transmittance coefficient of phosphate, ultrafiltration rate, initial compartment volumes, initial total phosphate
concentrations) were the average values for the patient population described previously'"!’, see Table 2 and
Fig. 2. Some physiological parameters were derived from general physiological knowledge®!!**2, and the
parameters related to the compartments that were not accessible for our clinical study, were found using the
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trial-error method with simulations of each model until obtaining the good comparison to the average data
points of the measured variables, see Tables 1 and 2 for details.

Results

The weekly time course of phosphate concentrations in plasma during a one-week cycle of hemodialysis
treatment according to Model F (Table 1) is shown in Fig. 2 for different forms of phosphate. Comparisons of the
predictions from Models F, IC and F&IC are presented in Figs. 3 and 4 with the model parameters, which differed
between these models, shown in Table 2. The presented results were obtained after preliminary simulations
of 20 weeks of dialysis to get the time course repeatable from each week cycle to the next one. The systems
described by Models F and IC are well balanced for weekly cycles of concentration and amount of phosphate in
all compartments. The initial values and oscillation amplitudes of total phosphate concentration in serum are
similar to those observed in clinical studies (Fig. 3)'!. The profiles of the ions in plasma predicted by Models IC
and F&IC are similar to those obtained by Model F (Fig. 3), with some of the phosphate turnover parameters
adjusted (Table 2). The post-dialysis plasma profile of phosphate has a slight overshoot according to Model IC
that is not observed for the other models (Fig. 3). The concentration of phosphate in plasma had clear tendency
to equilibrate at the end of the four-hour dialysis session for all models (Fig. 3). In contrast, the profiles of
phosphate in the intracellular and fast compartments differed among the models (Fig. 4).

The time course of the variables not measured in clinical studies were qualitatively similar to those measured,
but with another level and another amplitude of oscillations between initial and final concentrations during
each session (Figs. 2 - 4). A low amplitude of oscillations was numerically predicted for intracellular phosphate,
protein bound phosphate in serum, and phosphate amount in the fast compartment (Figs. 2 - 4). The model
predicted also a slight decrease in the concentration of protein bound phosphate during dialysis, in spite of the
hemoconcentration of proteins, due to the fast equilibration between free and protein bound phosphate (Fig. 2).
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Fig. 3. Clinical data (mean + standard deviation, red) and the profiles of total and ion phosphate (P) in plasma
during a one-week cycle of three hemodialysis (HD) sessions predicted by Models F, IC and F&IC in a stable
patient. Shown are total (panel a) and ion (panel b) phosphate profiles, and close up of total and ion phosphate
profiles during the midweek dialysis session (panels ¢ and d, respectively) in plasma predicted by Models F
(continuous lines), IC (dotted lines) and F&IC (hatched lines), see Tables 1 and 2 for the model parameters.
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Fig. 4. The profiles of free intracellular phosphate (P) and phosphate mass in intracellular store as well as the
phosphate amount in the fast compartment during a one-week cycle of three hemodialysis (HD) sessions in a
stable patient predicted by Models F, IC and F&IC. Shown are ion phosphate concentration (panel a) and mass
(panel b) in intracellular space as well as ion phosphate amounts (panel ¢) in the fast compartments predicted

by Models F (continuous lines), IC (dotted lines) and F&IC (hatched lines), see Tables 1 and 2 for the model
parameters.

An important observation from all the models is that the phosphate concentration between dialysis sessions
equilibrated not to the equilibrium phosphate concentration in extracellular fluid, P, according to the assumed
dynamics of the exchange between extracellular and fast compartments, Eqs. (1) and (5), but was slighly
higher to allow the replenishment of phosphate store in the fast compartment (Models F and F&IC) or/and the
intracellular store (Models IC and F&IC) that decreased during the dialysis session. The replenishment was due
to the absorption of phosphate from the intestine.

Some modifications of the model were proposed and tested with the aim to check the role of different processes
in shaping the profile of phosphate. The omission of the protein binding for phosphate (the concentration of
protein bound phosphate was assumed to be 15% of total phophate in plasma in the standard simulation, Fig. 2)
decreased the amplitude of the phosphate concentration drop during dialysis (Fig. 5).

The shape of the phosphate profile during dialysis depends to some extent on the volume of the central
phosphate distribution compartment (which is the extracellular fluid in our model). The simulations presented
in Fig. 6 were performed for two different values of the extracellular volume (15 L and 11 L resepectively)
with all other parameters being the same. The curve predicted for the lower extracellular volume has slightly
faster initial decrease and earlier equilibration phase, i.e., deeper rebound, than the curve for the higher volume.
Although the difference is not large, this observation is important because the pseudo-one compartment model
underestimates the distribution volume for phosphate compared to the measured or estimated extracellular
volume!>3%43,

The role of the intracellular compartment of phosphate for phosphate removal during dialysis was studied
by modifying the clearance parameter K;, ; for the phosphate exchange between extracellular and intracellular
compartments in Models IC and F&IC (Fig. 7). The concentration profile of phosphate predicted by Model IC
is sensitive to the value of the clearance parameter for the exchange of phosphate between extracellular and
intracellular compartments, K, ; (Fig. 7). The modification of K;, ; by +/- 50% changes the predicted plasma
phosphate level between dialysis sessions and the final value of phosphate at the end of dialysis, whereas the
kinetics of phosphate in the intracellular store of phosphate is similar for all three values of K, ; (Fig. 7, panels a
and b). In contrast, similar modifications of the value of K, , applied in Model F&IC result in only slight change
in phosphate profiles in both compartments (Fig. 7, panels ¢ and d).
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Fig. 5. The profiles of total phosphate (P) in plasma predicted by Model F and when Model F is modified by
neglecting binding of phosphate to proteins during a one-week cycle of three hemodialysis (HD) sessions.
Shown are total phosphate in plasma predicted by Model F (continuous line) and Model F modified by
neglecting binding of phosphate to proteins (dotted line, parameters from Table 1 with the modified
Kppound_pt= Kppound_ir= 0 and P, =1.4 mmol/L).
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Fig. 6. The profile of total phosphate (P) in plasma during the midweek hemodialysis (HD) session predicted
by Model F and when Model F is modified by changing the extracellular fluid volume from 15 to 11 L.

Shown are total phosphate predicted by Model F (continuous line) and Model F modified by changing the
extracellular volume V, from 15 to 11 L (dashed line). Other model parameters (Table 1) were the same for
both simulations.

Discussion

In this study, we formulated and tested against clinical data on circulating phosphate, a set of models describing
phosphate kinetics in hemodialysis. The models have an extended scope as compared to previous models
because they consider not only physical components, i.e., phosphate distribution in various body compartments,
different forms of extra- and intracellular phosphate such as free phosphate ion, and protein bound phosphate,
phosphate intake, and phosphate removal by dialysis, but also temporal aspects, i.e., changes in phosphate kinetics
during a one-week cycle of dialysis. We show that the models could accurately describe the time course of changes
in phosphate concentrations in plasma during a one-week cycle of three hemodialysis sessions and provide
analysis of the impact of different factors such as the intracellular phosphate compartment and the intracellular
phosphate generation on the predicted kinetics of phosphate.

Some parameters were taken from clinical data and other models, such as the initial concentration of
phosphate (ionic and total) in plasma!! while other parameters were assumed based on the general physiology
literature*®**. The net inflow of phosphate to the system (because of dietary intake, gastrointestinal absorption,
fecal and urinary removal, and impact of phosphate chelators, etc.) was adjusted according to the principle of
equilibration of phosphate inflow to its removal during the weekly cycle of dialysis using computer simulations;
its value is similar to that reported recently in!**>26, The equilibrium reaction constants for binding of phosphate
to protein were selected based on the general physiology*’, and the rates of these reactions were assumed enough
high to obtain fast equilibration when the concentrations of free forms of phosphate change during dialysis.
The clearance of phosphate from the extracellular to the fast compartment was similar to the value obtained
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Fig. 7. The profiles of total phosphate (P) in plasma and ion phosphate in intracellular space predicted by
Model IC and ModelIC&F during the weekly cycle of three hemodialysis (HD) sessions for different clearances
between extracellular and intracellular compartments. Shown are total phosphate in plasma (panel a) and ion
phosphate in intracellular compartment (panel b) predicted by Model IC for standard set of parameters, Table
2, (continuous line), intercompartment clearance, Kp i, reduced by 50% (dotted line) and increased by 50%
(hatched line). Panels ¢ and d present the predictions for similar modifications of standard intercompartment
clearance, Kp i, for Model ICKF. Other model parameters (Table 1) were the same for all the three
simulations for each of the models.

in the pseudo-one compartment model'>~17*. Our Model IC and Model F&IC take into account the specific
distribution of phosphate between intracellular and extracellular compartments: at equilibrium the intracellular
concentration is five times higher than the extracellular concentration®’. In this way, the active transport of
phosphate across the cellular membrane is indirectly taken into account using a similar, approximate principle
as in modeling of sodium and potassium kinetics during hemodialysis*°. In contrast, the previous models of
phosphate kinetics in hemodialysis assumed simple diffusion between these two compartments and equilibrated
concentrations”!%13:23:24,

To solve problems with modeling of the phosphate profile, time-dependent phosphate generation during
hemodialysis was proposed in 1983; a linear or exponentially saturated increase in the generation rate of
intracellular phosphate from the intracellular store with dialysis time was assumed and applied in a one-
compartment model of phosphate kinetics?®. It was noted in that study that the phosphate level in red blood
cells did not drop during dialysis?®. In another study, after the observation of a poor fit of the two compartment
model of phosphate for hemodialysis kinetics with constant parameters, an increasing influx of phosphate
from intracellular to extracellular compartment was adjusted to the data’. Additional phosphate generation
from a “third pool” controlled by the intracellular phosphate concentration and from a “fourth pool” inside the
intracellular compartment was introduced into the two compartment phosphate model to improve the modeling
of the extracellular phosphate concentration!®. An increase in the intracellular level of phosphate during acute
hemodialysis session in bilaterally nephrectomized pigs was (indirectly) demonstrated!. A similar approach
using additional pools of phosphate that were triggered to release phosphate by low phosphate concentration in
intra-/extracellular compartment was recently proposed and extensively tested!*?>2%. The organic phosphate in
ATP or polyphosphates or glycophosphates were mentioned as sources of intracellular inorganic phosphate”!4.

We followed the idea that the intracellular store can release phosphate during dialysis and included such
compartment in Models IC and F&IC, and then predicted the extracellular kinetics of phosphate during one week
of dialysis in a metabolically stable patient, i.e., phosphate concentration (and mass) in all compartments should
be the same after one week as at its beginning. Thus, our objective was to provide a quantitative description of
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the role of the intracellular phosphate store that can release phosphate in response to changes in circulating
phosphate levels induced by dialysis. While our approach is formal, and a more physiological modeling of these
intracellular processes should probably provide a better description of the clinical and experimental findings,
our results confirm that the intracellular store contributes significantly to the profile of extracellular phosphate
concentration during dialysis and provides a good description of the clinical data. The presented Models IC and
F&IC should be considered as examples of the consistent description of the increase in intracellular phosphate
level in a patient with steady state phosphate turnover including the internal store (the “fourth” compartment)
rather than the definite solution of this problem. Further studies on the molecular biology of organic and
inorganic phosphate turnover in the cell are needed to provide more information on the kinetics of these
processes.

The classic two compartment model, i.e., extracellular/ accessible and intracellular/ fast/ non-accessible
compartments for phosphate ion, yielded phosphate concentrations in plasma in disagreement with the measured
values®*1013 " Another approach to modeling phosphate kinetics was to fix the phosphate concentration in
the non-accessible compartment, i.e., assuming that phosphate concentration in this compartment does not
change if the phosphate exchange between the two compartments occurs'>!%2>24; this approach is sometimes
called pseudo one compartment model'>~8. Our models extends pseudo one compartment model by assuming
high amount of phosphate in inaccessible compartment (F and F&IC Model) that is only slightly modified by
the removal during hemodialysis session but is also sensitive to phosphate replenishment during and between
hemodialysis sessions by phosphate intake. Still different and successful extension of the two (and pseudo one)
compartment model assumes additional phosphate stores that are controlled by intracellular (or extracellular)
phosphate concentrations'’. In our models (IC and F&IC Model), we assumed an additional compartment of
intracellular store of phosphate ions (suggested by experimental findings'*) and the content of all compartments
is modified by phosphate loss and gain during hemodialysis and interdialytic breaks, respectively. For this
approach to work one needs rather fast exchange of phosphate between extra- and intracellular compartments,
especially decreasing the exchange rate parameter (with other parameters constant) yields phosphate profiles
in plasma much different from the standard version of the model, whereas an increase of this parameters has
negligible impact on the predicted profile (Fig. 7).

The change in the extracellular phosphate was similar in all three models (Fig. 3) while the models differed
in transport parameters for phosphate (Table 2). In Model F&IC, to avoid slow depletion of the intracellular
store of phosphate in the consecutive weeks of dialysis, the parameter of phosphate transport across the cellular
membrane, K, ., was decreased and the clearance of phosphate to the fast compartment, K , was also lower
than in Model IC and Model IC&F, respectively (Table 2).

Our study does not provide several important features of the investigated models. Our objective was mostly
to include into the models characteristics of phosphate distribution and turnover in the body pools that are
well known or were suggested by experimental findings. This is in contrast to more common approach that
is focused on formal description of the kinetics of (typically total) phosphate during (typically one) dialysis
session, whereas the dialytic removal is mostly by one form of phosphate: free ionic phosphate. Each of the
three models separately may be investigated from theoretical point of view by analysis (theoretical or numerical)
of its sensitivity to the change of the parameters (some glimpses of such analysis are shown in Figs. 5-7) and
identifiability of parameters. Furthermore, the parameters of the model may be estimated by its fitting to the
available individual data. However, the physiological basis of our models yields the necessity of using the
variables that are not available from clinical data and therefore using more parameters that cannot be estimated
for each patient separately from the data. A solution to the problem is “tuning” the parameters that means fixing
some parameters and estimating a few other. According to our objective, at this stage of investigations, it is more
important to select a hypothesis on the effect of hemodialysis on phosphate turnover and the interpretation of
inaccessible compartments. To this end, more clinical (or experimental) investigations should carried out with
different dialysis challenges (dialyzer clearance of phosphate, dialysis time and schedules, phosphate intake, etc.)
in the same patient, with more details on the phosphate rebound after dialysis session collected. Such studies are
challenging to perform, however without more quantitative observations it may be difficult to formulate a model
that can correctly describe not only one particular session in fixed condition, but can also correctly predict the
phosphate levels in different conditions of dialysis treatments. We consider our study as an initial step towards
more realistic (not only formal) description of phosphate removal during dialysis that could be later integrated
with a model of hormonal control of mineral metabolism.

Our clinical data include a small group of 4 patients that used high flux dialyzers whereas the other 21
patients used low flux dialyzers. This may add to heterogeneity of the results, however because the group of
high flux dialysis was small and we applied the average phosphate profiles and the average values of parameters
from clinical study this heterogeneity does not skew our results much. It is worth to notice that data from the
application of dialyzers with considerable different phosphate clearances in the same patient would be of interest
for selection between the physiological hypotheses behind our three models.

In summary, among conclusions that can be drawn from this investigation of models for phosphate kinetics
in hemodialysis, the following may be especially relevant:

1) In our models, a fast compartment and an intracellular store compartment—separately or combined—
contribute significantly to the kinetics of total phosphate in plasma and the pattern of changes was kinetically
compatible with clinical data after adjusting model parameters.

2) On the other hand, the substantial exchange of phosphate between extracellular and intracellular
compartments during dialysis, assumed by some models**?!, is not supported by the clinical profile of the
plasma concentration of phosphate, which tends to reach a steady level early during the dialysis session and then
rebounds quickly to the pretreatment value after dialysis. In contrast, the model assuming an increased exchange
between extra- and intracellular compartments predicts a considerably higher amplitude of dialysis - induced
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oscillations of phosphate (between initial and final concentrations during each session) in the weekly profile
than that observed in clinical studies (Fig. 7).

3) The pre-dialysis concentration of phosphate in plasma is higher than the equilibrium concentration for the
exchange between the extracellular and fast compartments. This phenomenon should be expected in patients
with equilibrated mineral mass balance because the phosphate lost from the fast compartment during dialysis
must be replenished between the treatments and this process needs higher concentration in extracellular fluid
than the respective equilibrium concentrations for this exchange. These mechanisms are also valid for the
intracellular phosphate store.

These findings underline the complex nature of plasma phosphate kinetics in patients undergoing hemodialysis
and underscore the need of further studies to better understand the dynamic changes of phosphate ions and total
phosphorous in extra- and intracellular compartments and how these are influenced during hemodialysis by the
fast exchangeable pool of phosphate and calcium related to bone mass.

Data availability
The clinical dataset used during the current study is available from the corresponding author on request.
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