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Abstract

Acid-base regulation by the kidneys is largely missing in end-stage renal disease patients
undergoing hemodialysis (HD). Bicarbonate is added to the dialysis fluid during HD to
replenish the buffers in the body and neutralize interdialytic acid accumulation. Predicting
HD outcomes with mathematical models can help select the optimal patient-specific dialy-
sate composition, but the kinetics of bicarbonate are difficult to quantify, because of the
many factors involved in the regulation of the bicarbonate buffer in bodily fluids. We imple-
mented a mathematical model of dissolved CO, and bicarbonate transport that describes
the changes in acid-base equilibrium induced by HD to assess the kinetics of bicarbonate,
dissolved CO,, and other buffers not only in plasma but also in erythrocytes, interstitial fluid,
and tissue cells; the model also includes respiratory control over the partial pressures of
CO, and oxygen. Clinical data were used to fit the model and identify missing parameters
used in theoretical simulations. Our results demonstrate the feasibility of the model in
describing the changes to acid-base homeostasis typical of HD, and highlight the impor-
tance of respiratory regulation during HD.

Introduction

Approximately 1 millimole of net endogenous acid per kg of body weight is produced each day
by human adults with normal kidney function due primarily to the metabolism of dietary pro-
tein [1]. Under normal physiological conditions, the body achieves acid-base balance through
the action of the lungs, which exhale carbon dioxide, and the kidneys. When kidney function
deteriorates, metabolic acidosis can develop due to the inability of the kidneys to excrete the
hydrogen ions produced by endogenous acid production, potentially leading to deleterious
catabolic, pro-inflammatory and bone-reabsorbing effects [2].

In end-stage chronic kidney disease, when patients require hemodialysis (HD) therapy,
metabolic acidosis is treated by including bicarbonate (and/or other buffer bases such as lac-
tate, citrate, or acetate) to the dialysis fluid, to neutralize net acid production. As a result of the
intermittent nature of HD treatments, HD patients are frequently acidotic pre-dialysis but can
be alkalotic during and immediately after a treatment. In a recent study, only 4 out of 53 preva-
lent HD patients had all acid-base blood chemistry pre-dialytic values in the normal range [3].
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The prescription of the appropriate dose of basic buffers in dialysis fluid is a difficult task.
Observational studies have shown that both high and low pre-dialytic bicarbonate levels are
associated with an increased risk of mortality in HD patients [4-7]. Although the prescription
of high bicarbonate in dialysis fluid has been recently debated [8,9], KDOQI guidelines recom-
mend that pre-dialytic serum bicarbonate be >22 mmol/L. Nonetheless, a large fraction of HD
patients do not achieve the recommended levels (only 60% of HD patients in the United States
do so [10]). There are no quantitative guidelines on how to reach recommended serum bicar-
bonate levels [11,12].

Several authors have suggested that more in-depth computational studies can assist in the
choice of the buffer base composition of the dialysis fluid [9,13]. However, mathematical
modeling of acid-base chemistry provides specific challenges; the kinetics of bicarbonate and
dissolved carbon dioxide (CO,) during HD are more difficult to describe than that of uremic
toxins such as urea or creatinine. Acid-base chemistry in body fluids is complex, involving
interactions between bicarbonate, non-bicarbonate buffers and dissolved CO, in plasma, and
the reactions of CO, to form carbamylated proteins, specifically hemoglobin within the red
blood cell [14]. A full description of acid-base kinetics requires also taking into consideration
the role of respiration in controlling CO, levels in blood. The kinetics of bicarbonate transport
during HD are themselves not entirely understood, as there is still no consensus on the cause
of the observed lack of equilibration between the bicarbonate concentrations in plasma and
dialysate, regardless of session length [15-17]. Transport of dissolved CO, alongside bicarbon-
ate has also been reported to be possible cause of acidosis in respiratory-impaired patients,
although it is often neglected [18].

Extensive physicochemical models of acid-base chemistry in intracellular and extracellular
fluids have been proposed with or without regulation by pulmonary mechanisms [19-21] but
were mostly applied to the study of the physiology of general population, often considering
only steady-state conditions. Models specifically describing the effects of the HD treatment
have also been proposed, albeit with different degrees of sophistication. Thews and Hutten
were the first to implement a complex model (24-compartments) to describe the changes in
serum bicarbonate, CO, and H" ions during HD, including chemical reactions and respiratory
control mechanisms [22]. That model was able to accurately predict the immediate post-dia-
lytic arterial serum bicarbonate and H* concentrations, but it was too complex for patient-spe-
cific implementation, and its parameters were incompletely described [23]. Ursino, Coli, and
colleagues modeled the kinetics of bicarbonate and H" ions during HD alongside other small
solutes (sodium, potassium, chloride), but their model neglected the role of lung function,
thereby assuming equal arterial and venous concentrations of all solutes [24,25]. Recently, Sar-
gent et al [26] and Wolf [19] proposed simpler compartmental models describing bicarbonate
kinetics during HD to explain the lack of equilibration between bicarbonate levels in plasma
and dialysis fluid by the end of an HD treatment; these models also neglected lung function
and were limited to predictions of intradialytic changes in serum bicarbonate. However, Sar-
gent’s model was successful in accurately predicting bicarbonate concentrations during a more
complex protocol with step-wise increase in dialysate bicarbonate [27]. All models except the
original by Thews and Hutten [22] omitted the role of respiration and thus were unable to sim-
ulate differences in arterial and venous acid-base concentrations, especially those for CO,. Fur-
ther, all previous models have neglected the role of intracellular buffers in erythrocytes and
muscle cells that have a significant effect on the whole system [28,29].

We propose a model of dissolved CO,, bicarbonate, and oxygen (O,) transport, describing
comprehensively the effect of HD with bicarbonate-containing dialysis fluid on the acid-base
chemistry of arterial and venous blood in different compartments, including tissue cells and
interstitial fluid. The action of the lungs on the regulation of acid-base equilibria was described,
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to allow simulating the effects of changes in the respiration parameters. The model was devel-
oped with the aim of being practical, using as inputs common clinical parameters that are possi-
ble to measure noninvasively in HD patients. This paper offers a description of the model and a
demonstration of its feasibility in describing these processes, with simulations of common pat-
terns observed in HD and specific clinical data. Finally, our results suggested a new hypothesis
to explain the lack of equilibration between plasma and dialysis fluid bicarbonate.

Methods
Mathematical model

The model proposed is based on the O, and CO, storage and transport model developed by
Andreassen and Rees [30], adapted to describe the changes in the acid-base chemistry of differ-
ent body compartments induced by routine HD treatments using bicarbonate-containing dial-
ysis fluid. All chemical reaction equilibrium constants and other physicochemical parameters
were assumed as originally described [14,30] and are not reported here, whereas the patient-
specific and treatment-specific parameters of the model were taken from the literature [26,31].

The basic structure of the model is the same as originally described [30]. The state variables
are: the fraction of expired gas (O, and CO,) in the lung compartment (lung capillaries and
alveoli); the total CO, (bicarbonate plus dissolved CO,) concentration, total O, concentration
and the base excess (BE) in the arterial and mixed venous blood compartments; total CO, and
total O, concentration in the tissue compartment (which unifies interstitial fluid and intracel-
lular fluid). In total there are 4 interconnected compartments and 10 state variables defining
the acid-base chemistry of each compartment (Fig 1).

We modified this model to include 3 additional state variables to describe the changes in
the volume of arterial blood, venous blood, and interstitial fluid resulting from ultrafiltration
of fluid during the HD treatment and interdialytic fluid gain.

Variables in each compartment were used to solve a system of equations with up to 19
unknowns, quantifying the equilibrium acid-base chemistry of blood and interstitial fluid.
This model of blood chemistry was first developed by Rees and Andreassen [14]; the following
is a brief outline of the quantitative relationships described in that model, while the equations
are reported in Appendix A in S1 Text. Blood is assumed to consist of a fraction with red
blood cells (erythrocyte volume) and without red blood cells (plasma volume). The total con-
centration of carbon dioxide in blood (tCO, ;) is assumed to be the volume-weighted average
of the total concentration of carbon dioxide in plasma and red blood cells. The total concentra-
tion of carbon dioxide in plasma is the sum of the concentrations of dissolved CO, and bicar-
bonate in plasma, and the total concentration of carbon dioxide in red blood cells is the sum of
the concentrations of dissolved CO, and bicarbonate within red blood cells plus that of carba-
mated hemoglobin (hemoglobin with bound carbon dioxide moieties). The total concentra-
tion of oxygen in blood (1O, ) is similarly quantified. Non-bicarbonate buffers are present in
plasma and interstitial fluid, representing large, negatively charged molecules, and phosphates,
in protonated and non-protonated forms. Blood BE was calculated as the total buffer base
minus the normal buffer base as defined elsewhere [14,32]. A similar approach was used to
write a system of equations to calculate tCO, and tO, in the interstitial and tissue cells fluid
compartments, although some more empirical relationships were used to describe the changes
in interstitial and intracellular pH and base excess, due to the scarcity of information on the
kinetics of these variables inside tissue cells [30] (Appendix B in S1 Text).

The solution of these systems is defined at each step of integration of the dynamic model
(for each updated value of the state variables) to calculate the values of all the variables appear-
ing in the state equations.
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Fig 1. General structure of the modified model of transport of carbon dioxide and oxygen in the human body, summarizing the input and outputs of the
model compartments. The state variables are reported for each of the four main compartments, and their value is calculated by solving the blood chemistry
system of equations using the inputs for each compartment. See Appendix D in S1 Text for the explanation of the symbols.

https://doi.org/10.1371/journal.pone.0282104.9001

The original whole-body model was developed mainly to quantify respiratory acid-base reg-
ulation, and all the variables related to blood chemistry depend on the input describing the res-
piration and metabolic steady states [30]. In order to apply the model to the HD patient data
available, we introduced changes in the calculation of the steady-state of the model so that in
pre-dialysis equilibrium conditions, all other variables could be calculated from the values of
arterial partial pressure of CO, (pCOy,), arterial plasma bicarbonate concentration (Bic,,4),
and arterial oxygen saturation (sO,,). The latter is not regularly reported in published data
[26,31] but, as in the original model [30], the knowledge of three variables was needed to
define the chemistry of a compartment, so an initial value of sO, , was assumed. Then, from
the value of these three quantities in arterial blood, two other parameters were tuned, the tissue
oxygen consumption (VOZJ) and the tissue CO, generation (V CO, ), so that the initial solu-
tion of the time-dependent model would result in the observed pre-HD values of pCO, 4, Bicy, 4
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and sO,,. An explanation of these modifications to the steady-state calculation of the model is
presented in Appendix Cin S1 Text.

Most of the equations describing the time-dependency of the model are unchanged from
the original proposed by Andreassen and Rees [30] and are summarized in Appendix D in S1
Text. The main differences consist in the introduction of the hemodialyzer, adding bicarbon-
ate, dissolved CO, and acetate to blood, and the removal of the pulmonary shunt blood flow,
considered negligible. We assumed an arterio-venous fistula access type. When blood passes
through the dialyzer, the concentrations at the outlet of the filter for plasma bicarbonate (Bic,,
out) and partial pressure of CO, (pCO,,,,) are increased. pCO, ,,,; is increased because of the
presence of dissolved CO, in the dialysis fluid which diffuses to blood with a flow proportional
to the gradient between plasma and dialysis fluid. Bic,, ., increases because of two sources: the
first is the diffusion flow of bicarbonate from the hemodialyzer; the second is the conversion of
dialyzed acetate into bicarbonate.

: : DB' . . KA: ' Acp
Bic, . = Bic,, + = - (ocD - Bic, — Bchﬂ) + . (1)
P ® 093 (1—Het)-Q, ' 0.93-(1— Het) - Q,

D,
pCO, ,,, = pCO,, + —2— (pCO, , — pCO,,) (2)
2,out 2. 093 . Qb 2.d 2

In the equations above, derived from the mass conservation principle, the subscript d stands
for dialysate, p for plasma and a for arterial. Dy, and D¢, are the dialysances for bicarbonate
and dissolved CO,, respectively. K4 is a metabolic constant describing the conversion rate of
acetate into bicarbonate, and it was assumed to be 0.65 L/min as determined in a previous
study by Sargent et al [26]. Ac, is the plasma concentration of acetate, which is normally close
to zero initially but quickly increases in patients during HD sessions because of diffusion from
acetate-containing dialysis fluid. For simplicity, because previous studies showed that its value
is relatively constant during HD and it reaches 99% of its plateau value in less than one hour of
dialysis, we assumed Ac, to be constant, with values of 0.56 mmol/L and 0.325 mmol/L, when
analyzing Sargent’s data and Park’s data, respectively [26,31]. Q, is the flow rate in the blood
channel of the extracorporeal circuit. It was assumed that the solute exchange at the two sides
of the dialyzer membrane takes place between plasma and dialysis fluid, so for bicarbonate the
term 0.93 - (1 — Het) - Q, is the plasma water flow rate (0.93 is the correction for the water
fraction of blood and Hct is the haematocrit). Because dissolved CO, quickly diffuses across
the erythrocyte’s membrane, the full blood flow was used in Eq 2. The coefficient o, corrects
for the Donnan effect and is equal to 0.95 for bicarbonate and to 1 for CO,. The value of pCO,,
4 was calculated with the Henderson-Hasselbalch equation assuming a pH equal to 7.2.
Because of the low ultrafiltration rate compared to blood flow rate in these studies, for simplic-
ity we assumed no convective transport of solute across the dialyzer membrane (however, it
can be easily implemented by expanding Eqs 2 and 3).

Since clinical studies have shown that oxygen transport across the dialyzer is of minor mag-
nitude [33], it was assumed that tO, is not significantly different at the two sides of the dialyzer
(t03,000 = 105,).

With this assumption and Egs 1 and 2, Bic,, CO,, and O, are known for the blood at the
dialyzer outlet, and it is possible to solve the system of equations (Appendix A in S1 Text) to
calculate the total CO, concentration (tCO,,,;), which is then mixed with the venous blood
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(subscript V) that bypassed the fistula, to give the post-dialyzer (pd) blood:

2,out '
Cco QCO

tCO, ,, = tCO,, - (1 - Qb) + tCO & (3)

Similar equations are written for tO, pp and BEpp; the three post-dialyzer values are used as
the inlet of the mixed-venous (mv) compartment in the corresponding state-equations:

dtCO ).
ACOm _ Qo (tCO, pp, — tCO, )

dt .
dto mv Q
di = Vf: (tOZAPD - tO2,mv) (4)
dBE,, Qe
——_mr _ <CO(BE _ BE
dt V ( PD mv)

mv

where V,,,, is the volume of the mixed-venous blood compartment and Q, is the cardiac out-
put. The state equations for the other compartments are written with a similar approach and
are reported in Appendix D in S1 Text.

Volumes of interstitial and blood compartments were assumed to change linearly through-
out the session; other volumes were maintained constant, consistent with the removal of fluid
from only extracellular sources. In blood only plasma volume decreases, whereas the volume
of erythrocytes is constant. A constant fraction of total ultrafiltration volume (80%) was
assumed to come from the interstitial fluid, and the remaining 20% to come from mixed
venous and arterial pools, proportional to their volume ratio before the treatment. The mass of
total non-bicarbonate buffer base in plasma and interstitial fluid was kept constant during the
session, but its concentration increased according to the reduction in the respective volumes.
The volume of the tissue cells compartment was assumed to be constant.

The three volume state equations added to the model have thus the form:

av,
dt

=—p- Quf (5)

where V, can be arterial, mixed venous or interstitial volume, p is the fraction of total ultra-
filtration calculated as described in the previous paragraph, and QW, is the ultrafiltration
rate calculated as the ratio between ultrafiltration volume and session length. The volumes
of blood and interstitial fluid were assumed to increase linearly during interdialytic
intervals.

Model simulations and clinical data

The model was implemented in MatLab (MathWorks, Natick, MA, USA). The ability of the
model to predict published clinical data was assessed by fitting the model to that reported in
the studies by Sargent [26] and Park (study 1a) [31]. Patient-specific and treatment-specific
parameters were taken from the published data whenever possible, and the quantities not
reported in the studies were either assumed equal to what used in the original formulation of
the model or fixed based on common values for the dialysis population (Table 1).

The fitting was carried out by tuning two model parameters to minimize the sum of residu-
als (SR) between the data and the model’s outputs. The total SR was calculated summing the
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Table 1. Patient-specific and treatment-specific parameters for the two clinical studies [26,31] to which the model
was applied. The values used here are the average of the data reported. For patient-specific parameters, initial values
are reported unless otherwise specified. Measurements missing in the datasets were taken from the original description
of the model or assumed based on standard values for the patient population.

Parameter Symbol | Sargentetal | Parketal
Plasma bicarbonate (mmol/L) Bic, 21.3 23.07%
Plasma CO, partial pressure (mmHg) pCO;, 36.00 38.85°
Blood hemoglobin (mmol/L) Hb 7.2 7.07
Erythrocyte hemoglobin (mmol/L) Hb, 20.67° 21.4°
Oxygen saturation 5O, 0.97° 0.97°
Cardiac output (L/min)* Q‘w 5.04 5.0¢
Net acid production rate (mEq/Kg BW/day)* H, .04 1.07
Plasma non-bicarbonate buffer concentration (mEq/L) tNBB, 23.54 23.54
Intracellular total non-bicarbonate buffer capacity (mmol/pH/kg H,0) Binsa: 30¢ 30¢
Body weight (Kg) BW, 71 85
Total body water volume (L) TBW, 333 -
Extracellular volume (L) ECF, 12.3 -
Interstitial volume (L) Vio 8.8° 14°
Tissue intracellular volume (L)* vV, 21° 14°
Hematocrit Hct, 0.348 0.33¢
Blood volume (L) Vo 5.29 5.0
Plasma volume (L) Vo 3.45° 3.35°
Arterial/venous volume ratio 0.149¢ 0.149¢
HD duration (min)* tup 209 224
Ultrafiltration volume (L)* UFV 1.8 2.8
Dialysate bicarbonate (mmol/L)* Bicy 32 37
Dialysate CO, partial pressure (mmHg)* pCO,4 82.90¢ 95.85°¢
Dialyzer blood flow (mL/min)* Q‘b 400 385

* value obtained from graphs using WebPlotDigitizer (Ankit Rohatgi, https://automeris.io/WebPlotDigitizer)
® calculated

© assumed

9 taken from references [14,30]

¢ calculated with the Henderson-Hasselbalch equation assuming dialysate pH = 7.2 [33]

* constant parameter.

https://doi.org/10.1371/journal.pone.0282104.t001

residuals for arterial plasma bicarbonate concentration and partial pressure of CO,:

Bicy,; — BiCyoga; PCO, 40 = PCOs g
SR=3 " [ tawi — Tmodei date imodd 6
Zi Bicdata‘i + Zi pCO?.data,i ( )

The subscript i indicates the i-th measurement collected during the HD session. Measure-
ments of plasma bicarbonate and pCO, were taken in the Sargent study at t = 0, 15, 30, 60, 90,
120, 209 minutes and in the Park study at ¢ = 0, 15, 45, 90,135, 180, 224 minutes. The parame-
ters fitted were the dialysances for bicarbonate (Dg;.) and dissolved CO, (D¢oy). The estima-
tion of the parameters was carried out with a nonlinear least squares method (function
Isqnonlin in MatLab, used also for the estimation of steady-state parameters).

Additional simulations included the simulation of a weekly HD cycle, comprised of three
sessions of similar duration and post-dialytic intervals of 48, 48 and 72 hours, respectively,
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carried out to test the feasibility of simulating interdialytic changes in acid-base chemistry.
Parameter values taken from the Sargent dataset were used in this case.

Sensitivity analysis
Local sensitivity analysis of the model was carried out for the dialysances and for the parame-
ters reported in Table 1, to assess their impact on selected outputs of the model. The sensitivity

indices were calculated using the one-at-a-time (OAT) method. More details on the methods
and the results of this analysis is reported in the Appendix E in S1 Text.

Results
Simulation of clinical data

Table 2 shows the parameters estimated by the model to fit the model predictions to the clini-
cal data from the studies of Sargent et al [26] and Park et al [31]. Tissue oxygen consumption
(VOQ_t) and CO, generation (VCOZI) were tuned to fit the initial state of the model to the val-
ues of plasma bicarbonate and pCO, (Table 1), while the dialysances Dg;. and Do, were
tuned to fit the simulated bicarbonate and pCO, profiles during the session. The values of
VOQJ and VCOQ_} were considered constant during the simulated HD sessions.

The output of the model’s fit to Sargent’s data is shown in Fig 2, whereas that for Park’s
data are shown in Fig 3. While the arterial plasma variables of the model were fitted to the
data, the model predicts concentration profiles of mixed venous plasma as well as those in
other compartments (erythrocytes, interstitial fluid, tissue cells); these additional results
shown in the figures are examples of the variety of the predictions obtainable from the model.
Several trends are consistent from the model predictions using both data sets. For example,
mixed venous plasma levels of bicarbonate concentration and pCO, are higher than those in
arterial plasma, and both bicarbonate concentration and pCO, are substantially lower in eryth-
rocytes than in plasma. Further, model-predicted acid-base parameters in the interstitium are
similar to those in mixed venous blood. These relationships are like those predicted by this
same model under normal physiological conditions [30]. Integration of Eqs 1 and 2 allowed us
to calculate the amount of base and dissolved CO, transferred from dialysis fluid to the patient
according to the model. For Sargent’s data they are equal to 181.5 mmol (of which 76.1 are
from acetate) and 25.1 mmol, respectively, and for Park’s data they are equal to 179.8 mmol (of
which 47.3 are from acetate) and 19.8 mmol, respectively. Despite the different combinations
of fixed parameters tested, the model with constant O, consumption, CO, generation and

Table 2. Parameters estimated by the model. The values estimated to fit the data from the studies by Sargent [26] and Park [31] are compared with the values assumed

in the original model description by Andreassen and Rees [30] (only for the steady-state parameters VO, , and VCO,,). The dialysances Dg;. and D¢, are shown first for

the simulations with constant respiration rate and then when a linear increase in minute ventilation (AV ;) was assumed.

\./'ON (mL/min)
V:CO,, (mL/min)
Dgi. (mL/min)
Dco; (mL/min)
Dg;. (mL/min)

Parameters Sargent et al Park et al Andreassen and Rees AVE
283.6 280.1 253
171.3 179.8 222
124.7 78.8 - 0
87.0 50.9 - 0
164.4 142.8 - 14.0%
131.9 139.7 - 22.8%

Dco, (mL/min)

V0, ,~tissue oxygen consumption rate; V CO, ,~tissue CO, generation rate.

https://doi.org/10.1371/journal.pone.0282104.t002
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Fig 2. Simulations of several variables of the model, fitted to the data from the study by Sargent et al [26]. The dialysate
concentration of bicarbonate was corrected for the Gibs-Donnan effect.

https://doi.org/10.1371/journal.pone.0282104.g002

respiration rates were not able to match the pattern of pCO, data, although the small varjabil-
ity of the values in the data assured a small overall error.

Changes to the respiratory regulation of pCO,
For each initial steady-state defined by the model’s fixed parameters and VO, , and VCO, ,, the

minute ventilation of the patient was calculated (V , the volume of air breathed per minute).
This parameter was assumed constant during the HD session, for lack of data, but an increase
in respiration rate during dialysis has been observed in clinical studies [34-36]. Additional
model simulations were therefore carried out with the assumption of a linear increase in V,
and the dialysances Dp;. and Do, were newly fitted to the data, together with the optimal
increase in V,, expressed as a percentage of the initial value (AV ). These results are presented
in Fig 4. The baseline values of V', were 3.55 and 3.49 L/min for Sargent’s and Park’s data,
respectively. The new estimated parameters are shown in Table 2. The assumption of linearly
increasing V , allowed the model to achieve a better fit of pCO, data. The increase in the esti-
mated dialysances also brought an increase in the added bicarbonate and CO, to the patient.
For Sargent’s data the new values were 219.2 mmol (of which still 76.1 mmol were from ace-
tate) and 38.4 mmol, respectively, and for Park’s data they were equal to 279.2 mmol (47.3
mmol were from acetate) and 54.0 mmol, respectively.

Theoretical simulation experiments

Fig 5 depicts a cycle of consecutive HD sessions, following a standard 3-2-2 schedule (3 days
pre-dialytic interval before the first session of the week, 2 days before the following sessions).
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Fig 3. Simulations of several variables of the model, fitted to the data from the study by Park et al [31]. The dialysate concentration
of bicarbonate was corrected for the Gibs-Donnan effect.

https://doi.org/10.1371/journal.pone.0282104.9003

The model was able to correctly describe the alkalinization of the patient during each session,
and consequent acidification in the intradialytic periods. Values of pCO, were maintained
constant by normal lung function except during HD treatments with the influx of bicarbonate
and dissolved CO, from the dialysis fluid. A cyclical steady-state was obtained, with the value
of the output at the end of the cycle equal to the initial value, by adjusting the net acid genera-
tion rate (H,) to be in equilibrium with the infusion of buffer base during each session. For this
simulation, H, was tuned to 0.043 mL/min.

Discussion

This work describes a mathematical model simulating the time-dependent effect of HD on
acid-base chemistry within the patient’s body. The current model is based on existing acid-
base chemistry and whole-body compartmental models proposed in twin papers by Rees and
Andreassen [14,30]. We adapted the model to describe the changes in acid-base chemistry of
the body compartment during a HD session, modifying its framework to allow the use of clini-
cal data of HD patients as inputs, and adding equations to describe the transport of bicarbon-
ate and dissolved CO, and removal of fluid by the hemodialyzer. With such modifications, the
model was able to describe the effects of hemodialysis on a number of acid-base related quanti-
ties (pH, bicarbonate and hemoglobin concentrations, partial pressures of CO, and O,) simul-
taneously, in both blood and extravascular compartments.

The model developed by Rees and Andreassen was chosen as the base for this work because
of its relative simplicity in the face of its comprehensive approach to the description of the
acid-base status in the body. We acknowledge that more complete models describing
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https://doi.org/10.1371/journal.pone.0282104.9004

physiological acid-base phenomena exist, but their application to the simulation of HD can be
too complex for practical use [21,37,38]. Conversely, existing models applied specifically to the
study of HD tend to neglect important mechanisms such as intracellular and non-bicarbonate
buffers and respiratory regulation [19,26]. Most models neglect the transport of dissolved CO,
from dialysis fluid, whose importance we discussed in a recent paper [39], and whose tangible
impact has been revealed by symptoms such as HD-driven intra-dialytic acidosis [18,40]. Fur-
thermore, the presence of intracellular buffers, and transport of mobile buffers such as bicar-
bonate between intracellular and extracellular fluids directly affects the acid-base equilibrium
and should be taken into account in a mathematical description of these phenomena [41]. It
was thus of importance that our modeling effort would include a physiology-based description
of the interactions between intracellular and extracellular compartments, accounting for the
chemical reactions involving bicarbonate and other non-bicarbonate buffers.

For this theoretical study we applied the mathematical model to the simulation of clinical
profiles of plasma bicarbonate, pH, and pCO, reported in the published works by Sargent et al
[42] and Park et al [31]. The model was fitted to the data in two steps. First the initial value of
the state-variables was identified by fitting two parameters (V O, and VCOZJ) to assure that
the stead-state solution of the model would reflect the pre-dialysis bicarbonate and pCO, data;
successively, the profiles during HD were fitted by tuning the dialysances for bicarbonate
(Dg;.) and dissolved CO, (Dco»). The estimated values of VOZ,t and VCOQJ were similar to
those assumed by Andreassen and Rees [30]. Dg;. and Do, were selected for tuning after the
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sensitivity analysis (Appendix E in S1 Text) showed that they were among the main determi-
nants of arterial plasma bicarbonate concentration and pCO, (pH was not considered, as its
value depends on bicarbonate and pCO, via the Henderson-Hasselbalch equation).

Previous models of acid-base chemistry during HD have been limited to describing intra-
dialytic changes in acid-base parameters [19,22,24,26]. The current model is the first to
describe the behavior of the acid-base parameters both during and between HD treatments
(Fig 5). As expected, the blood is loaded with alkali during the HD session, while the metabolic
acids generated during interdialytic intervals acidify the system via protein catabolism, thereby
decreasing pH and bicarbonate content [43]. The simulations of the weekly HD cycle demon-
strated that a cyclic steady-state between weeks of treatment can be achieved by tuning the
endogenous net acid production rate of the patient so that the output values after the third
post-dialytic interval would match the first pre-dialytic ones. This suggests that it may be possi-
ble to use the model described here to estimate the acid generation rate from such observed
clinical data. Conversely, by knowing the acid generation rate during a cycle, the dose of bicar-
bonate dialysis necessary to achieve the desired post-dialysis blood chemistry status at the end
of the week can be more accurately estimated. It must be noted that, for simplicity, the model
neglects the effects of residual renal clearance or additional buffer stores (such as in bone); in
simulations with a long timescale this might introduce significant errors, although it is likely
that these errors can be ignored for intradialytic simulations.

After tuning the selected parameters, our model was able to reproduce with good accuracy
the arterial plasma bicarbonate concentration-time profiles present in the two datasets
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Table 3. Dialysances calculated from measured inlet and outlet dialyzer concentrations in published studies.

DBic (D) DBic (B) DCOZ (D) DCO2 (B) Qb Qd
Sombolos et al [33] 133.1 2231 447.0 177.1 300 700
Symreng et al [36] 241.4 220.7 297.8 188.4 400 500

Dpg;—bicarbonate dialysance; Dco, —dissolved CO, dialysance; D-calculated from dialysate side; B-calculated from blood side. Q,—blood flow rate; Qq—dialysate flow

rate. Values in mL/min.

https://doi.org/10.1371/journal.pone.0282104.t003

analyzed. The interpretation of our estimated values of the dialysances of bicarbonate and CO,
is, however, complicated by the interconversion of the two species, as already emphasized by
several authors [33,39,44]. Several examples of this problem can be found in the literature. In a
recent editorial in the American Journal of Physiology [45] Gennari and Sargent discussed the
data described by Park et al [31], and observed that calculating the dialysance of bicarbonate
from the concentration measurements yielded a value Dg;. = 205 mL/min. However, they sug-
gested that a lower Dp;. would have been necessary, 104 mL/min, to obtain the net alkali trans-
port from dialysis fluid to blood reported by Park. Only few studies reported concentrations at
the inlet and outlet of a dialyzer for both bicarbonate and pCO,, allowing to calculate dialy-
sances using the classic formula. Sombolos et al made such measurements 5 minutes into the
HD session [33], while Symreng et al took samples at 60 minutes [36]; the dialysances calcu-
lated from their data are shown in Table 3. Some anomalies are immediately apparent, such as
Do, reported by Sombolos being higher than the HD circuit blood flow rate. However, the
values described by Sombolos were calculated using dialysate measurements: repeating the
same calculation from blood values yields significantly lower values for CO, (Table 3).
Although the blood-side dialysances reported for CO, in Table 3 are closer to what was esti-
mated by our model, these observations suggest that the classic method of dialysance calcula-
tion is ill-suited for bicarbonate and CO, (bicarbonate dialysances also would be inflated by
the additional bicarbonate from acetate metabolism). By contrast, the dialysances appearing in
Eqs 1 and 2 of our model are direct expression of the rate of diffusive transport across the dia-
lyzer, and thus should probably not be directly compared.

That respiration rate increases during the HD session is open to debate. An increase in res-
piration rate to ventilate the excess CO, is actually to be expected [43]; however, only a small
increase was reported in clinical studies during a HD session, and it was often not statistically
significant [34,35]. Symreng measured an average increase in minute ventilation of 12.3% in 5
patient undergoing HD, comparable to the increase estimated by our model. The fitting of the
simulated profiles of pCO, to the data was significantly improved when the minute ventilation
V , was allowed to increase during the session (Fig 4). Because of the lack of information on
the changes in respiration rate during the clinical sessions, a linear increase in minute ventila-
tion was assumed. We found that an increase corresponding to 1.3 breaths/minute in Sargent’s
data and 1.7 breaths/minute in Park’s data was enough to achieve a close fit of the data, and
reproduce the characteristic small increase in pCO, during the first hour of HD observed in
clinical studies [26,46-48].

The newly estimated dialysances were higher than in the baseline model for both data sets
since an increase in transport was necessary to balance the higher exhalation of CO, from the
lungs during the HD session. This significantly affected the mass balance for both bicarbonate
and CO, (but not for acetate, whose contribution remained constant with the constant plasma
concentration assumed in the model). The net alkali mass transported across the dialyzer
reported by Park was equal to 155 mmol, while Sargent reported 203 mmol [26,31]; using Sar-
gent’s data, our model predicted values ranging from 181 to 219 mmol, depending if the
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respiration rate was assumed constant or increasing during the HD session. For Park’s data,
predicted net alkali balance changed from being close to the published value when respiration
rate was constant, to being almost double when a 23% AV, was estimated (279 mmol). How-
ever, it is possible that the model might be overestimating the increase in V ; assuming only
13% for Park’s data resulted in significantly lower transport parameters and mass balance (Dg;,
=116 mL/min, D¢, = 100 mL/min, net alkali transport = 237 mmol) with an increase in the
relative prediction error for pCO, of only 0.3%. Therefore, it is possible that with a more accu-
rate function describing changes in the respiration during HD, a more accurate mass balance
could be predicted by the model.

These simulations show anyway how sensitive the whole system is to changes in the respira-
tion and demonstrate the possibility of using the model to simulate their effects on the regula-
tion of the acid-base equilibria.

In clinical practice a lack of equilibration between plasma and dialysate bicarbonate con-
centration is often observed, despite a leveling-off of plasma bicarbonate [15-17]; Gennari
et al [49] have recently summarized some possible explanations for this lack of equilibrium. In
one case [26], Sargent et al proposed that this lack of equilibration was the result of increased
endogenous organic acid production; however, recent data from Park et al [31] do not support
endogenous acid production as the dominant mechanism. Another study suggested that a
release of H+ ions was caused by a delayed activation of bone buffering, but without direct evi-
dence to verify this hypothesis [50]. Recently, Wolf [19] suggested that the leveling off of bicar-
bonate could be explained as a consequence of the electroneutrality principle. We propose yet
an alternative possible explanation based on the current described model. According to our
model, the main cause of the lack of equilibration of blood and dialysate bicarbonate levels
appears to be dissolved CO, transport from dialysis fluid to blood. The acidifying effect of dial-
ysate-wrought dissolved CO, has been already addressed in the past [18,40]; our results suggest
that progressive fall in pH resulting from the increasing pCO, somewhat counteracts the
increase in bicarbonate concentration. If, for example, the dialysance Doy, is set to zero in our
model, that is eliminating dissolved CO, transport from the dialysis fluid, equilibration is
completely achieved, except for a small offset caused by the net endogenous acid generation
rate (Fig 6, when setting acetate to zero). During the HD session this results in a slower
increase in bicarbonate and other bases (non-bicarbonate buffer and hemoglobin in non-pro-
tonated forms), until reaching an equilibrium in which the blood concentration of these bases
levels off. This equilibrium is preserved by the stability of the flow of dissolved CO, from dialy-
sis fluid (Fig 6), in turn maintained by the exhalation of CO, from the lungs (Equations A39
and A40, Appendix D in S1 Text) which dampens the increase in arterial pCO,. The flattening
of bicarbonate profiles, incomplete in simulations with constant respiration rate (Figs 2 and 3),
was achieved when an increase was assumed in V, (Fig 4). Simulations with different dissolved
CO, concentrations in the dialysis fluid showed that the plasma bicarbonate level reached at
the end of HD is inversely proportional to the former, all other factors being equal. It must be
noted that, because of the formulation of the original model of Rees and Andreassen, changes
in quantities such as bicarbonate, pH (H" concentration), and dissolved CO, in plasma and
erythrocytes are not calculated as result of modelling of their transport flows, but rather as
solutions of a series of steady-states for the chemistry equations of each blood and fluid com-
partment. As such, it is difficult to directly assess from our modeling results the origin of the
H* anions titrating the dialyzed bicarbonate.

Our study has several additional limitations. Many subject-specific parameters were miss-
ing in the data to which the model was applied and had to be chosen based on common sense
or known literature. Plasma/erythrocyte/hemoglobin biochemistry was assumed the same as
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Fig 6. Effects of decreasing D¢(,. (Top) Bicarbonate and dissolved CO, concentrations in Sargent data (assuming constant respiration
rate), with dialysate concentration of bicarbonate corrected for the Gibs-Donnan effect. The simulated session was extended to 420
minutes to better show the leveling off of bicarbonate concentration profile, and the effects of hemoconcentration were removed by setting
the value of UF to zero. Note that if acetate concentration is not set to zero (dashed line), plasma bicarbonate can exceed dialysate
concentration because of the constant inflow from acetate, which in the model is independent of other variables. (Bottom) Solute flow
rates from dialysis fluid to plasma.

https://doi.org/10.1371/journal.pone.0282104.g006

normal subjects, as described by Rees and Andreassen [14], therefore the model ignores possi-
ble changes caused by uremia. Furthermore, we assumed that only bicarbonate and dissolved
CO, concentrations are affected by passage through the dialyzer; however, this can be a rea-
sonable simplification because of the much higher relative changes observed in bicarbonate
and pCO, compared to e.g. oxygen partial pressure [33]. Time-dependent transport of acetate
from dialysis fluid to blood was simplified, opting instead to describe acetate plasma levels as
constant. While this is clearly an oversimplification, we deemed it reasonable in the light of
clinical and computational evidence [26,31]; anyway, simulations performed using a time-
dependent acetate concentration as described in [26] resulted in only small changes of the esti-
mated parameters (results not shown). Finally, our model approaches the study of acid-base
homeostasis with the “classical” view of bicarbonate and base excess, contrary to the approach
spearheaded by Stewart based on the electroneutrality principle [51], and employed by other
investigators [19,52]; thus, we do not consider the transport of other ions, such as sodium,
potassium and chloride, that are also altered by HD. This simplification was necessary to keep
the complexity of the model low and avoid the need of more assumptions on the kinetics of
other ions without such data; however, the two approaches can be seen as complementary
[53].

To conclude, the model of acid-base chemistry and transport proposed in this study shows
promise to describe the alterations in acid-base balance within the patient during HD and
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managed to provide a close fit of clinical data without overparametrization, despite the lack of
information on many patient-specific parameters. Our results suggest that the importance of
the lungs on the preservation of the acid-base homeostasis during HD cannot be neglected
even when describing metabolic acidosis. Given the sensitivity of the whole acid-base buffer
system to changes in pCO,, any further modeling efforts should strive to describe the respira-
tory regulation of CO, levels in the patient. Even a relatively ignored phenomenon, such as the
transport of dissolved CO, from dialysis fluid to blood, might unexpectedly be one of the main
determinants of the kinetics of bicarbonate during HD and of the post-dialysis bicarbonate
plasma concentration. Overall, the strong physiological and physicochemical bases of the
model, and the wide array of outputs available, make it useful for a more complete description
of acid-base disturbances during dialysis.

Supporting information

S1 Text. Appendices. Equations of the model (appendices A, B, C, D) and results of the sensi-
tivity analysis (appendix E).
(PDF)
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