Chapter (16)

Ionic Dialysance and
Conductivity Modeling

Francesco Locatelli, Celestina Manzoni, Giuseppe Pontoriero, Andrea Cavalli,
Salvatore Di Filippo, and Ahmad Taher Azar

CHAPTER OUTLINES e To know the main possible uses of
o ionic dialysance in achieving so-
Introduction dium balance and delivered dialysis

History of conductivity clearance
Conductivity measurement metho-

dose quantification

dology KEY TERMS
Assessment of hemodialysis ade- ®
quacy by ionic dialysance Conductivity

Calculation of access flow from io-
nic dialysance measurements
Conductivity Kinetic Modeling
Conclusion and final remarks

CHAPTER OBJECTIVES

To understand the concept of ionic

Ionic dialysance

Urea clearance

Mass balance error

Dialysis adequacy

Access flow rate

Access recirculation

Sodium balance

Single pool sodium kinetic model

dialysance Cardiovascular stability

ABSTRACT

In the 1993 two papers showed that instantaneous ionic dialysance can
be measured without the need for blood or dialysate sampling and at no
extra cost, simply by using two conductivity probes placed at the dialyzer
inlet and outlet or a single probe alternately activated at the inlet and out-
let. Given the very close correlation between the conductivity of dialy-
sate and its sodium content it has been suggested that ionic dialysance
can be considered equivalent to effective sodium dialysance. When ionic
dialysance value is known it is possible to indirectly derive the plasma
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water conductivity value and thus the sodium concentration. The possi-
bility to estimate sodium dialysance and plasma water sodium concentra-
tion without the need for blood samples and laboratory determination
makes it very easy to apply the sodium kinetic model changing it in a
conductivity kinetic model. Moreover, because of the similar molecular
weight of sodium chloride and urea it has been suggested that ionic di-
alysance can also be considered equivalent to effective urea clearance.
Thus, it should be possible to use ionic dialysance instead of urea clear-
ance for the routine monitoring of delivered dialysis dose. Therefore, io-
nic dialysance seems a very promising and easy tool to improve dialytic
treatment.

16.1 INTRODUCTION

Given the very close correlation between the conductivity of dialysate
(an electrolyte solution) and its sodium content it has been suggested
that ionic dialysance can be considered equivalent to effective sodium
dialysance and because of the similar molecular weight of sodium
chloride and urea, it can also be considered equivalent to effective urea
clearance.

When ionic dialysance value is known it is possible to indirectly de-
rive the plasma water conductivity value and thus the sodium concentra-
tion. The possibility to estimate sodium dialysance and plasma water
sodium concentration without the need for blood samples and laboratory
determination makes it very easy to apply the sodium kinetic model
changing it in a conductivity kinetic model. In order to optimize hemo-
dialytic treatment an inexpensive method allowing matching intradialytic
hydro-sodium removal with interdialytic load is of paramount impor-
tance. The validity of the conductivity kinetic model and the possibility
to use it instead of sodium kinetic modeling to routinely estimate sodium
balance was clinically tested and the conductivity kinetic model resulted
very accurate in matching hydro-sodium removal with interdialytic load.
This plays as pivotal a role in preventing or at least reducing intradialytic
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hypotension and other adverse effects of sodium depletion as in prevent-
ing or at least containing the overhydration which can favour or destabil-
ize hypertension, induce left ventricular hypertrophy or even cause acute
pulmonary edema.

It has been suggested that ionic dialysance may be considered equiva-
lent to effective urea clearance. Thus, it should be possible to use ionic di-
alysance instead of urea clearance for the routine monitoring of delivered
dialysis dose. Unfortunately, attempts to determine the in vivo relationship
between ionic dialysance and urea clearance have led to discordant find-
ings. Such different findings can be at least partially explained by the fact
that ionic dialysance values may vary widely depending on the different
methods used to modify inlet dialysate conductivity during their measure-
ments. Recently it has been shown that the mean value of repeated ionic
dialysance determinations obtained using a single-step inlet dialysate con-
ductivity profile underestimates urea clearance corrected for access recir-
culation but provides a clinically adequate estimate of urea clearance cor-
rected for total recirculation.

This is obviously important to quantify delivered dialysis dose which is
related to morbidity and mortality of dialysis patients. If the urea distribu-
tion volume is known, that is total body water volume; ionic dialysance de-
termination makes it possible to determine the Kt/V, which is the index
usually used to quantify the delivered dialysis dose. Even if the simple Kt
is assumed as index of delivered dialysis dose, by following the Kt through
the dialysis session makes it possible to promptly know any reduction in
ionic dialysance that can mean a reduction in delivered dialysis dose and
that can prompt the search for the possible causes: reduction of effective
blood flow, partial dialyzer clotting, access recirculation. Therefore, ionic
dialysance seems undoubtedly a very promising and easy tool to improve
dialytic treatment.
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16.2 HISTORY OF CONDUCTIVITY CLEARANCE
16.2.1 Concept of Clearance

The correct estimate of urea clearance requires the determination of the
amount of urea leaving the blood as well as that appearing in the dialysate.
Usually urea clearance at blood side is estimated starting from the "in vi-
tro" value, the calculation of the dialyzer mass transfer area coefficient
(KoA) and then urea clearance recalculation for different blood and dialy-
sate flows (Sargent and Gotch 1989). In vivo urea clearance from the
blood side (Ky,) is usually determined according to:

K, =

Qg (CBi _CBo) +[Qf ><CB0:| (16.1)

CBi CBi

Where Qg is the whole blood flow rate (ml/min), Qs is the ultrafiltration
rate (mL/min) and C is plasma water urea concentration (mg/dl) at the inlet
(Cg;) and outlet (Cg,) ports of the dialyzer.

In vivo whole blood flow rates are influenced by negative pre-pump
pressure, especially at high blood flow rates. According to Depner et al.
(1990) the "effective whole blood flow" rate (Qg.) can be estimated from
the nominal Qg (Qg,) using the following formulas (Depner et al. 1990;
Daugirdas and Depner 1994):

For Qg,, <200 ml/min
Qp. =Q4, (16.2)
For Og, > 200 ml/min
(Qg, —200)
= X[ 1-| ——= 16.3
Qe = { ( 2000 (16.3)

According to these formulas, at Qg, values of 300 and 400 ml/min, Qg
values of respectively 285 and 360 ml/min can be predicted. The "effective
flow" of urea is represented by the "blood water flow" (Q.), which is
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always lower than Qg. and can be estimated by taking into account hema-
tocrit (Ht), the intracellular distribution of urea (Fr) and the volume frac-
tion of hydrated proteins (o) according to the following equation (Sargent

and Gotch 1989)
Q.=Q 5 —Ht (16.4)
=Q, x| —2> )
© 7 100x(F, -F)

F, can be calculated as F, =1-o, where o is considered to be 0.0107
times the concentration of total plasma proteins in g/dl (Colton et al.
1970). The equilibrium distribution coefficient for the ratio of erythrocyte
to plasma concentrations (F;) can be assumed to be 0.86 (Colton et al.
1970). On the basis of these data, and assuming a hematocrit value of 30%
and a physiological total protein concentration, the "blood water flow" can
be estimated as being about 90% of the Qg and nearly 80% of Qg,. Final-
ly, "in-vivo urea clearances" values are always lower than their in vitro
counterparts because of cardiopulmonary recirculation (Schneditz et al.
1992) and (when present) access recirculation. Urea clearance corrected
for total recirculation (access plus cardiopulmonary), is calculated from the
product of the diffusive value (K,) and the Cg/C; ratio, where C is the
plasma water urea concentration in the inlet blood sample obtained after
reducing the pump speed to 50 ml/min for 2 minutes (Schneditz et al.
1992). If systemic blood would be accessible the blood-side clearance cor-
rected for recirculation could be written directly as the effective blood side
urea clearance (KeUB) (Kuhlmann et al. 2001):

QC, -Cy Q-Q) _ QC, -Cy, Q-Q)
C. -C C

s Di s

KeUB =

(16.5)

Where Q; is the systemic blood flow rate. Equation (16.5) is the
extracted mass flow divided by the gradient. With no urea in the dialysate
inlet, Cp; is zero and the right term is equivalent. Assuming the fraction of
recirculation, R, is known, the concentration of the arterial blood at the
filter inlet would mix with the venous outlet blood according to:

Cpi=(1-R)XC,+(RxCy,) (16.6)

_ CBi 'RCBo

=C,
‘ 1-R

(16.7)
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The systemic blood flow is decreased by the recirculated fraction and
can be calculated as follows:

Q, =[1-R]xQ, (16.8)

By substituting Eq. (16.7) and Eq. (16.8) into Eq. (16.5), the effective
blood side urea clearance corrected for recirculation can be calculated
(Kuhlmann et al. 2001):

CBi - RCBo
I_R}—CBO [(1-R)Q)-Q]
CBi _RCBo
1-R
(1-R)[Q,Cy—C,, (Q, -Q,)]
C, —RC

1-R)Q, [
KeUB =

(16.9)

Bi Bo

Example 16.1

Calculate the effective blood side urea clearance corrected for recirculation
for a dialysis patient if the whole blood flow rate is 250 ml/min,
ultrafiltration rate is 20.84 ml/min, plasma water urea concentrations at the
inlet and outlet ports of the dialyzer are 129 mg/dL and 27 mg/dL,
respectively and the access recirculation is 3.78%.

Soluwtion

Since the nominal blood flow Qg, > 200 ml/min, the "effective whole
blood flow" rate (Qg.) can be estimated according to Depner formula as
follows:

o o] ]

=243.8 ml/min
The effective "blood water flow" (Q.) = 0.9 X Qg. = 219.4 ml/min

The effective blood side urea clearance corrected for recirculation can be
calculated according to Eq. (16.9) as follows:

(1-R)[Q,Cy—C4, (Q, —Q,)]
C.. —RC

KeUB = =172.5 ml/min

Bi Bo
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In vivo urea clearance determination at dialysate side (Ky) is calculated
according to:

— QDo (CDO B CDi)

K
d C

(16.10)
Bi

Where Qp, is the outlet dialysate flow rate (mL/min) and is calculated
as: Qp; + Qy, Cp; is the dialysate concentration at the dialyzer inlet (mg/dL)
and Cp, is the dialysate concentration at the dialyzer outlet (mg/dL). Ob-

viously also the Ky values must be corrected for recirculation as follows
(Kuhlmann et al. 2001):

CDo (QDi + Qf )

KeUD =(1-R)
C; —RC

(16.11)
Bi Bo

Where Cp, is the urea concentration at the dialysate outlet of the dialyz-
er. Equations (16.9) and (16.11) can be utilized to control if the mass bal-
ance across the filter is correct. This helps to identify erroneous laboratory
measurements. The mass balance error (MBE %) relates the difference in
mass flux that has been found by a corresponding blood side and dialysate
side measurement to the mean mass flux of both measurements (Di Filippo
et al. 2001).

Dialysate side urea quantity-Blood side urea quantity

MBE (%) = — , . . ,
(Dialysate side urea quantity+Blood side urea quantity )/2
i+ Cph, —(Q, Cy —Q,, C
MBE (%) =2% (QDI Qf ) Do (Qel Bi Qeo Bo ) (16 12)
(Qp; + Qf) Cp, + (Qei Coi — Qo CBO)

Where Q.; and Q,, are the effective water blood flow rates at the dialys-
er inlet and outlet, respectively, Qp; is the inlet dialysate flow rate
(ml/min). Q,, can be calculated as Q.; — Q. Only if the error in the mass
balance between the two fluxes (that of urea leaving the blood and that of
urea appearing in the dialysate) is less than 5% the clearance value can be
assumed to be technically correct.

Example 16.2

Using the same data in Example 16.1, Calculate the effective dialysate side
urea clearance corrected for recirculation for a dialysis patient if the
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dialysate flow rate is 500 ml/min and the outlet dialysate urea
concentration is 50 mg/dL.

Soluwtion

The effective blood side urea clearance corrected for recirculation can be
calculated according to Eq. (16.11) as follows:

45%(500+20.84
KeUD=(l—R)M=(l—O.O378)x ( )
Cy —RCy, 129—(0.0378><27)
= 176.2 ml/min
Example 16.3

Using the same data in Examples 16.1 and 16.2, calculate the mass balance
error (MBE %).

Soluwtion

The mass balance error (MBE %) can be calculated according to
Eq. (16.12) as follows:

(QDi + Qf) CDo - (Qei CBi - Qeo CBo ):I
(Qp +Q;) Cp, +(Q,; C —Q,, Cy,)

Q.=Q,—Q,=219.4 -20.84 = 198.6 ml/min

MBE(%):2>{

45 (500 +20.84)— (219.4x129-198.6x 27)
MBE (%) =2 x

45%(500+20.84)—(219.4x129-198.6x 27)
=0.0214%x100=2.14%

Since MBE is less than 5%, then the mass balance across the filter is
correct.

16.2.2 Concept of Dialysance

More complex than urea clearance is the determination of sodium di-
alysance (Dy,):

Iy,
= 16.13
Na AC ( )

Where Jy, is sodium flux and AC is the diffusive gradient.
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At constant values of dialysate and blood water fluxes
(Qp=Qp.; Q,=Q.,) sodium flux (Jy,) is calculated as follows:

At the dialysate side:
Ina :QDiX(CNai _CNao) (16.14)
At blood side:
Ina =Qu X(Cyy —Co) (16.15)

Where Qp; is the inlet dialysate flow rate (mL/min) and the sodium con-
centrations Cy, (mEqg/L) refer to total sodium. The diffusive gradient (AC)
is calculated as:

AC=|Na' xa—-Na} | (16.16)

Where Na® and Na’ are ionized sodium concentrations. While all the

ionized sodium in the dialysate is diffusible, in the plasma water because
the Donnan effect of proteins, at a physiological protein concentration,
the diffusible fraction is around 95% of ionized sodium concentration.
Thus,
D, = Qui X(CNai CNao) (16.17)
[ Na’ x0.95-Naj, |

Also in this case sodium dialysance must be corrected for recirculation;
this means that Na® must be determined also after Qg reduced to 50

ml/min per 2 min (Na:m ). Thus,

QDi X (CNai - CNao )
(Nal’gwi - Na;’)i )

+
Effective Sodium Dialysance = [ :lx Naf‘”‘ (16.18)
Napws

Sodium concentrations are currently measured by means of flame pho-
tometry and indirect ionometry that give the same results and by direct io-
nometry with different results. Flame photometry determines total sodium
concentrations but when the solute is the plasma this method invariably
underestimates the real total sodium concentration (pseudohyponatremia)
and the result has to be corrected. Direct ionometry measures ionized so-
dium concentrations. When the solute is the plasma, in the case of a pho-
tometrically measured sodium concentration (NaT) of 140mEq/l, the cor-
rected plasma water sodium concentration (NaP) at a physiological protein
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concentration is usually 9mEq/] higher than NaT. The NaT is usually cor-
rected for the plasma water fraction by means of the equation proposed by
Waugh (Waugh 1969) by using the measured total plasma protein concen-
tration (Tp) in grams per deciliter:

NaP = NaT x __ 100 (16.19)
(99.1-73xT,)

The determined ionized concentration ( Na: ) is 2mEq/] higher than NaT

and about 6 mEq/L lower than NaP. The ultrafiltrate sodium concentration
measured by flame photometry and indirect ionometry once again refers to
total sodium concentration (NaUF) but, because ultrafiltrate is protein-free,
there is no need for correction. Ultrafiltrate sodium is partially complexed
with ultrafiltrable anions and, as in plasma water, the ionized sodium can
be measured by direct ionometry; the concentration is usually 5-6 mEq/l
lower than that of total sodium. Similarly, total dialysate sodium concen-
tration (NaD) is measured by flame photometry and indirect ionometry;

ionized sodium concentration (Naz ) by direct ionometry; as the amount of

complexed sodium in the usual dialysate is about 4mEq/l, Naz is about
4mEq/1 less than NaD (see Fig. 16.1).

Plasma
NaP 147
Ultrafiltrate

Na‘P 140

NaUF 140 Dialysate
NaT 138 NaD 140

Na*UF| 135

Na* 136

Fig. 16.1 Relationship between total plasma sodium concentration (NaT),
Plasma Water Sodium Concentration (NaP) and Ionized Sodium Concen-
tration (Na+P) in blood; between Total (NaUF) and Ionized Sodium

(Na;) in the Ultrafiltrate; between Total (NaD) and Ionized Sodium
( Naz ) in Dialysate.
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In order to choose the correct dialysate sodium concentration, it is first
necessary to know the blood sodium concentration available for diffusion.
The blood-dialysate concentration gradient for sodium diffusion flux across
the dialyzer is a function of the sodium activity. It has been shown that the
ionized sodium concentration in the ultrafiltrate is less than that in plasma
water as a result of the Donnan effect: as plasma proteins cannot cross the
dialysis membrane and are charged negatively, some cations must be re-
tained in the blood in order to maintain electroneutrality. The ionized so-
dium concentration in the ultrafiltrate should be considered as the blood
concentration capable of crossing the membrane, and therefore the concen-
tration available for diffusion. It means that the inlet blood sodium concen-
tration measured by direct potentiometry should be corrected by a factor of
0.96 (corresponding to the ratio between the ionized sodium concentration in
the ultrafiltrate and the ionized sodium concentration in the plasma water) to
obtain the concentration of dialysate sodium by direct potentiometry at
which diffusion flux is zero. In the dialysate (which is protein-free), the
ionized sodium concentration directly measured by ionometry should be
considered as the concentration available for diffusion. In the dialysate, at
constant concentration of other ions, there is a direct and linear correlation
between the sodium concentration and the conductivity value of the solution
(at least for conductivity values from 12 to 16 mS/cm).

16.3 CONDUCTIVITY MEASUREMENT METHODOLOGY

Since the early 1990s the concepts of conductivity measurements have
been reported. The conductivity methodology named as the effective ionic
dialysance method. In the 1993, nearly at the same time, two papers were
published showing that instantaneous ionic dialysance can be measured
without the need for any blood or dialysate sampling, and at no extra cost,
simply by using two conductivity probes placed at the dialyzer inlet and out-
let or a single probe alternately activated at the inlet and outlet (Polaschegg
1993; Petitclerc et al. 1993). This allows repeated measurements of ionic di-
alysance that can be used to obtain the mean value for the dialytic session as
a whole (Lindsay and Sternby 2005) (see Fig. 16.2).
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CDi CDo

Conductivity Cell Conductivity Cell

Fig. 16.2 Setup for dialysance measurement. Cg; (Cg,): blood inlet (outlet)
concentration. Cp; (Cp,): dialysate inlet (outlet) concentration. Qg (Qp)
blood (dialysate) flow. [Adapted from Lindsay RM, Sternby J (2005)
Future directions in dialysis quantification. Semin Dial.; 14(4):300-7, with
permission]

As stated at the beginning of the chapter, given the very close correla-
tion between the conductivity of an electrolyte solution and its sodium
content, it has been suggested that ionic dialysance can be considered
equivalent to effective sodium dialysance, and because of the similar mo-
lecular weight of sodium chloride and urea, it can also be considered
equivalent to effective urea clearance (see Table 16.1). Thus, it should be
possible to use ionic dialysance instead of urea clearance for the routine
monitoring of delivered dialysis dose. lonic dialysance can be defined as
the ratio between the ionic flux (easily derivable from dialysate flow rate
and inlet and outlet dialysate conductivity) and the corresponding diffusive
gradient between patient and dialysate.
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Table 16.1 Ionic dialysance versus urea clearance. [Adapted from Mer-
cadal L, Ridel C, Petitclerc T (2005) Ionic dialysance: principle and review
of its clinical relevance for quantification of hemodialysis efficiency, He-
modial Int.; 9(2):111-9, with permission].

First Author, Year (System) Measurement Protocol Of K And D

Petitclerc et al (1993)
(Hospal)

Gotch et al (1995)
(Fresenius)

Mercadal et al (1998)
(Hospal)

Locatelli et al (1999)
(Hospal)

Lindsay et al (2001)
(Hospal)

Di Filippo et al (2001)
(Fresenius)

Goldau et al (2002)
(Fresenius)

Mercadal et al (2002)
(Hospal)

Direct measurements of K with dialysate and
arterial blood samplings, 4 measures/session
vs. 10 measures of dialysance/session.

Direct measurements of K with dialysate, ar-
terial and venous blood samplings. K, mean
of the measurements from the dialysate and
blood side.

Direct measurement of K from blood (n=16)
and dialysate side (n=88) paired with D
measurement.

Six anuric patients, 3 measurements of D
and K at each dialysis session with variable
blood flow from 200 to 400 mL/min. Direct
measurement of K from blood and dialysate
side. Arterial urea concentration calculated
from blood sampling with blood pump run-
ning (UpwA) and with reduced blood flow
at 100 mL/min (UpwS): effective clearance
(K) = UK*UpwA/UpwS.

192 paired measurements of D and K ob-
tained from 48 dialysis sessions of eight pa-
tients. Transonic for recirculation measure-
ment and effective blood flow for K
calculated from blood side. K calculated
from blood and dialysate side: 175 mea-
surements with mass balance error < 5%.

K direct measurements from blood and di-
alysate side, 145 values with mass balance
error < 5% and correction for total recircula-
tion

Direct measurement of K blood-side, n=162
Fresenius system modified for using pulse
step

K direct measurements from dialysate side
(n=50) paired with D on patients dialyzed on
venous central catheters.
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Unfortunately, it is impossible to determine patient conductivity directly
in routine practice. The mathematical model elaborated by Polaschegg
(1993) and Petitclerc et al (1993) overcomes this problem by calculating
ionic dialysance as the ratio between two differences: 1) the difference be-
tween two ionic fluxes (obtained by changing the baseline inlet dialysate
conductivity for a few minutes) and 2) the difference between the corres-
ponding diffusive gradients. Since the basic assumption of the model is
that patient conductivity does not change during the short time needed to
make the measurements (because of the low entity of sodium fluxes and
the high value of the sodium distribution volume), the two values of pa-
tient conductivity cancel each other out, and the difference between the
diffusive gradients is reduced to the difference between the two values of
inlet dialysate conductivity.

According to Polaschegg (1993):

C.,—-C
D=—QD>{1—M} (16.20)
(Cdiz - Cdil)
The only difference according to Petitclerc et al (1993) is in that Qp, is
including ultrafiltration value (Qp):

D=-Q, x 1—M (16.21)
- ' (CdiZ _Cdil) .

Furthermore the obtained value takes into account the access recircula-
tion when it is present. This method only requires that dialysis monitor be
equipped with one more conductivity probe placed at the outlet port of the
dialyzer so to made possible to measure inlet and outlet dialysate conduc-
tivity (Cgo1, Caoz) at two different inlet values (Cgjp, Cyin)-

Afterwards, the main problem in using the new technology was in that
there was no consensus concerning the relationship between ionic dialys-
ance and urea clearance. Using a Fresenius Medical Care module and
high-flux polysulfone dialyzers, it has been found that the ratio between
ionic dialysance and urea clearance corrected for access recirculation was
1.00 + 0.007 (Gotch et al. 1995), but Manzoni et al (1996), who used the
Hospal-France Biofeedback Module and acetate cellulose dialyzers, found
that the values of ionic dialysance were clearly lower than those of urea
clearance (a ratio of 0.89 + 0.04). Some in vitro results suggested that the
correlation between ionic dialysance and urea clearance may also depend
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on the type of dialyzer (Ebben et al. 1996). According to these authors,
when using an uncharged membrane (polysulphone) urea clearance is
equal to ionic dialysance while when using a negatively charged mem-
brane (cellulose acetate) urea clerance results higher than ionic dialysance.
These results however were not confirmed by further studies.

Further different results have been reported by Mercadal et al (1998).
Using an Integra Hospal Dasco module and charged membranes, they
found that the ratio between ionic dialysance and urea clearance was 0.98
+ 0.05 for clearance values of less than 185 ml/min and 0.90 + 0.05 for
clearance values of more than 185 ml/min; when uncharged membranes
were used, the ratio at clearances of less than 185 ml/min significantly de-
creased to 0.95 + 0.06, but was similar to the mean charged membrane
value in the other case (0.90 + 0.03). Altogether, these results give a ratio
always less than 1.

The real relationship between urea clearance and ionic dialysance was
therefore still unknown. The mathematical model extensively described
(Polaschegg 1993; Petitclerc et al. 1993) makes it possible to calculate io-
nic dialysance by measuring the difference between two ionic fluxes and
two dialysate inlet conductivities on the assumption that patient conductiv-
ity at the inlet port of dialyzer does not change during the short time
needed for the measurements, an assumption based on the rationale that
such a small amount of sodium transfer has no significant effect on plasma
water sodium concentration because of the high sodium distribution vo-
lume. However, as differences in the entity and direction (increase or de-
crease) of the change in inlet dialysate conductivity can affect ionic flux
through different changes in inlet plasma water conductivity caused by
cardiopulmonary recirculation, it is likely that the different modalities used
in applying the method could lead to different values of effective ionic di-
alysance.

To verify, in a large number of patients and by means of serial in vivo
measurements, whether the value of ionic dialysance is affected by the me-
thod of determination as a consequence of the effect of cardiopulmonary
recirculation on inlet plasma water conductivity when inlet dialysate con-
ductivity is changed, thirty-three patients were studied during 186 dialysis
sessions (Di Filippo et al. 2001). All of the treatments were given using a
modified Fresenius Medical Care 4008 B machine equipped with meters to
measure inlet and outlet dialysate conductivity (Cg; and Cgy,). The machine
varied Cy; twice or three times per session according to the following pat-
tern: (see Fig. 16.3)



826 F. Locatelli et al.

— inlet dialysate

=y
(=]

outlet dialysate

-
L
(3]

-
(2]

14

13.5

Dialysate conductivity (mS/cm)
- a
w (4]

12.5

Steps of one cycle

Fig. 16.3 Pattern of variation of inlet (solid line) and outlet (dashed line)
dialysate conductivities. Starting at baseline conductivity (Step 0), the inlet
dialysate conductivity (Cg) increased by 8% (Stepl). After the target value
was reached, Cg decreased to 8% below baseline (Step 2). When Cg;
reached the new target, it was returned to the starting value (Step 3). D1
through D4 are the four steps of dialysance obtained for each cycle.
[Adapted from Di Filippo S, Manzoni C, Andrulli S (2001) How to deter-
mine ionic di alysance for the online assessment of delivered dialysis dose.
Kid ney Int ; 59(2):774-782, with permission]

Starting from baseline conductivity (step 0), Cy was increased by 8%
(step 1). After C4 had reached the target value, which took 8 to 10 minutes
because of feedback regulations, it was lowered to 8% below the baseline
value (step 2). After 8 to 10 minutes, when it had reached the new target, it
was returned to its starting value (step 3). All of the measurements were
made at the prescribed ultrafiltration rate. During the same dialysis session
and immediately after the completion of each cycle of dialysate conductiv-
ity changes, blood and dialysate samples were collected in order to deter-
mine urea clearance at both the blood side (Kj) and dialysate side (Kg) ac-
cording to Eq. (16.1) and Eq. (16.10) by replacing Qg in Eq. (16.1) with
Qei-

After collecting the blood and dialysate samples for urea clearance de-
terminations, access recirculation was measured by means of a thermal di-
lution technique (BTM; Fresenius Medical Care, Bad Homburg, Germany
http://www.fmc-ag.com/) using temperature sensors. Using the Cy; and Cg,
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values obtained at each step, ionic dialysance (D) was calculated according
to Polaschegg (1993):

ACdi — ACdo
ACdi

ACdi — ACdo

D= X
QDo |: Acdi

}:[Qm +Qf]><[ } (16.22)

Where ACd is the difference between dialysate conductivity (mS/cm) at
the two steps considered; i and o stand for inlet and outlet values. Equation
(16.22) can be written in another form as follows:

ID=(Q, +Q; )x[l—m} (16.23)
Cdil _CdiO

Where Qp;is dialysate flow at the inlet port of the dialyzer in ml/min; Qs
is ultrafiltration rate in ml/min; Cg; is inlet dialysate conductivity during
step 1 in mS/cm; Cy,; is outlet dialysate conductivity during step 1, in
mS/cm; Cgy is inlet dialysate conductivity during step 0, in mS/cm; Cyq is
outlet dialysate conductivity during step 0, in mS/cm.

Four values of dialysance were obtained for each cycle: D1 from steps 0
to 1, D2 from steps 1 to 2, D3 from steps 2 to 3, and D4 from steps O to 2
(see Fig. 16.3). The mean values resulted: D1=171+21 ml/min;
D2=181+21 ml/min; D3=189+23ml/min; D4=190+23ml/min. The results
show that ionic dialysance strictly depends on the method of determina-
tion. The fact that D1 (steps O to 1) was lower than D2 (steps 1 to 2) and
D2 was almost always lower than D3 (steps 2 to 3) and D4 (steps O to 2)
suggests that the ratio between the ionic flux (AC4-ACy,) and the diffusive
gradient (ACy;) was not constant.

It was hypothesized that the change in inlet dialysate conductivity can
modify ionic flux as a result of the effect of cardiopulmonary recirculation
on inlet plasma water conductivity (C,,). Increased Cgy, caused by in-
creased values of Cgy;; (step O to 1 in the study) will cause an increase in
Cpwir and this will decrease the conductivity gradient within the dialyzer,
decrease the values of ionic flux and lead to lower values of D. Baseline
inlet plasma water conductivity (C,yio) was estimated according to the fol-
lowing equation, using the mean of the four dialysance values (Di Filippo
et al. 2001):

(16.24)

Cu—C
prio(ms/cm)zcdio_|:QD°0X( di0 doO):|

D

m
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Where D,, is the mean of the four ionic dialysance values D1, D2, D3
and D4; 0 stands for step O (baseline).

Starting from C,yo, the outlet Cy,; and inlet Cpy;; plasma water conduc-
tivity values at step 1 were calculated according to the following equa-
tions, taking into account the effect of cardiopulmonary recirculation (Rc,)
(Di Filippo et al. 2001):

) — |:Qei X prio] + I:QDO X (Cdil ~Caor ):'

C,o1 (MS/cm Q. (16.25)
Where Qeo = Qei - Qf
pril _ |:Qei ><l{cp ><(jpwol] +£Qei X(l - ch)xcpw10:| (1626)

Starting from C,yi1, the same equations were used to calculate C,. and
Cpwio- The inlet plasma water conductivity at step 3 (C,i3) was assumed to
be equivalent to C,yo. The thermal dilution technique (BTM)-determined
total recirculation (R;) value of less than 10% was assumed to correspond
to cardiopulmonary recirculation (R.,) (Schneditz et al. 1992). A BTM
value of more than 10% suggested the presence of vascular access recircu-
lation. The R, can be calculated according to (Schneditz et al. 1992):

When R, < 10%
R_=R (16.27)

When R, > 10%

R, == 16.28
* ¢ _c, ( )

Where Cs is the systemic urea concentration (mg/dL); C, is the arterial
urea concentration (mg/dL) and Cy is the venous urea concentration
(mg/dL). Systemic urea concentration Cg can be calculated as (Schneditz et
al. 1992; Depner et al. 1999):

Cy=—2 (16.29)
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Where F, is the adjustment factor for cardiopulmonary recirculation
and is calculated as follows (Schneditz et al. 1992; Depner et al. 1999):

F = 1 (16.30)

cp D
14—
3000x BS —800

Where BS is the body surface (m®) and is calculated according to
Dubois and Dubois (1989):

BSA (mz) =0.007184 x post-HD body weighto'425 (Kg)

0725 (16.31)

X height (cm)

The study results show that the conventional diffusive gradient (the dif-
ference between inlet dialysate conductivity values) was always higher
than the actual diffusive gradient (which takes into account the variation in
inlet plasma water conductivity values) in steps 0 to 1 and 1 to 2. Conse-
quently, for mathematical reasons, conventional dialysance values are
lower than actual values. As expected, the four ionic dialysance values, re-
calculated using the diffusive gradients corrected for cardiopulmonary re-
circulation, were similar in the four steps. As far as the relationship be-
tween ionic dialysance and urea clearance is concerned, because there is
no reason for supposing modifications in inlet plasma water urea concen-
tration as a result of changes in inlet dialysate conductivity, it seems likely
that the discrepancy between ionic dialysance and urea clearance is due to
the fact that the conductivity and urea concentration gradient within the di-
alyzer are not proportional during the different steps. In this study, the val-
ues of D3 and D4 were similar to those of urea clearance and therefore in
line with those of Gotch et al (1995). These results may mean that the me-
thod used by these Authors led to a condition in which inlet plasma water
conductivity was kept constant. On the other hand, the D1 and D2 values
were lower than effective urea clearance and in line with the results ob-
tained from Manzoni et al (1996) study in which the Hospal Module con-
sistently increased inlet dialysate conductivity to determine dialysance
values.
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Example 16.4

For the same patient data in Examples 16.1 and 16.2, the outlet measured
dialysate conductivity values are 14.26 mS/cm and 15.06 mS/cm when the
inlet dialysate conductivity values are 14.3 mS/cm and 15.5 mS/cm,
respectively. Calculate:

a) lonic dialysance

b) Difference between ID and effective blood and dialysate urea clearances
corrected for recirculation calculated in Examples 16.1 and 16.2.

Soluwtion

(15.5-14.3)—-(15.06-14.26)
(15.48-14.3)

a) D=[500+20.84]><[ }:173.6 ml/min

b) Since access recirculation R, = 3.78% < 10%, then
R, =R,

This means that the effective blood clearance is corrected for
cardiopulmonary recirculation. The difference between ID and KeUB is
173.6-172.5=1.11 mL/min, and the ID/KeUB ratio is 1.01.

The difference between ID and KeUD is 173.6-176.2= —2.6 mL/min, and
the ID/KeUD ratio is 0.985.

An important study has been subsequently performed to better investi-
gate the mechanisms determining the ratio of conductivity clearance to
urea clearance (Gotch et al. 2004). A previously unrecognized technical
cause of a low ratio between conductivity clearance and effective urea
clearance was elucidated resulting from recirculation through the dialyzer
of an acute change in systemic blood conductivity/Na (AC,Na or A C,) in-
duced during the measurement. Recirculation of the acute AC;Na or A C,
through the dialyzer (R;) results in decreased Na diffusion gradient during
measurement and error in calculated clearance. The on-line clearance mon-
itor (OLC) used for these studies was developed by Fresenius Medical
Care, North America, and was incorporated into the Fresenius 2008 H di-
alysate delivery system and comprises (see Fig. 16.4) (Gotch et al. 2004):
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1) Conductivity meters and thermistors deployed in both the dialyzer in-
let and outlet dialysate flow paths to monitor conductivity and temperature
in the two streams (C,qi, Cpao)

2) A modified dialysate-proportioning hydroblock, which can provide
conductivity-controlled abrupt, sequential increase and decrease in pump-
ing rate of acid concentrate to increase and decrease dialysate inlet Na
concentration rapidly

3) Software to control the acid concentrate pump, monitor C,g, Cpdo,
inlet and outlet dialysate flow rates (Qp;, Qp,) and Qr and to provide
automated calculation of the effective conductivity clearance (Ke.,).

Dialyzer

Conductivity
Meters

Adjust C A Configuration of the
= OLC Monitor

OLC Software

Calculate K,

B The basic conductivity
dialysance equations

—s— Cndi- - - Cndo Cnbi ACng—ACny,
(1-1) DEN = [wmmmmmmes

ot ';/-‘l' O ACng; - ACn,
15.00 *
g Cnyot ACn,,
1459 §ool ' (1-2) Decn = [1 = =ememsi-] Qd
- 14.00 — LS ACny;

i Cnde
13.50 ) \‘0 Cngio ACny;

(1-3) Decn/Den = 1= =====n==mm

13.00 - T T ACny
-20-10 00 1.0 20 30 40 50 60

Time, min

Fig. 16.4 (A) A schematic depiction of the on-line clearance monitor. (B)
Typical dialysate inlet and outlet conductivity profiles and a stable blood
inlet profile. The three basic conductivity dialysance equations are shown.
[Adapted from Gotch FA, Panlilio FM, Buyaki RA (2004) Mechanisms
determining the ratio of conductivity clearance to urea clearance. Kidney
Int ; 66 (Suppl 89): S3-S24, with permission].

The thermistors and conductivity meters had resolution to + 0.01 de-
grees centigrade and + 0.001 mS/cm, respectively (Gotch et al. 2004). The
OLC software monitors the high/low C,q; and C,4, profiles at very frequent
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intervals and identifies steady state as the point when dialysate conductivi-
ty becomes stable in both inlet and outlet dialysate. The time required to
reach steady state is 2 to 3 minutes for each of the sequential high/low pro-
file segments so the total test time for each measurement of K., is in the
order of 4 to 6 minutes. A brief stable Na diffusion gradient between blood
and dialysate must be created in order to reliably measure K..,. This was
accomplished in the on-line clearance monitor (OLC) used for these stu-
dies by an automated abrupt increase of inlet dialysate Na (Cy;Na) to 155
mEq/L, followed by an abrupt decrease to 135 mEq/L (Gotch et al. 2004).
The two-step, high/low dialysate profiles result in two momentary steady-
state diffusion gradients from which K., can be measured.

The clearance equations for gradient 1 and gradient 2 can be combined
to calculate K., from the change from high to low dialysate inlet and out-
let conductivity (AC,4, AC,4) and any change in AC.,;. AC; 1S never
measured and is assumed to be 0. An overview of the mechanisms result-
ing in decreased K., is shown in Fig. 16.5 (Gotch et al. 2004).

Fig. 16.5 The left upper and lower panels depict the effect of isolated access
recirculation on effective conductivity dialysance. The right panels illustrate
the effects of cardiopulmonary and salt loading with systemic recirculation on
effective conductivity dialysance. Note that in each instance the effect is me-
diated by increase and decrease in the blood inlet conductivity and reduction
of the diffusion gradient. . [Adapted from Gotch FA, Panlilio FM, Buyaki RA
(2004) Mechanisms determining the ratio of conductivity clearance to urea
clearance. Kidney Int ; 66 (Suppl 89): S3-S24, with permission].
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All mechanisms changing blood inlet conductivity reduce the diffusion
gradient and result in decreased K..,. Access recirculation means direct recir-
culation of a fraction of dialyzer outflow blood to the inflow stream. C,,; rises
and falls with C,4 and C,4, but the systemic blood conductivity (C,) is
constant. In both the instances of cardiopulmonary recirculation (R.,) and
systemic recirculation (R;) some fraction of the blood outlet stream with se-
quential high and low blood conductivity (Cy,) is recirculated back to the
blood inlet after mixing with the cardiopulmonary or cardiopulmonary plus
systemic circulation, respectively, reducing the gradient between C,; and
C.ai- These studies show the presence or absence of R, and R, are determined
by the duration and amount of net Na flux between blood and dialysate dur-
ing the K., measurement, and hence, on the duration and shape of the dialy-
sate conductivity profile. Modeling of R,, R, and R, shows their effects on
Keen are multiplicative when more than one mechanism is operative (Gotch et
al. 2004). These data show effective conductivity clearance (K..,) measured
with a short, asymmetric, high/low dialysate conductivity profile is equal to
effective urea clearance (K,,) over wide ranges of blood access recirculation
and urea clearance (K,) in a large and unselected patient population.

Thus, Gotch et al found almost identity between ID and urea clearance
corrected for access recirculation (Gotch et al. 2004); on the contrary,
previous studies reported ID values very close to those of urea clearance
corrected for total recirculation (i.e., access plus cardiopulmonary recircu-
lation) thus significantly underestimating urea clearance corrected for only
access recirculation (Mercadal et al. 1998; Lindsay et al. 2001). However,
such different findings can be at least partially explained by the fact that
ID values may vary widely depending on the different methods used to
modify inlet dialysate conductivity during their measurement (Di Filippo
et al. 2001; Gotch et al. 2004).

The aim of a new study (Di Filippo et al. 2005) was to assess whether de-
termining ID by means of a single-step conductivity profile (in which the in-
let conductivity profile is changed to a fixed value and then restored to its
baseline value) affects the relationship between urea clearance and ID ob-
served when using a two-step conductivity profile. To this end, the mean
values of repeated instantaneous ID measurements throughout the dialysis
session obtained using a single-step inlet conductivity profile (,ID) were
compared with the mean values of urea clearance corrected for access recir-
culation alone, total (access plus cardiopulmonary) recirculation, and the en-
tire post-dialysis urea rebound. Eighty-two dialysis sessions were performed
in 82 anuric patients on chronic thrice-weekly hemodialysis using an Integra
dialysate delivery machine (Hospal, Medula, Italy) equipped with the Dias-
can Module (Gambro, Dasco, Italy) for the automatic determination of ID
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and the Quantiscan Module (Gambro, Dasco, Italy) for the fractional collec-
tion of outlet dialysate. The Diascan module has a temperature-compensated
conductivity probe activated at the dialysate outlet: a microprocessor in-
creases or reduces the pumping rate of acid concentrate to increase or reduce
the baseline inlet dialysate conductivity (Cg) by 1mS/cm for 2 minutes.
Software records the values of inlet and outlet dialysate conductivity (Cy,)
during this phase (Cgi, Cgor; step 1) and after Cy is moved back to the
prescribed baseline value (Cyip,Cao0; step 0). ID is then calculated.

The ID measurement procedure takes about 6 minutes, and the first de-
termination is completed 15 minutes after the start of the session; further de-
terminations are automatically made every 30 minutes. The Quantiscan
module is a peristaltic pump that works on an outlet dialysate line by conti-
nuously collecting a reduced volume sample (0.1% of total dialysate flow).
The outlet dialysate flow rate (Qp,) is separately computed using continuous
signals from flow meters located within the volumetric ultrafiltration control
system, and displayed on the screen of the dialysis monitor. Using this
device, a difference of only 0.3 + 2.6% has been reported between the
computed and collected total dialysate volume (Ronco et al., 2000). At each
session, 3 blood samples were taken to determine plasma urea (U,) and total
protein (Tp) concentrations, in order to be able to calculate urea concentra-
tion in plasma water (U,y) using the following equation (Colton et al. 1970):

U
U, (mg/ml) = - (16.32)
(100-1.07xT,)

The first blood sample was taken immediately before the start of the di-
alysis treatment (Uy,), the second at the end of the session at the inlet port
of the dialyzer after slowing Qg; to 50 ml/min for 2 minutes (Upwp), and
the third 30 minutes after the end of the session (Upys0). In 31 of the 82 pa-
tients, an "immediate" post-dialysis blood sample was also drawn at the in-
let port of the dialyzer after slowing Qg; to 100ml/min for approximately
10 seconds (Upwio). The same 31 patients also had samples for the analysis
of systemic plasma water sodium concentration, hematocrit (Ht), hemog-
lobin (Hb), and inlet dialysate sodium concentration (Nag) drawn before
the start of the dialysis session; systemic plasma water sodium concentra-
tion was also determined at the end of the session, and the mean value of
the initial and final measurements (Na,s) was used for the analysis. Plas-
ma water and dialysate ionized sodium concentrations, and Ht and Hb
were measured by means of direct ionometry (Di Filippo et al. 2005).

Whole body clearance (K, i.€., dialyzer urea clearance corrected for to-
tal recirculation and post-dialysis urea rebound) was determined according
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to the following equation, using the Direct Dialysate Quantification (DDQ)
method described by (Depner et al. 1996).

U WL
VDoxUDoxln( U" ”OJ

pwO

K, (ml/min) = (16.33)

Td X (Upwt30 - Upwo )

Where Vp, is the volume of total dialysate with ultrafiltration in mL;
Up, is the dialysate urea concentration in mg/mL; U, is the urea plasma
water concentration at the start of the dialytic session in mg/mL; U,y is
the urea plasma water concentration at 30 minutes after the end of the ses-
sion, in mg/mL and Ty is the dialysis time in min.

Whole body clearance was then used to calculate urea clearance cor-
rected for access recirculation (K,;) according to:

U
K., (m/min) =K, x—% (16.34)

pwl0
Where U0 is the urea plasma water concentration at the end of the

session after slowing Qg; to 100 mL/min for approximately 10 seconds, in
mg/mL.

The urea clearance corrected for both access and cardiopulmonary recir-

culation (K.,) is calculated according to (Di Filippo et al. 2005):

wa XUpthO (1635)

pwt2

K., (ml/min) =

Where U, is the urea plasma water concentration at the end of the ses-
sion after slowing Qg; to 50 mL/min for two minutes, in mg/mL.

Starting from Na,,, plasma water sodium concentrations at the inlet
(Nayyi) and outlet (Na,y,) ports of the dialyzer during step 1 (Na,yi, Na,.
wot) and step O (Napyio, Napwoo) were estimated according to the following
equations (Di Filippo et al. 2005):

Na

pwo (

mEq/L) = [Napws _&(ax Na, —Nay )} (16.36)

ei

and

[(1 -R,, ) xQ, X Napws] + [ch XQuxNa ]
Q.

Na . (mEg/L)= (16.37)
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Where Q,; is calculated as follows according to Sargent and Gotch (1996):

Q.=Q,.x b —Ht (16.38)
ei — Xbei IOOX(Fp —Fr) .

F; and F, using the following equations (Colton et al. 1970):

F (g/dl)=1-0.0107xHb (16.39)
E, (g/dl)=1-0.0107xT, (16.40)

After a 2-minute period (considering the Donnan factor as being equal
to 0.967) using K., as dialyzer urea clearance, the cardiopulmonary recir-
culation (R.;) is calculated as follows (Di Filippo et al. 2005):

U . .,-U
pwt2 pwt10
S Ll — LA 16.41
T U U ( )

pwt2 - pwV

Where U,y is urea plasma water concentration at the outlet port of the
dialyzer in mg/ml and can be calculated as follows (Di Filippo et al. 2005):

U, —K
U, :—prt;: — (16.42)

pwtl0

Finally, Na,; and Na,, were used to calculate the expected ID/K.,
ratio according to the following equation (Di Filippo et al. 2005):

axXANa__
o=1- = (16.43)
K., ANa
Where
ANapwi = Napwil - Napwi() (16.44)
ANa,, =Nay, —Na, (16.45)

Where Na,y,; is the plasma water sodium concentration at the inlet port
of the dialyzer during step 1 in mEq/L; Na, is the plasma water sodium
concentration at the inlet port of the dialyzer during step 0, in mEq/L; Na-
pi1 1S the dialysate sodium concentration at the inlet port of the dialyzer
during step 1, in mEq/L; Napy is the dialysate sodium concentration at the
inlet port of the dialyzer during step 0, in mEq/L.

Dialysate sodium concentration (Nap;) during ID measurement was es-
timated from dialysate conductivity, being the ratio between Nap; and di-
alysate conductivity determined during "baseline" conditions. The urea
clearance values obtained using the direct dialysate quantification (DDQ)
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method were adopted as the reference and compared with the arithmetical
mean of the ID measurements.

The difference between ,,ID and K., was -5 + 10 ml/min (95% CI -7 to -
3ml/min; P<0.001) and the ID/K,,, ratio was 0.98 + 0.06, thus indicating a
mean underestimate of Ke,, by ,ID of only 2%. In the group of 31 patients for
whom U, values were available, the difference between ,ID and K., was -
21 + 10 ml/min (95% CI -25 to -17 ml/min; P< 0.01) and the ,ID/K,,; ratio
was 0.90 + 0.05, thus indicating an underestimate of K., by ,ID of 10%.

These results in 82 patients show that the ,ID determined by the Dias-
can Module incorporated in the Integra dialysate delivery machine pro-
vides an adequate estimate of urea clearance corrected for total recircula-
tion (K.y) as the ,ID/K,,, ratio indicates a mean underestimate of K., by
nlD of only 2%; on the other hand, ,,ID underestimated K,; by 10% and
overestimated K, by 11%.

The significant underestimate of K., by ,ID is a theoretically expected
result insofar as ID should be equal to K, only when the plasma water so-
dium concentration at the dialyzer inlet port (Na,;) is kept constant during
ID measurement (Polaschegg 1993). On the other hand, if Na,,; changes
during ID measurement, ID underestimates K., to a degree which is directly
proportional to ANa,,; and inversely proportional to ANap;. This explains
the considerably different results obtained by Gotch et al (2004), with their
2-step conductivity profile for the determination of ID, which indicated an
ID/K.,; ratio approaching identity (1.01) and an ID/K.,, ratio of 1.06. In
their study, the changes in dialysate conductivity during ID measurements
(an increase to a fixed value of 155 mEq/L, followed by decrease to a fixed
value of 135 mEq/L) were planned a priori in order to minimize the
ANay,,i/ANap; ratio, which was actually very close to zero (0.03). In the 31
patients of the last study for whom Na,,,; was derived during step O (Na,wio)
and step 1 (Na,y;;) from the measured values of systemic plasma water con-
centration, dialysate conductivity, and cardiopulmonary recirculation, it was
found a mean change in Na,,; and Nap,; during the ID determinations of, re-
spectively, 0.45 mEqg/L and 6.67 mEq/l, thus giving a mean ANa,,/ ANap;
ratio of 0.07. On the basis of these results and the equation giving the ex-
pected ratio between ID and K.,; we should therefore have expected to find
a mean underestimate of K,; by ,ID of 7%, which is slightly different from
the actual underestimate of 10%. This discrepancy can be explained by poss-
ible inaccuracies in deriving ANa,,; and ANap; (i.e. the 2 factors required to
calculate the expected ratio between ID and K,1).

These data confirm the results of previous studies using a single-step con-
ductivity profile for the determination of ID that found similarity between ID
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and K.», and an underestimate of K., by ID. (Lindsay et al., 2001) reported
a mean ID/K,,; ratio of 0.95 and a mean ID/K,,, ratio of only 0.99 in 8 pa-
tients with no access recirculation and a consequent dialyzer urea clearance
(Ky) equal to Ke,;. Similar results were obtained by Mercadal et al (2002)
who observed a mean underestimate of K., by ID of 10% when K., was
more than 180 ml/min (as it was in these patients) (Mercadal et al. 1998) and
identity between ID and K., in the absence of cardiopulmonary recircula-
tion, when Na,,; is inevitably kept constant during ID determination
(Mercadal et al. 2002). Taken together, these results clearly confirm that the
ratio of ID to urea clearance greatly depends on the method used to modify
inlet dialysate conductivity during the determination of ID, as has previously
been pointed out in other reports (Di Filippo et al. 2001; Gotch et al. 2004).

These results show for the first time in a relatively large population of
hemodialysis patients that the mean value of repeated ionic dialysance de-
terminations obtained using a single-step inlet dialysate conductivity profile
underestimates urea clearance corrected for access recirculation, but provide
a clinically adequate estimate of urea clearance corrected for total recircula-
tion. They also further underline the importance of dialysate inlet conduc-
tivity during ionic dialysance measurements in determining the relationship
between ionic dialysance and urea clearance, which may explain the differ-
ent results obtained in previous studies using a 2-step conductivity profile.

The availability of on-line measurements of ionic dialysance may aid
the monitoring of the dialysis dose at each session because instantaneous
ID can be measured simply by using 2 conductivity probes placed at the
dialyzer inlet and outlet, without the need for any blood or dialysate sam-
pling (Polaschegg 1993; Petitclerc et al. 1993). This allows repeated ID
measurements that can be used to calculate the mean value for the dialysis
session as a whole (several reasons can reduce the depurative efficacy so
that an only one urea clearance determination can be misleading). Moreo-
ver the on-line knowledge of the actual value may allow achieving at each
session the prescribed dose.

16.4 ASSESSMENT OF HEMODIALYSIS ADEQUACY BY IONIC
DIALYSANCE

After the American National Cooperative Dialysis Study (NCDS) first
demonstrated that patient morbidity and treatment failure are related to in-
adequate dialysis doses (Gotch and Sargent 1985), a number of reports sub-
sequently indicated an association between dialysis doses and mortality rate
(Owen et al. 1993; Hakim et al. 1994; Parker et al. 1994). Since there is of-
ten a difference, sometimes large, between the prescribed and delivered
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dose, the quantification of the delivered dialysis dose is an essential element
in the management of chronic hemodialysis treatment. The most useful and
widely applied index to prescribe as well to assess the actually delivered
dose is the Kt/V proposed by Sargent and Gotch, where K is the clearance of
urea (commonly accepted as the marker solute for uremic toxicity), t is the
duration of the session and V is the volume of urea distribution.

The gold standard for the determination of Kt/V is the Direct Dialysate
Quantification (DDQ method), because this allows the most reliable calcu-
lation of the V value and, consequently, of K value (Garred et al. 1989;
Bosticardo et al. 1994; Cheng et al. 1998). Dialysate side urea monitoring
methods provide many advantages over blood side methods, both in terms
of measurement ease and accuracy of results. Because the measurement is
continuous or semi-continuous, it is less prone to sampling and measure-
ment errors. Traditional blood-side methods also require an accurately
known value of effective clearance, including any correction for recircula-
tion if it exists. In order to determine these values, three additional blood
samples are required. Blood-side methods are also only accurate if urea
follows single pool kinetics. In contrast, dialysate side methods do not re-
quire knowledge of clearance, and can in fact accommodate sessions
where the clearance rate changes over the session. This method can work
under conditions of rapid dialysis where urea may follow multiple pool ki-
netics. All dosing assessments using blood sampling are in a way "indi-
rect” measure of dialysis quantification. For this reason, direct measure-
ment of urea concentrations in dialysate have been advocated as a superior
approach to kinetic modeling, with the added advantage of its potential to
be real time monitoring of dialysis quantification (Lindsay and Sternby
2005). However, the DDQ method requires the total or partial collection of
spent dialysate, and is thus inapplicable in everyday clinical practice.
Blood-side Kt/V can be determined by means of various kinetic models,
the most widely used being the single-pool, variable-volume urea kinetic
model (SPVV-UKM). The Kt/V determined in this way is relatively insen-
sitive to errors in the estimate of effective urea clearance because these
lead to corresponding misestimations of volume of urea distribution and so
the ratio remains correct. However, the urea kinetic model requires the tak-
ing of blood samples before and after each treatment to determine BUN
values (Sargent and Gotch 1980), which is why delivered dialysis is
only quantified from time to time (usually monthly) and there is the
obvious risk that even significant variations in the delivered dose during
different sessions may go unnoticed. Furthermore, urea transfer from
one body compartment to another is not instantaneous (especially when
high-efficiency regimens are used) and the disequilibrium revealed by
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post-dialytic urea rebound lasts for 30-60 min after the dialytic session. In
order to avoid a significant underestimate of the volume of urea distribu-
tion and so a significant overestimation of the Kt/V when using the single-
pool UKM, the blood sample for post-dialysis BUN analysis has to be
drawn when the urea rebound is exhausted, that is, almost 30 minutes after
the end of the session (Pedrini et al. 1988).

The alternative or simplified methods (Smye et al. 1994; Daugirdas and
Schneditz 1995) obviated the problem of delayed post-dialysis blood sam-
pling, but since they also require two or three blood samples, they are not suit-
able for routine use. The result is that delivered dialysis dose is quantitated in-
frequently, and given the sometimes large difference between prescribed and
delivered dialysis caused by several not always easily identifiable factors,
there is a risk that treatment inadequacy may go unnoticed. Therefore, the
main goal is to find a reliable, easy, noninvasive, and inexpensive method of
determining the dose of dialysis effectively delivered, ideally at each session.
Since the urea distribution volume does not change over brief periods of time
and treatment length is a known parameter, what is needed is a means of es-
tablishing effective urea clearance throughout the dialytic session.

One of the advantages of measuring Kt/V during hemodialysis is the
ability to calculate the patient’s urea distribution volume (V). A reliable
estimate of V allows the correct assessment of protein intake from urea
generation rate (Kloppenburg et al. 2001) and allows lean body mass
(LBM) to be calculated according to the well-established finding that 73%
of LBM is body water (Muldowney and Healy 1967). Direct dialysis quan-
tification (DDQ) is considered the gold standard for determining V, but it
is impractical for routine use because it requires equilibrated post-dialysis
plasma water urea concentration (Depner et al. 1996). The single pool va-
riable volume urea kinetic model (SPVV-UKM) is easier to use because it
does not need a delayed post-dialysis blood sample (Gotch 1992); end-
dialysis plasma water urea concentrations (Upy,) are determined in blood
samples drawn immediately after the end of the dialysis session, after
approximately 10 seconds of reduced blood flow to 100 ml/min (Upyen).
However, in order to obtain results that are consistent with the DDQ method,
SPVV-UKM requires a correct estimate of dialyzer urea clearance (Ky)
throughout the dialysis session. Using "formal" SPVV-UKM, K, is calcu-
lated from a generic dialyzer transport constant (overall permeability area
product, or KoA) and the prescribed blood and dialysate flows with the as-
sumption that both these flows are constant throughout the treatment and
there is no dialyzer clotting or access recirculation. However, there may be
significant errors in these calculated dialyzer clearances resulting frequently
in overestimation of K, and secondary overestimation of V (Depner 1996).
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Ionic dialysance (ID) may accurately estimate "effective" urea clearance
(Di Filippo et al. 2001; Lindsay et al. 2001; Mercadal et al. 2002) (i.e., di-
alyzer urea clearance corrected for total recirculation) (Gotch 1994). Be-
cause ID does not need blood and dialysate samples or laboratory tests, re-
peated determinations are available and allow an adequate estimate of
"effective" urea clearance throughout the dialysis session. Some studies of
the quantification of the normalized dialysis dose using ionic dialysance are
summarized in Table 16.2 (Lindsay and Sternby 2005). Peticlerc et al (1993)
showed a very good correlation between delivered Kt/V as measured by
DDQ and by the conductivity method; and likewise Gotch et al (1995) using
a similar technology, also reported that the effective ionic dialysance very
accurately predicts effective urea clearance with a coefficient of variation of
only 6.7% and thus can provide inexpensive automatic measurements of de-
livered Kt/V every dialysis. In slight contrast to this, Manzoni et al (1996)
with a small number of patients, found some discrepancies between Kt/V
values based on the effective ionic dialysance when compared with DDQ
studies (Lindsay and Sternby 2005). Manzoni et al (1996) showed an under-
valuation of the dialysis dose by Dt/V of 22% compared to Kt/V ., by direct
quantification. V., for Dt/V was given by the formulas of Watson et al
(1980) or was taken equal to 55% of the dry weight and was 17% greater
than the value calculated from direct quantification (Kloppenburg et al.
2001). Del Vecchio et al (1998) measured V., with a SPVV corrected by
rebound with blood sampling 30 min after the end of dialysis. Instead of tak-
ing the urea clearance given by the manufacturer in the SPVV model, a
mean value of D during the session was introduced. The calculated Vi,
from SPVV was used for the calculation of Dt/V the following month for
each patient (corrected by the variation of the dry weight if necessary). Dt/V
was compared to Kt/V ., by SPVV measured with the constant of the manu-
facturer the month after. This study, however, brings evidence that, with
evaluation of V., by SPVV and D at the same time, further evaluation of
Dt/V is close and almost equal to a reference measurement of Kt/V ., by
SPVYV corrected by the rebound (Mercadal et al. 2005).

Di Filippo et al (1998) published similar results (see Table 16.2) (Mer-
cadal et al. 2005). Wuepper et al (2003) compared Kt/V ., by equilibrated
SPVV and Dt/V with V., by Watson or V., measured by bioimpedance
and found a slight difference of 0.15 (see Table 16.2). The most expected re-
sults for the clinicians are the comparison between Dt/V and the most
widespread simplified equation for the calculation of Kt/V ., by Daugirdas.
Studies comparing Dt/V with the Daugirdas second-generation equation
corrected by the rebound (equivalent to the double-pool model) showed
very close evaluation of the dialysis dose with difference inferior to 5%
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(Petitclerc and Coevoet 2001; Mclntyre et al. 2003), and even equal to
2.54% on the larger study (Mclntyre et al. 2003). In these studies, V., in the
Dt/V formula was simply evaluated by Watson et al (1980). Dt/V with V.,
by Watson slightly underestimates Kt/V ., Daugirdas corrected by the re-
bound. For Dt/V with V., by Watson et al (1980) greater than 1.2, Alba-
dawy et al (2000) found that all the Kt/V ., of Daugirdas were greater than
1.2 (Mercadal et al. 2005). For Dt/V between 1 and 1.2, 33 of 35 dialysis
sessions had a Kt/V ., Daugirdas greater than 1.2 and for Dt/V inferior to 1,
all the dialysis sessions had Kt/V ., Daugirdas less than 1. Making sure that
Dt/V is greater than 1.2 would ensure that the patient receives the dialysis
recommended dose (Mercadal et al. 2005).

Because V is directly proportional to urea clearance and inversely pro-
portional to the magnitude of drop in plasma water urea concentration in
UKM, by using ID as input parameter to SPVV-UKM, correct V values
can be expected when end-dialysis plasma water urea concentrations are
determined in blood samples taken at the end of the session with the blood
pump speed reduced to 50 ml/min for 2 minutes (Upy) (Schneditz et al.
1992). Underestimation of V secondary to the use of ID, always lower than
Kq, will be compensated by overestimation of V secondary to the use of
Upwiz, which is always higher than Upo.

A large study (Di Filippo et al. 2004) was performed to determine
whether the V values determined by means of SPVV-UKM, ID, and U,
(Vip) are similar to those determined by the "gold standard" DDQ method
(Vppg). Theoretically, with UKM, whole body clearance (K) and equili-
brated post-dialysis plasma water urea concentration should be used to
obtain V values consistent with Vppg values. In the UKM, V is directly
correlated with urea clearance, which means that the use of K4 higher than
Ky will lead to a systematic overestimation of V; on the other hand, V is
inversely correlated with the magnitude of drop in plasma water urea con-
centration (Upwo-Upwiso); this means that sampling 10 seconds after the end
of the dialysis session will lead to a systematic underestimation of V be-
cause Upyio 1s always lower than U,ys0. On the basis of these relation-
ships, it can be expected that correct V values will be obtained if the over-
estimation of K, using Ky is counterbalanced by the overestimation of
(Upr'UpthO) USing UpwlO-

In the "formal" SPVV-UKM, Kj is calculated from blood and dialysate
flow rates using the dialyzer mass transfer area coefficient (KoA). However,
there may be significant errors in these calculated dialyzer clearances, result-
ing often in overestimation of K4 and secondary overestimation of urea dis-
tribution volume.
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Repeated determinations of ionic dialysance may constitute an accurate
estimate of "effective" urea clearance during the entire dialysis session.
Using ID, correct V values can be expected when end-dialysis plasma wa-
ter urea concentrations are determined in the blood sample taken at the end
of the session with the blood pump speed reduced to 50 ml/min for two
minutes; underestimation of V secondary to the use of ID, always lower
than Ky, will be compensated by overestimation of V secondary to the use
of Upwi, always higher than Uy o-. This study of Di Filippo et al (2004)
shows that by using ID and Uy, as input parameters to SPVV-UKM it is
possible to obtain urea distribution volume values that are not different
from the values obtained according to the DDQ method. In this study at a
mean Kt/Vg, level of 1.4, Vip values resulted only 1% higher as a mean
than Vppq values, and the difference between Vi and Vppq resulted signif-
icantly associated with Kt/Vg, values. This is in agreement with compara-
tive theoretic analysis between double-pool and single-pool model show-
ing that the ratio between single-pool V and double-pool V is a function of
administered dialysis dose, and predicting to be 0.88 at Kt/V, level of 0.5,
0.97 at Kt/Vy, level of 1.0, and 1.00 at Kt/Vgy, level of 1.3 (Gotch 1992).
This has important clinical implications, particularly in those circums-
tances in which a low value of Kt/V is prescribed, such as in daily hemo-
dialysis or in patients with substantial residual renal function, and equa-
tions to convert single-pool volume in double-pool volume at any level of
administered dialysis dose have been suggested (Daugirdas and Smye,
1997) and validated (Daugirdas et al. 1999). The same study also shows
that commonly used anthropometric equations overestimated Vppg by 29%
on average. This overestimation is consistent with the results from other
studies (Kloppenburg et al. 2001; Schneditz et al. 1995).

Therefore, nowadays the availability of monitors allowing determining
ID allows the correct determination of V and so of PCR. It has been shown
that PCR values obtained according to UKM using ID as dialyzer urea
clearance corrected for total recirculation were quite similar to those ob-
tained by the DDQ method, actually considered the "gold standard me-
thod".

16.5 CALCULATION OF ACCESS FLOW FROM IONIC
DIALYSANCE MEASUREMENT

The study of Mercadal et al (1999) allows determination of access blood
flow from ionic dialysance. In this study the vascular access blood flow
rate was evaluated in 30 patients treated by chronic hemodialysis. Six
patients had a graft and 24 a native vein fistula. Dialysis sessions were
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carried out on an Integra® dialysis monitor (Hospal Dasco SpA, Medolla,
MO, Italy) equipped with the Diascan® module automatically providing
each 30 minutes with the value of effective ionic dialysance from dialysate
conductivity values recorded at the dialyzer outlet for the two levels of di-
alysate conductivity at the dialyzer inlet (Mercadal et al. 1999).

In the absence of recirculation, the ionic dialysance reflects the dialyzer
urea clearance (Mercadal et al. 1998). If the recirculation ratio (R) is not
null, the value (D) of ionic dialysance measured by conductivity reflects
the actual urea clearance of the patient taking recirculation into account,
and is called "effective dialysance" (Petitclerc et al. 1993; Mercadal et al.
1999). Effective dialysance (D) is related to dialysance D, of the dialyser,
measured in the absence of recirculation according to the following equa-
tion (Petitclerc et al. 1993):

D=D, I-R (16.46)
l—R[l—DO_Qf}
QB_Qf

After reversing blood lines for a few minutes, the value (D,,) of ionic di-
alysance measured by conductivity takes the recirculation ratio (R,,) into
account. The relationship between D,., and D, is given by (Mercadal et al.
1999):

D, =D, IR, (16.47)
QB _Qf

Where R, is the recirculation after reversing the blood lines and can be
calculated according to:

Qs —Q
R =—<B =f 16.48
- QA + (QB _Qf) ( :

Subsituting from Eq. (16.48) into Eq. (16.47) yields (Mercadal et al.
1999):

D. =D, S S (16.49)
QA - Qf + Do
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From Eq. (16.49), Q, can be calculated as (Mercadal et al. 1999):

_ D, —Q)XDy,

16.50
DO - Drev ( )

Q.

Assuming the absence of recirculation when blood lines are in normal po-
sition, the measured value (D) of ionic dialysance for the same values of
dialyzer blood flow Qg and ultrafiltration rate Q; is equal to D,. Conse-
quently (Mercadal et al., 1999):

_(D=Q)xDy,

QA D - Drev

(16.51)

Equation (16.51) shows that the access flow, Q, can be estimated from the
measurement of ionic dialysance at normal position (assuming the absence
of access recirculation) and at reverse position of blood lines. For Q; = 0,
Eq. (16.51) results in (Mercadal et al. 1999):

— (DXDrﬁV)

QA - D - Drev

(16.52)

The model of Mercadal et al (1999) assumes the absence of recirculation
with blood lines in a normal position. Therefore a dialyzer blood flow rate
(Qg) is chosen to be lower than or equal to 250 ml/min in order to avoid
access recirculation, because new techniques using nonurea based methods
have given evidence of the absence of access recirculation in most patients
at low Qg values (Sherman et al. 1997). This condition was verified in the
study by using the ultrasound dilution method on each patient. The pro-
posed model by Mercadal et al (1999) provides a valuable estimation of
the vascular access flow and is fully noninvasive, easy to perform (no need
of bolus injection and of accurate measurement of Qg), and inexpensive.
Consequently, this method seems suitable for monitoring access blood
flow in hemodialyzed patients.

16.6 CONDUCTIVITY KINETIC MODELLING
16.6.1 Sodium Balance

Intradialytic water and sodium removal are defined as being adequate in
relationship to the interdialytic intake when the water/sodium balance is

zero, that is when the final dry body weight is reached and the final plasma
water sodium concentration is constant. For this purpose, the required
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water removal can be easily quantitated because it corresponds to the in-
terdialytic increase in body weight. In contrast, given that it is affected by
various factors, a mathematical kinetic model must be used at the start of
treatment in order to predict final plasma water sodium concentration and
to calculate the needed dialysate sodium concentration.

In 1980, Gotch et al proposed a single-pool sodium kinetic model based
on the following assumptions: 1) Only sodium and its accompanying
anions are important as effective osmotic substances in the extracellular
fluid; and 2) the effective intracellular and extracellular osmolalities are
equal at all times (Gotch et al. 1980). Since the effective osmotic sub-
stances do not move across the cell membrane, any change in extracellular
osmolality will be followed by a transcellular fluid shift until effective os-
molality again reaches transcellular equilibrium. Therefore, although so-
dium is distributed almost exclusively in the extracellular compartment, it
is osmotically distributed in total body water, and a single pool is assumed
for sodium modeling purposes.

On the basis of these assumptions, the amount of osmotically active ca-
tions present in total body water can be calculated as the product of plasma
water sodium concentration multiplied by the volume of total body water,
and serial changes in this product will describe serial changes in body so-
dium content. A measure of total body water can be reached using the urea
distribution volume estimated according to the single-pool urea kinetic
model. Serial changes in total body water over short periods of time are
considered to be equal to change in body weight. The magnitude of inter-
dialytic sodium intake over a dialysis treatment cycle is calculated as the
difference between the product of plasma water sodium concentration mul-
tiplied by total body water volume at the beginning of dialysis and that
calculated at the end of the previous session, whereas intradialytic sodium
removal is calculated as the difference between the products of plasma wa-
ter sodium concentration multiplied by the volume of total body water at
the beginning and at the end of the same session. Sodium balance over the
treatment cycle is equal to sodium load minus sodium removal.

This early analytical single-pool sodium kinetic model for evaluating
sodium balance in hemodialysis was developed assuming that the ultrafil-
terable and diffusible plasma water sodium concentrations are the same
(corresponding to plasma water sodium concentration multiplied by the
Donnan factor) and using flame photometry to determine plasma and di-
alysate sodium concentrations. This makes it possible to calculate the di-
alysate sodium concentration needed to achieve the desired end-dialysis
plasma water sodium concentration. The validity of this model was
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evaluated in 13 hemodialysis sessions (involving 6 patients) by determin-
ing the difference between the end-dialysis plasma water sodium concen-
trations predicted by the model and the measured values. The results show
that the end-dialysis plasma water sodium concentration predicted by the
model had an imprecision of + 2.9 mEq/L, with the imprecision of photo-
metry accounting for 40% of the overall error and the imprecision of the
estimated sodium dialysance and model error accounting for the remaining
60% (Gotch 1980). Di Filippo et al (1996) modified this single-pool so-
dium kinetic model by using blood and dialysate sodium concentrations
determined by means of more precise direct potentiometry and assuming
that 97% of the ionized plasma water sodium is diffusible. The clinical re-
sults obtained using this kinetic model to calculate the dialysate sodium
concentration required to reach a pre-established target of end-dialysis
plasma water sodium activity had an imprecision of less than 0.84 mEq/L,
with laboratory error accounting for 58% of the overall error and impreci-
sion in the estimate of sodium dialysance and model error accounting for
the remaining 42%. Unfortunately, although they make it possible to reach
the desired intradialytic sodium removal, these models are unsuitable for
routine clinical application because the required initial sodium plasma wa-
ter concentration and sodium dialysance in real time are cumbersome to
obtain in routine dialysis.

Given the linear correlation between the sodium content and conductivi-
ty of each electrolyte solution, conductivity values can be used instead of
sodium concentration values. Sodium dialysance can be easily estimated
according to the basic theory developed by Polashegg (1993) if dialysate
conductivity is measured at the dialyzer inlet and outlet ports at two differ-
ent inlet values. After estimating ionic dialysance, plasma water sodium
concentration can be easily derived as plasma water conductivity (C,y) us-
ing the following equation (Locatelli et al. 2000):

C,, (mS/em)=C, —{%x(cdi —cdo)} (16.53)

Finally, since conductivity is determined by all of the ions (cations and
anions) in the solution, the Donnan factor will be equal to 1. The sodium
kinetic model is therefore changed to the conductivity kinetic model (Pe-
titclerc et al. 1992), which, without the need for any blood sampling or la-
boratory determinations, makes it possible to predict final plasma water
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conductivity (Cp,w) when inlet dialysate conductivity is known (Locatelli
et al. 2000):

C,,.(mS/em)=C, —(Cy —cpwo)x[vl (16.54)

pwt

Where V is water body volume (mL); O and t stand for the start and the
end of dialysis session. Qs is the ultrafiltration rate (mL/min), and Q. is the
blood water flow (mL/min). Vo = V, + Qr and Ty is the session length in
minutes.

The required inlet dialysate conductivity (Cy;) to achieve a target final

plasma water conductivity (Cp,) is calculated according to the conductivi-
ty kinetic model for hemodialysis (Locatelli et al. 2000):

C, = ’ (16.55)

The validity of the conductivity kinetic model has been confirmed in 57
hemodialysis sessions scheduled to obtain end-dialysis plasma conductivi-
ty values of between 14.0 and 14.8 mS/cm (Locatelli et al. 1995). The di-
alysis monitor (Monitral S Hospal) was equipped with the specially de-
signed Biofeedback Module (COT Hospal) connected to the dialysate line
between the dialyzer and the dialysis machine. By means of a single tem-
perature-compensated conductivity probe, which was alternately activated
at the dialysate inlet and outlet, the module measures the difference be-
tween inlet and outlet dialysate conductivity values before and after a
change in inlet dialysate conductivity of about 1mS/cm over a short period
of about two minutes, thus determining sodium dialysance as ionic dialys-
ance and sodium concentration as plasma water conductivity. Moreover,
the module is capable of automatically controlling inlet dialysate conduc-
tivity (according to the single-pool conductivity kinetic model) in order to
achieve the prescribed end-dialysis plasma water conductivity. The only
data required are the patient’s initial body weight, body weight loss, and
treatment time. The results of this study show that the accuracy of the con-
ductivity kinetic model is good (a mean difference between observed and
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predicted values of -0.04 mS/cm), with an imprecision of less than 0.14
mS/cm, roughly equivalent to less than 1.4 mEq/L in terms of sodium con-
centration. The conductivity kinetic model may therefore be used instead
of the sodium kinetic model, and the fact that it does not require any blood
sampling or laboratory determinations makes it suitable for routine clinical
application.

The importance of a method for accurately modulating sodium removal
at each dialysis session lies in the fact that it could reduce intradialytic hy-
potension that is the most frequent intradialytic complication which is
strictly related to intradialytic blood volume changes mainly depending on
sodium removal. On the other hand, volume control can allow to achieve a
better control of hypertension, one of the main determinants of left ventri-
cular hypertrophy, an important cause of the high cardiovascular mortality
of dialyzed patients. Of further interest are some clinical results suggesting
that cardiovascular instability can be significantly reduced by individualiz-
ing dialysate conductivity in order to match interdialytic sodium loading
and dialytic sodium removal (Locatelli et al. 1998).

16.6.2 Cardiovascular Stability

Paired filtration dialysis (PFD) is a hemodiafiltration technique in which
convection and diffusion take place separately by means of a hemofilter
and a hemodialyzer combined in a single unit (Ghezzi et al. 1983); it can
therefore be considered to be the combination of post-dilution hemofiltra-
tion and mainly diffusive hemodialysis. A PFD single-pool sodium kinetic
model has been developed by combining the equations for instantaneous
sodium fluxes in hemodialysis and post-dilution hemofiltration (Di Filippo
et al. 1997) with blood and dialysate sodium concentrations being deter-
mined by direct potentiometry. Moreover, ultrafilterable and diffusible
plasma water sodium concentrations are not considered to be the same, but
ionometric sodium is assumed to correspond to ultrafilterable fraction and
97% of this to the diffusible fraction. Clinical results have confirmed the
validity of this PFD sodium single-pool kinetic model. The mean differ-
ence between the expected and measured end-PFD plasma water ionized
sodium concentrations was 0.00 + 0.55 mEq/L, which means that the mod-
el is very accurate, and its imprecision in predicting final plasma water so-
dium concentration is of less than 1.1 mEq/L and nearly equivalent to that
of the hemodialysis model. On the basis of the linear relationship between
ultrafiltrate conductivity and plasma water sodium concentration values, it
was also developed a PFD single-pool conductivity kinetic model in which
conductivity is used instead of sodium concentration. The validity of this
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model as an alternative to the sodium kinetic model in optimizing sodium
removal has been confirmed in clinical tests. The mean difference between
the predicted and measured end-PFD ultrafiltrate conductivity was 0.01+
0.05 mS/cm with an imprecision of less than 0.1 mS/cm. The greater accu-
racy and precision of the PFD model than the hemodialysis model are not
surprising if it is considered that plasma water conductivity is measured in
the ultrafiltrate, but only estimated from ionic dialysance in the hemodialy-
sis kinetic model. A multicenter, prospective, controlled trial involving
hemodialysis patients prone to dialysis hypotension was carried out in or-
der to test whether cardiovascular stability could be improved by using the
online conductivity ultrafiltrate kinetic modeling to reduce variability in
sodium balance (Locatelli et al. 1998). Forty-nine uremic patients on
chronic three times weekly hemodialysis treatment, who had been affected
by symptomatic hypotension during three or more dialytic sessions in the
month preceding study entry, were recruited from 16 participating centers.
The study had a 16-week cross-over design involving a run-in period of
four weeks followed by three consecutive, four-week treatment periods
(two treatments given in two sequences: ABB or BAA).

The blood and dialysate flows and the ultrafiltration rate were kept con-
stant for all of the PFD sessions. The type of reinfusate used for each pa-
tient was always the same. The reinfusate sodium concentrations and the
patient’s dry body weight were left to the usual policy of the attending
physician and were not changed throughout the study. During treatment A,
PFD was administered using constant dialysate conductivity equal to that
used during dialysis treatment before the study run-in period. During the
experimental treatment (B), the dialysate conductivity (and thus dialysate
sodium concentration) was calculated according to the model in order to
obtain post-dialysis ultrafiltrate conductivity equal to the mean value de-
termined in each patient during the run-in period. In this way, sodium re-
moval should exactly match the interdialytic sodium load at each dialysis
and thus possibly reduce the negative clinical effects of too much or too
little sodium removal related to the variability in sodium intake from one
session to another. The results of this study showed that the application of
the conductivity kinetic model significantly reduced the intradialytic drop
in systolic blood pressure in comparison to standard treatment (P=0.001),
without any period or carryover effect. There was also a steady trend to-
ward a reduction in the frequency of intradialytic symptoms, as well as in
asymptomatic or symptomatic hypotension. This is consistent with a trend
toward a better cardiovascular stability, although at different non-
significant P values. There was no difference between the two treatments
in terms of mean pre-dialysis and post-dialysis body weight or in the
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ultrafiltrate and dialysate conductivity values. The average estimated so-
dium balance was therefore similar between the two treatments. In accor-
dance with the study design, end-dialysis ultrafiltrate conductivity was the
same for the two treatments. Only the variability of this value was lower
during the experimental treatment and should be the key factor related to
the better cardiovascular stability.

Although only future studies will allow a complete exploration of the
potential clinical benefits of the more extensive use of conductivity kinetic
modeling, it seems that the bulk of the results obtained thus far demon-
strate its clinical relevance in handling the sodium pool. Given that ionic
dialysance can be easily, inexpensively and repeatedly measured at each
dialysis session without the need for blood sampling or laboratory deter-
minations we can expect that sodium kinetic modeling will soon become a
part of everyday clinical practice.

16.7 CONCLUSION AND FINAL REMARKS

The availability of new monitors, already spreading on a large scale,
able to automatically carry out repeated determinations of ionic dialysance
represents an extraordinary technological progress in hemodialysis thera-
py. According to the method developed by Polashegg and Petitclerc, ionic
dialysance can be calculated simply by measuring inlet and outlet dialysate
conductivity at two different inlet conductivity values.

The possible applications of ionic dialysance determination right now
developed are related to three essential aspects of hemodialysis treatment:
sodium and water removal, dialysis dose delivering and vascular access
flow determination.

As far as sodium and water removal is concerned, considering the corre-
lation between dialysate conductivity and its sodium content, ionic dialys-
ance can be considered equivalent to effective sodium dialysance. When
ionic dialysance value is known, it is possible to derive the plasma water
conductivity value and so the patient natremia. The possibility to estimate
sodium dialysance and patient natremia whithout any blood sample and la-
boratory determination makes very easy the application of sodium kinetic
model, usually very difficult to use. By using the conductivity instead of
sodium concentration some conductivity kinetic models have been devel-
oped allowing to easily calculating the dialysate conductivity needed to
achieve the desired sodium removal, so allowing to individualize the pre-
scription according to each patient characteristics and avoiding the inap-
propriate intradialytic sodium removal sometime consequent to the use of
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standard dialysate. By achieving at the end of a dialysis session the patient
dry body weight and a constant plasma conductivity value it is possible to
remove an amount of water and sodium perfectly equivalent to the inter-
dialytic load. The importance of that is showed by the fact that the clinical
application of the conductivity kinetic model was associated with a better
cardiovascular stability during the treatment. Moreover, by removing all
the sodium introduced by foods, we could avoid the risk of an insufficient
sodium removal determining increase in blood pressure and the risk of
pulmonary edema.

As far as the dialysis efficiency monitoring is concerned, because of the
similar molecular weight of sodium chloride and urea it has been sug-
gested that ionic dialysance can be considered equivalent to effective urea
clearance. Since ionic dialysance determination does not need blood or di-
alysate samples neither laboratory tests, it is possible to made repeated de-
terminations during the dialysis session and thus obtain an adequate esti-
mate of effective urea clearance actually referred to the entire session.
That’s very important in quantify delivered dialysis dose which is corre-
lated with patients morbidity and mortality. Once urea distribution volume
(V), corresponding to total body water volume, is known, it is immediately
determinable the Kt/V, the index usually used to quantify the dialysis dose.
Although only Kt is assumed as index of delivered dialysis dose, by fol-
lowing the DI values during the session it is possible to quickly find out
any reduction in ionic dialysance value that can detect the insufficiency of
delivered dialysis dose and therefore that could induce to search for the
possible causes: reduction of effective blood flow or reduction of dialysate
flow or partial dialyzer clotting, access recirculation.

Finally, the access flow monitoring is very important to early detect a
malfunction, mainly responsible of morbidity and costs of hemodialysis
treatment. Since the recirculation entity caused by the reverse position of
blood lines is dependent by the access flow, recently several noninvasive
techniques to estimate the access blood flow have been proposed, mainly
based on the measurement of the blood dilution obtained by a saline bolus
injection. Since the ionic dialysance value determined according the con-
ductivity model takes into account the access recirculation, the access flow
can be estimated from the measurement of ionic dialysance obtained at
normal position and at reverse position of blood lines, The model is fully
noninvasive not needing saline bolus injection and the results are equiva-
lent to those obtained by the ultrasound method considered the most
accurate.
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In conclusion, the conductivity method represents nowadays the more
promising technological innovation because its applications seem to be
able to substantially modify hemodialysis treatment, especially allowing
the monitoring and the on-line management of several essential treatment
parameters thank to the elimination of the need for blood and dialysate
samples and laboratory determinations that made just now impossible the
routine application of sodium kinetic models and delivered dialysis dose
assessment.
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ESSAY QUESTIONS

1.

o

10.

11.

What does ionic dialysance mean?

For which the reason it has been suggested that ionic dialysance
can be considered equivalent to effective sodium dialysance?

Why ionic dialysance should be considered equivalent to effective
urea clearance?

The adequacy in sodium removal in hemodialysis is obtained when
sodium balance is zero that is when intradialytic removal is equiv-
alent to interdialytic load. How can this goal be reached?

Which is the reason to explain the different relationship between io-
nic dialysance and urea clearance obtained by using different me-
thodology and commercial systems in conductivity measurement?
How to measure sodium concentrations?

One of the advantages of measuring Kt/V during hemodialysis is
the ability to calculate the patient’s urea distribution volume (V).
What important parameter can be estimated starting from a reliable
estimate of V?

How can the final plasma water sodium concentration be predicted
at the start of the treatment and how the needed dialysate sodium
concentration can be calculated?

List the main advantages and disadvantages of direct dialysate
quantification (DDQ) method.

Why, urea kinetic models are unsuitable for routine clinical appli-
cation?

Is there any clinical evidence that on-line conductivity kinetic
modeling can improve cardiovascular stability?

MULTIPLE CHOICE QUESTIONS

Choose the best answer

1. To correctly estimate the urea clearance at blood side the urea "effective
flow" is represented by...

A.
B.
C.

whole blood flow
blood water flow
plasma flow

2. To determine the urea clearance at dialysate side the removed urea must
be reported to...

A.
B.
C.

urea concentration in whole blood
urea concentration in plasma
urea concentration in plasma water
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3. The urea clearance value can be assumed to be technically correct only
if the mass balance error is less than...

A. 20%
B. 10%
C. 5%

4. To calculate the sodium flux in determining sodium dialysance the so-
dium concentrations must be measured by...

A. Flame photometry or indirect ionometry

B. Direct ionometry

C. Flame photometry or ionometry

5. The plasma water urea concentration in the inlet blood sample obtained
after reducing the pump speed to 50 ml/min for two minutes is corrected
for...

A. Access recirculation

B. Cardiopulmonary recirculation

C. Total recirculation

6. Because the Donnan effect of proteins, at a physiological protein con-
centration, the diffusible fraction of ionized sodium in the plasma water
is...
A. All the ionized sodium

B. Around the 95% of ionized sodium concentration
C. Around the 80% of ionized sodium concentration

7. To obtain the concentration of dialysate sodium by direct potentiometry
at which diffusion flux is zero, the inlet blood sodium concentration meas-
ured by direct potentiometry should be corrected by a factor of...

A. 1.0

B. 0.96

C. 0.80

8. What is the space in which sodium is osmotically distributed?
A. Intracellular compartment
B. Extracellular compartment
C. Total body water

9. Real total sodium concentration determined in plasma by flame photo-
metry is invariably...

A. Overestimated

B. Underestimated

C. Correct
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10. For whole blood flow rate Q,=300ml/min, Ht=30%; total protein con-
centration= 7 g/dl, the Q, (blood water flow) will be...

A. 300 ml/min

B. 285 ml/min

C. 258 ml/min

11. For a photometrically measured plasma sodium concentration of 140
mEq/l, the corrected plasma water sodium concentration at a protein con-
centration of 7g/dl will be...

A. 140 mEq/1
B. 142 mEq/1
C. 149 mEq/

12. If the nominal blood flow rate (Q,,) is lower than 200 ml/min, then, the
effective whole blood flow rate (Q,) is...

A. Lower than nominal blood flow rate (Q,,)

B. Greater than nominal blood flow rate (Q,)

C. Equal to the nominal blood flow rate (Q,,)

13. If the inlet blood sodium concentration measured by direct potentiome-
try is 140 mEq/L, the concentration of dialysate sodium by direct potenti-
ometry at which diffusion flux is zero, is...

A. 140 mEq/L
B. 135 mEq/L
C. 142 mEq/L

14. If the whole blood flow rate is 300 ml/min, the Effective whole blood
flow rate (Q,,) will be...

A. 250 ml/min

B. 350 ml/min

C. 300 ml/min

D. 285 ml/min

15. If the whole blood flow rate is 300 ml/min, ultrafiltration rate is 8.34
ml/min, plasma water urea concentration at the inlet and outlet ports of the
dialyzer are 130 mg/dL and 36 mg/dL, respectively and the access
recirculation is 4.09%, then the effective blood side urea clearance
corrected for recirculation for will be...

A. 180.5
B. 178.2
C. 1822

D. 170.5



16 Ionic Dialysance and Conductivity Modeling 865

16. Using the same data in question 15, if the dialysate flow rate is 500
ml/min and the outlet dialysate urea concentration is 49 mg/dL, the effective
dialysate side urea clearance corrected for recirculation will be...

A. 1859
B. 182.2
C. 1955
D. 2125

17. Using the same data in questions 15 and 16, the mass balance error
(MBE %) will be...

A. 5.09 %
B. 2.02 %
C. 3.04 %
D. 6.06 %

18. For the same patient date in in questions 15 and 16, the outlet
measured dialysate conductivity values are 14.42 mS/cm and 15.16 mS/cm
when the inlet dialysate conductivity values are 14.49 mS/cm and 15.65
mS/cm, respectively, the ionic dialysance will be...

A. 1859
B. 182.2
C. 175.6
D. 184.1

19. In UKM, Urea distribution volume is...

A. Directly proportional to urea clearance and inversely proportional
to the magnitude of drop in plasma water urea concentration.

B. Inversely proportional to urea clearance and directly proportional
to the magnitude of drop in plasma water urea concentration.

C. Inversely proportional to urea clearance and inversely proportional
to the magnitude of drop in plasma water urea concentration.

D. Directly proportional to urea clearance and directly proportional to
the magnitude of drop in plasma water urea concentration.

20. If the inlet and outlet dialysate conductivity are 14.49 mS/cm and
14.42 mS/cm, respectively, the dialysate flow rate is 500 ml/min and the
measured ionic dialysance is 184.1 ml/min, then plasma water conductivity
(C,) will be...

A. 14.25

B. 15.35

C. 14.29

D. 14.42

P
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