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ABSTRACT

Purpose: A direct determination of Kt/V using ionic dialysance for estimating K and bio-impedancem-
etry for estimating V is compared with the usual indirect estimation based on the second generation
Daugirdas equation during a new technique of hemodiafiltration with simultaneous pre- and post-
dilution (mixed-HDF).

Methods: In 31 informed consented patients, the urea distribution volume (V) is estimated by total
body water (V,.,,) measured by the Body Composition Monitor (BCM; Fresenius Medical Care, Bad
Homburg, Germany) based on bio-impedance spectroscopy. The value (K, t)/V,,, is calculated

ocm CM
during 114 mixed-HDF sessions (duration 4 hours) from the measurement of ionic dialysance K

OoCcMm
by the OCM module, standard on the 5008 dialysis monitor (Fresenius Medical Care, Germany). The
single pool (Kt/ \Osp is determined from blood urea concentration measurements using the Daugirdas
equation.

Results: Mixed-HDF is a very high-efficiency hemodialysis with a delivered dialysis dose Kt/V near
from 2 per 4-hour session. (K, )/V,,, (1.97 + 0.28) is consistent with (Kt/V)_, (2.01 + 0.34) with a
correlation coefficient at 0.72.

Conclusions: Direct calculation of Kt/V from estimating K by OCM and V by BCM is consistent with
the usual indirect estimation by the second generation Daugirdas equation. Therefore, the regular
determination of V by BCM allows the estimation of single-pool Kt/V at each session without the need
of blood sampling.
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INTRODUCTION

Adequacy of hemodialysis efficiency is currently based
on the determination of the index (Kt/V) where (K) is the
urea clearance, (t) the treatment time, and (V) the urea
distribution volume at equilibrium assumed equal to to-
tal body water. There are two varieties of methods for
determining Kt/V: 1) indirect methods provide an estima-
tion of Kt/V from observing the change during the session

of blood urea concentration by using equations derived
from urea kinetic modeling; 2) direct methods are based
on an independent measurement of the three parameters
K, t, and V.

Indirect determinations of Kt/V have been generalized dur-
ing the last decades because they do not require measure-
ments for estimating (K) which was very cumbersome and
not suitable for clinical routine before the availability of
ionic dialysance measurement. More recently, when pro-
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viding a correct estimation of V, some dialysis monitors
automatically give a direct estimation of Kt/V calculated
from ionic dialysance without requiring blood urea concen-
tration measurements (1).

The aim of our study using a new technique of on-line he-
modiafiltration with pre- and post-dilution is to compare
the value of Kt/V obtained by the usual indirect method
based on the Daugirdas second generation equation with
the value obtained by a direct method using ionic dialy-
sance for estimating K and bio-impedancemetry for esti-
mating V.

MATERIALS AND METHODS
Mixed-HDF

In on-line hemodiafiltration (ol-HDF), the volume of dialy-
sate infused in post-dilution is limited by the hemocon-
centration in the dialyzer. However pre-dilution treatment
limits the efficiency of the dialysis session. Mixed-HDF is
a pre/post ol-HDF technique with an automatic control
of the pre/post dilution ratio for optimizing the efficiency
of the treatment. This technique implemented on 5008
dialysis monitor (Fresenius Medical Care, Bad Homburg,
Germany) uses a feedback system for controlling trans-
membrane pressure (TMP) in order to maintain mean TMP
in the safe range of 250 mmHg to 300 mmHg without
affecting the total volume of infused dialysate or the net
ultrafiltration (2). The mean value of TMP is calculated
from measurements by four pressure sensors located at
the dialyzer input and output of the blood and the dialy-
sate. If TMP rises beyond its maximum tolerated value, a
fraction of infused dialysate is diverted from post- to pre-
dilution, decreasing the fraction of plasma water through
the dialyzer membrane (and thus the mean TMP), and
vice versa if the mean TMP falls below the lowest value
of the range.

Patients and Methods

Thirty-one chronic hemodialysis patients (22 males, 9 fe-
males; median age: 66.5 years, range: 34-88), hemodia-
lyzed 4 hours, three times a week, on an arterio-venous
access with a Fresenius 5008 dialysis machine, gave their
informed consent for participating to the study. The pa-
tients’ baseline characteristics are shown in Table .

TABLE I - BASELINE CHARACTERISTICS OF THE PATIENTS
(N =31)

Age (years) 66.5 (34-88)

Sex (M/F) (% men) 22/9 (72%)

Dialysis vintage (years) 7.57 (0.75-17.41)

Causal nephropathy (n):
Diabetic nephropathy 11
Polycystic kidney disease
Nephroangiosclerosis
IgA nephropathy
Malformative uropathy
Obstructive nephropathy
Other

[, \C T O N o I N

Body weight (kg) 73.5 (561-95.5)

Arterio Venous Fistula 31 (100%)

Hematocrit (%) 36.6 £ 3.3
Hémoglobin (g/dl) 121 £141
Protidemia (g/1) 65+ 1

Serum Albumin (g/1) 35.5+1.5

Values are expressed as number (percentage) or median (range).

Four treatments by mixed-HDF were performed for
each patient in two consecutive weeks after a long and
a short consecutive interdialytic interval. All treatments
were performed using a Fresenius FX1000 high-flux
hemodialyzer (Fresenius Medical Care, Bad Homburg,
Germany).

Determination of Kt/V

The indirect determination (Kt/V)_, of Kt/V is calculated
using the second generation Daugirdas equation (3):
(Kt/V),, = -In ((c,,/c,) — 0.008 1) + (4 - 3,5 (c,,/C,)) ABW/
BW where (t) is the session time (hours), (BW) the body
weight, (ABW) the intradialytic weight loss, (c)) and (c_,)
the urea plasma concentration measured at the start and
at the end of the session respectively. The post-dialytic
blood sample was drawn from the arterial blood line
2 minutes after reducing the blood flow rate to 50 mI/min
and turning off the dialysate flow. Plasma concentrations
of urea are changed in plasma-water concentrations by
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taking into account the total protein plasma concentra-
tion (Prot):
C =C

(mmol/kg)

/(1- 0.01*Prot,

(mmol/L) g/dL))'

The direct determination (K, t / V) of (Kt/V) is calcu-

lated using an independent measurement K . and V_.,

of K and V respectively. The value K_,, is calculated from

repeated measurements of ionic dialysance during the
dialysis session by the Online Clearance Monitor (OCM)
standard on the monitor 5008. The value V,,, is the post-
dialytic value of total body water determined by bio-
impedance analysis using the Body Composition Monitor

(BCM; Fresenius Medical Care, Bad Homburg, Germany)

from two measurements performed on a mid-week ses-

sion (once for each type of interval). This BCM is based on
multi-frequential analysis (bio-impedance spectroscopy).

Total body water is calculated from estimation of body

impedance at infinite frequency by extrapolating values of

impedance measured for 50 frequencies within the range

5 kHz to 1000 kHz. Determination of total body water im-

mediately after the end of the dialysis session is not valid,

because the water equilibrium in body fluid compartments
is not reached. Thus, the measure should be performed at
least 30 minutes after the session, which requires that the
patient be retained. Therefore, the bio-impedance analysis
is performed just before the session. The value (V) is
the mean of total body water at the end of the session cal-
culated by subtracting the intradialytic weight loss (ABW).

In addition, these direct and indirect determinations of Kt/V

are compared to:

- the value of Kt/V displayed on the screen of the 5008
dialysis monitor. This value is a direct determination
(Koom ¥V, calculated using K, and the value V,, of
total body water provided by Watson’s formulas (4);

- the value (Kt/V),, of equilibrated Kt/V calculated from
the indirect determination (Kt/V)_ using the Daugirdas-
Schneditz equation rate for an arterio-venous access (5):

(KtV),,, = (KUV), - (0.6 /1) (Kt/V), + 0.03.

Statistical analysis

Results are expressed as mean + standard deviation (SD)
or median and min-max for continuous variable. Continu-
ous data were evaluated using paired Student t test. The
probability p<0.05 was considered statistically significant.

The agreement between two variables is represented by a
Bland-Altman plot.

RESULTS

Both measurements of (Kt/V)sp and K, were obtained for
114 sessions in 31 patients. These 114 sessions were ana-
lyzed.

Duration of hemodialysis session was 231 + 3 min. Mean
effective blood flow rate was 390 + 19 ml/min (range:
340-400 ml/min). The total volume of infused dialysate was
36.0 + 5.4 L per treatment. The mean volume of dialysate
infused in post-dilution was 22.4 + 3.5 L per treatment cor-
responding to 60% of the total infusion volume. Values
of Cor Cena (Kt/v)sp’ (Kt/weq’ KOCM’ VBCM’ (KOCM t/ VBCM)’ VWat
and (K., t/V,,,) are reported in Table II.

The direct estimation (K, 1)/Vg,, of Kt/V is slightly but
not significantly lower than the indirect estimation (Kt/V),
with a mean difference at 0.036. The correlation coefficient
between (K, t/V,,) and (Kt/V)_ is equal to 0.72 (Fig. 1).
This coefficient does not change (r = 0.72) if the plasma-
water concentrations of urea (mmol/kg) are substituted by
plasma concentrations (mmol/l) as usually measured.

TABLE Il - EXPERIMENTAL DATA OF THE PATIENTS (N = 31)

Mean + SD  Median Range
¢, (mmolli) 20.1 £ 6.1 20 8-39
¢, (mmol/kg) 216 +£6.6 21.4 8-42
C,q (Mmol/l) 3.9+16 3.5 1-9
C,,q (Mmol/kg) 4217 3.9 1-10
(Kt/V),, 2.01 £0.34 2.01 1.30-2.76
(Kt'V),, 1.70 £ 0.24 1.70 1.20-2.27
Koc (Ml/min) 258 + 30 266 159-303
Voew L) 30.5+5.8 28.8 22-43
(% of body weight in males) (46 = 6) (46) (36-58)
(% of body weight in females) (38 +6) (38) (26-49)
(Koo t/Vaen) 197028 197  1.38-2.65
Vi L) 36.2 +5.4 354 27-47
(% of body weight in males) (54 £ 3) (59) (50-60)
(% of body weight in females) @47 +4) @47) (38-55)
(Koo t/V e 1.67+£0.26  1.68  0.99-2.28
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Fig. 1 - Correlation between (Kt/ V)Sp calculated from blood urea con-

centrations and (K, t/V,,, calculated from ionic dialysance and

bio-impedance spectroscopy.

V.. Overestimates V., by about 20%. The direct esti-
mation (K., t/V,,, is significantly (p<0.001) lower than
(Kt/\/)Sp by more than 15% and approaches the value of
(Kt/\/)eq. The correlation coefficient between (K, V/V,.,
and (Kt/\/)eq is 0.58.

Bland-Altman diagrams (Fig. 2) show that the agreement
with (Kt/V), , is better for (K, 1)/Vy,, than for (K ., YV,
The difference between (K, t/Vg,) and (Kt/V)_ increases
slightly with the level of Kt/V (Fig. 2).

OCM

DISCUSSION

Because the measurement of urea clearance was difficult
to implement in routine clinical practice before the avail-
ability of ionic dialysance, adequacy of dialysis is usually
determined using equations derived from kinetic modeling
for indirectly estimating the Kt/V index which represents
the dialysis dose (Kt) normalized to total body water (V).
Due to the need for blood sampling, Kt/V is estimated only
intermittently. American and European guidelines suggest
a monthly determination of Kt/V from arterial values of
blood urea concentration measured before and after the
dialysis session by using the second generation Daugirdas
equation (6, 7).

In clinical practice, intra-patient variability of the dialysis
dose is inevitable (8-9). Therefore, monitoring of dialysis
adequacy can require more frequent assessment of Kt/V
than is currently performed. On-line monitoring of ionic di-
alysance — a surrogate of urea clearance (10, 11) — allows
the dialysis dose (Kt) to be measured automatically, non-
invasively, and economically. The Kt/V index can thus be

directly calculated at each session, providing an estimation

of total body water (V).

Anthropometric formulas allow total body water to be esti-

mated very easily. Watson’s formula is the most widespread

anthropometry-based equation implemented in dialysis
monitors for displaying on the dialysis monitor screen a direct
estimation of (Kt/V) obtained from measurement of ionic dial-

ysance. However Watson’s formula overestimates V by 20%

to 30% in comparison with the value V, of urea distribution

volume determined from direct dialysis quantification (DDQ),
which is generally considered as the gold standard in hemo-

dialysis patients but is unsuitable for clinical routine (12-17).

The availability of devices based on bio-impedancemetric

measurement allows a non-invasive determination of total

body water, but the results largely depend on the tech-
nique (mono or multi-frequency analysis, spectroscopic
analysis) and the model used for deducing the value of

V from the measurement of impedance (18-21). We have

chosen the BCM because we have previously shown that

the value (V,,,) of total body water (V) provided by this de-

vice is in good agreement with V. (22). In addition, V.,

is also in good agreement with urea distribution volume at

equilibrium measured by urea kinetic modeling (UKM) (23).

The main result of our study is that (K, 1)/Vg,, directly mea-

sured by ionic dialysance and bio-impedancemetry is con-

sistent with (K’[/V)Sp indirectly measured from urea plasma
concentration measurements. The correlation coefficient

(0.72) can be accepted as good when considering two fully

independent methods. Moreover, this value is in agreement

with the value reported by Ahrenholz et al (r = 0.74) (24).

Additional results are provided by our study:

- mixed-HDF allows a high reinfusion volume (36 L per
session) and a high level of (Kt/V)sp (about 2 for a 4-hour
session) greatly above international recommendations;

- our study confirms the overestimation of V by Watson’s
formula implemented in the dialysis monitor 5008, explain-
ing the underestimation by more than 15% of single-pool
Kt/V provided by this monitor. Due to this underestimation,

(Koom YV, bECOMES in better agreement with (KY/V),, than

with (Kt/V),, as previously reported by Mc Intyre et al (8)

and Wuepper et al (21). However, this value does not cor-

respond to an actual equilibrated Kt/V, because the value
of K calculated from ionic dialysance measurements does
not take into account the compartmentalization of urea
responsible for urea rebound (25). Moreover, the correla-
tion coefficient between (K, )V, and (K¥V),, is lower

than the correlation coefficient between (K., t)/V.,, and

OCM BCM
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Fig. 2 - Bland-Altman diagrams: A) comparing (Kt/V)sp and (K

ocm

(Kt/V)Sp (0.58 vs. 0.72) and in agreement with that reported
by Granger-Vallée et al (r = 0.52) (26).

It should be pointed out that ionic dialysance has been vali-
dated in conventional hemodialysis as a good estimation of
effective urea clearance of the patient, which is the dialyzer
urea clearance taking into account the deleterious effect
of access and cardiopulmonary recirculation (27-29). The
calculation of ionic dialysance from dialysate conductivity
measurements at the dialyzer inlet and outlet assumes no
infusion in blood lines during the measure. Moreover, one
might expect that, in hemodiafiltration with pre-dilution,
ionic dialysance estimates dialyzer urea clearance and not
the urea clearance of the system, which is lower because
the blood at the dialyzer inlet is diluted by the reinfusion.
Actually, ionic dialysance measured in ol-HDF is a valuable
estimation of effective urea clearance of the system (and
not of the dialyzer), as shown in the appendix and previ-
ously validated by Gross et al (30).

In conclusion, during mixed-HDF procedure, our study
shows that the direct calculation of Kt/V from estimating K
by OCM and V by BCM is consistent with the usual indirect
estimation by the second generation Daugirdas equation.
Therefore, the regular determination of V by BCM allows
the estimation of single-pool Kt/V at each session without
the need of blood sampling.
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APPENDIX

In hemodiafiltration with pre-dilution, the urea clearance
provided by the dialysis system (k = J_/c; .. Where
J,.. I8 the urea mass-transfer per time unit through the dia-
lyzer membrane and ¢, . the patient’s blood urea con-
centration) is lower than the urea clearance of the dialyzer
(Ky = J e/ Cainurea Where ¢, .. is the blood urea concentra-
tion at the dialyzer inlet), because the blood at the dialyzer
inlet is diluted by the reinfusion:

Qg

Conuea™ 5 7 C (1)
Bin-urea B-urea
Q; +Q,,

where Q; is the blood flow rate before the dilution and
Q,, the pre-dilution reinfusion flow rate. Consequently:
Qg

k=—8 2
Q,+Q, @

The dialyzer urea clearance k; is inevitably lower than
the blood flow rate Qg entering into the dialyzer (Q;,, =
Q.+ Qpre), but it can be higher than Q,, while k is inevita-
bly lower than Q. Equations described below show that
the measurement of ionic dialysance during ol-HDF with
pre-dilution allows to calculate urea clearance provided
by the ol-HDF system (and not by the dialyzer).

We use the following notations (see Fig. 3):

Q,: flow rate of total dialysis fluid delivered by the

monitor
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Fig. 3 - Schematic representation of mixed-HDF system with pre-
and post- reinfusion.

Q. part of Q, used for the reinfusion:

in conventional HD:
Q=0 ®)
Q .. part of Q; used for pre-dilution:
in conventional HD:
Q,, =0 @)
part of Q, delivered to the dialyzer inlet:
Q,, = Q- Q, ©)
Qq:  net ultrafiltration rate (weight loss rate)
ultrafiltration rate through the dialysis membrane:
Q,r=Q. +Q, 6)

Q,: Dblood flow rate before the pre-dilution

Cp: solute concentration in the dialysis fluid delivered by
the monitor

Cy: solute blood concentration of the patient (before
pre-dilution)

Cy,. Solute blood concentration at the dialyzer inlet (after
pre-dilution)

Because of pre-dilution, ¢
solute conservation yields:

is not equal to c. Equation for

o . Qc, + Qp,ecD "
Bin QB + Qpre

because Q; + Q,, is the blood flow rate (Qg,) at the dia-
lyzer inlet.

Mass-transfer through the dialysis membrane

The mass transfer (J) per time unit of a given solute (for
example: sodium) through the dialyzer membrane is
equal to:

J=Qy ¢, +Dl(cy,-¢cp) (8)

UF “D

where the solute dialysance (D) of the dialyzer represents
the volume of blood at the dialyzer inlet totally equilibrated
with the dialysate per time unit and is independent of ¢

and ¢ .
Equation for solute conservation in dialysate is:

J=(Q,, + QUF) Coout ~ Q,, ¢, 9)
because Q,, + Q. is the dialysate flow rate (Q,_,) at the

dialyzer outlet.
Combining equations (8) and (9) yields:

D
Qpin+ Que

D

1 C,+ C.
D Bin
QDin + QUF

C

Dout =

Conventional hemodialysis

In conventional hemodialysis (HD):

Q,,=Q, (seeequations 5 and 3)
Q,=Q; (see equations 6 and 3)
C,,=C;  (seeequations 7 and 4)

Consequently, equations (8) and (10) can be written:

J=Q.c,+D(c,-cp) (11)
and:
D D
c, .=|1- c,+ c 12
Dout [ QD+ QF] D QD+ QF B ( )

On-line hemodiafiltration

Reporting the values of Q,., Q, and ¢, for ol-HDF
(egs. 5 to 7) in equations (8) and (10), these equations
become:

J=(Q.+Q)c,+Dg(c;-¢cp) (13)

and:
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- DS
Q,+Q,

D
+ £ —c, (14)
Q,+Q,

o

CDout = [1

where the solute dialysance (D) of the ol-HDF system is
defined as:

Qg

D.=——— 15
s QB+Qpre ( )

Measurement of ionic dialysance

Equations (13) and (14) are a generalization of equations
(11) and (12) for ol-HDF. These equations are not valuable
for HDF with dialysis fluid bags because the composition
of dialysis fluid can be different of that of dialysate deliv-
ered by the monitor. Equation (15) shows that the solute
dialysance (D) of the dialysis system is equal to the solute
dialysance (D) of the dialyzer for conventional HD and for
ol-HDF without pre-dilution and is lower than D for ol-HDF
with pre-dilution.

Because the conductivity of a solution is related to its
concentration of electrolytes, it is possible to substitute
conductivity measurements for concentration measure-
ments and to calculate during conventional HD the value
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