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R

rates less than 500 mL/min [6–8]. The current study was
designed to examine the effect of the dialysate flow rate on
urea and creatinine KoA values over the dialysate flow rate
range from 100 to 800 mL/min.
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ecent work has shown that the dialyzer mass transfer
area coefficient (KoA) for urea increases when the
dialysate flow rate is increased from 500 to 800 mL/min. In
this study we determined urea and creatinine clearances for
two commercial dialyzers containing polysulfone hollow
fibers in vitro at 37°C, a nominal blood flow rate of 300 mL/
min, and dialysate flow rates (Qd ) ranging from 100 to
800 mL/min. A standard bicarbonate dialysis solution was
used in both the blood and dialysate flow pathways, and
clearances were calculated from solute concentrations in the
input and output flows on both the blood and dialysate sides.
Urea and creatinine KoA values, calculated from the mean
of the blood and dialysate side clearances, increased (p <
0.01) with increasing Qd over the entire range studied. The
increase in both urea and creatinine KoA with increasing Qd
was proportional to the KoA value. These data show that
changes in Qd alter small solute clearances greater than
predicted assuming a constant KoA.

Material and methods
Hemodialyzers

The dialyzers tested in this study were two different models
containing low flux, polysulfone hollow fibers with different
membrane surface areas: F5 and F8 dialyzers (Fresenius
Medical Care North America, Ogden, UT, U.S.A.). The former
contains 1.0 m2 and the latter 1.8 m2 of nominal membrane
surface area.
Evaluation of dialyzer urea and creatinine clearances

The details of the experiments performed in this study were
essentially identical to those described previously [3]. A
2008E dialysis delivery system (Fresenius USA, Concord,
CA, U.S.A.) was used to prepare the bicarbonate solution for
the blood compartment and to circulate fluids through both
the blood and dialysate flow pathways. The bicarbonate
solution for the blood compartment was freshly prepared each
day from a concentrate and was placed in a large reservoir
(approximately 80 L). Urea and creatinine (Sigma Chemical,
St. Louis, MO, U.S.A.) were then added to the blood reservoir
such that the urea nitrogen and creatinine concentrations were
approximately 90 and 15 mg/dL, respectively. The solution
in the reservoir was continuously recirculated and heated to
maintain the temperature at 37°C. The solution for the
dialysate flow pathway was generated continuously from
concentrate by the dialysis delivery system during the
experiment and was identical in composition to that in the
blood flow pathway except that it was devoid of urea and
creatinine. The solutions for both pathways circulated
separately in single pass, countercurrent fashion.
Urea and creatinine clearances were determined at a
nominal blood flow rate of 300 mL/min and several different
dialysate flow rates: 300, 500, and 800 mL/min for both the
F5 and F8 dialyzers. Additional experiments were performed
with the F5 dialyzers at dialysate flow rates of 100 and
300 mL/min using a separate peristaltic pump to circulate fluid
in the dialysate compartment, since very low dialysate flow
rates could not be achieved using the 2008E dialysis delivery
system. The experiments using the alternative pump at a flow
rate of 300 mL/min were performed to test for differences
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Introduction

An accurate prediction of dialyzer urea clearance is an essential
element of the hemodialysis prescription [1]. Clearance of
urea from the dialyzer depends on the blood, dialysate, and
ultrafiltration flow rates and the mass transfer area coefficient
(KoA) for urea [2]. While urea KoA values for a given dialyzer
model are often considered to be independent of the flow
conditions, recent work has shown that this parameter
increases when the dialysate flow rate is increased from 500
to 800 mL/min [3]. This effect was observed for all dialyzers
studied to date, but the extent of the increase in urea KoA
depended on the dialyzer model.
Alternative hemodialysis strategies have recently been
proposed where dialyzers are operated under flow conditions
that are not routinely assessed by manufacturers [4,5]; one of
these alternatives, nocturnal hemodialysis, uses dialysate flow
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when using either the 2008E dialysis delivery system or the
alternative pump to control dialysate flow. Experiments were
not performed at 100 mL/min for the F8 dialyzer, since these
conditions were not expected during any current clinical
hemodialysis strategy. Clearance determinations were
performed at different dialysate flow rates in random order,
and the net ultrafiltration flow rate was kept at zero during
each experiment.
The blood flow rate (Qb) and the dialysate flow rate (Qd)
were both directly measured by timed collections of the
outflow from the respective pathways. Samples for clearance
determinations were obtained using needles and syringes in
rapid succession from the dialysate outlet, venous tubing, and
arterial tubing (in that order) three separate times for each
flow condition described above. The samples were kept at
4°C and assayed within 28 hours for urea nitrogen and
creatinine.

24% for urea and creatinine, respectively. There is no ready
explanation for solute clearances to be higher on the dialysate
than on the blood side at this low dialysate flow rate. Urea and
creatinine clearances at a dialysate flow rate of 300 mL/min
for the F5 dialyzer were similar for both methods of controlling
the dialysate flow rate; these data were averaged together.
The dependences of urea and creatinine KoA values on
the dialysate flow rate for F5 and F8 dialyzers are shown in
Tables I and II, respectively. Differences were established by
ANOVA in the urea and creatinine KoA values between the
different dialysate flow rates for the F5 dialyzers (p < 0.001
and p < 0.0001, respectively). The effect of dialysate flow
rate on urea and creatinine KoA values for the F8 dialyzers
was similar (p = 0.01 and p < 0.01, respectively). The
individual urea and creatinine KoA values for the F5 dialyzer
are plotted as a function of the measured dialysate flow rate
in Fig. 1. The slope of the increase in urea and creatinine KoA
values with increasing dialysate flow rate was significantly
different from zero (p < 0.0001) and was virtually identical
for both solutes when expressed as a percentage of the KoA
value at a dialysate flow rate of 500 mL/min (6% increase in
KoA per 100 mL/min increase in dialysate flow rate). Results
for the F8 dialyzer are shown in Fig. 2. The slope of the
increase in urea and creatinine KoA values with increasing
dialysate flow rate was different from zero (p < 0.01) and
was also virtually identical for both solutes when expressed
as a percentage of the KoA value at a dialysate flow rate of
500 mL/min (10% increase in KoA per 100 mL/min increase
in dialysate flow rate).

Analytical

The concentrations of urea nitrogen and creatinine in all
samples were determined by automated assays (CX7,
Beckman, Fullerton, CA, U.S.A.).
Data analyses

Both blood side and dialysate side solute clearances were
calculated using standard formulas [2]. Blood side clearance
was calculated as (Cbi – Cbo ) × Qb /Cbi , and dialysate side
clearance was calculated as Cdo × Qd /Cbi , where Cbi denotes
the concentration in the blood inlet (arterial), Cbo denotes the
concentration in the blood outlet (venous), and Cdo denotes
the concentration in the dialysate outlet.
Solute KoA values were calculated from the mean of the
blood and dialysate side clearances (Kd) using the following
equation for countercurrent blood and dialysate flows [9]:

[

Discussion

The dialyzer KoA value characterizes the permeability of the
mass transfer barrier between the blood and dialysate
pathways of a hemodialyzer. Increasing the dialysate flow
rate likely decreases the thickness of the stagnant fluid layer

]

Q Qd
1 – K /Q
KoA = Q b– Q
ln 1 – K d /Q b ,
b
d
d
d

Urea and creatinine mass transfer area coefficients (KoA) for F5
dialyzers (N = 6). Mean values±SD are reported.
TABLE I

where ln denotes the natural logarithm. For each dialysate
flow rate, KoA values for the three separate estimates
corresponding to the triplicate sample collections were
averaged to obtain a single mean value.

Nominal dialysate flow rate
(mL/min)
800
500
300
100

Statistics

Six F5 and three F8 dialyzers were studied; variability between
the tested dialyzers was expressed as the standard deviation
(SD). Comparison of solute KoA values between the different
dialysate flow rates was performed using analysis of variance
(ANOVA) with repeated measures [10].

Urea KoA
(mL/min)

Creatinine KoA
(mL/min)

450±30
410±40
360±20
270±110

310±20
290±30
250±10
190±50

TABLE II Urea and creatinine mass transfer area coefficients (KoA) for F8
dialyzers (N = 3). Mean values±SD are reported.

Results

Nominal dialysate flow rate
(mL/min)

Measured blood and dialysate flow rates approximated the
nominal values. Mass balance errors in all experiments were
uniformly small (<5%) except for the F5 dialyzers at a dialysate
flow rate of 100 mL/min where they averaged –19% and –

800
500
300
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Urea KoA
(mL/min)

Creatinine KoA
(mL/min)

690±20
560±80
420±140

520±20
420±50
320±100
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KoA value with those assuming a urea KoA value that
decreases by 6% for each 100 mL/min decrease in dialysate
flow rate. The calculated urea clearances assuming a decreasing urea KoA value are 5.5% at Qd of 300 mL/min and
7.6% at Qd of 100 mL/min lower than those values calculated
assuming a constant urea KoA value. Figure 3 shows the
predicted decrease in clearance assuming a decreasing KoA
value for three solutes with different KoA values. The solute
KoA values were chosen to correspond to urea, creatinine,
and a low molecular weight protein such as β2-microglobulin
for a high flux dialyzer [13]. In these calculations it was further
assumed that the decrease in solute KoA was proportional to
the solute KoA value at a dialysate flow rate of 500 mL/min.
The calculated results in this figure show that the effect of a
decreasing KoA value when predicting solute clearances is
more significant for larger solutes. This is expected, since the
clearance for larger solutes is more dependent on effective
membrane surface area. It should be emphasized, however,
that the clearances calculated for β2-microglobulin in Fig. 3
are speculative and have not been verified experimentally.
Additional studies both in vitro and ex vivo of clearances for
low molecular weight proteins when using high flux dialyzers
are necessary to test these predictions.
The results of the current study confirm and extend
previous work [3] showing that changes in dialysate flow rate

1 Individual mass transfer area coefficients (KoA) for urea (filled
squares) and creatinine (open circles) for the F5 dialyzer plotted versus the
measured dialysate flow rate. The solid line shows the best fit linear regression
line for the urea data (Y = 0.250 × X + 270), and the dashed line shows the
best fit linear regression line for the creatinine data (Y = 0.170 × X + 190).
FIGURE

TABLE III Calculated urea clearances (Kd) at low dialysate flow rates (Qd)
for the F5 dialyzer

Kd
Qd
with Constant KoA
(mL/min)
(mL/min)
500
300
100

2 Individual mass transfer area coefficients (KoA) for urea (filled
squares) and creatinine (open circles) for the F8 dialyzer plotted versus the
measured dialysate flow rate. The solid line shows the best fit linear regression
line for the urea data (Y = 0.560 × X + 260), and the dashed line shows the
best fit linear regression line for the creatinine data (Y = 0.420 × X + 200).
FIGURE

adjacent to the membrane surface [11] and improves the
distribution of flow in the dialysate compartment [12]. The
former phenomenon would act to increase the mass transfer
coefficient (Ko), and the importance of this effect would be
more significant for small solutes. The latter phenomenon
would act to more equally distribute flow around the outside
of the hollow fibers and could result in a larger effective
membrane surface area (A); this effect would be independent
of solute size. The results of this study show that the percent
increase in urea and creatinine KoA values upon increasing
the dialysate flow rate is similar, suggesting that an increase
in dialysate flow rate improves the distribution of flow within
the dialysate compartment and increases effective membrane
surface area.
Table III compares predicted urea clearances for the F5
dialyzer at low dialysate flow rates assuming a constant urea

193.6
173.2
95.6

Kd
with varying KoA Percent decrease in Kd
(mL/min)
with varying KoA
193.6
163.6
88.3

—
5.5
7.6

FIGURE 3 The calculated percent decrease in clearance (K) at a dialysate
flow rate (Qd ) of 300 mL/min (white bars) and 100 mL/min (black bars) for
varying solute mass transfer area coefficients (KoA) compared with that for
constant solute KoA for three solutes with different KoA at Qd of 500 mL/
min for a hypothetical high flux dialyzer.
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can alter KoA values for both urea and creatinine. The extent
to which these in vitro observations occur during clinical
hemodialysis remains to be demonstrated.

5 Pierratos A. Daily hemodialysis: why the renewed interest?
Am J Kidney Dis. 32(Suppl 4): S76–82. 1998.
6 Pierratos A. Ouwendyk M. Franceur R. Experience with
nocturnal hemodialysis. Home Hemodial Int. 1: 32–5. 1997.
7 Pierratos A. Ouwendyk M. Francoeur R. Vas S. Raj DSC.
Ecclestone A-M. Langos V. Uldall R. Nocturnal hemodialysis: three-year experience. J Am Soc Nephrol. 9: 859–68.
1998.
8 Mucsi I. Hercz G. Uldall R. Ouwendyk M. Francoeur R.
Pierratos A. Control of serum phosphate without any
phosphate binders in patients treated with nocturnal
hemodialysis. Kidney Int. 53: 1390–404. 1998.
9 Michaels AS. Operating parameters and performance criteria
for hemodialyzers and other membrane-separation devices.
Trans Am Soc Artif Intern Organs. 12: 387–92. 1966.
10 Glantz SA. Primer of biostatistics. 3rd ed. New York:
McGraw-Hill. 1992.
11 Colton CK. Lowrie EG. Hemodialysis: physical principles
and technical considerations. In: Brenner BM. Rector Jr FC.
eds. The kidney. 2nd ed. Philadelphia: WB Saunders. 1981:
2425–89.
12 Noda I. Brown-West DG. Gryte CC. Effect of flow maldistribution on hollow fiber dialysis-experimental studies. J
Membr Sci. 5: 209–25. 1979.
13 Leypoldt JK. Cheung AK. Deeter RB. Single compartment
models for evaluating β2-microglobulin clearance during
hemodialysis. ASAIO J. 43: 904–9. 1997.

Acknowledgment

This work was supported by Department of Veterans Affairs
Medical Research Funds and the Dialysis Research Foundation (Ogden, UT, U.S.A.). The authors thank Janice F.
Gilson for technical assistance.
References
1 Daugirdas JT. Chronic hemodialysis prescription: a urea
kinetic approach. In: Daugirdas JT. Ing TS. eds. Handbook
of dialysis. 2nd ed. Boston: Little Brown. 1994: 92–120.
2 Sargent JA. Gotch FA. Principles and biophysics of dialysis.
In: Jacobs C. Kjellstrand CM. Koch KM. Winchester JF.
eds. Replacement of renal function by dialysis. 4th ed.
Dordrecht: Kluwer Academic. 1996: 34–102.
3 Leypoldt JK. Cheung AK. Agodoa LY. Daugirdas JT.
Greene T. Keshaviah PR. For the Hemodialysis (HEMO)
Study. Hemodialyzer mass transfer-area coefficients for urea
increase at high dialysate flow rates. Kidney Int. 51:
2013–17. 1997.
4 Kjellstrand KM. Ing T. Daily hemodialysis. History and
revival of a superior dialysis method. ASAIO J. 44: 117–22.
1998.

54

