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ABSTRACT 
In conventional intermittent hemodialysis, the overall mass transfer coefficient (I(,) of a dialyser is mostly calculated 

at zero ultrafiltration and at reiatively high dialysate Jlow rates. In continuous arteriovenous hemodiafiltration 

(CAVHD), the dialysate flow rates are low as comparable to the rates of ultra$ltration flows, making the dialysis 

treatment as slow as possible. Therefore the overall mass transfe coef$cient &) of a CAVHD hemofilter has to be 

calculated in the presence of ultra$ltration. A mathematical model of CAVHD is presented in order to calculate the 

diffusive mass transfe coefJicient (I&) for a solute when blood, filtrate and dialysatejow rates and solute concen- 

trations are known. The ultraJiltration volume flux (J,,) is assumed to vary linearly along the axial direction of the 

hemofilter. The calculated mass transfer coeJi cient K, shows that at high values of dialysate flow and low values 
of ultrajltration, the overall mass transfer coeficient (K,J of a CAVHD hemo$lter equals mass transfe coefJicient 

(K,) of a dialyser in conventional intermittent hemodialysis. Also, the calculated mass transfer coefficient Kd shows 

no signi$cant daffmences when the ultrafiltration volume flux is assumed to be constant along the Zength of the 

hemofilter if no backjiltration occurs in the hemoJilter. 
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INTRODUCTION 

Continuous arterio-venous hemofiltration 
(CAVH) is a form of renal replacement therapy 
that is used in the intensive care unit. CAVHD is 
a combination of CAVH and slow dialysis (lo- 
60 ml/min). It is characterized by the use of a 
small surface, highly permeable hemofilter, spon- 
taneous blood flow (So-350 ml/min) and spon- 
taneous ultrafiltration (5-20 ml/min) ‘. With 
CAVH, solute transport occurs by convection and 
it is limited by the amount of ultrafiltrate pro- 
duction. In CAVH, the patient’s blood is pressed 
into hollow fibers with a highly permeable mem- 
brane. As a result of pressure difference across the 
membrane, fluid is lost from the plasma and it 
becomes a part of the ultrafiltrate. In contrast to 
CAVH, in hemodialysis, diffusive transport is the 
major principle underlying blood purification, 
especially for the elimination of substances in the 
low molecular weight range, e.g. of urea and of 
creatinine. In CAVHD, the solute transport occurs 
both by convection and by diffusion simul- 
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taneously. In contrast to CAVH, the ultrafiltration 
is due to the difference between spontaneous 
physiological blood pressure and the pressure on 
the dialysate side as a result of flows. Since the 
CAVHD treatment is a slow and continuous pro- 
cess, the rate of dialysate flow (up to 60 ml/min) 
is lower than it is in conventional hemodialysis 
(500 ml/min) . 

Generally, mathematical analysis of solute trans- 
port by combined convection and diffusion in 
clinical hemodialysis is based on the following 
equations2: 

J = YJvGn + Pnl( Gml - cm,> (1) 

Jv = L#‘, - Pc, - Pm,) (2) 

where Js is local solute mass flux, fQ,, and &, are 
local solute concentrations in blood and dialysate 
compartments (see Figure I) immediately adjacent 
to the membrane, y is the sieving coefficient, P,,, 
is the permeability representing the reciprocal of 
resistance to diffusive solute transport within the 
membrane, Jv is the local ultrafiltration volume 
flux, 

‘s 
is the membrane hydraulic permeability, 

cpl,- d- PO,,) is the local transmembrane (or 
ultrafiltration) pressure gradient with Pb, Pd and 
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Figure 1 Schematic rcpwwntation of’s CAVHD hernotilter swtctn 

P,,,,, the local blood, dialysate and oncotic press- 
ure distributions respectively. The C,, in equation 
(1) is an effective solute concentration describing 
the convective contribution to the solute flux and 
given by 

G,, = f;,Gm + ./&d> (3) 

where 1;, and id are factors describing the weight- 
ing of blood and dialysate concentrations. For sol- 
utes with sieving coefficient y = 1 and for small 
P&let numbers (yJ\./e,, 4 l), the weighting fac- 
tors equal 0.5”. Therefore the effective concen- 
tration C,,, becomes: 

G,, = w;.,,, + GA * (4) 

The actual resistance to the diffusive solute trans- 
port from blood into dialysate is a sum of three 
serial resistances: the blood resistance R+, due to 
the blood boundary layer, the resistance l/P,,, of 
the membrane and the dialysate resistance & due 
to the dialysate boundary layer, giving the overall 
diffusive permeability or mass transfer coef- 
ficient (&I: 

Taking both the concentration boundary layers 
in to account, the interface concentrations G.,,, 
and C,,,<, have to be written in terms of bulk con- 
centration. The fact that because of the boundary 
layer forming, the solute concentrations G.,,, and 
Cl,‘, must be corrected in terms of bulk concen- 
trations (C,, and C,) on each side of the mem- 
brane, necessitates comprehensive knowledge 
about the resistances I?+, and &. The permeabilit? 
of the membrane can easily be determined. In 
clinical practice, however, there is a lack of infor- 
mation about I?+, and 4,. For most solutes the con- 
dition rJ1./& 41 is verified in hemodiafiltration4. 
Therefore equation (1) is practically replaced b\ 

assuming that the C, and C, are mixed (average) 
concentrations. This is also because the average 
solute concentrations are measured from arterial 
blood and from dialysate line connecting to the 
collection bag (see Figure I), not directly from the 

blood bulk inside the fibers and from the dialysate 
bulk outside the fibers. 

In mathematical analysis of solute transport by 
combined convection and diffusion, the overall 
(diffusive) permeability (I&) is defined as the 
ratio of the solute flux u,) to the solute concen- 
tration gradient (AC = c, - C,) when ultrafil- 
tration volume flux c/,) vanishes’. This corre- 
sponds to the overall mass transfer coefficient 
(IQ used for conventional hemodialysis. This is 
due to a lower rate of ultrafiltrate production 
(<5 ml/min) than the dialysate flow ‘rate 
(500 ml/min). In CAVHD, however, the ultrafil- 
tration flow rates are no longer negligibly low as 
compared with the dialysate flow rates. It is then 
questionable whether the value of k;, usuall; 
obtained at negligible ultrafiltration and at high 
dialysate flow rates, is valid in the conventional 
range of ultrafiltrate production (up to 
20 ml/min) as it is in CAVHD. In his mathemat- 
ical analvsis of combined convection and dif- 
fusion, Sigdel’ gave expressions for the overall 
permeability (&) with ultrafiltration and (K,) 
without ultrafiltration, noting that the ultrafil- 
tration reduces the effective diffusive permeabiliq 
due to reduction of the concentration gradient 
(AC). but at the same time adds even more 
through convection. This expression is valid for 
the operational limits of conventional hemodia- 
lysis (Q-4 Q,+f&). In their mathematical simul- 
ation of CAM-ID, Pallone it nl.’ determined the 
proper mass transfer coefficient (&) by using 
curve fitting techniques. Jaffrin et nZ.j calculated 
the mass transfer coefficient (&) for simul- 
taneous convective and diffusive solute transport 
in hemodialysers, by making use of K, from the 
clearance measurements at zero ultrafiltration 
and curve fitting techniques. 

In order to calculate the overall diffusive per- 
meability (&) from clinical data we have 
developed an analytical mathematical model for 
GAVHD” and used it for clinical data”. In that 
model, the overall diffusive permeability (&) (in 
this paper it is called (K,)) is expressed as a func- 
tion of measured blood plasma water, dialysate 
flow rates (&, Q,;) and solute concentrations 
(C,,,, &,) and the rate of ultrafiltrate production 
(a), assuming that the ultrafiltrate volume flux is 
constant along the length of the hemofilter. In 
this paper we developed an analytical mathemat- 
ical model for CAVHD in order to calculate the 
overall diffusive permeability from clinical clear- 
ancc measurements, assuming that the ultrdfil- 

tration volume flux varies linearly with the dis- 
tance along the length of the hemofilter. Within 
the conventional range of ultrafiltration and 
dialysate flow rates, the values of calculated I&s 
arc compared to the values of K,, and to those of 
k;, which are used for conventional hemodialvsis. 

MATHEMATICAL MODEL 

This mathematical analysis of CAVHD is valid 
primarily for a hollow fiber dialyser or hemofil ter, 
but with some minor differences also for the par- 
allel plate dialyser. The hemofilter used in this 
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studv is a bundle of N hollow fibers each with an 
effective length (L) and radius (r}. The surface 
area (5’) of the membrane is equal to the sum of 
the surfaces of all the fibers. The patient’s blood 
flows via the arterial line into the fibers (blood 
compartment) to the venous line. The dialysate 
fluid flows countercurrently to blood flow outside 
the fibers (dialysate compartment). The blood 
and dialysate compartments are separated by the 
membrane. As can be seen from Figure I, blood 
from the arterial line enters the hemofilter at 
x = 0 (blood inlet) and leaves at x= L (blood 
outlet). The dialysate fluid enters the hemofilter 
at x= L (dialysate inlet) and leaves at x = 0 
(dialysate outlet). The boundary conditions of the 
blood and dialysate variables are defined as given 
in Table 1. 

Assumptions 

The derivation of the mathematical model is 
based on the following assumptions: 

1. 

2. 

3. 

4. 

5. 

6. 

All fibers behave equal, hence the effective sur- 
face area of the hemofilter S = 2NmL with r 
the inner radius and L the filter length. 
The hydraulic and diffusive permeabilities (L, 
and KJ are constant along the filter length. 
The solute concentrations in the blood (C,,.) 
and in the dialysate (CJ are mixingcup con- 
centrations’. This avoids the mathematical 
complexity of partial differential equations 
describing the concentration boundary layers 
and concentration polarization. 
The flow rates and concentrations are time- 
independent during measurements (steady- 
state). 
Transmembrane pressure gradient decreases 
linearly with increasing distance (x). 
The sieving coefficient is 1 {for small solutes 
such as urea, creatinine and phosphate). The 
sieving coefficient is a constant (05+1), 
depending on the relative size of the mem- 
brane passing molecules and the membrane 
pores. It indicates the fraction of the solute 
that is dragged through the membrane by 
ultrafiltration. 

drly d4, 
Pressure-flow relations 

-= --= -& 
dx dx (9) 

At the beginning of the fibers (x = 0, blood inlet), 
the blood pressure (P,,J exceeds the sum of the 

Table 1 The boundary conditions of CAVHD model variables for 
countercurrent operation. Explanations and units are given in the 
appendix 

where & and Q, are local flow rates of plasma 
water and dialysate respectively and w  is the ratio 
of total membrane surface area (5’) to the fibre 
length (L) , which corresponds to the width of the 
hemofilter. On inte 
x using equation ( s 

rating equation (9) from 0 to 

water flow rate: 
), we find the local plasma 

~, = pi - W(cUX + ~px’) f (10) 

in which the second term on the right hand side 
equals the cumulative rate of ultrafiltrate flow 
(f&(0,x)) along the filter from the blood inlet 
(x = 0) to a point x. Consequently the equation 
for dialysate flow rate (Q,) is: 

Q) = w(ax + Bp3.q - Q,<,. (11) 

Names of variables x x=0 x = I* 

Flow rate of pkdsmd water 
Flow rate of dialysate fluid 
Solute concentration in plasma water 
Solute concentration in dialysate 
Concentration of plasma protein 
Hydrostatic blood pressure 
Dialysate pressure 
Oncotic pressure p 1311, L, L,, 

opposing hydrostatic dialysate pressure ( Pd) and 
oncotic pressure of the plasma proteins (&ci). 
Since the filtration of plasma water makes the con- 
centration of the plasma proteins (C,,) increase, 
the net oncotic pressure increases down the fibre 
axis. From the blood inlet to the end of the fibers 
(x = L. blood outlet) there is a gradual decrease 
in the effective ultrafiltration pressure. This 
decrease is due partly to the fall in hydrostatic 
blood pressure which occurs because of the resist- 
ance to flow through the capillary fibers, and 
partly to the rise in oncotic pressure. Dialysis fluid 
flows in the opposite direction to the blood flow. 
Due to flow resistance in the dialysate compart- 
ment the pressure rises with the axial position (x) 
and it is a negative contribution in equation (2). 
The axial pressure gradient in the dialysate is gen- 
erally much less than in blood and may be neglect- 
ed. 

In CAVHD, the ultrafiltration volume flux (/\.) is 
moderate. It is controlled by membrane hydraulic 
permeability CL,,) and local transmembrane (or 
ultrafiltration) pressure as given by equation (2), 
Colton et nZ.“’ have demonstrated that at low trans- 
membrane pressure differences (up to 
200 mmHg), the ultrafiltration volume flux (JV) is 
proportional to the transmembrane pressure dif- 
ference and to the membrane hydraulic per- 
meability (I,), while, at high transmembrane 
pressures, the ultrafiltration volume flux reaches 
a limit. Since in CAVHD, the observed transmem- 
brane pressure difference is up to 80 mmHg, we 
can assume that the ultrafiltration volume flux 
may be given by 

J\. = CY + /3x, (7) 

where the variable (x) represents the longitudinal 
distance along the hemofilter length, and cy and 
j3 are constants and given (see Table 1) by: 

a = zu(P,,i - K - P,*ucil, P 

The continuity on the both side of the membrane 
over a differential length (dx) may be expressed 
in the differential form: 
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The total ultrafiltration rate (r;2) is the value of 
the cumulative flow rate at x = I,, which follows 
from integrating equation (9) : 

szf = Q,,i - ~,~, = ~,,, - Eli = SI,,,7iz/IP, (12) 

with TMP, the mean transmembrane pressure difi 
ference: 

-RW’ = f Vi, + K, - P,,,,, i - P,,,,, ,,I - P,,. (13) 

The hydraulic permeability I,,, expressing the 
ultrafiltration coefficient per unit of membrane 
surface area, can be calculated from equation 
(12). 

Defining the discriminant ‘lk: 

qk = CY” + 2p&/7il, (23) 

where if k = 1, qL = q,, $ = & yielding I, and 
if’k = 2, qk = qz, $ = Qlr, yielding L?. The solutions 
to equations (21)-(22) are to be found in stan- 
dard reference books’ ‘: 

Solute mass balance 

The mass balance for a particular solute over a 
differential length (dx) of the hemofilter implies 
that the mass removal from the blood compart- 
ment is equal to the mass gain into the dialysate 
compartment: 

d( C&GJ d ( C& GJ 
dx 

-- = - ~-~ = - a!$, 
dx (14) 

Using equations (7) and (9), we substitute equ- 
ation (6) in equation (14) and get: 

AC. (16) 

Equations ( 15) and (16) can be solved analytically 
for (i,, and C,,, using equations (7)-( 12). Integrat- 
ing the sum of equations (15) and (16) over a 
distance from 0 to x, we obtain the overall mass 
balance: 

i 
:::\(Q’L. + Q,C<,)dy = 0. (17) 

where J is a dummy variable. Consequently: 

~ (~, + ~,C~,, = ~~i(il,i - 4rl,,C~I~, _ AM, (18) 

which means that the solute mass transport rate 
from the blood compartment into the dialysate 
compartment is the same everywhere along the 
filter length and equals AM. 

Concentration profiles 

On integrating the difference (d&/dx - dC,,/dx) 
from equations (15)-(16) over a differential 
length (dx) of the hemofilter we obtain: 

c;, - (:i = (C,,, - C&J d + %(‘I ~ ‘21, (19) 

where (~.;((;,I~,) is blood (dialysate) inlet (outlet) 
solute concentration and variables Z, Z, and Z.. rep- 
resent: 

(20) 

(21) 

for qL = 0: 

(24) 

(26) 

Multiplication of equation (19) by Q,, and subtrac- 
tion of the resulting expression from equation 
( 18) yields: 

AM + Q,(G, - C,,,,)e’+ %I(‘I -61 (4, = ~~---. --- 
a, - Qh --. (27) 

In a similar way, multiplication of equation (19) 
by Qi and addition of the resulting ekpression to 
equation ( 18) yields: 

AM - &.(&i - &,,,)e’+ Kclc’l ‘:*I 
(,;, = ~~-.- --- 

4&i - c&i<> 
(28) 

In order to solve the concentration equations 
(27)-(28), one needs to know the mass transfer 
coefficient (k;,) . 

Clearance and overall mass transfer coefficient 

In clinical hemodialysis, the ratio of the rate of 
solute mass removal to its concentration at the 
blood inlet is called clearance (CZ) . It is calculated 
from the macroscopic (overall) mass balance 
equations and measured mostly from the dialys- 
ate side: 

with the assumption that solute concentration at 
the dialysate inlet (C,,) is zero. Measured clear- 
ance (CL) can be seen as the sum of diffusive clear- 
ance (CZ,,,) when the ultrafiltration is zero and 
the convective clearance (C&:,,) when the dialysate 
flow is zero”. In conventional hemodialysis, since 
the convective component Ck,,, is practically zero, 
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the overall mass transfer coefficient (KJ is deter- 
mined from CZ Î CZ,,,“: 

Ku = S( pi - pi) 
GQdi In [(z;: 1 z)(g)]. (30) 

CZ,,, and C&,, in equation (29) are not rigorously 
defined in terms of true diffusive and convective 
clearances. For Jv = 0 and consequently for Q = 
0, CZn, represents pure diffusive clearance. How- 
ever, we are interested in CAVHD where the vol- 
ume flux (J,) decreases along the membrane 
length as given by equation (7). This means that 
the condition of zero net ultrafiltration rzf = 0 is 
not necessarily combined with the condition of Jv 
= 0, but with the case of Jv >O in the first half 
and Jv <O in the second half (backfiltration) of 
the hemofilter. In order to define the true convec- 
tive and diffusive clearance, the measured clear- 
ance from equation (29) can be separated into 
convective (C&J and diffusive (C&J compo- 
nents’: 

(32) 

In order to determine the mass transfer coef- 
ficient I(d in equation (32)) we solve equation (19) 
for I& at the boundary condition (x = L) and 
write it in terms of &: 

in which I1 (L) and 1,(L) are calculated by equa- 
tions (21)-(22) at x = L. For Jv = 0, &I& = 1. 
The term SK, [ml/min] in equation (33) is the 
diffusive p ermeation coefficient at zero ultra- 
filtration’ . 

In most clinical applications, however, the 
ultrafiltration volume flux is assumed to be con- 
stant along the hemofilter length and calculated 
from the net rate of ultrafiltration flow: 

Ja = Q/S. Ja = Q/S. (34) (34) 

With Ja as given by equation (34), the flow With Ja as given by equation (34), the flow 
profiles from equations (lo)-( 11) become: profiles from equations (lo)-( 11) become: 
&(x) = pi - WJ~X &(x) = pi - WJ~X and and J2d( X) = WAX - &,. J2d( X) = WAX - &,. 
Consequently, the term (1, (L) - I,(L)) in equ- Consequently, the term (1, (L) - I,(L)) in equ- 
ation (33) becomes: ation (33) becomes: 

(35) 

On substitution of equation (35) in equation (33), 
one obtains the diffusive mass transfer coefficient 
K for constant volume flux Ja: 

Equation (30) is valid for J, = 0. Equation (36) is 
valid for Jv = Ja = G/S and equation (33) is valid 
for JY = ff + px. 

EXPERIMENTAL EVALUATION OF THE 
MODEL 

To evaluate the mathematical model equations 
(30), (33) and (36)) data were used from clinical 
measurements. Patients were treated with CAVDH 
for acute renal failure using the AN-69 0.6 m* 
capillary dialyser (Multiflow 60, Hospal, France). 
Pre- and postfilter hydrostatic blood pressures (Phi 
and PbO) were measured in the arterial and venous 
tubing, and dialysate pressure (&) was calculated 
from the ultrafiltrate column height (0.74 X col- 
umn height in centimeters). Arterial blood flow 
rate (0,) was measured by following the displace- 
ment of an air bubble over a length of tubing, 
containing a volume of 13 ml. Dialysate rate (Qdi~ 
and infusion rate of the substitution fluid ( 

9 
red 

‘predilution’ were determined by means o an 
electronic weighing device. Net ultrafiltration rate 
(4f) was determined by timed collection. Arterial 
hematocrit (Ht) and arterial plasma protein con- 
centration (C ) and arterial solute concentration 
in plasma (?,) were measured. The inlet (C,i) 
and outlet (ho) pl asma protein concentrations 
were calculated from the protein mass balance as 
given by Pallone et aZ.‘: 

Cpf&<l - w 
cpi = QJl - Ht) + ared (37) 

cpQbu - m 
(Go = &(l - Hi) + Gred - r2; (38) 

The pre- (Po”ci) and postfilter (Ponci) oncotic 
pressures were calculated according to the 
Landis-Pappenheimer formula14 by a third order 
polynomial from the inlet and outlet plasma pro- 
tein concentrations: 

Ponci = 2.1Cpi + 0.16C~i + 0.009C;i (39) 

P onto = 2.1& + O.lSC;, + O.O09c,,. (40) 

The flow rate of plasma water (pi) and the solute 
concentration in plasma water (pi) at the filter 
inlet were calculated by: 

C&i = C&C1 - Ht) C1 - Ocp> + FtQ3 + Qpred C41) 

Gi = GJ1 

1 - (TCpi’ (42) 

where f is the fractional volume distribution of 
solute in blood cells. We take f = 0.815 for urea 
and f = 0 for creatinine, u = 0.00107. At the 
dialysate inlet, the dialysate flow rate (pi) was set 
at different values, namely 1,0.5, 2 and 3 l/h. The 
equilibration solute concentration was measured 
in the mixture of ultrafiltrate plus spent dialys- 
ate (Go). 

RESULTS 

The model equations have been evaluated for 
clinical data of urea clearance. Within the limits 
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Table 2 The ranges of measured values during clinical measuring 
of urea clearance. Filter length I, = 0.13 m, total surface area S = 
0.6 mp are manufacture specifications 

Variables Range of values Variables Range of values 

4J, [ml/mini 80-345 K, [mm%1 37-88 

QI, [mYminI 7-56 C,,, ImmHgl 12-42 
Q [ml/min:j J-l 8 Cl [mm%1 (-65)-(-l) 

Q,,,,,, [ml/miK O-17 Iit 0.18-0.38 

c,, [g/l1 37-85 CL,, [mmol/l] tj-39 
C,;,> [mmol/l] Y-40 C,,, Lmmol/l] 0 

of operating conditions by CAVHD (see 7izbZe Z), 
urea clearance was measured with the same type 
of hemofilters (Multiflow AN-69 Hospal with S = 
0.6 rnz and I, = 0.13 m). For each measurement, 
the diffusive and convective urea clearance, the 
hydraulic permeability and the mass transfer coef- 
ficients (or the overall permeation coefficients) 
were calculated. In Table 3, the results of urea 
clearance measurements and calculations are 
shown for two different filtration fractions 
( Q/ pi) . The calculated diffusive ( Cl,,, , and CZ,,.,) 

and convective components (C&, and C&J are 
slightly different. The diffusive clearance 
increases with increasing dialysate flow while the 
convective component decreases slightly. In fipre 
2, the influence of dialysate flow rate on the urea 
concentration profiles is shown for rzdi = ‘7.3, 18, 
35.5 and 51 ml/min at Q = 18 ml/min and ai 
= 250 ml/min. At higher rates of dialysate flow, 
the concentration profiles are like those in the 
conventional hemodialysis where the overall dif- 
fusive permeation coefficient reaches its limit 
(maximal) value. With increasing dialysate flow, 
the dialysate concentration will be better distrib- 
uted over the whole membrane surface area and 
the dialysate resistance to diffusive mass transfer 
will be smaller. As a result of this, as can be seen 
from TTnbZe 3, the overall permeation coefficients 
(S’&, SK, and SK,) increase with increasing rate 
of dialysate flow, but this increase is different at 
different rates of the ultrafiltration flow at that 
time. In order to demonstrate the influence of 
ultrafiltration flow on the overall permeation coef- 
ficient Sk;,, the ratio &‘& as well as the ratio 
k:,/k;, are illustrated in J@Lr-p 3 in relation to 

Table 3 Lfrea clearance for two different sets of measurements. The flow rates, clearance anti overall permeation coefficients (Sk;,, SIL,, Sk;,) 
are in units of ml/min. The overall permeation coefficient represents the diffkion pelformancc capacity of the hemofilter. <:onvective (C,& ,, 
and C/, ,J and diffusive (C&, I and C&,) clearance are calculated from measllred urea clearance by using equxions (29). (31) and (32) 

(a) a,,, = Xl..5 ml/min, Q = 6.5 mi/min. TM!‘= 52.6 mmHg. /,,, = I).:! ~m;/(min.mmIlgi 

X.8 0.81 11.9 6.9 i.1 7.0 4.Y 15.2 15.3 11.1 
1x.0 0.70 17.2 12.6 4.C l2.i .4..’ 24.5 24.8 2 1.0 
35.6 C)..57 "4." L'o.5 3.7 20.2 -1.0 :15. I 35.3 3 i .7 
5.3.0 O..3l 90.3 27.1 33 Zti.7 3.; 46. t 46.3 -17.2 

(b) a, = 250.4ml/‘min. 4 = lX.Oml/min, 7iMP = 78.4mmHg, I,, = o.3X1.~m/(lrlin.mmHg) 
7.?l 0.93 23.ti 6.8 16.X 7.x 15.x 29.1 31 .I) 20.0 

t 8.0 0.92 33.1 16.6 16.6 17.9 15.2 ix.4 60.6 17 x 
3.5.5 0.85 46.7 31.0 15.f 32.4 14.4 xx.7 90.X 80.0 

5 1 .o 0.x0 .55.4 ‘40.9 14.4 41.0 13.4 97.7 99.5 Y1'.5 

Q,,, = 250 ml/min, Q, = I8 ml/min 

0 

o,o 02 094 05 14 

hemofllter length (x/L) 

Figure 2 Urea concentration profiles in blood (CL.) and in dialysate (C.;,) compartment as a tuncriorr of hcmotiltet- length (x/l.) for 
Q,, = 7.3, IX. 35.5 and 51 ml/min with Qv, = 250 ml/min and (2 = X rnl/min 
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Figure 3 Ratio of the mass transfer coefficient y, to the mass transfer coefficient & in relation to dialysate flow rate Qai [ml/min] for the 
filtration fractions a-/Q, = 6.2/182.5, 9.7/196 and 18/250. The broken lines show the relation between &/I& and the dialysate flow rate Qi 

dialysate flow rates at three different ultrafil- 
tration flow rates (or filtration fractions). The 
trend lines show that at high rates of dialysate flow 
and low rates of ultrafiltration, the ratio I&/& 
approaches 1 where the value of I& = I& is inde- 
pendent of both flow rates and it represents the 
permeation coefficient of the dialyser in a conven- 
tional hemodialysis. At flow rates for Q % & 4 
&, the effect of ultrafiltration on the overall per- 
meation coefficient is negligible, as is almost the 
case in conventional hemodialysis. When the 
dialysate flow rates are low as compared with the 
rates of ultrafiltration flow, the effect of ultrafil- 
tration on the overall permeation coefficient 
becomes significant. In order to show the general 
trend, the ratio KJ& in relation to the ratio 
Qf/& is shown in F@re 4 for 67 different cases 
of the urea clearance measurements. 

The ultrafiltration flow reduces the overall mass 
transfer coefficient due to the reduction of the 
concentration gradienP. At flow rates for pi + 
4f 6 pi, the total mass removal will be dominated 
by ultrafiltration, especially at the first half of the 
hemofilter. For the diffusive transport, the second 
half part of the hemofilter will be important. Low- 
ering the dialysate flow rate rather than ultrafil- 
tration can cause dialysate saturation 
(C,,/ pi -+ 1) or diffusion equilibrium. As can be 
seen from F@re 4, the big departures from &/lu, 
= 1 come out at high values of @ and low values 
of pi where the convection dominates the clear- 
ance process. The clearance becomes equal to the 
ultrafiltration flow (CZ = @, only water transport) 
when conditions rzdi = 0 and Cd0/&i = 1 are satis- 
fied. 

In Figure 3, the ratio KJ& is illustrated in 
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Figure 4 The ratio AC,,/& in relation to the ratio of ultrafiltration flow rate to the dialysate flow rate (Q/Q,) for different filtration fractions. 
The trend line shows the best fit to the experimental data points: y = 1.02e~““” (I? = 0.85, n = 67) with x = Q/G1 and y = y/Y, 
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Table 4 Urea clearance was measured with PC, = - 1 mmHg. P,,> = 73 mmHg, P,,,, ~ ~ 25 mmHg. Ht = 0.39. (4, = X5 g/l (XLfP = 5.9 mmHg). 

a = 60 ml/min, Q,,,,,, = 0 ml/min (Q, = 52 ml/min), Q = 8 ml/min (8, = 1Oml/min), C,,, = 32.2 mmol/l (r;, = 37.6 mmol/l) and CG,,, 
= 12.3 mmol/l. The measured urea clearance is separated into the convex tiv? and diffusive components according to thr ultrafiltration volume 
flux models: ,X = 0. J = J.< = Q/S and ,J = 01 + ox 

(:learancc (ml/min] and 
overall permeation 
coefficients 1 ml/min 1 

Standard q. (‘29) Depending on ,/, 

.x = (’ 

relation to dialysate flow rates. The differences 
between the values of Ka and & at different dialys- 
ate and ultrafiltration flow rates are relatively 
small. However, one important condition of using 
the constant volume flux model (Ja = G/S) is that 
within the hemofilter there is no backfiltration 
from dialysate into the blood compartment. If the 
transmembrane pressure gradient becomes nega- 
tive somewhere in the hemofilter, the assumption 
of constant volume flux is not valid any more. 
Using the data from Table 4, the urea flux profiles 
are shown in Fipre 5 for a constant ultrafiltration 
volume flux v,, = jYa = Q/S’) and for a linear 
decreasing ultrafiltration volume fluxJ = (Y + @Y. 
The corresponding cumulative values of the same 
urea clearance are shown in Figure 6. According 
to the linear decreasing volume flux model, the 
transmembrane pressure difference is zero at 
about x/L = 0.58 where v,, = 0 and I& = KJ the 
diffusive flux (&AC) and cumulative convective 
clearance reach their maximal values. From x/L 
> 0.58 to X/I, = 1 where Jv < 0, the diffusive 
flux and cumulative convective clearance decrease 
with length as a result of backwards convective 

flux. According to the urea flux profiles u,C,, and 
&&AC, shown by broken lines) of the constant vol- 
ume flux model, the effect of backfiltration on the 
diffusive urea flux will not be observed. The back- 
wards dialysate fluid (volume flux) reduces the 
concentration gradient from blood into the dialys- 
ate side, resulting in a reduced overall permeation 
coefficient (see Table 4). 

DISCUSSION AND CONCLUSION 

Considering some simplifying conditions, the 
mathematical analysis shows that the diffusive 
mass transfer coefficient & can be calculated 
from the clinical data of CAVHD. The mass trans- 
fer coefficient (KJ represents the overall 
(apparent) permeation coefficient or diffusive 
performance capacity of the hemofilter. Its value 
depends on the flow rates, ultrafiltration, concen- 
tration gradient, membrane permeability, the sol- 
ute molecular weight, deteriorating conditions 
such as clotting and other physical conditions 
such as temperature. The & represents the over- 
all mass transfer coefficient of a flowing system, 

3.0 

094 086 
hemofilter length (x/L) 

Figure 5 Urea flux profiles as a function of the hemofilter length (x/l.). 1. = 0.13 m. The urea flux, calculated from the data in Tab/p 3 is 
separated into convective CJC,,,) and diffusive (&AC) components by using eq. (6) and eq. (7). Also, the same total urea flux is separated into 
convective (J,C,,,) and diffusive (&AC) components (broken lines) by using eq. (6) and eq. (33) 
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04 016 
hemofilter length (x/L) 

Figure 6 The cumulative urea clearance as a function of the hemofilter length (x/L). The measured urea clearance, calculated from the urea 
flux profiles in Figure 5 is separated into convective (C.&) and diffusive (C.$,,J components by using equations (31) and (32). The broken 
lines show the same components fork = J = Q/S 

from which the lifetime is limited by some unfor- 
tunate deteriorating factors. 

In conventional intermittent hemodialysis, 
where the dialysate flow rate is 5 to 6 times larger 
than that of CAVHD and the ultrafiltration flow is 
practically zero, the mass transfer coefficient (KJ, 
calculated by using equation (30)) will not be 
affected by the dialysate and ultrafiltration flows. 
When the dialysate flow rates are low as compara- 
ble to the ultrafiltration flow rates, the mass trans- 
fer coefficient (&) of a CAVHD hemofilter has to 
be determined in the presence of ultrafiltration. 
By using equation (32), one can calculate the 
mass transfer coefficient (KJ when the ultrafiltr- 
ation volume flux (/v) is given by equation (7)) 
namelyJv = (Y + px @CO). The calculated values 
of & and K, show that the departure of r;6/& 
from 1 occurs at high values of @/Gi for @/ Gi 
+ 1, the mass transfer coefficient l& equal to the 
mass transfer coefficient & which is calculated at 
zero ultrafiltration. Values of the overall per- 
meation coefficient depend not only on the rate 
of ultrafiltration flow but also on its direction. 

Unfortunately, it is not possible to demonstrate 
the effect of different rates of ultrafiltration flow 
on the overall permeation coefficient at a constant 
rate of dialysate flow because the method of 
ultrafiltrate production in CAVHD differs from 
that of hemofiltration therapy such as CAVH. In 
CAVH, the rate of ultrafiltration flow can be 
adjusted to a certain value while in CAVHD it is 
limited by spontaneous transmembrane pressure. 

For mathematical simplicity, the diffusive mass 
transfer coefficient can be calculated from equ- 
ation (35) which is valid for a constant volume 
flux model (/” = X = f&/5’). If conditions are satis- 
fied so that there is no backfiltration in the hemo- 
filter, the use of K in place of & is preferable. 
However, assuming a constant volume flux is risky 
in connection with monitoring the pressure distri- 
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butions along the hemofilter length, because from 
the clinical point of view, backfiltration needs to 
be avoided. When the dialysate fluid is filtered 
back into the blood of the patient, the backfil- 
tration can cause potentially unsterile dialysis 
fluid or pyrogen to enter the blood of the patient. 

This model is based on a linear decreasing vol- 
ume flux and on solutes with small molecular 
weight such as urea. A linear decreasing volume 
flux is not always true especially at very high trans- 
membrane pressure differences. In those cases 
and for solutes with middle and large molecular 
weight, the I(d derived from equation (32) can be 
used as an estimator. 
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APPENDM: LIST OF SYMBOLS AND UNITS 

c 4yn1 solute concentration at the blood-mem- 
brane interface, [mmol/l] 

c ‘Cl local solute concentration in dialysate, 
[mmol/l] 

E.2 
solute clearance, [ml/min] 
convective clearance, equation (31)) 

[ml/min] 
a:,, convective clearance, equation (29)) 
rml/minl 

weighting factor of solute concentration 
in blood to the convective solute trans- 
port 
weighting factor of solute concentration 
in dialysate to the convective solute 
transport 
arterial hematocrit 
variables defined in equations (20)- 
(22) 
variables defined in equations (24)- 
(26) 
mean (constant) ultrafiltration volume 
flux, [ pm/min] 
transmembrane solute flux, J\ 

[ ~mol/min.m”] 

.k ultrafiltration volume flux, [pm/min] 
index (k = 1 and k = 2) 

X, overall mass transfer coefficient for a 
constantj, = Jr, = a/S, [pm/min] 

-k;l overall mass transfer coefficient for Jv = 
IY + /3x, [pm/min] 

K, overal! mass transfer coefficient forJ = 
0, [pm/mini 

diffusive clearance, equation (29)) 
[ ml/min] 
diffusive clearance, 
[ml/min] 

equation (32), 

effective local solute concentration 
describing the convective contribution 
to the total solute transport, [mmol/l] 
solute concentration at the membrane- 
dialysate interface, [mmol/l] 
arterial concentration of plasma pro- 
teins, [g/l] 
arterial solute concentration in 
plasma, [mmol/l] 
local solute concentration in blood 
plasma water, [mmol/l] 
differential length, [m] 
dummy differential length, [m] 
fractional volume distribution of solute 
in blood cells 

13. Sargent JA, Catch FA. Principles and biophysics of dialy- 
sis. In: W. Drukker, F.M. Parsons, J.F. Maher, Rqblucemmt 
of Renal Function o/ Dialysis. Martines Nijhoff Medical 
Division Publ, The Hague, 1978. 

14. Landis EM, Pappenheimer JR. Exchange of substances 
through the capillary wall, in: Handbook ofPh~siology, Sect. 
2 of Vol. 2, Chapt. 29, pp. 962-1034 (American Physiol- 
ogic Society, Washington DC, 1963). 

15. Colton CK, Smith KA, Merril EW, Reece JM. Diffusion 
of organic solutes in stagnant plasma and red cell suspen- 
sions. Chem Eng Prog $vrnp (1970) Ser. no:66 Vol:99 pp. 
85-100. 

I, effective length of the hemofilter, [m] 

19 membrane hydraulic permeability, 
pm/ (min.mmHg) ] 

N number of total fibers 

t, 
number of data points 
local pressure on blood compartment, 
LmmHgl 

P,, local pressure 
ment, [mmHg] 

on dialysate compart- 

P,n diffusive permeability of the mem- 
brane, [ pm/min] 

PO,,, local oncotic pressure, [mmHg] 

2 
arterial flow rate of blood, [ml/min] 
local flow rate of dialysate, [ml/min] 

Qf total ultrafiltrate flow rate, [ml/min] 

& 
discriminant defined in equation (23) 
dummy flow rate defined in equation 
(23)) 

( = f& for k = 1 and = a0 for k = 2) 
flow rate of substitution fluid 
(predilution), [ ml/min] 
local flow rate of plasma water, 
[ ml/min] 
internal radius of a fiber, [m] 
square of the sum of residues 
resistance of blood boundary layer to 
the diffusive mass transport, [min/pm] 
resistance of dialysate boundary layer to 
the diffusive mass transport, [min/r,Lm] 
effective surface area of the hemo- 
filter, [m’] 
overall permeation coefficient for a con- 
stantj, = Jn = G/S, [ml/min] 
overall permeation coefficient for J = 
(Y + /3x, [ml/min] 
overall permeation coefficient for .J = 
0, [ml/min] 
mean transmembrane pressure differ- 
ence, [mmHg] 
width = S/L = 2N7rr [m] 
axial position along the hemofilter, [m] 
dummy variable, [m] 

creek let tm 
a, P constants, equation (8) 

ic 
sieving coefficient (= 1 for urea) 
concentration gradient = c(, - G, 
[ mmol/l] 

AM difference in solute mass transport rate, 
equation (18)) [mmol/min] 

CT protocrit (= 0.00107 l/g) ‘,* 
Subscripts 
i, 0 inlet, outlet of the hemofilter compart- 

ments 
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