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PART I
ABSTRACT

Regression analyses are performed on in vivo hemodialysis data
for the transfer of creatinine, urea, uric acid and inorganic phosphate
to determine the effects of variations in certain parameters on the
efficiency of dialysis with a Kiil dialyzer. In calculating the mass
transfer rates across the membrane, the effects of cell-plasma mass
transfer kinetics are considered. The concept of the effective per-
meability coefficient for the red cell membrane is introduced to
account for these effects. A discussion of the consequences of neglecting
cell-plasma kinetics, as has been done to date in the literature, is
presented.

A physical model for the Kiil dialyzer is presented in order to
calculate the available membrane area for mass transfer, the linear
blood and dialysate velocities, and other variables. The equations
used to determine the independent variables of the regression analyses
are presented. The potential dependent variables in the analyses are
discussed.

Regression analyses were carried out considering overall mass-
transfer coefficients, dialysances, relative dialysances, and relative
permeabilities for each substance as the dependent variables. The
independent variables were linear blood velocity, linear dialysate
velocity, the pressure difference across the membrane, the elapsed
time of dialysis, the blood hematocrit, and the arterial plasma
concentrations of each substance transferred. The resulting correlations
are tabulated, presented graphically, and discussed. The implications
of these correlations are discussed fram the viewpoint of a research
investigator and from the viewpoint of patient treatment.

Recammendations for further experimental work are presented.
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PART II
ABSTRACT

The interfacial structure of concurrent air-water flow in
a two-inch diameter horizontal tube in the wavy flow regime has
been measured using resistance wave gages. The median water
depth, r.m.s. wave height, wave frequency, extrema frequency,
and wave velocity have been measured as functions of air and water
flow rates. Reynolds nurbers, Froude numbers, Weber numbers, and
bulk velocities for each phase may be calculated from these mea-
surements. No theory for wave formation and propagation available
in the literature was sufficient to describe these results.

The water surface lewvel distribution generally is not ade-
gquately represented as a stationary Gaussian process. Five types
of deviation from the Gaussian distribution function were noted
in this work. The presence of the tube walls and the relatively
large interfacial shear stresses precludes the use of simple
statistical analyses to describe the interfacial structure. A
detailed study of the behavior of individual fluid elements near
the interface may be necessary to describe adequately wavy two—
phase flow in systems similar to the one used in this work.
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PART I
THE EFFECTS OF VARIATIONS IN CERTAIN PARAMETERS UPON THE

EFFICIENCY OF IN VIVO HEMODIALYSIS WITH A KIIL DIALYZER.
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INTRODUCTION

Over one hundred thousand Americans die each year as a result
of kidney diseases or fram effects related to kidney diseases (42).
Although hemodialysis has been clinically feasible for twenty-five
years, virtually nothing can be done for these over one hundred
thousand people; nor will anything appreciable be done until the
extremely high costs of dialysis, which result fram the relative
technical inefficiency of the process, are substantially reduced.
The effect of deaths due to kidney disease upon society is increased
by the predilection of the disease for young adults. Kidney disease
is the major cause of death fram chronic illnesses in young adults.
The loss of these young adults who are parents of young children and
who are just beginning to contribute to the nation's econany has a
greater sociologic and econamic effect than the loss of older
individuals whose children are grown and whose careers are largely
campleted. In addition, kidney disease results in the greatest loss

of time fram work among women and among the entire population under

25 (42).

The need for an efficient and inexpensive method of hemodialysis
is obvious, and significant progress towards this goal has been
achieved. The first artificial kidney was developed over forty years
ago. Acutely ill patients have been treated for twenty-five years with
artificial kidneys, but chronically ill patients have been success-
fully treated for less than a decade. Significant engineering
interest in hemodialysis has also existed for less than a decade.
Sometimes the engineering research has had little practical effect on

the application of hemodialysis to the benefit of the patient. This
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work attempts to elucidate points which will not only be of engi-
neering significance in the design and analysis of artificial kidneys
but which will also have an immediate effect on the application of
hemodialysis to benefit patients.

The effects of variations of volumetric blood flow rate upon the
efficiency of in vivo and in vitro hemodialysis have been investigated
frequently during the past twenty years (18, 27, 49, 52). In a
_classic paper (52), Wolf investigated the effects of blood flow and
bath volume on the in vitro rate of material exchange in a Brigham-
Kolff type drum kidney. The effect of blood flow on the transfer
rate was not the same for all compounds tested by Wolf. Wolf defined
the dialysance of a substance as being the quantity of a substance
transferred between blood and dialysate per unit time divided by the
maximum concentration gradient of that substance between the blood
and the dialysate, or

D = m [1]

Different materials have different characteristic dialysances; so

the concept of relative dialysance, or the ratio of the dialysance

of a given substance to that of a standard substance, such as urea or
chloride, measured at the same conditions, was introduced. The rela-
tive dialysances of all substances were found to be differing functions
of volumetric blood flow rate, all other conditions being identical.

M. J. Sweeney (46) proposed a modification of Wolf's relative

dialysance concept to remove this dependency of the relative
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dialysance upon volumetric blood flow rate.
Sweeney proposed a relative permeability coefficient based
upon the permeability coefficient for a substance. The permeability
coefficient for a substance x is defined by
1 (2)

Pszaxln T D
A D max

The maximum dialysance for a countercurrent flow dialyzer, such as
the Kiil dialyzer, is equal to the lesser of the blood and dialysate
flow rates. The lesser quantity is almost invariably the blood flow
rate. This permeability coefficient is a simplification of a
permeability presented by Galletti (21). His permeability for a

ocountercurrent flow dialyzer is

r b
1-D
%, % “a
YT i el
d b i ab
! J
This permeability can be shown to be identical to the overall mass-—
transfer coefficient used later in this work. If Qd is much greater
than Qb’ then [2a] simplifies to [2].
The relative permeability coefficient for a substance is then
p =2 (3]
r P

Sweeney reported the In Vitro relative permeability coefficients
for a mmber of solutes and for several membranes using the Klung

and Twin-Coil dialyzers. Over the range of artificial blood flow
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rates studied, the relative permeability coefficient was found to be
independent of artificial blood flow rate. Sweeney noted that the
need for in vivo testing was obvious before this concept could become
clinically relevant.

The effects of various other operating parameters have been
studied. R. B. Freeman (18) and H. W. Brown (9) pointed out the
influence of temperature on the rate of material transfer. H. W.
Brown also studied the influence of membrane thickness on the in
vitro transfer rate through the membrane. This work was carried
further by C. Wilcox (51), who compared the in vitro permeabilities
of six cellulose membranes with the values of each of six physical
properties for the membranes. The physical properties of the membrane
may, of course, be modified to alter the transfer rate of compounds
through the membrane. Craig (13, 38) has shown how mechanical
stretching of the membrane may have a very strong effect on the
transfer rate of materials through the membrane. One-dimensional
stretching reportedly elongates the pores in the membrane and therefore
decreases the rate of transfer of materials through the pores. Two-
dimensional stretching apparently increases the size of the pores
and thus increases the transfer rate. There is some evidence that
this two-dimensional stretching effect causes the transfer of large
macraomolecules in a Klung dialyzer (1). Bluemle (8) presented same
evidence that dialyzer membrane supports which cause the membrane to
be stretched in a two-dimensional fashion result in higher transfer
rates across a dialyser membrane than supports which cause the
membrane to be stretched in a cne-dimensional fashion when a pressure

gradient is applied across the membrane. This evidence, however, is
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not conclusive since the supports cause changes in the blood flow
patterns in the dialyzer which also effects the transfer rate.

A number of mathematical models of hemodialysis have been
proposed in the literature (23, 24, 28, 31, 53). Since these
models involve a number of sinplifying assumptions, their ul-
timate usefulness is not yet clear. All mathematical approaches
assume that the overall mass-transfer coefficient is indepen-—
dent of the volumetric flow rates of blood and of pressure dif-
ferences across the membrane. The effects of changes in the
blood and dialysate compositions on the mass—transfer coefficients
of materials are neglected. Changes in contained blood volume
in dialyzers, which results in changes in available membrane area,
blood and dialysate film thicknesses, and membrane stretch are
assumed in these approaches to have no effects on transfer rates.

The purpose of this work is to investigate how the changes
in certain parameters of in vivo hemodialysis affect the rates
of transfer across the dialysis membrane. Using in vivo hemo-
dialysis data supplied by Wadsworth Veterans Hospital in lLos
Angeles, California, and dialyzer dimensions for the Western Gear
Kiil dialyzer supplied by the Western Gear Corporation in Lynwood,
California, the effects of variations of dialysis parameters on
the overall mass-transfer coefficients can be determined. The
results will enable more accurate mathematical approaches to
hemodialysis to be formulated. The results also point cut an
error in the method of determination of mass-transfer rates for
in vivo hemodialysis. This error has significant implications

for prior data reported in the literature and for the definitions
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of certain concepts basic to hemodialysis. The results also point
out certain deficiencies in the mamner in which in vivo hemodialysis
data are collected. These deficiencies were present when the data
analyzed in this work were collected. For this reason, certain
indicated results of this work must be viewed with caution. Further
experimental data are necessary, and the results of this work eluci-
date considerably the considerations which must be borme in mind
when taking further in vivo experimental data.

HEMODIALYSIS WITH A KIIL DIALYZER
Kiil Dialyzer Characteristics

The Kiil dialyzer, as manufactured by Western Gear, Sweden
Freezer, and other firms, consists of a clamping apparatus, three
machined polypropylene boards, and four cellophane-derivative mem—
branes. The Kiil dialyzer manufactured by Western Gear has the
boards machined as shown in Figures 1 and 2. The overall dimensions
and board characteristics are presented in Figure 1 and the details
of the groove machining are presented in Figure 2. There are 150
groves per board, 75 on each side of the central flattened area.
The two end boards are machined this way on one side only; the
central board is machined this way on both sides.

The assembled dialyzer consists of the bottom board, then two
membranes with a blood port betwesen them at each end of the boards,
then the central board, then two more membranes with blood ports
between them at the ends, then the top board. The clamping assembly
surrounds the boards and clanmps everything together. Blood flows

through the blood ports into the space between the membranes in each
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of the two layers. The dialysate flows through dialysate ports in the
polypropylene boards and through the grooves of the boards both above
and below each of the blood layers bhetween the membranes. The
dialysate flows countercurrent to the blcod flow.

Assermbly and Preparation of Dialyzers for Dialysis

The assembly and preparation of dialyzers for dialysis undoubtedly
has an appreciable effect on the efficiency of the dialysis. This
is largely because the procedure cannot be done identically each
time and because certain steps in the procedure influence the mass-
transfer rate during dialysis. For this reason, the assembly and
preparation procedure used at Wadsworth Hospital is outlined here.

Before assembly, the boards are scrubbed with a soap and water
solution and rinsed while the membranes are being thoroughly soaked
in distilled water. The membranes are standard PT 150 Cuprophane.
When the membranes are completely wetted, assembly is bequn. The
bottom half of the clamping assembly is placed on a cart, and then
the bottom board is placed on the assembly with the machined side
up. A membrane is placed over the grooved, machined side of the board.
All membranes are placed on the boards by the following procedure.
Two people grasp the wet membrane between thumb and forefinger at
each of the four cormers of the membrane. The membrane is held over
the board and slightly stretched longitudinally until it is slightly
longer than the 38" lenagth of the boards. The membrane will not
stretch much longitudinally. Then one side of the membrane is
placed on the board and the memhrane is rolled down on the board

starting at this side and proceeding to the other side. This
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procedure prevents the entrapment of large air bubbles between the
board and the membrane. Some lateral stretching is applied to the
membrane as it is being laid down. The membrane stretches laterally
much easier than it stretches longitudinally. Any wrinkles in the
membrane are then removed by hand. Next two blood ports are laid
on top of the membrane in the proper position and another membrane
is laid down. The first layer is completed by placing the central
board down on the second membrane.

The second layer is then assembled exactly as the first layer
was. After the top board is laid down, the top half of the clamping
assembly is positioned and the clamps tightened. The clamps around
the center of the dialyzer are tightened first. All clamps are
tightened with a torgue wrench to the same tightness, 15 ft.-1b. of
torque.

Next the assembled dialyzer is pressure tested with air to make
sure there are no leaks. First the dialysate sides of both layers
are pressured to 240 mm. Hg pressure difference across the membrane
and held for a gspecified length of time. Then each blood layer
is successively pressurized to 240 mm. Hg and held for a specified
length of time.

The two blood layers are then filled with a formalin solution
to sterilize the surfaces which are to come in contact with blood.
The liquid level in the formalin storage tank is about 42" above the
dialyzer so the dialyzer is pressurized by this procedure to about
80 mm. Hg. This pressure is soon relieved by ultrafiltration. The

dialyzer must have the formalin solution in it for at least two hours
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but may contain it for up to two weeks.

When the dialyzer is ready to be used, tap water is run through
the dialysate sides to remove the formalin by dialysis through the
menbrane. Finally the blood layers are flushed briefly with sterile
saline solution and the dialyzer is taken into the ward with the
saline solution in the blood layers. The flush with saline solution
again pressurizes the dialyzer to about 100 mm. Hg pressure across
the membrane.

Experimental Data

Dr. Joseph H. Miller of the chronic dialysis unit at Wadsworth
Veterans Hospital supervised the obtainment of a great deal of
experimental data at that hospital in the past five years. Data
were taken for a large nunber of patients on several types of dialyzers
under varying conditions. Most of the data were for dialysis on
Kiil dialyzers. Only about half of this available data for Kiil
dialyses was used in this work.

There were many reasons why the remainder of the Kiil dialysis
data were not used, but in essence all of these reasons are equiva-
lent to saying that their reliability was doubted for the purposes
for which their use was intended. Some data were for dialyses in
which the dialysate was partially recirculated. All data used were
for dialyses using no recirculation of dialysate. Some patients had
a transfusion or took in a significant quantity of food and drink
during dialysis. This strongly affects the patient's blood hema-
tocrit, which was assumed constant during dialysis, so these data

were not used. Often, some flow rate or pressure value was not
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recorded and these points were not used. Occasionally saome concen-
.-tratj.on value was not recorded and the data at this point in time
:were not used for the component involwved, although other components
were not affected. A very few, less than five, data points were not
used bacause some value was patently absurd. Data which appeared very
suspicious but which were not obviously absurd were not thrown out.

Table I identifies each of the nine dialyses for which data
were used. The first three colums give the information used at
Wadsworth Hospital to identify the data. The patient number is
used throughout this work to identify the dialysis. The negative
balance is the total amount of weight the patient lost during the
entire twelve-hour dialysis. It is not significant except that it
points out the two dialyses during which the patient had appreciable
ultrafiltration.

The hematocrit of the patient's blood is listed in Table I.
Hematocrit is the volume per cent or volume fraction of the blood
occupied by the cells of the blood. All values were taken on blood
obtained at the start of dialysis. The blocd sample was placed in
a standard, constant cross-sectional area cylindrical cell for the
micro-determination of hematocrit. The samples were spun 15 minutes
in a centrifuge to separate the cells and the cell-plasma interface
was noted relative to the height of material in the tube. The ratio
of the depth of cells to the depth of material in the tube is the
blood hematocrit fraction. Same blood samples were spun down imme-—
diately after they were taken and some were not spun down for hours.

When two values of hematocrit are presented in Table I, these two
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values are from micro-samples taken from the same large blood sample.
The two numbers should, of course, be the same. The procedure is
reputedly able to report hematocrit to within + 0.5 hematocrit per
cent, and the data indicate this is the case. Since hematocrit

was taken only at the start of dialysis, the hematocrit was assumed
to be constant throughout the dialysis for each patient. As was
mentioned, data for patients for which there was reason to helieve
this might not be true were not used in this work.

Table II presents the elapsed times of dialysis and the measured
flow rates at each time point. The elapsed time is measured from the
start of dialysis and is accurate to within two minutes. Note
that measurements have been obtained for elapsed times in the range
of 30 - 360 minutes. The range of blood flow rate is from 110 to
280 ml per minute. Blood flow rate was measured with a Kiron elec-
tramagnetic sine wave flowmeter, model BC 7000. Tests carried out
by Dr. Miller indicate that the proper use of this flowmeter gives
the blood flow rate to within 3% of the actual value. Dialysate
flow rates do not vary over a very large range. The range 1s from
430 to 760 ml per minute, and the great majority of the flow rates
are within 50 ml/min. of 500 ml/min. Dialysate flow rate was measured
by collecting the dialysate outflow in a 500 ml graduate cylinder
and measuring the time taken to fill the cylinder. This procedure
is estimated to be accurate to within 3%, assuming the flow rate
does not change during the time the cylinder is filling.

Table III presents the measured pressures on the blood and

dialysate gides of the dialyzer at each point in time. All pressures
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were measured in the inlet and outlet tubings connected to the
dialyzer at distances of 1 - 2 feet from the dialyzer. The pressures
were measured by inserting into the lines a needle connected to a
calibrated aneroid pressure gauge. For each dialysis, all pressures
were recorded relative to a particular reference elevation. These
reference elevations were not the same for each dialysis nor were
they all recorded. Although the absolute magnitudes of pressure
therefore cannot be used for any purpose, the pressure differences
across the membrane can be used because they are independent of the
reference pressure points. The pressures should be accurate to within
5%.

Table IV indicates the average blood-side pressure, the average
dialysate-side pressure, and the average pressure difference across
the membrane in the dialyzer. These figures follow directly from
the figures presented in Table III. Pressure differences across
the dialyzer membrane range from 29 to 154 mm. Hg. These pressure
difference figures are estimated to be accurate to within *+ 5% for the
larger values.

Tables V and VI present the measured concentrations of each
camponent in the inlet and outlet plasma streams. These concentration
determinations were carried out on plasma samples by the renal
laboratory of the Wadsworth Hospital chronic dialysis unit under
the direction of Miss Cybil Gordon. All values were obtained using
the Technicon Auto Analyzer made by the Technicon Instruments Cor-

poration. All values are estimated by Miss Gordon to be within

5% of the true value. References for the methods used to determine
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creatinine (25, 48), urea nitrogen (29, 44, 48), uric acid (4R), and
inorganic phosphate (17, 48) are available in the literature. The
inorganic phosphate value is the total concentration of both bound
and unbound inorganic phosphate in the plasma.

The concentration of each component in the outlet dialysate
stream was also measured, but these concentrations were so low that
they could not be accurately measured. The values, good to *+ 20%,
are presented in Table VII.

Figure 3 shows the experimentally obtained curve for the capac-
itance (blood hold-up volume) of a Western Gear Kiil dialyzer. Details
of the original work by Dr. Joseph H. Miller are available (11).

The test was static. The blood side of the dialyzer was filled with
saline solution at a measured pressure. The dialysate side was at
atmospheric pressure. The curves are not corrected for the solution
which was ultrafiltrated during the experiment. About 20 ml of
solution was estimated to be ultrafiltrated during the entire time
period of the test. Correcting for the ultrafiltration would move
the deflation curve so that it would be much closer to the inflation
curve. The correction would also steepen somewhat the slopes of
the curves at higher pressure differences across the membrane because
most of the ultrafiltration would occur at these higher pressure
differences. The pressure differences in the data analyzed in this
work range fram 29 - 154 mm. Hg. In this range the inflation curwve,
obtained when the dialyzer was being inflated by the addition of
saline solution, is judged to rerresent best the capacitance of a

Kiil dialyzer. The effects of assuming that a different curve
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represents the capacity of a Kiil dialyzer are discussed further on.

This curve is assumed to be representative of all of the nine
dialyzers used when the analyzed data were taken. In fact, the
capacitance of each of the nine dialyvzers would be expected to vary
because of differences in membrane characteristics and differences
in assembly techniques for the dialyzers. Also, before a dialyzer
is comnected to a patient it is inflated and deflated three times.
This capacitance data does not indicate what effect repeated in-
flations have on the subsequent capacitance of the dialyzer. The
application of this capacitance curve to represent each of the nine
dialyzers involved incorporates a certain amount of error into the
analysis.

EMPIRICAL MODEL FOR HEMODIALYSIS

Transfer BEquation

The instantaneous rate of material transfer from blood to
dialysate when there is no accumulation in the blood side is
) (4]
™ =0 i~ Do So
Throughout the literature, this equation always appears simplified

to the following form

i f4a]
=0 (G~ G
Equation [4a)] is strictly true only when the volumetric blcod flow
rates into and out of the dialyzer are the same. It has been realized
that this egquation neglects the results of ultrafiltration (5).

Ultrafiltration, the removal of water from the blood in the dialyzer,
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results in the blood flow rate into the dialyzer being greater than
the blood flow rate leaving the dialyzer. Since volumetric blood
flow rate for our data is measured prior to the dialyzer, the use
of this quantity in egquation [4a] results in a calculated mass-
transfer rate less than the rate which would be calculated by the
-use of equation [4].

Equation [4], however, calculates the total mass-transfer rate
from the blood at steady state. When ultrafiltration occurs, this
total mass transfer rate is higher than the mass transfer rate caused
by chemical potential gradients because bulk flow of water through
the membrane results in material being transferred by the "solvent
drag" process (5). For this reason, the use of volumetric blood
flow rates measured prior to the dialyzer in egquation [4a] makes the
transfer rate calculated from equation [4a] a more accurate repre-
sentation of the mass-transfer rate caused by chemical potential
gradients provided the rate of ultrafiltration is less than about
10% of the blood flow rate. Rarenberg (5) has shown that under nmost
circumstances the neglect of ultrafiltration when calculating mass-
transfer rates is not serious during hemodialysis. Randall Cook (12)
showed, using data from Wadsworth Hospital in Los Angeles, that the
rate of ultrafiltration is at most 3 - 4% of the common blood flow
rates. This maximm figure is identical to the experimental error
in measuring blood flow rates.

It is not generally realized that equation (4] may be used
incorrectly because it neglects the effects of bound-free transfer

kinetics and of cell-plasma transfer kinetics, although an oblique



~17=

reference to this has appeared in the literature (47).

In calculating in vivo mass transfer, however, equation (4]
is not used in the literature. Rather the in vivo mass transfer is
calculated by the equation

. (5]
™= % % 7 %

This equation also neglects the effects of ultrafiltration
and the effects of cell-plasma transfer kinetics. The use of equation
[S] to calculate in vivo mass transfer is apparently due to the
indiscriminate and interchangable use of the words "blood" and
"plasma" in the literature. This unfortimate turn of events probably
could be traced back to the early history of artificial kidneys
when the new artificial kidneys were naturally described in terms
of the familiar expressions applied to the functioning of the human
kidney. The human kidney ultrafiltrates the blood and separates the
cells and proteins before removing the desired products from the
ultrafiltrate. Then it recombines the plasma with the blood stream.
It apparently became accepted practice to refer to the "blood con-
centration" when one was actually referring to the concentration
in the ultrafiltrate of the plasma, which is approximately equal
to the concentratration in the plasma. This practice carried over
into the description of artificial kidneys which removed materials
from the whole blood, not the ultrafiltrate of plasma. Experimentally
one measures blood flow rates and plasma concentrations, so in view
of the historical use of the word "blood" when "plasma"” was more

nearly intended, the appearance and assumed equivalence of equations
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[4] and [5) would not be unexpected.

As mentioned, however, both eguations (4] and [5] neglect the
effect of cell-plasma transfer kinetics on the transfer of materials.
This is a serious error. The total material removed from the blood
is the sum of the material removed from the plasma and the material
removed from the cells. In other words, still neglecting ultra-

filtration and the effects of binding kinetics,

(6]
m = [Qb (1 - H)] [Cpi - cpol + (Qb) (H) (cci - Co )

(8]

The volume of white cells and platelets is usually about 1% of a
given volume of blood. In individuals with chronic kidney disease,
the volume fraction of blood which is red cells is usually in the
range from 18 to 35%. Data on component concentrations in white
cells and platelets are not available, so one of two assumptions
must be made. Mne can assume that no material is transferred out of
the wvhite cells and platelets and that the hematocrit is the volume
fraction of red cells in the blood, (This makes the use of 1 - H in
the first term of [6] slightly in error.) or one can assume that
white cells and platelets behave as red cells and the hematocrit
is the total volume fraction of all blood cells. This work assumes
the latter since the hematocrit data reported is the total volume
fraction of cells. Inasmuch as white cells and platelets comprise
such a small fraction of the cellular volume, both assunmptions will
give essentially equivalent results.

The available data from Wadsworth Hospital do not record

concentrations of solutes in patients' red cells, so the material
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transferred from the red cells must be related to the material trans-
ferred from the plasma. Arbritton (2) reports the standard values
of equilibrium concentrations of many components in plasma and red
cells. These standard values are average values determined from many
measurements on the blood of healthy individuals. Individuals
undergoing hemodialysis are not healthy, and their average cell and
plasma concentrations are quite different. This work assumes, however,
that for every patient the data covers, the ratio of the equilibrium
concentration of a particular component in the red cells to the
equilibrium concentration of that component in the plasma is equal
to the ratio of the standard red cell oconcentration reported by
Arbritton to the standard plasma concentration. This ratio is called
the equilibrium partition coefficient, Kp Obviously this assumption
should be wverified by experimental measurements, and until then it
should be regarded with great caution. The assumption is necessary,
however, if the available data are to bhe analyzed. Table VIIIa
presents the pertinent red cell and plasma concentrations and their
ratios.

The equilibrium blood concentration of a component is then re-
lated to the experimentally measured plasma concentration by the

equation

(71
Che = G 1 =W +H K, ()]

or (8]
cpe::cp 1+ (Kp—l) H]
The equilibrium blood concentration is not necessarily of interest

in calculating material transfers. The blood concentration of
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interest is the "effective blood concentration." The effective blood
concentration differs from the equilibrium blood concentration in
that it considers the rate of transfer of the material across the red
cell membrane relative to the residence time distribution of the
blood in the dialyzer. The effective blood concentration of a sub—
stance is the amount of that substance per unit volume in the blood
which theoretically could be transferred out of the blood during the
time that the blood passes through the dialyzer. The effective blood
concentration of a substance depends upon the concentrations of the
component in the plasma and in the cells, the hematocrit, the rate

of transfer of the substance cut of the cells into the plasma, and
the residence time distribution function of the blood in the dialyzer.
Not much work has been done to obtain the residence time distribution
function in dialyzers. The work that has been done with twin coil
dialyzers (32) indicates that the deviations of the residence time
distribution function from the ideal function are appreciable but

are not of unusual interest.

The effective blood concentration of a substance takes into
account. the fact that if mass transfer occurs under the conditions
which presently exist in artificial kidneys the substance will
always be removed from the plasma but may or may not be removed from
the cells. If the maximum residence time of the blood in the dialyzer
is significantly less than the length of time that is necessary under
the circumstances involved for an appreciable amount of the material
within the cells of the blood to exit through the cellular membranes,

then the material in the cells cannot participate in the transfer
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process in the dialyzer. The substance in the cells is "frozen"
into the cells so far as the processes occurring in the dialyzer
are concerned, and the effective blood concentration is independent
of the cellular concentration. On the other hand, if the substance
involved is transferrved out of the red cells so rapidly that some
or virtually all of the material in the cells can leave the cells
in a time much shorter than the minimum residence time of the blood
in the dialyzer, the effective blood concentration depends on both
the plasma and cellular concentration.

Let us assume again that the cell concentrations may be ade-
quately represented by considering them all as only red cells.
Then, analogous to the development of equation [8], the effectiwve
blood concentration is related to the experimentally measured plasma

concentration by

[9]

cbch 1+ (Jb-l) H]
in which Jb is the effective partition coefficient for blood for
the substance in the dialyzer under the conditions involved. In
hemodialysis, two conditions which are important in the determin-
ation of the limits of J are the facts that material is removed from
the blood and the residence time of the blood in the body is about
thirty minutes while the residence time of the blood in the dialyzer
is less than two minutes. For the conditions existing in hemodialysis,
the effective partition coefficient's lower limit is zero. It has
this value when the substance involved is "frozen" into the cells

so far as the processes occurring in the dialyzer are concermed. The
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effective partition coefficient's upper limit is the value of the
equilibrium partition coefficient. It has this value when virtually
all of the material in the cells can be transferred ocut of the cells
in a time much shorter than the minimum residence time of the blood
in the dialyzer. This means, essentially, that the blood at the
dialyzer outlet is at equilibrium so far as the concentration dis-
tribution of this camponent is concerned. Under most conceivable
conditions, it also means that the transfer of the material across
the red cell membrane is not a limiting step in the transfer process
anywhere in the dialyzer, and equilibrium between cells and plasma
can be maintained throughout the dialyzer.

The numerical value of the effective partition coefficient is
affected by many variables. The parameters which affect the equi-
librium partition coefficient also affect the effective partition
cocefficient. These parameters include the chemical potentials of
each substance in the cell-plasma system. These are in turn de-
pendent upon individual concentrations, the temperature, and the
pressure of the blood. Red cell membrane characteristics will also
affect the effective partition coefficient. In addition, because
the effective partition coefficient is defined relative to the time
that the blood is in the dialyzer, the value of the coefficient
will depend on this time and therefore on characteristics of the
dialyzer and the dialysis system.

Data are available for the rates of transfer between red cell
and plasma for three of the components analyzed in this work. Since

the rate of transfer between red cell and plasma is very strongly
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affected by the composition of the cell and plasma fluid (45), data
taken from normal blood and from saline solutions cannot be directly
applied to determine rates in the blood enviromment of patients
undergoing hemodialysis. Nonetheless, the data are useful to point
out the orders of magnitude involved.

Urea enters and leaves the red cell very rapidly (50). In
response to a concentration gradient between plasma and cell, the
cell becames 90% saturated in 0.5 second. Therefore the effective
partition coefficient for urea is assumed equal to the equilibrium
partition coefficient.

Uric acid penetrates the red cell relatively rapidly (35).
Measured half-times of penetration range from 10 - 40 minutes de—
pending upon the conditions. Howewver, since the residence time
of blood in the Kiil dialyzer is 1 to 2 minutes, uric acid is prob-
ably best treated as not being transferred out of the cells during
the time the blood is in the dialyzer. Kiil dialyzers can have
quite uneven blood velocity distributicn patterns, however, and blood
elements which move slowly through the dialyzer would lose some of
the uric acid in the cells. DNonetheless, the effective partition
coefficient is assumed as zero. Results obtained from the regression
analysis tend to confirm that this is the proper choice.

Inorganic phosphorus, in the form of phosphate, enters and
leaves the cell quite slowly relative to the time required for
the blood to pass through the dialyzer (37, 50). The half-time
of penetration is about 2 1/2 hours. Thus the effective partition

coefficient for inorganic phosphate is assumed to be zero.
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Data on the transfer rate of creatinine across the human erythrocyte
membrane in a plasma solution are not available. The half-time of
transfer for creatinine into red cells in a salt water medium was
measured at 10 minutes (22). Other measurements on various organic
bases not including creatinine imply that the half-time of transfer
of creatinine in plasma would be in the order of one minute or less (43).
Results fram the regression analyses, which will be discussed further aon,
indicate that this last estimate is true. Therefore, the effective
partition coefficient of creatinine is taken as equal to the equi-
librium partition coefficient.

The effective partition coefficient and the effective blood
concentration are the quantities used to calculate correctly the
mass-transfer rate between the blood and the dialysate in any dialyzer.
The mass-transfer rate, still neglecting ultrafiltration and binding
kinetics, is

i [10]
m=Q [cpi - cpo] 1+ (3-1) H]

Equation [10] follows from equations [6] and [9] only if the value
of Jy, at the dialyzer inlet equals the value of Jy, at the outlet. This
is not always true, and for this reason the J factor for use in hemo—

dialysis is best defined not by [9] but by

ci” “co [9a)
J B ————————
< - €
Pi Po

The J factor appearing in [10] is defined by equation [9a]. For
hemodialysis the residence time of the blood in the body is greater
than the residence time of the blood in the dialyzer and substances
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are removed from blood. Under these conditions the value of J,
like Jb,
partition coefficient.

must lie between zero and the value of the equilibrium

Equation (10} is only equal to equation [5] when the effective
partition coefficient is unity, a very special case. The difference
between using equation [10] and equation [5] for urea, which has an
effective partition coefficient of 0.88, is slight.

The effective partition coefficient of a substance may be
calculated from experimental outlet dialysate concentrations. The
amount of the substance removed from the blood in the dialyzer
equals the amount of the substance added to the dialysate; or,
neglecting ultrafiltration,

f11)
% [cpl-cpo] [1 + (3 - 1) H] =Qd [Cdo"cdi]
This may be rearranged to give
[12]
Q, fa, _ “a,
g LA R B
% (cp; -~ op,) H

Effective partition coefficients for our four substance range in
value from zero to two, and the hematocrit fraction is the order of
1/4. The quantity in brackets in equation [12] is, therefore, the
difference of two nearly equal numbers and exceedingly accurate
measurements must be made to get an accurate value for the effec-
tive partition coefficient.

Although the experimental measurements available did not
possess the desired accuracy, effective partition coefficients were
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calculated fram the data using equation [12]. An analysis of error
propagation from the estimated errors in the measurements resulted
in the average values for the effective partition ccefficients
which are presented in Table VIIIb.

The values of the effective partition coefficient for urea and
phosphate agree well with the values assumed for this work on the
basis of the reported rates of transfer across the red cell membrane.
The predicted value of the creatinine coefficient is lower than the
assumed value which is equal to the value of the equilibrium partition
coefficient. Because there is no direct data available for the rate
of transfer of creatinine across the red cell membrane, it is possible
that the effective partition coefficient value is less than the
equilibrium partition coefficient value. Because the effective
partition coefficient value for creatinine can be between 0.6 to
1.4, the equilibrium value of 2.0 was used for this work. The
reliability of the average predicted effective partition coefficient
was not sufficient to warrant its use.

The average predicted effective partition coefficient value
for uric acid disagrees with the value assumed (zero) for this work.
No explanation for this disagreement is apparent. Because the
experimental dialysate concentrations are so low, there is a possi-
bility that an error in the zeroing of the measuring device would
result in a systematic error in the measured outlet dialysate
concentrations which could result in the disagreement shown.

Certain concepts of hemodialysis need to be re—examined in the

light of the use of effective blood concentrations to determine
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mass transfer. Clearance, defined as the hypothetical volume of
plasma conmpletaly cleared of a substance in a unit time, is repre-
sented by

(13
QG ~ G ) L+ @-1

“py

C=

neglecting ultrafiltration and transfers of bound material.
Dialysance is commonly defined as the quantity of a substance trans-
ferred between blood and dialysate per unit of time per unit con—
centration difference of that substance between the inlet blood and
the inlet dialysate (46, 52). It is also commonly stated that the
dialysance is ecual to the clearance when the entering dialysate is
devoid of the substance. Hence the concentration gradient spoken of
in the definition of dialysance is meant to be the gradient between
the plasma and the dialysate entering the dialyzer. Dialysance then
is

14
Qb{c.pi-cpol 1+ (J-1) H] 4l

Py Gy

D

Accordingly, dialysance should be more carefully defined as "the
quantity of a substance transferred between blood and dialysate per
unit of time in response to the concentration gradient of that sub-
stance between the plasma and the dialysate entering the dialyzer."
Dialysance may, of course, be defined in any fashion desired;
but it is worth noting that the concentration gradient between plasma
and dialysate may not be the best representation of the driving force

for the mass transfer. Pquation [10] suggests that the gradient
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should be expressed as the difference between the effective blood
concentration and the dialysate concentration. The flow pattern

in the dialyzer has a strong influence on the "best" choice for the
gradient to represent the driving force. If only plasma were in
direct contact with the membrane, the obwvious gradient to repre-
sent the transfer across the membrane would be the plasma-dialysate
gradient. If only cells were in contact with the membrane, the
choice for the gradient would be the cell-dialysate gradient. This
latter case could be brought about in at least two ways. First,
many dialyzers with very poor flow patterns have an accumulation

of red cell "sludge" in those regions of the dialyzers where the
blood flow is particularly slow. In addition, after six hours of
dialysis a noticeable coating of foreign material, prcbably largely
lymphocytes, forms on the membrane surface (3). Interestingly, this
coating results in a very substantial drop in efficiency of the
dialyzer (3).

Even if there is no cell coating on the membrane, the best
choice for the blood—-side concentration to use in calculating the
gradient is influenced by the flow pattern. Experimental evidence
indicates that at low hematocrits cells tend to accumilate in the
center of the blood channel and away from the membrane walls (6, 40,
41), If this is true, then for cases in which there is no red cell
"sludge" or lymphocyte membrane coating the concentration gradient
is probably best represented by the plasma-dialysate gradient. In
any case, work should be carried ocut to elucidate further this sub-

ject. Until such work is done, the plasma-dialysate gradient will
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probably be used to represent the driving force because the plasma
concentration of a substance is so easily obtained relative to the
cell concentrations and effective blood concentrations.

aAnother hemodialysis concept which needs re-examining is the
concept of maximum dialysance introduced by Sweeney (47). Using

the usual dialysance equation, which follows from equation [4a],

b a d a’
o = (o] 1

- C -
cbi CH . a;

5 5

Qb(cb— c ) Q. (lc. =-c) (15]
3
D=

Sweeney determined the maximmm possible dialysance for any substance.
For a countercurrent-flow dialyzer, such as the Kiil, the maximum
dialysance is the lower of the volumetric flow rates of the blood
and the dialysate. The lower flow rate is invariably the blood flow
rate. For a concurrent or randan flow pattern, the maximum dialysance
according to Sweeney is
' (16)
D =% %= L+1l, o
max O, +0q 9 9

This maximum dialysance concept is useful because it expresses max-
imum achievable dialysance only as a function of blood and dialysate
flow rates and independent of other variables, such as concentrations.
Thus maximum dialysance provides a goal for the design of artificial
kidneys, and it is used as such in the literature.

For in vivo measurements, however, dialysance is correctly
described by equation [14], not by eguation [15]. Egquation [15]
is correct for in vitro measurements in which the "blood" is a

homogeneous saline solution. Maximum dialysance in vivo is not
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equivalent to maximmm dialysance in vitro in which artificial blood
solutions are used. From Sweeney's arguments, the maximm in vivo
dialysance for a countercurrent-flow dialyzer with blood flow sub—-

stantially lower than dialysate flow is

[17]
Dmaxzob 1+ (3 - 1) H]
and the maximum dialysance for concurrent and random-flow dialyzers
is
[18]
. . _ =3,
b= M- -pn+r@-nm=, + 1y

Q [L+ @-1) H +03 Q [1L+@-1H Qg

The maximum dialysance in vivo is therefore dependent on certain
characteristics of the patient-dialyzer system and is not identical
even for the same patient for all substances being removed from the
blood.

Parameters of Dialysis

The total resistance to mass transfer through the membrane in
hemodialysis is the result of three resistances acting in series.
The first is the resistance to transfer within the blood boundary
layer. The second is the resistance to transfer through the membrane
itself. The third, and the least important under conditions of
actual dialysis,is the resistance to transfer through the dialysate
boundary layer. The parameters which affect each of these three
resistances will in turn affect the overall resistance, although
the effect on the overall resistance will be diminished somewhat.
The variables which would be expected to influence the resistances
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are well known from the voluminous mass-—transfer work on other systems.

The variables which affect mass transfer in hemodialysis may
be divided, albeit somewhat arbitrarily, into two groups. One group
‘'would consist of those variables which are, as a rule, fixed during
the course of a particular dialysis; but which may vary substantially
fram cne dialysis to another. One such variable, and probably the
most important one, is the inherent membrane resistance to transfer,
or the "tightness" of the membrane used, for a particular dialysis.
Naturally this resistance is a function of the chemical composition
of the membrane. More importantly, it is also a function of the
method of manufacture used for the membrane and even of the exact
conditions existing when that particular piece of membrane was man-—
ufactured and formed. The resistance of the membrane may be modified
before and during the course of a dialysis by stretching and other
means, but experience has shown that even under substantially different
methods of handling at dialysis centers, each membrane of a particular
lot behaves quite similarly to membranes of the same lot and usually
quite different from membranes of the same type but of a different
lot. Other wvariables in this group would include certain character—
istics of blood, such as hematocrit, protein concentrations, etc.,
which are relatively constant for a particular patient during a
dialysis but which vary from one patient to another.

The second group of variables would consist of those variables
which vary substantially not only from one dialysis to another bhut
also during the course of a particular dialysis. A great number of

more readily measured variables appear in this group. Blood and
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dialysate velocities and volumetric flow rates, available membrane
areas, blood layer thicknesses, the stretch imposed on the membrane
by the difference in pressure across the membrane, and the elapsed
time of dialysis are some such variables. This work deals primarily
with the effects of variables in this second group on mass-transfer
rates during dialysis.

Four parameters upon which blood film resistance to mass transfer
might be expected to depend can be determined from the available
data. Blood velocities, both linear and volumetric, are available.
The effect of volumetric blood flow rate changes on the mass transfer
in a Kiil dialyzer has been investigated. This volumetric blood flow
rate has not, however, been converted to linear blocd velocities by
using dialyzer dimensions. Dialyzer dimensions may also be used to
calculate the blood layer thickness. Should the diffusivity of the
substance vary with the plasma concentration of the substance, the
blood film resistance would also depend on this concentration. In
addition, hematocrit should exert a significant influence on the
mass transfer of materials which transfer relatively slowly out of
the red cells. Because the blood composition is changing with time,
it is conceivable that the blood film resistance to mass transfer
through the membrane would vary with the elapsed time of dialysis.

Resistance to transfer in the membrane is known to be affected
by the stretching of the membrane in a two-dimensional or one-
dimensional fashion. One-dimensional stretch of the membrane during
dialysis can be calculated from the dialyzer liquid capacitance and

the dialyzer dimensions. It is also conceivable that the membrane
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characteristics might change during dialysis and thus the membrane
resistance may show some dependence on the elapsed time of dialysis.
The deposition of a coating during dialysis would be one such possi-
bility. The resistance of each of the membranes cannot he known

at the start of dialysis since the necessary information was not
available.

Dialysate flow rate is set at a relatively high value in order
to make the dialysate film resistance relatively small. Still, it
is possible that variations in the conditions of dialysis would vary
the dialysate film resistance enough to cause a noticable variation
in the total resistance. The parameter which would most likely
bring about the largest variation would be the dialvsate flow rate.
It is possible to calculate linear dialysate velocities from the
information available.

Equations For Linear Velocities and Available Area

The membrane area available for transfer and the linear blood
and dialysate velocities may be calculated using Figures 1, 2, and 3.
On each polypropylene board are machined 150 grooves such as the one
shown in Figure 2. For the model, let us approximate the dialyzer
board shown in Figure 1 with a hypothetical dialyzer board in which
the region coming in contact with fluids is simply a rectangular
surface with 150 grooves all 35 inches long.

A dialyzer built with these hypothetical boards will then have
a total of 600 of the sections shown in Figure 2, 300 in each layer.
Each section is 35 inches long. In each section, the cross-sectional

area of blood in an? is related to the total volume of blood in the
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dialyzer in cm® by the equation

[19]
(600) (L) (S) = V,
or
(20}
Sp = 1.875 X 107 v
The total cross-sectional area not blocked by the membrane support
of the section shown in Figure 2 is found graphically to be 0.01458
o’ so the cross sectional area in cm? per section of dialysate is
[21]

Sq = 0.01458 - S,

neglecting the area taken up by the thin membrane. Cuprophane is
about 0.035 mm thick when wet (51) and the cross-sectional area of
the groove space occupied by membrane is about 5% of the total open
cross sectional area. The neglect of membrane thickness causes the
calculated linear dialysate velocity to be consistantly about 6%
low. Since linear dialysate velocity does not enter importantly
henceforth, the neglect of the membrane thickness is acceptable.

As the blood wolume in the dialyzer increases, the membrane
is stretched in a one-dimensional fashion to accomodate the increase.
An increase in dialyzer blood volume pushes the membrane farther
down the walls of the membrane support in each groove. Assuming
that each groove is identical to every other and that the membrane
does not sag between supports but goes directly and horizontally
across from one support to the next, it is possible to calculate

the total membrane width per section and the available membrane
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width per section as a function of the blood cross-sectional area
per section by graphically integrating over the section shown in
Figure 2. The results of the graphical integrations are plotted

in Figures 4 and 5. Figure 4 presents the total membrane width per
section, i.e., the length of membrane necessary to stretch across
the width of the section and to enclose the specified blood cross-
sectional area. Figure 5 presents the available membrane width

per section as a function of blood cross—sectional area per section.
The available membrane width per section is simply the length of
membrane per section which is not resting against the walls of the
membrane support. Thus dialysate and blood are both in contact with
the membrane over this length and mass transfer between fluids may
occur over this length of membrane.

The average blood layer thickness is calculated by dividing
the blood cross-sectional area per section by the 0.2032 cm or
0.080 inch width of the section and multiplying the result by 2, the
number of boards forming one layer. There is a close relationship
between membrane stretch and blood layer thickness. The thicker
the blood layer, the more the membrane must stretch one—dimensionally
to enclose the blood. The nature of the relationship is shown in
Figure 6. The relationship is almost linear.

All of the results thus far have been obtained from only graph-
ical treatment of the hypothetical dialyzer board dimensions. All
of these variables may be expressed as functions of the pressure
difference across the membrane if the dialyzer capacitance curve

is known. As previously mentioned, we assume the dialyzer capa-
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citance curve for all of the dialyzers is represented by the inflation
curve marked on Figure 3. Using this relationship for blood volume
in the dialyzer and pressure difference across the membrane and equa-
tion [20] the curve in Figure 7 relating blood cross-sectional area

‘per section to pressure difference across the membrane is obtained.
The curve is fitted by the following equations

[22]
Sp = 3.65 X 10 "3 + 1.40 X 10 bp 25 < Mp_ < 50
Sp = 3-82 X 10 73 + 1.06 x 10 =5 p, 50 < ap, < 170
The linear blood velocity in an/min in the dialyzer is calculated
by dividing the volumetric flow rate of blood in ml/min by 600 Sy
since there are 600 sections in the two-layer Kiil.
The curve in Figure 4 is represented analytically in the range
of interest to us by
(23]
Wy = 0.19230 + 6.80 Sy,
where the total width is in cm and the area in cm?. The curve in
Figure 5 is represented analytically in the range of interest by
[24]

Wy = 0.19098 - 8.04
A, Sb

where the width is in cm and the area in an’. The total membrane
width (and hence the one-dimensional stretch of the membrane) and
the available membrane width are only a function of the pressure
difference across the membrane once the dialyzer dimensions have
been specified.
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There are 600 sections in the two—layer Kiil, and our hypo-
thetical board places the length of these grooves at 35 inches or
88.9 cm. The total available membrane area in cm’ is then

[25]

A

= (600.)88.9 Wy = 53,340 W
An

%m %m

The nominal area for transfer is the area of the actual Kiil dialyzer
boards which is in contact with the fluids. This nominal area, often
used in the literature as an approximation to the transfer area of
the membrane, is the sum of the area of the rectangular space oc-
cupied by the grooves and the two triangular spaces connecting the
groove space to the blood ports (see Figure 1). The nominal area
for transfer for each membrane is 402.75 in? or 2598.40 cm®. Figure
8 shows the per cent of this nominal membrane area that is available
for transfer according to equation [25]. The magnitude of the de-—
pendence of the available membrane area upon pressure difference
across the membrane is also shown in Figure 8.

Regression Equations and Techniques for Overall Mass-

Transfer Coefficient

The overall mass-transfer coefficient, sometimes called the

permeability, for a dialyzer is defined for this work by the following

equation
“p, - “a) T (%p_ - 4 ek
- -
" %m c c
Pj = dg
1n c



-38-
Rearranging the above equation to isolate the overall mass-transfer

coefficient gives

[26a]
C
G, - Ca
= i 4 [e]
NN a2
Cp - C
P = (2] di

Aam[ {cpi = Cag) - (CPo = cdi)l

The overall mass-transfer coefficient defined by equation [26]
is the coefficient historically used to describe the process of
mass transfer in hemodialyzers. By considering momentum and con—
centration boundary layer lengths and thicknesses in hemodialyzers,
one can raise legitimate questions as to the desirability of using
such an overall coefficient. Nonetheless, no better alternatives
are available, and the coefficient defined by equation [26] continues
to be used.

This coefficient is a function of many parameters. It may
arbitrarily be represented as a function of certain unknown vari-
ables xl, X2, «.. Xn by the relation

| a5 @n [(27]
P=K.Xy «X2 o oeeoXn

inwhich!(isaoonstantanial, 83 «.+s 8p are the powers to which
the variables are raised. This expression allows non-linear depen-
dencies of P on each of the n variables. It does not, however, allow
one to determine whether the variables cause P to change because of
variations in the blood film resistance, the membrane resistance, or
the dialysate film resistance. Intuitive physical reasoning must be
used to determine which of the three resistances the variations of

each of the n variables affects. Equation [27] may be linearized by
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taking logarithms of both sides to obtain

(28]
log P = a, + aj log X + a2 log X3 +...+ an log Xn

where a, = log K
Equation [28] presents the logarithm of the overall mass-transfer
coefficient as a linear function of the logarithms of the individual
variables. It is therefore possible to use equation [28] to perform
a linear regression analysis to determine the dependence of P for
in vivo dialyses upon various parameters of dialysis.

The overall mass-transfer coefficient value is determined from
equation [26]. The mass-transfer rate is calculated using equation
[10] and the available membrane area using equation [25]. The log-
mean gradient used in equation [26] is the gradient between plazma
and dialysate. As noted previously, there is some question as to
whether or not this is the proper choice for the gradient when the
red cells are effectively permeable during dialysis, as is the case
for creatinine and urea. Mass-transfer coefficients based upon the
log-mean gradient between effective blood concentration and dialy-
sate concentration were calculated for these components. Although
the magnitudes of the P values were affected, the results of the
regression analyses were not. In this work, therefore, all reported
results are based upon the log-mean gradient between plasma and
dialysate.

For these dialyses, dialysate was not recirculated so all four
camponents are not present in the inlet dialysate and all gy = 0.

The outlet dialysate concentration g, is calculated from
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& [29]

1,EQI:)C c
A, @[‘Pi" o] 1+ (- 1) H]

Many models using many variables were fitted to equation (28]
and regressed. Some of these will be discussed later. The final
analyses were carried out to regress the logarithm of P with respect
to six variables: linear blood velocity, the linear dialysate
velocity, the pressure difference across the membrane, the elapsed
time of dialysis, the blood hematocrit fraction, and the plasma
concentration at the dialyzer inlet. Linear dialysate velocity
failed to correlate for any of the four substances and so is not
included in the resulting discussions. This failure to correlate
is logical because previous work (20, 23) has shown that dialysate
flow rates of the magnitude encountered here are so high that changes
in the dialysate flow rate do not affect transfer. The pressure
difference across the membrane was used as a variable instead of the
mermbrane stretch or the blood layer thickness. Membrane stretch
and blood layer thickness cannot both be used as dependent variables
in the regression analysis because, as Figure 6 shows, they are closely
related to one another. A regression analysis cannot differentiate
between a dependency of the dependent variable on membrane stretch
fram a dependency on blood layer thicknegss. Since both membrane
stretch and blood layer thickness are functions only of the pressure
difference across the membrane, it is more reasonable to use the
pressure difference as the variable in the regression analysis than
either one of the two derived variables.

The regression analysis program used was the REGRES subroutine
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kept on file at the Caltech camputing center. A copy of this sub-
routine in Fortran IV language is presented in Appendix A. A de—
tailed discussion of the subroutine is available (39). The technique
of application of the multiple regression analysis is discussed in
many texts (15). The definition and significance of the statistical
terms involved in the program similarly appear in many references
(7, 15, 32). The multiple regression solution gives the least
squares "best" value of the coefficients a,, Ayr 8y TR for the
particular sample of chservations. The input data was assumed
homogeneous, each point therefore having equal weight.

REGRESSION ANALYSES RESULTS

Overall Mass-Transfer Coefficient Regression Results

The results of the analysis of the overall mass-transfer coef-
ficient for each of the four substances are presented in Tables IX
and X and Figures 11 through 15. The mass-transfer coefficient for

each substance is represented by the expression

a a a a a [30]
_ 1 2 3 4 5
Peqn K (vb) (Apm) 2 T 2 (H) (cpi)
The values for the constant and the exponents are given in Table IX.
For instance, creatinine's mass-transfer coefficient is given by
31)
_ -3 0.245 0.077 (
Peqn = 4.601 X 10 (vb) (1 + t)

Table IX also presents the standard deviation of the exponential
value and the confidence limit of that exponential value according

to the regression analysis. When the variable did not have a
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confidence limit exceeding 80% the confidence limit was not given
except in a few special cases.

Table X presents the average value of the mass-transfer coef-
ficient for all the experimental points for each substance. It
also presents the standard error of this average mass-transfer coef-
ficient value for all the experimental points. Because not all the
experimental points were common to each of the four substances, the
average value for each substance cannot be compared to one another
because different average conditions were present for each substance.

The standard error of the difference at each experimental point
between the predicted P value according to [30] and the actual P
value calculated from the experimental data is also given in Table
X for each component. The standard error of the mass-transfer dif-
- ferences expressed as a percentage of the average P value is the

value of the following expression

" ]
100 Yy [P -P (i) ]
P i=1 ean [32)

avg
M

where there are M experimental points available to determine P.
This standard error of differences was one of two criteria used to
determine the desirability of each model. The first and most im-
portant criterion was the consideration of how accurately the var-
iables of the model and their calculated exponents represented the
actual physical processes occurring in the dialyzer. This largely

involved intuitive reasoning because of the lack of extensive, mean—
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ingful experimental data. The second criterion was the consideration
of the magnitude of the standard error of the differences. The
minimization of this quantity implies that the predicted equation
from the model best fits the data. The final results of the re-
gression analysis did minimize this standard error of differences.

One can campare the mass-transfer ocoefficient magnitudes for
different substances by calculating the predicted mass-transfer
coefficient according to equation [30] at certain specified refer-
ence conditions. Reference, or standard, values for mass-transfer
coefficients, dialysances, relative dialysances, and relative
permeabilities in this work are those values of the quantity which
exist under the following conditions in the Kiil:

a. volumetric blood flow rate of 200 ml/min

b. volumetric dialysate flow rate of 500 ml/min

c. pressure difference across the membrane of 50 mm Hg

d. elapsed time of dialysis of 30 minutes

e. blood hematocrit fraction of 0.26

f. for phosphate, an arterial plasma concentration of 7.0 mg$%

inorganic phosphate

Conditions (a) and (c¢) coupled with the dimensions of the Kiil
dialyzer result in a reference blood velocity of 76.62835 cm/mnin
and a reference available membrane area of 8321.57 an?, Reference
values of the mass-transfer coefficient are presented in Table X.

The reference values reported may be used to calculate the
value of the mass-transfer coefficient at any conditions of dialysis.

Reference values of the mass-transfer coefficients also enable ane
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to campare the magnitudes of the coefficients for different substances
at the reference conditions. Of course, as the reference conditions
change, so will the reference values, and the reference values will
not all change in the same fashion.

Figure 9 and Figure 10 are two typical scatter diagrams for the
results obtained. Figure 9 is the scatter diagram for the creatinine
dialysance dependency an the linear blood velocity. This was the
dependency with the highest confidence limits so the scatter diagram
shows the least scatter of points. Figure 10 is the diagram for the
pressure difference dependence of the dialysance of phosphate.

This was the dependency with the lowest confidence limits and the
scatter diagram shows the greatest amount of scatter of the exper—
imental points. The lines drawn through Figures 9 and 10 represent
the changes in the dialysance as the variable involved changes

from the standard value when all other variables are at their standard
values. The change in the dialysance is calculated by using the
exponents presented in Table X. The points on the plots are derived
fram the experimental data. The dialysance is calculated from the
experimental data according to equation {[14]. Then the dialysance
value for each point was corrected to that dialysance value which
would exist if all variables but the one plotted on the abscissa
were at the standard values for the variables. For example, for

the creatinine points plotted in Figure 9 the corrected dialysance

at each point is calculated from

0.077 (33]

— 1.5
P corr D(m‘)
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This corrected dialysance is compared to the reference dialysance

value and the percentage difference from the reference value is

plotted on the ordinate.

Figure 11 shows the dependence of each of the four mass-transfer
coefficients on linear blood velocity. The exponents for creatinine
and urea are close enough that both values fall well within the range
of the standard deviations of both exponents, as may be seen fram
Table IX. The uric acid and phosphate dependency curves are each
substantially removed fram all the other curves and so indicate a
clearly different dependence upon blood velocity. The mass—-transfer
ocoefficient increases as blood wvelocity increases, which is expected
since it has long been known that an increase in volumetric blood
flow rate through a dialyzer increases the efficiency of transfer.

By the use of a Wilson plot, values for the membrane resistance
and the blood film resistance may be calculated from the results of
the regression analysis. The total resistance to mass-transfer
across the membrane, which is the reciprocal of the permeability,
is the sum of the individual resistances for the membrane and the
blood film (30)

thgzpmlrab [34]

The membrane resistance is unaffected by alterations in the blood

flow rate, so equation [34] may be written

Rt = Ry + BVa [35]

If the resistance of the blood film is a power function of one
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velocity, then a plot of the total resistance versus the velocity to
the pertinent power a yields a straight line whose slope is the
value of the constant B and whose intercept is the value of the
membrane resistance R, (30). The total resistance was calculated
by using the results of the regression analysis and considering all
variables except the linear blood velocity to be at reference
values. The results of the Wilson plot are presented in Table
XVII. Figure 24 presents a typical Wilson plot as was constructed
in this work. The reference membrane resistance and reference
blood film resistance are those values of the resistances which
exist at the reference conditions.

These results may be compared to theoretical predictions.
The blood film resistance is proportional to the linear velocity
to the -0.8 power for turbulent flow (30), to the -0.33 power for
laminar flow between two infinite parallel plates when the mamentum
and mass-transfer boundary layers are developing, and to the & zero
power in laminar flow when all boundary layers are fully developed
(26, 34). The blood film resistances in this work are proportional
to the velocity to the -0.2 to -0.5 power. Since the Reynolds
number of blood in the dialyzer is about 2, this presumably implies
that the irregularities in the dialyzer dimensions prevent the
boundary layers from ever truly fully developing in the dialyzer.
Thus, these results suggest that mass transfer in Kiil dialyzers
occurs by molecular diffusion across developing boundary layers.

Figure 12 shows the dependence of the transfer coefficients

upon the imposed pressure difference across the membrane. Creatinine
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shows no dependence provided the available membrane area for transfer
is calculated as a function of pressure difference according to
equation [25]. If the available transfer area is assumed a constant,
then the mass-transfer ocoefficient for creatinine decreases as the
pressure difference increases. The mass—-transfer coefficient of
phosphate also shows no definite dependence on pressure difference.
As Table IX indicates, however, the confidence limit is not too low,
~and it is possible that more experimental data ocould show a depen-
dence.

The transmembrane pressure difference dependency is not, however,
oconsidered accurately determined, although the differences in the
dependency fram one component to another are genuine. To verify
the applicability of the regression analysis results to individual
dialyses, the mass-transfer coefficient data for a given component
and independent variable were corrected as discussed earlier for
the scatter diagrams in Figures 9 and 10. The corrected mass-transfer
coefficients for each individual dialysis were plotted as a function
of the independent variable to ascertain that the best line drawn
through the data for each dialysis had the same directional slope
as the line from the regression analysis using all the data. For
all components and all independent variables except the transmembrane
pressure difference, the slope of the regression analysis line
was of the same sign as the slopes of the lines drawn through all
points for individual dialyses. For the transmembrane pressure
difference dependency of both urea and uric acid, however, only

three of the nine dialyses had negative slopes like the regression
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analysis line. Four dialyses had lines with positive slopes (P
increasing as Apy increases) and two dialyses had lines of
appraximately zero slope.

For every dialysis, the slope of the pressure difference
dependency line was the same for both urea and uric acid. This
fact, coupled with regression analyses results using various dialyzer
capacitance curves, suggests that the disagreement between the
slope of the regression analysis line and the slopes of many of
the individual dialysis lines for transmembrane pressure differ-
ence dependence is due to differenoes in the dialyzer capacitance
curve fram dialyzer to dialyzer, and hence from dialysis to dialysis.
An alteration in the dialyzer capacitance curve pictured in Figure
3 does not affect the results of the regression analysis for any
of the independent variables except the pressure difference across
the membrane. It does slightly alter the magnitude of the mass-
transfer coefficients because of the change in available membrane
area for mass transfer, and it does alter the pressure difference
dependence of the mass-transfer coefficients because of the chance
in the dependence of the available membrane area upon the transmem-
brane pressure difference. Although the differences of the trans-
membrane pressure difference dependence fram one camponent to another
remain unaffected by the apparent variations in dialyzer capacitance
fran one dialysis to another, the accurate determination of the
pressure difference dependence of the mass-transfer coefficients
must be done using dialyzers with known capacitance curves.

The dependency of the total permeability upon the pressure
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difference across the membrane may be examined further using a
modification of the Wilson technicue. An alteration in the pressure
difference across the membrane stretches the membrane. The stretch-
ing of the membrane changes the thickness of the blood layer, which
in turn alters the resistance of the blood layer tc transfer.
In addition, evidence in in vitro systems has showr that one-
dimensional stretching of the membrane hinders the transfer of sugar
molecules through the membrane (13). It is not clear whether the
transfer of smaller molecules would be similarly affected.
Presumably, then, the variation of the total pemmeability may
result fram variations in both the blood film resistance and the
membrane resistance. If both resistances are affected by changes
in the pressure difference across the membrane, a Wilson plot
of resistance versus pressure difference cannot be constructed
with the information available. In order to construct a Wilson
plot for the variations in total resistance caused by changes in
the pressure difference across the membrane, one must first assume
that changes in pressure difference affect only one of the resist-
ances in series.

If this assumption is made and a Wilson plot prepared fram the
data, then the results of the Wilson plot may bhe analyzed to check
at least partially the validity of the original assumption. If
an extrapolation of the resultant straight line of the Wilson plot
gives a negative value for the total resistance for any pressure
difference greater than or equal to zero, then the assumption

must be false since this situation is not physically possible.
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Also, the resistance at zero pressure difference as determined by
extrapolation is presumably the value of the resistance unaffected
by changes in pressure difference. If the value of this resistance
does not agree with physical intuition or with the values obtained
fram other Wilson plots for the same data in which another variable
was considered, then presumably the original assumption was false.
On the other hand, if the results from the Wilson plot pass the
two tests mentioned, there is a reasonable basis, but not a con-
clusive basis, for believing that the assumption and the results
based on it are ocorrect.

For urea, the assumption that only one resistance is affected
by the changes in pressure difference yielded excellent results
fram the Wilsan plot. Table XVII shows that membrane resistance
is uwnaffected by variations in the pressure difference across the
membrane. For uric acid, the assumption that only one resistance
is affected by pressure difference changes did not yield completely
satisfactory results. The membrane resistance in Table XVII for
uric acid for the pressure difference Wilson plot results is almost
twice that calculated fram the velocity Wilson plot. Nonetheless,
the scatter in the original data could result in this difference.

The average thickness of the blood film is a function of the
pressure difference to the 0.146 power, so the Wilson plot results
for pressure difference may be expressed in terms of the average
blood film thickness. When this is done, the blood film resist-
ance of urea is proportional to the blood layer thickness to the

+1.4 power and R, of uric acid is proportional to the blood layer
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thickness to the +0.7 power. For turbulent flow, the predicted
power is +0.2; for undeveloped laminar flow, the +0.33 power;

and for fully developed laminar flow, the +1.0 power (26, 34)

The Wilson plot results for urea and uric acid suggest fully
developed laminar flow, but the lack of dependencies for
creatinine and phosphate cast doubt on this. As mentioned pre-
viously, the regression analysis results for pressure difference
dependence are not so good as desired, so the Wilson plot results
are also indefinite.

Figure 13 illustrates the dependence of each mass-transfer
coefficient upon time. Urea has no dependency. Phosphate, uric
acid, and creatinine all show an increase in mass—transfer coef-
ficient with increasing time of dialysis within the time span
of 30 - 360 minutes of dialysis. Extrapolation of any of the
curves presented in Figures 9 - 23 outside of the range or pre-
sentation is risky, but in the case of the time dependency curves
it is almost guaranteed to be wrong. Experimental evidence has
been presented (3) to show that after six hours of dialysis a
ooating of foreign material begins to form on the membrane which
severely decreases the efficiency of dialysis. Thus curves in
Figure 13, which show an increase in efficiency with time, should
certainly not be extended beyond the first six hours of dialysis.

As was the case with the results of the regression analysis
for the dependency of P upon the transmembrane pressure difference,

a Wilson plot may be prepared for each camponent using the elapsed
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time as a variable. Again, to acbtain results one must first assume,
and later check, that only one of the two resistances is affected
by the change in time. When this assumption is made for creatinine,
uric acid, and phosphate, each Wilson plot of Ry versus (1 + t)°
indicated that the change with time was due to same variation in
the membrane resistance. For each of the three substances, the
membrane resistance decreased with time inversely to (1 + t). This
result is samewhat ancmalous since no prior investigation has shown
a membrane resistance which decreases during the course of dialysis.
One investigation previously mentioned, noted qualitatively the
formation of a coating on the membranes of dialyzers after six
hours of dialysis (3). In addition, Spaeth (45) has shown that in
oxygenators with silicone-rubber membranes fresh blood induces no
increase in membrane resistance but traumatized blood does cause
membrane fouling after a short period of use in an oxygenator and
hence an increase in membrane resistance. The apparent decrease
in membrane resistance noted in this work should be investigated
further and confirmed by other work.

Figure 14 shows the dependencies of the uric acid and phosphate
mass—-transfer ocoefficients upon the level of the patient's blood
hematocrit. Urea and creatinine, which were assumed to maintain
equilibrium between cells and plasma in the blood, show no depen—
dence upon hematocrit. This is to be expected and tends to confimm
our choice of setting the effective partition coefficient of crea-
tinine equal to the equilibrium partition coefficient. Uric acid

and phosphate, which were assuned to be frozen into the cells
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during passage through the dialyzer, show a very strong decrease
in mass-transfer coefficient with increasing blood hematocrit.
The direction of the effect, increasing P values with decreasing
hematocrit, is what one would expect, although the magnitude of
the changes in P is quite large for the relatiwvely small changes
in hematocrit. At least two processes probably contribute to
the effect of hematocrit on the mass-transfer coefficient. The
presence of impermeable particles in the flowing blood increases
the effective path length that the substance molecule must travel
to reach the membrane, thus slowing down the transfer rate because
of an increase in the blood film resistance. Also, the greater
the fraction of cells in the blood, the greater the area of the
membrane which will be in contact with the cells at a given time.
When the material involved cannot be transferred across the cell
membrane, the membrane area in contact with the cells is effectively
shielded fram the plasma and transfer cannot take place across
this shielded membrane area.

Wilson plots to explain the dependency of the total permeability
in terms of the membrane and blood film resistances could not be
prepared. If one assumes that the hematocrit affects only one
of the resistances, then one can only construct a straight-line
Wilson plot by allowing negative resistances. This indicates the
assumption that the hematocrit variations only affect one resistance
is not valid, and indeed ocne would expect this to be the case.

A quantitative hypothesis describing the effect of hematocrit

upon the total permeability results when an analytical model of a
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dialyzer developed by Grimsrud and Babb (4, 24) is cambined with
certain assumptions regarding the behavior of red cells in the
dialyzer. Grimsrud and Babb appraximated the blood layer in the
dialyzer as being confined between two semi-infinite parallel
plates. Assuming fully-developed laminar flow, constant diffusivity,
and negligible axial diffusion, the governing equation for mass
transfer in the system is

a2

y

= 2
2 9 h

ax

where the x-coordinate is in the direction of flow and the
y-coordinate is perpendicular to the membrane surfaces. The
necessary boundary conditions for the prablem are the following:
3c = 0 at dialyzer centerline
oy
c =c¢; at dialyzer inlet [37)

-0 3 - Pc at membrane
oy

The solution of this set of equations expresses the Sherwood number
in terms of eigenvalues which are functions of the parameters of
the system. The Sherwood number for the two-layer Kiil is about
1.0. For Sherwood mumbers around 1.0, ane can determine fram Babb
and Grimrud's solution that the total permeability is related to the

membrane permeability and the diffusivity by the following equation:

Equation [38) is valid for an inhomogeneous media, such as

blood, when the diffusivity and membrane permeabilities are the
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effective values which exist at the particular concentration of
suspended particles. One can determine the dependenocs upon hema-
tocrit of the total permeability of a dialyzer for a substance
impermeable in red cells by estimating the dependence of £ and
£) upon variations in blood hematocrit.

The effective diffusivity in blood for any substance is
estimated in this work from a theory developed by Fricke (19).
This theory has been confimmed experimentally by measuring the rate
of diffusion of dissolved gases through blood (45). Related
experimental data exist in the literature (14), but the use of the
theory of Fricke is probably better for this work (45). For
hematocrits around 0.25, Fricke's theory states that O is pro-

portional to the hematocrit to the -0.52 power, so that
p=xg?76 g0.13 [39]

The total permeability is strongly dependent upon the var-
iations of the effective membrane permeability. The effective
membrane permeability is reduced by the presence of impermeable,
inert particles in the blood because the contact of these particles
with the membrane effectively masks off the contacted membrane
and reduces the available area for transfer. Part of the contact
between these impermeable particles (which can be red cells, white
cells, lymphocytes, proteins, and platelets) and the membranes
is between particles which have adhered to the membrane either as
individual particles or as a sludge. Platelets, lymphocytes, and
proteins are known to adhere to the membrane throughout dialyzers,

and cells are known to settle out of blood when the blood is flowing
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slowly in "dead spaces" and to form sludges. Part of the contact
between membrane and particles occurs when particles which are in
motion are mamentarily in sliding contact with the membrane.

The membrane area in contact with flowing red cells may be
estimated by assuming a particular orientation of the cells with
respect to the membrane. A red cell has the approximate shape of
a filled-in doughnut with opposing concave surfaces enclosing the
"top" and "bottom" of the cell. The maximum radius of the cell is
8.5 microns and the maximum thickness is 2 microns. The volume
of an individual cell is 87 cubic microns, or just 77% of the volume
of a cylindrical disk of identical radius and thickness. To
determine the membrane area in contact with red cells, assume that
the blood next to the membrane is of the same hematocrit as the
bulk blood and that the cells are in contact with the membrane at
their concave surfaces. Experimental evidence is available which
suggests that this orientation of the cells with respect to the
membrane surface in a flowing stream is the most probable orien-
tation (36).

Under these assumptions, the fraction of the membrane area
masked by the flowing cells can be determined by considering a
small rectangular prism of blood 2 microns thick with a scuare
cross—-section impinging upon the membrane surface. The prism con-
tains ane cell and the length of the side of the square surface of
the prism is adjustable. The length of the side of the square
surface is uniquely determined by the hematocrit of the blood in

the prism, since the hematocrit is equal to the ratio of the volume
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of the red cell to the volume of the prism. The fraction of the
membrane area covered by the prism which is masked off at a
particular blood hematocrit is determined by calculating the
length of the square side of the prism necessary to produce that
hematocrit in the prism and then noting what fraction of the area
of the square surface of membrane is masked off by the red cell.
For example, at 25% hematocrit 32.5% of the membrane area is masked
by the cell in the rectangular prism and this fraction is the frac-
tion of the area masked in the entire dialyzer under the assumptions
used in this work. By calculating results for hematocrits in
the range covered by the data used in this work, one can determine
that the available membrane area, and hence the effective membrane
permeability, is proportional to the hematocrit to the -0.48 power
for hematocrits around 25%. From equation [39], one can see that
the variations in effective diffusivity and the variations in
effective membrane permeability caused by cells in sliding contact
with the membrane account for the total permeability being propor-
tional only to the hematocrit to the -0.5 power.

The remainder of the total pemmeability's dependency upon
hematocrit is presumably caused by the presence of particles in a
stationary state upon the membrane. If the fraction of the membrane
area which is masked by inert particles is equal to 2.3 times the
hematocrit fraction, then the final predicted dependency of the total
permeability upon hematocrit is that the permeability is proportional
to the hematocrit to the -1.53 poser. This value is in accord with

the experimental results.
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Although the model discussed above can offer a quantitative
explanation for the observed dependence of the total permeabilities
of uric acid and phosphate upon hematocrit, same objections can
be raised to it. The results are quite sensitive to the effects
of inert particle masking of the membrane surface, and the lack of
quantitative experimental results in this regard necessitates the
use of untried assumtions to estimate this effect. Under the
assumptions used for the above model, slightly less than 60% of
the membrane surface is apparently covered by some rather permanent
adhesion of particles. This seems a high percentage, and the
masking of this portion of the membrane should result in a higher
membrane resistance than was calculated in this work fram Wilson
plots. Nonetheless, this model based upon the work of Grimsrud
and Babb may offer same clues towards the eventual determination of
the mechanism by which hematocrit affects transfer in hemodialyzers.

Figure 13 provides an indication that for the nine dialyses
examined the hematocrit of each patient did not change appreciably
during the course of the dialyses analyzed. For uric acid and
phosphate, a change in hematocrit with time would result in a
change in the mass-transfer coefficient with time. The curves
in Figure 14 imply that the change in P with time for hoth sub-
stances would be nearly the same. Although the mass-transfer
coefficients of both uric acid and phosphate show a change with
time, the change of each is materially different. The change in
the uric acid P with time is much less than the change in the
phosphate P with time, although Figure 14 shows that the depen-

dency of the uric acid P on hematocrit is slightly stronger than
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the dependency of the phosphate P. This evidence indicates that
the hematocrit of the individual patient remained fairly constant
with time during the first six hours of dialysis for the dialyses
being examined. Of course, any dialysis for which prior inspec-
tion showed this might not be true was not analyzed in this work.

Only inorganic phosphate, of the four components considered,
showed any dependency of the overall mass-transfer coefficient
upon the experimentally measured total arterial plasma concentration.
This dependency is shown in Figure 15. This effect is only an
apparent effect caused by the fact that the measured plasma concen-
trations are total concentrations, that is, the sum of both bound
and unbound (free) forms of the component in the plasma. A
significant portion of the phosphate in the plasma is not free
but is bound to the proteins. Only the free inorganic phosphate
is available for transfer.

One may show that the dependency of the overall mass—-transfer
coefficient upon the total arterial plasma concentration is caused
by the use of total plasma concentrations in equation [26] rather
than the proper free plasma concentrations for inorganic phosphate
by assuming the bound inorganic phosphate remains at constant
concentration throughout a single blood pass and calculating values
for the overall mass-transfer coefficient using free plasma concen-
trations in equation [26]. Although the free plasma concentrations
of inorganic phosphate were not measured, one can determine them
using the regression analysis results above and the assunption just

mentioned. The bound plasma inorganic phosphate is calculated to
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be 1.40 mg%, and the overall mass-transfer coefficient calculated
using free concentrations is not affect<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>