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CHAPTER -I. INTRODUCTION.

The preservation of live in patients with end stage renal
disease is one of the major medical achievements of the Tlast
decades. The human kidney was the first internal organ to be
replaced by an artificial device. In the same era kidney trans-
plantation has become possible, but not all patients can profit
from this treatment. The artificial kidney, that up till now only
partially replaces the function of the natural kidney, went
through a stormy development. This has been stimulated by the
awareness among physicians of considerable residual morbidity in
patients, treated by chronic intermittent hemodialysis.

In the seventies suspicion arose that part of this morbidity
might be ascribed to the retention of toxic metabolites, that are
not removed from the body by conventional dialysis procedures. On
the one hand this Ted to the development of new membranes for
artificial kidneys, on the other hand it promoted the clinical
application of an entirely new technique, that bears resemblance
to the function of the natural glomerulus and is called hemofil-
tration. The major drawbacks of this technique are the complicated
technical equipment that is necessary for clinical application,
and the limited clearing capacity, which depends on the maximum
amount of filtrate that can be produced during one treatment
session, However, it is possible to obtain ankuptimal profile of
blood purification by combining hemodialysis and hemofiltration,
thus couplimg mass transport by simultaneous diffusion and con-

vection. This will cause the removal from the blood of waste



products of small as well as larger molecular weight. The advan-

tages of this procedure on the long term are not clear, because

clinical experience is still rather limited.
The aim of the present study is :

a. to bring into practice simultaneous hemodialysis and hemofil-
tration; which will be called hemodiafiltration, and to evalua-
te this kind of treatment on the lTomg term in a pilot study.

b. To develop a mathematical concept that analyzes the interaction
of diffusive and convective mass transport and to verify the
results by in vitro studies.

¢. To design and construct sophisticated equipment for hemofiltra-
tion treatments, based on accurate volume control,

d. To gather clinical experience with this equipment and to study

in vivo mass transport characteristics.



CHAPTER II. HISTORICAL REVIEW
A. Hemodialysis

The passage of crystalloid matter from urine into a water bath
trough a parchment membrane was first studied by Thomas Graham in
1854, who called this phenomenon dialysis (Drukker 1983). This
principle was applied fo the purification of blood in animal expe-
riments by Abel and coworkers in 1913.

In 1928 the first succesful hemodialysis procedure on a human ~
being, using‘a celloidin membrane, was conducted by Georg Haas in
Gieszen. He used a new anticoagulant; heparin, introduced for this
purpose by his countryman Necheles. Hg carefully qbserved a 20%
reduction in the volume of blood that was brought outside the body
and believed that it was due to osmosis. Actually it was the
result of ultrafiltration, caused by a positive hydrostatic pres-
sure nﬁ the membrane,

In the same year in Belgium, Brull, pub]ished on his ultrafiltra-
tion experiments in animals, in which blood under pressure from
the carotid artery was exposed to a celloidin membrane on a frame
work of glass. He collected the ultrafiltrate and found that its
mineral content was almost identical to that of plasma.

The definite break-through of hemodialysis treatment was made by
W. Kolff in Kampen, The Netherlands, who, together wit an engineer
H. Berk, constructed a rotating drum dialyser in which the b100d
was propelled by rotation through 40 meters of cellophane tubing.
In 1945 he reported on the first survivor of acute renal failure

(Kolff 1946). Although in the years following his invention many



effective dialysers have been developed, it took another 1% years
before the treatment of chronic renal failure was succesfully un-
dertaken, At the ASAIO meeting in Chicago 1960, Quinton, Dillard
and Scribner reported on an exteriorized arterio-venous bypass
device made from teflon to provide a permanent vascular access, in
order to perform an unlimited number of dialyses in a single pa-
tient. Initially a kiil dialyser was used with a continuous flow
dialysis system at Tow temperature to avoid bacterial contamina-
tion of the dialysate. Later the system was changed into a single
pass dialysate system at 3706, and in 1962 the Seattle Group
reported on 8 patfents surviving their end stage renal failure
from 4 months to 2 years.

After this there was a rapid expansion of dialysis therapy all
over the world and in 1965 more than 160 patients were treated in
40 centers in Europe.

However, with growing experience it became clear that not all
uremic symptoms were relieved by this new therapy. Signs of neuro-
pathy, osteodystrophy, persisting anemia, cbagu1ation disorders,
disturbances of carbohydrate and 1ipid metabolism, hypertension
and cardiovascular diseases, most of which disappear after succes-
ful trénsp1antation, were observed among dialysis patients.

Based upon his experience with peritoneal dialysis Scribner postu-
lated at the ASAIO meeting in 1965 :

“Furthermore, as we ‘ve mentioned in the past, if it is true that
patients feel better on less dialysis, there is a chance that be-
cause the peritoneal membrane is leaky, we are removing with peri-
toneal dialysis centain higher molecular weight substances more

efficiently than with hemodialysis, and this may account for the



better results, and suggest that we need a leaky membrane for a
hemodialyser”., Shaldon had come to the same conclusion Based on
the apparent better clinical condition of patients dialysed on
thin cuprophane membranes with Kiil dialysers compared to patients
dialysed on  thick cellulose coil dialysers, in spite of coil
dialysers having a more efficient urea clearance (Shaldon 1983).
These observations gave rise to the so called "Middle Molecule
Hypothesis" formulated in 1972 by Babb and coworkers and were
supported by observations of Tenckhof (1970) in peritoneal dia-
lysis, by Jebsen (1967), who reduced the treatment time and by
Ginn e.a. (1972) using dialysers with a small surface area..

The concept however was challenged by many investigators among
whom Kjellstrand {1972, 1973, 1975} who stated that these remai-
ning signs of uremia were the result of the non-physiological
impact of hemodialysis on the "milieu interieur". Many investi-
gators (DzGrik 1973, Bergstrom 1976a, Flirst 1976, Babb 1972,
Migone 1975) attempted to identify thése toxic Middie Molecules,
i.e. solutes with a molecular weight between 600 and 5000 Daltons,
and others (Cambi 1972, 1973, Millora 1972, Shinaberger 1972,
Sargent 1974, Maiorca 1974, Nakagawi 1977, Raja 1978, Graefe 1979)
tried to discriminate between small and middle molecule clearances
by manupulating treatment strategies. They did not succeed in pro-
ving or rejecting the middle molecule hypothesis and the concept

has gradually become less convincing.



On empirical grounds Babb and Scribner concluded that the

minimal <¢learance requirement for middle molecular toxins was
considerably less than for small molecular toxins and it was
estimated to be about 30 liters per week. This corresponds to a
residual glomerular filtration rate of 3 mi/min. Therefore, they
conceived the "dialysis index", which expresses the middle mole-
cule removal for any patient dialyser combination (Babb 1975).
In this formulation the residual glomerular filtration rate is
added to the 1in wvitro clearance of the dialyser for a middle
molecular substance. For this substance they choose Vit B12 having
a molecular weight of 1355 Daltons.

This index was presented as follows :

deBtd + 60 x 168Kk

D.I.

i (30.000) (S/1.73)

=
=
[
=
-]
b=
n

g - the number of dialyses/wk,

KB = dialyser clearance for Vit Bl2 in ml/min

53

the duration of each dialysis (min.)
60 x 168 = the number of min. in a week

= the residual renal clearance in ml/min., and

Fal
=
1

5 = the patient surface area,

A Dialysis Index equal to one yields the hypothetical minimum
clearance of 30 liters per week for a middle molecular substance.

Opponents (Teehan 1977, Gotch 1975, Lowrie 1981) of this formula



emphasized the restrictions of this approach as the following
assumptions are fimherent to it :lthe renal clearance of texic
middle molecules is equal to the glomerular filtration rate {which
holds true for inulin; MW 5200 Daltdns), 2 these middle molecules
are distributed in the body in a single pool and 3“1‘trmv_~1‘r production
rate is a direct function of body surface area.

One could speculate that accumulation in the blood of toxic sub-
stances is not only the result of retention because of insuffi-
cient renal excretion, but rather the consequence of a stimulated
synthesis in the way this applies for instance to parathormon.
With this so called "trade-off hypothesis® Bricker (1972 a and b)
tried to explain some uremic symptoms, but it has not gained gene-
ral acceptance. The main benefit of the dialysis index concept is
that it enabled comparison of different treatment strategies and
undoubtedly it substantially stimulated research in the field of
dialyser design and membrane technology.

By application of sophisticated techniques of gel filtration
and exchange chromatography, several investigators succeeded in
separating fractions from uremic serum that were supposed to
contain middle motecular toxins, as was assessed with standards of
known molecular weight.

Indeed, Man and collaborators, iselated from the plasma of uremfc
polyneuropathic patients a fraction that exhibited an in vitro
neurotexic effect on an isolated frog sural nerve (Man 1973a,
1973b, 1974, 1980, Funck-Brentano 1972, 1978, Sausse 1974). This
fraction was also present in the urine of healthy volunteers and
in a sigrificantly Tower concentration in the plasma of uremic pa-

tients without polyneuropathy.



Attempts to isolate and identify this neurotoxin were unsuccess-
ful, However they managed to obtain impressive improvement of
severe polyneuropathy in several patfemts by using a polyacrilo-
nitrile membrane which is very permeable to middle molecules.

TheSe data support the middle molecule hypothesis but do not phowe
it.



B. Hemofiltration

In 1967 L. Henderson introduced hemofiltration as an alternative
to hemodialysis treatments. This process is analogous to the
production of wultrafiltrate in the human glomerulus and takes
place under the influence of a hydrostatic pressure gradient. In
contrast to the process of diffusion during dialysis, which fis
particularly effective for small molecular substances like urea
with considerable Brownian motion, here, mass transport 1is by
convection, which is equally effective for all molecular sizes.
Clearance is determined by filtration flux and membrane cut off,
which means that pore-size restricts the passage of too large
molecules.

Thus clearance of middie molecules during hemofiltration is consi-
derably higher than during hemodialysis. As long as there is no
way to imitate the process of reabsorption and secretion of the
tubular cell, the filtrate must be discarded and the losses must
be replaced by substitution of a modified Ringer-lactate solution.
Before proceeding to clinical application Henderson experimented
on laboratory animals and he used a capillary filter X M-50 {Ami-
con) with a polysulfonate membrane and a surface area of 0.4 m?.

A tendency to clotting and sludging phenomena in these capillaries
was noted. For a saline solution there was & linear dependency of
ultrafiltration flux on transmembrane pressure.

However for a protein contaiming solution there is a decline of.
ultrafiltration flux with high transmembrane pressures. This is

due to protein coating on the membrane. For this reason Henderson



decided to dilute the blood and he added the substitution fluid to
the blood before its entrance into the hemofilter. This was called

predilution: figure 1.

Figure 1 : predilution hemofiltration according to Henderson.
B. bloodpump
C. collecting chamber
F. hemofilter
P. piston pump
U, ultrafiltrate
S. substitution fluid
V. vacuum source

His collaborators {(Colten e.a., 1975) analysed the dependency
of ultrafiltrate flux on transmembrane pressure difference, blood-
flow, hematocrite, various protein concentrations, fiber length

and diameter in a theoretical model and tested it in in vitro

studies.
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On account of these data they elaborated a capillary filter with a
membrane area of 1,6 mz, which was used by Henderson in c¢clinical
studies. In the predilution mode 70 to 100 liters of substitution
fluid were consumed per 6 hour hemofiltration procedure {Menderson
1975b).

The treatments were tolerated well and as expected inuline clear-

ances were substantially higher than with conventional hemodialy-

substi-
tution
Huid

LR

Hep

ultra-
filtrate
Figure 2 : Post dilution hemofiltration according to Quellhorst.
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sis. However there was also considerable protein loss up to 20 to
30 grams per 6 hour period.

In Europe the first important clVinical results were reported
by Quellhorst e.a.{1976). The major distinction from Henderson's
studies was that the substitution fluid was added to the blood
after passage through the hemofilter, which was called postdilu-
tign. This is schematically illustrated in figure 2.

Thus per 4% hour hemofiltration treatment 18 to 20 liters of fluid
were exchanged, using a RP6 dialyser and later a special disc-like
cellulose triacetate membrane from Sartorius. The substitution
fluid had the following composition :

Na* 135 mmo1/1, K* 2,0 mmol/1, Ca™t 3,75 mmol/1, Mg™ 1,5 mmol/1,
¢17 108,5 mmol/1 and lactate 33,75 mmol/1.

The hemoconcentration, that is inherent to the postdilution mode,
did-not result in any adverse effect in the sense of blood cell
damage. Protein loss amounted to 10 grams per treatment.

On 7 patients treated for 3 to 18 months by hemofiltration
Quellhorst reported an improvement of hypertension, resistant to
dialysis and drugs, anemia, hypertriglyceridemia, hyperphospha-
temia, polyneuropathy and symptoms of dialysis discomfort, such as
headache, nausea and cramps (Quellhorst 1977a, 1977b). By hemofil-
tration substances with a molecular weight over 300 Daltons were
eliminated more effectively than by hemodialysis. Removal of small
molecular solutes however was considerably less effective, resul-
ting in high pretreatment levels of urea and creatinine, but this
did not obviously harm the patients.

His most remarkable observation was the normalisation of seve-

re hyperreninemic, drug and dialysis resistant hypertension in 12

12



out of 13 patients in the course of 7 months {(Quellhorst 1979a,
1979b). This normalisation of blood -pressure was not simply @
function of extracellular fluid withdrawal (i.e. volume depen-
dent), because there was a parallel decrease of plasma renin acti-
vity. On the other hand he noted that fluid withdrawal during
hemofiltration in normotensive patients was tolerated well and not
accompanied by blood pressure drops or disequilibrium symptoms
such as headache or vomiting, which is often seen during fluid
withdrawal in conventional hemodialysis. This phenomenon was
explained by the reﬁative1y small change in extracellular osmola-
rity during hemofiltﬁatﬁon while during the course of a hemodia-
lysis procedure plasma osmolarity decreases signﬁficahtly@ resul -
ting in a fluid shift from extracellular to- intracellular space
and consequent shrinking of the wvascular coﬁpartment (Pogglitsch
1978, Rouby 1978, Aizawa 1979).

Interestingly the same degree of vascular stability was obser-
ved by Bergstrom e,a. in 1976 who treated severely overhydrated
patients with sequential ultrafiltration - hemodialysis. In this
treatment strategy ultrafiltration precedes the hemodialysis
session and thus the symptomless rapid fluid withdrawal is also
established under iso-osmotic conditions {(Bergstrom 1976, 1978a,
1978b, Pierides 1978, Ivanovich 1978). Their theory was challenged
by many investigators among whom Henderson who states that both
resistant hypertension and unstability of blood préssure during
treatments is caused by a defect in baroreceptor function due to
the retention of toxic middle molecules (Henderson 1975a, 1977,
1980, Graefe 1977, Jones 1977, Spohr 1980).

An important observation shared by various authors, is that vascu-

13



Tar stability during hemofiltration appears to be due to an ade-
quate adaption of the peripheral vascular resistance in response
to fluid withdrawal, which might be mediated by increased catecho-
lamine levels ({Shaldon 1979, wWehle '1979). Whatever its cause may
be, it is not seen during hemodialysis and this remarkable disco-

very is still a matter of much debate (Baldamus 1982).

Disequilibrium
syndrome

Hypertension A

345 . g

EE
Hypotension ] _ ﬂﬂﬁﬂlﬂlﬁﬂlﬂiﬁﬁﬂ%

7

ey
Pericarditis T T
L 15

1

Anemia e
27

[ 22 10
Hyperlipemia A A
[ 8 a2
Hyper- T
HYper o I
Disorders of
Ca melabolism |
Peripheral
neur opathy
Gilaucoma ‘ R
& 3 22
T T T

centers 2 5 50 7 5

[:::ﬂ Improvement

_ na improvement

LU not evaluated

Figure 3 : Change in the occurrence of uremic complications
after switching from conventional hemodialysis to
hemofiltration or hemodiafiltration.

Survey from 108 Japanese centers,
Data from M.Maekawa e.a. Osaka 1980 (Artificial
Organs 4, 2, 85).

The benefits of hemofiltration with regard to the metabolic

disturbances in uremia have not been confirmed in the long term.
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(Baldamus 1978, 1980, Henning 1980, Nagakawa 1980, Schaefer 1980,
Schneider 1979, Streicher 1980}.
Henning formulated the following indications -for the application

of hemofiltration treatment (Henning 1980).

Indications similar to those Special or additional indications

for the conventional dialysis| for hemofiltration

met hods

- chronic renal failure - circulation disturbances due to
hypertension or hypotension

- acute renal failure - elderly patients with cerebro
and cardiovascular complications

‘- exogenous intoxications - dialysis resistant hypertension

- necessity of the removal of lar-
ge amounts of body fluid
- dialysis discomfort

- polyneuropathy

This can be seen from a Japanese survey of the results of hemofii-
tration treatments in 108 different centers till April 1979 (Mae-
kawa 1980). 182 patients were treated by hemofiltration and 134
patients received simultaneous hemodialysis and hemofiltration
treatments which is alsp called hemodiafiltration. Convincing
improvement was only reported with regard to the disequilibrium
syndrome and hypotension, as shown in figure 3.

Hemodiafiltration was introduced in Germany by Leber e.a.

(1978). By this procedure both small solutes and larger molecules

15



are eliminated effectively in contrast to hemofiltration where
clearance of small solutes is low. Therefore, treatment time can
be reduced by 25% or more. Although the advantages of this proce-
dure are obvious, the clinical application is limited by the
Cdmplicéted and expensive electronic equipment that is necessary
to contrel the fluid balance. Therefore continuous supervision by
stafmembers is required.

The operating conditions of Leber were the following :

- a single pass dialysis circuit with a dialysate flow of 800-900

ml/min.

an ultrafiltration rate of 50-60 ml/min.

a RP6 dialyser in which a positive pressure in the blood circuit
generated a transmembrane pressure of 550 mmHg

- treatment schedule of 3 % 3 hr/week.

After 2% years a follow up of 10 randomly selected patients who
had been treated with either conventional hemodialysis (3 x &

hr/week, 1.4 m2

surface area Cuprophan dialyser) or HF/HD (3 x 3
hr/week, RP6 dialyser) was performed {Leber 1980). Mo differences
could be detected with regard to the values of urea, creatinine,
phosphate, heMdgTobin, acid-base status, blood pressure, the
degree of pu]yheurupathy, hyperlipidemia and renal osteodystrophy
in spite of a 25% reduction in treatment time and a 40% reduction
in membrane area during HD/HF. The only advantage of HD/HF treat-
ments was the better tolerance that manifested itself in less
disequilibrium symptoms, less hypotensive episodes and better
tolerated fluid withdrawal. When compared with hemofiltration
alone the only obvious advantage was a reduction in treatment time
as the total amount of ultrafiltrate per treatment can be reduced

from 20 to 9-11 liters.

16



0. The techmical achievement of accurately controlled wlirafiltra-

tion during hemodialysis and hemofilivation.

In the application of Quellhorst the rate of ultrafiltration and
the rate of reinjection of substitution fluid were balanced by
gravimetrically guided devices, that included rafher complicated
microprocessors and expensive electronic bed scales. In conven-
tional hemodialysis there is some ultrafiltration depending upon
the desired weight reduction. This is usually produced by creating
a negative pressure in the bath compartment to cause a fluid shift
to the bath compartment. However the amount of ultrafiltration is
not well controlled by this method. This applies especially to the
high flux dia]xsers 1ike the RP6 that not only has an increased
permeability to middle molecules, but also a tenfold increase in
hydraulic permeability.

Therefore Funck-Brentano e.a.(1972) used a c]oséd recircula-
ting circuit with a fixed volume of 75 liters in order to prevent
uncontrollable fluid losses: the Rhodial that 1s schematically
shown in figure 4. For ubiquitous application of high flux dialy-
sers in conventional single pass hemodialysis circuits there is
need for a technical solution for automatic and accurate control
of ultrafiltration,

In 1975 this was accomplished by the dialysis group from the
Catharina Hospital, Eindhoven, by the construction of a new de-
vice, that per unit of time introduces exactly the same amount of
dialysate into the dialyser as is discharged from it. Together
with the dialysate compartment of the dialyser this device consti-
tutes a closed dialysate circuit with a fixed volume. Ultrafiltra-

tion is achieved by withdrawal of fluid from this circuit and the

17
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Figure 4 : The closed circuit of the Rhodial system for hemodia-

lysis and ultrafiltration control using highly perme-
able membranes,

resulting negative pressure in thé dialysate circuit causes a
fluid replacement from the blood compartment equal to the amount
of uwltrafiltrate. The ultrafiltrate is collected in a measuring
glass and the ultrafiltration rate can be adjusted to any desired

and predetermined level. This apparatus is not only suitable for

18



single pass dialysis using high flux dialysers, but alse for
hemofiltration purposes.

The technical details of this apparatus have been described in
detail elsewhere {Flendrig 1978).
The operating characteristics and its position in the dialysate
¢ircuit are schematically shown in figure 5. The pump consists of
two cylindrical compartments (I + II and III + IV) of equal size,
that are connected in line. Each compartment is subdfvided into
two segments, separated by a pisten. Both pistons are mounted on a
common shaft and they operate in cuncordance in each compartment.
In the top drawing the pistons move to the left and the left
compartment is connected to the dialyser. In the bottom drawing
the direction is reversed and the right compartment is connected
to the dialyser. The necessary change of connections is brought
about in the main switching system situated above the pump. This
change, however, is initiated by the common shaft in the pump,
just before the end of a pump stroke, by means of two small limit
switches located at both ends of the shaft.
Insight in the function of these 1imit switches can be gathered
from figure 6a. At the end of a pump stroke the shaft ends set in
motion two small: hollow plungers. At certain intervals these
plungers are surrounded by O-rings 1in sliding contact with the
cylinder wall. The displacement of these ﬂQrinqs will open new
communications with the main switching system and this causes the
driving pressure, exerted by the pressure of the dialysate supply,
to be transmitted to the other end of the plinger in the main
switching system. This will cause the plunger in the main swit-

ching system to move to the other site, thereby setting free the

19



FIGURE 5 A
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FIGURE 58

Figure 5 : Controlled ultrafiltration in a single pass hemodia-
lysis circuit by means of isovolumetric pumps.
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FIGURE &
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Figure 6a : The 1imit switches at both ends of the pumps.

FIGURE & b
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Figure 6b : The principle of the switching system.

.
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new connections as is shown in figure 6b.

Subtle time sequences just before the end of the pump stroke
are essential for the proper functioning of this mechanical pump,
that permanently operates under the driving pressure of 0.5 atm.
The bath compartment of the dialyser and the pump, together with
the cmnnécting Tines,; form a permanently closed circuit, from
which wltrafiltrate can be extracted by a simple peristaltic pump,
as indicated in figure 5. This garantees exact control of fluid
withdrawal from the patient.

The construction and functioning of the apparatus is such that
calamities will not easily occur. It is very simple to accurately
control ultrafiltration with this apparatus with regard to not
only the total amount of fluid which must be extracted but also
the regularity of fluid extraction.

In over 50.000 hemodialysis treatments with several types of
~dialysers in an open single pass dialysate circuit with central
delivery, ultrafiltration was always accurate within the measuring
limits and the incidence of symptomatic hypotension has decreased

dramatically. Technical failures have not been observed.
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. Conclusions

The advantages of hemofiltration are the improved hemodynamic
tolerance of the treatment and the high clearance of middle mole-
cular toxins. The disadvantages are the low clearance of small
molecular toxins and the complicated and expensive equipment.

Simultaneous hemodialysis (HD) and hemofiltration (HF)}, also
called hemodiafiltration (HDF}, can, on theoretical grounds, be
considered to be today the optimal artificial kidney treatment, as
it provides an optimal clearance pattern due to the combination of
diffusive and comvective mass transport.

For this treatment modality the development of dialysers with
specialised high flux membranes has been essential. For the safe
application of this treatment in a single pass dialysate circuit,
the availability of an accurate ultrafiltration control device is
indispensible. This technical problem is the main reason why up
ti1l now hemodiafiltration treatments have been confined to a
relatively small number of scientifically oriented centers and
clinical experience is still limited {Kohnle 1979).

The isovolumetric ultrafiltration pump described in this
chapter opens up new possibi]ﬁties and enables hemodiafiltration

treatments to be performed in a relatively simple way.
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CHAPTER I1I. THE CONCEPT OF A HEMODIAFILTRATION MODEL.

A, Mothematical aspecte

In order to predict dialyser clearances during HDF we developed a
mathematical model to describe mass transport by simultaneous
diffusion and convection. This model applies to the in vitro
situation and avoids the incorporation of immeasurable assump-
tions, Thus the impact of protein coating on the membrane on the
transmittance of various solutes is not considered. In HDF the
overall clearance is Tess then the sum of clearances of dialysis
and ultrafiltration occurring separately because of interaction
between the two processes.

. On the one hand there is a continuing decrease in the blood flow
along the membrane due to ultrafiltration causing a reduction in
diffusive transport.

« On the other hand the presence of dialysis will cause the solute
concentration to drop continuously along the membrane thereby
reducing the contribution of ultrafiltration to the overall
clearance (Jaffrin, 1981). In this one dimensional model the

following situation is contemplated in the cocurrent mode :

Blood | fb (R) ———p fb‘ {x + ax) >
compartment | Cp (x) f.B., Ax i Cy (x + ax)
Membrane =-=f======ssn-mmmm=mn e e EE e
Dialysate 4 (X} —— Fy e+ AX) >
compartment | Cg4 (x) Cd {x + Ax)
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f = flux
C = concentration
b = blood
d = dialysate
K = diffusion constant
x = coordinate in flow direction
B = membrane area
The major assumptions are :
1 The transmittance of all selutes is considered to be equal to
unity.
2 The UF flux is constant along the membrane length,
Therefore it is postulated that the transmembrane pressure i3
low enough and concentration polarization does not occur.
{In fact in 1981 Jaffrin and coworkers showed that the solution
in presence of concentration polarization is very close to thé
approximate solution when the UF flow is constant).
3 Blood and dialysate flow are considered to be cdnstantm

4 A concentration gradient only exists in the direction of flow.

This model gives the following expression for the mass balance
of the blood and dialysate compartment in the presence of simulta-
negus diffusion and convection :
fb(x)_cb(x) - fb(x+mx).cb(x+hx) - f.B.Ax.Cb(x) - K.B.&X(Cb(x) -

C4(x))=0 | (1)

fd(x).cd(x) - fd(x+Ax).Cd(x+Ax) + f.B.A%.Cb(x) + K.B.Ax(Cb(x) -

C4(x))=0 (11)
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From these expressions of mass balance clearance can be calculated
by integration and substituting boundery conditions.

Step-wise elaboration of these equations is given in the appendix.
The ultimate fractional clearance (E?/Ob) is given by the follo-

wing eguation, corresponding to the solution given by Jaffrin :

f
1+ % + k
RV . BXP MF,F—-— - Ra . exp W_E,.,
Ll : .
§ - { ;; (111)
1+ k 1+
Ra Rv exp —p— - Ra exp —p—
% - O Q,
where RV T p ~ and Ra = U}TqTTﬂ;

which are the ratios of the flows at the venous and arterial side
of the dialyser in the countercurrent mode.

The predicted fractional clearances according to this equation are
shown in figures 7 and 8 for various solutes, in the RP6 dialyser.
In hemodiafiltration, clearance of middle molecules appears to be
much higher than in hemodialysis.

Atso at low dialysate flows clearance of small molecules in hemo-

diafiltration is high.
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Figure 7 : The predicted relative clearances in hemodialysis for
various flow ratio's (QD/QB) in a R.P. 610 dialyser.
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Figure 8 : The predicted relative clearances in hemodiafiltra-
tion for varfous flow ratio's (DD/QB) in a R.P. 610
dialyser (Qp/Qp = 0.3).
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B. Experimental deaign and pilot study

At the beginning of our investigations in November 1977, no clini-
cal experience with hemodiafiltration was reported in the litera-
ture. Therefore this pitot study, that was performed from November
1977, till June 1979, was intended to investigate the tolerance of
this kind of treatment and to study the long term effects.

Technically hemodiafiltration was achieved as illustrated in
figure 9 using the ultrafiltration pump, that has been described
in the second chapter, in a single pass dialysis circuit with a
RP6 dialyser. A constant ultrafiltration rate of 50 ml/min. was
generated, resulting in a negative pressure in the dialysate
circuit of about 250 mmHg. Thus, during a 3% hour treatment ses-

sion, there was a withdrawal of 104 liters of ultrafiltrate. The

 ultrafiltration

oUMPS @ substitution dialysate supply
manual | u l
j u

dialyser
adaption 4

L r—b— drain
]
[ [ &=

isovolumetric pumps

electronic scale

Figure 9 : Experimental set-up in the pilot study.
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substitution rate was adapted manually, using an electronic bed-
scale, while observing the desired reduction of body weight,
The substitution fluid and the dialysate had the following

composition :

substitution fluid dialysate
(mmol/7) {mmol/1)
sodium | 138 134
| potassium | 1,0 2,0
chloride | 107 103
calcium i 1,9 1,55
| magnesium 0,75 0,70
| acetate - 35
| lactate 37,5 -
glucose - 14

The bloodflow (QB) was kept at 200 ml/min, and the dialysate flow

(Q.) at 500 ml/min.

b/

During 18 months the proposita, being a 25 year old female
patient of 52 kg, was treated thrice weekly for 34 hours. This
patient became almost anuric in the course of several weeks due to
rapidly progressive glomerulonephritis with circulating antibodies

against human glomerular basement membrane and extracapillary

proliferation in light microscopic examination.
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Chronmic intermittent hemodialysis with a RPE dialyser was started
in January 1975, thrice weekly for 3% hours.
In addition she received 5 grams of colloidal aluminium hydroxide
because of high phosphate levels and a dietary restriction of 50
grams per day of protein and a fluid intake of 500 ml per day.
Transplantation was considered and in June 1975 nephrectomy of
the right kidney was performed,
However, after this, she objected to transplantation. She felt
well during hemodialysis and she fulfilled a part-time job.
Her hemog]obin level was only 4;5 mmol/1 receiving one unit of
packed cells every month, The major drawback of dialysis treatment
was the occurrence of painful muscle cramps in response to fluid
withdrawal, whiéh was seen during every treatment to a wvariable
extent,

In Movember 1977, she consented to switch-over to hemodiafil-
tration treatments for the next 14 years.
During hemodiafiltration tolerance to fluid withdrawal was impro-
ved and hypotensive episodes with painfull muscle cramps and
nausea disappeared, in spite of the fact that in the preceeding
years 1in conventional hemodialysis the ultrafiltration pump was
used to ensure accurate fluid withdrawal. During conventional
hemodialysis there was an average drop of serum osmolality of 30
moswol /kg, while during hemodiafiltration serum osmolality dropped
only 15 mosmol/kg.The desired weight loss wasb always achieved
aﬁcuﬁate1y.
The combined Toad of acetate and lactate did not provoke obvious
side effects, although metabolic acidosis was not completely

corrected.
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The Tong term effects of hemodiafiltration with respect to
some relevant parameters are summarized in tabie I.

The most important observation was a gradual rise of hemo-
globin level from 4,5 to 6,5 mmol/1, while blood transfusions were
discontinued during hemodiafiltration,

(Other relevant hematological parameters were normal: serum iron
12 umol/1, total 1iron binding capacity 47 umol/1, ferritine 224
ug/l, folic acid 14,1 nmol/1 and vitamin B12 314 pmol/1}.

In July 1979, when she turned back to conventional hemodialysis
treatments the hemoglobin level gradually dropped to less than b
mmol/1, and donations of packed cells were resumed at regular
intervals,

Serum phosphate levels have constantly been too high through-

out the observation pericd, giving rise to the development of
secondary hyperparathyroidism and histological signs of renal
osteodystrophy (type 1 according to Delling). There were no signs
of osteomalacia.
The abnormalities in the bone biopsy showed a slight progression
in the course of 14 years of hemodiafiltration treatment. There
have been no overt signs of uremic neuropathy and electromyografic
examination was normal, except for a slight reduction in motor
nerve conduction velocity of the left leg that disappeared in the
course of 14 years of hemodiafiltration treatment.

In conclusion the most important advantage of hemodiafiltra-
tion treatments was the good tolerance of the procedure, especial-
1y with regard to fluid withdrawal, and except for a rise of the
hemoglobin level there were no changes of significance on relevant

clinical parameters in the long term.
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. Conelusions and requirvements for hemodiafiltration

equipment

In formula IIl the dependency of the fractiomal clearance

(CI/QB) of various solutes during hemodiafiltration on the rela-
tive blood-, dialysate- and ultrafiltration flows has been worked
out. Obviously, during hemodiafiltration, a reduction of the
dialysate flow to 25% permits urea and creatinine clearances that
are comparable to conventional hemodialysis with high dialysate
flows. This means that if hemodialysis 1is carriedi out with a
dialysate flow of 400 ml/min., in hemodiafiltration a dialysate
flow of 100 ml/min, would suffice, the bloodflow being 200 ml/min.
and the ultrafiltration flow 66 ml/min;
In figure 10 these representative curves are brought together. It
can be seen that despite the low dialysate flow hemodiafiltration
yields much higher clearances for middie molecules than hemodia-
lysis. However, it should be kept in mind that these predictions
apply to the in vitro situation in which it is assumed that there
is a laminar flow, evenly distributed in the dialyser with no
concentration gradients 1h a plane perpendicular to the membrane,
and @ solute transmittance equal to unity.

The first clinical experiences in hemodiafiltration during
the pilot study were favourable and showed excellent tolerance on
the short and long term. |
Uremic manifestations, traditionally considered to be related to
the retention of toxic middie motecules, could in this patient not

be assessed on the basis of usual clinical parameters in the
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Figure 10 : The predicted relative clearances 1n hemodiafiltra-
tion (Q‘/QB = 0,5 and = 3), hemodialysis
(0y/0g = 2)and hemofﬂtraf QF/QB = 0.3).

course of 1% years.
Therefore, other more sensitive criteria should be sought to
reveal possible benefits of hemodiafiltration in the Tong term.
The observed increase in hemoglobin level during hemodiafiltration
suggests a possible pathogenetic role for toxic middle molecules
in uremic anemia and was also noted by Leber who published the
first clinical data on hemodiafiltration in the same period.
Technically hemodiafiltration treatments can only be adequate-
ly conducted using equipment that accurately controls fluid balan-

ce, The first step is an isovolumetric pump that ensures precise
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control of the ultrafiltration rate in an open circuit.

Similarly, the second step should be a device that enables exact

proportioning of substitution and ultrafiltration rate. Up till

now this technical problem has been tackled by using micropro-

cessors.

On account of our experiences and the conclusions of the mathema-

tical cpncept the following requisites for an adeguate hemodia-

filtration equipment can be formulated :

The construction must be simple, so that it can be run by all
personnel in a routine daily use.

Technical failures must become visible at a glance and be ame-
nable to prompt correction, making constant supervision by
staff members superfluous.

The financial burden of the purchase must be low.

The apparatus must be easily accessable to sterilization.
According to the mathematical concepts the capacity b} the ap-
paratus can be restricted to a dialysate volume of 25 liters
and a substitution volume of 10 liters.

This brings the device within the reach of a closed volume
circuit, in which control of fluid balance is more easily

achieved.



CHAPTER IV.DESIGN AND PRODUCTION OF A VOLUME CONTROLLED
HEMODIAF ILTRATION APPARATUS.

A. Technical aspects

A hemodiafiltration apparatus that meets the requirements that
are formulated in the foregoing chapter is schematically depicted

in figure 11 (van Geelen 1979).

S0 100 100 50

Figure 11 : Schematic illustration of the apparatus that permits
simultaneous hemodialysis/hemofiltration (HDF).

It consists of 2 closed circuits; one for hemodialysis and one for
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hemofiltration, connected to each other in a parallel fashion. A
flexible and disposable P.V.C. bag containing 20 liters of fresh
dialysate, floats in Tiguid in an airtight closed container of
stainless steel.

This dialysate is transpufted by a rollerpump at a rate of 100
ml/min. through the artificial kidney into the space that sur-
rounds the bag.

This constitutes a single pass dialysis circuit of the closed
volume type, in which fluid balance control is easily achieved. At
the bottom of the container, there is an outlet through which,
during the treatment period, the desired amount of fluid can be
gradually withdrawn from the container,

The same principle applies to the hemofiltration circuit. A
second rollerpump removes a constant amount of fluid at a rate of
50 ml/min. from the dialysate circuit, thereby creating a negative
pressure in the bath compartment of the dialyser. This fluid is
necessarily replaced by an equal wvolume transferred from the
patients blood through the membrane.

This fluid is transported to the second container and the same
amount of fluid will be expelled from the bag in the second con-
tainer, that is initially filled with a sterile modified Ringer’s
lactate solution, This substitution fluid is supplied to the
venous air bubble trap according to the postdilution principle.

As both containers are air-tight closed there will be no net fluid
loss from the patient.

Controlled fluid subtraction from the patient however, can be
easily accomplished by gradually tapping from the dialysate con-

tainer as shown in figure 11.
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In this procedure high flux dialysers are used and a pressure
transducer connected to the safety valves constantly displays the
negative pressure in the circuit, and interrupts the bloodflow
when the preset pressure levels are surpassed.

Conventional air and blood Teak detectors with audiovisual alarm
systems complete the system.

Figure 12 shows the first constructed prototype.

In the lower part on the left there is a stainless steel container
of 17 liters [A) with in it a P.V.C. bag of 10 liters, filled with
substitution fluid (C). On the right side there is a 34 liters
container {B) with in it a P.V.C. bag of 20 liters filled with
fresh degassed dialysate of 37°C.(D). Before the start of the
procedure both containers are filled with fluid and the empty
disposable sterilized bags are introduced through the central
opening at the top. The outflow lines are provided by collars that
are firmly sealed to them and become fixed between the screw-caps
of the containers, thus establishing air-tight closure of the
containers.

Now the bags are filled through the outflowlines that are connec-
ted to the dialysate supply respectively infusion bags, and this
takes place by emptying the containers through the drain openings
at the bottom. Both containers are surrounded by heat isolating
material.

In the transparant cover plate of the containers there is a
side opening through which wasted dialysate enters the container
during the procedure,

The dialysate container has a second opening in the cover-plate

for net fluid subtraction out of the patient.
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Through this opening, that is situated in the highest part of the
container, any accumulated gas is also pumped out of the system.
This opening is also connected to the pressure tranducer ([K)
tocated in the top of the apparatus together with all other elec-
tronic equipment.
The front screen of the electronic section supports rollerpumps
for hemofiltration (F), net ultrafiltrate subtraction (H) and
dialysate transport (G){from left to right).
Before entering the venous air bubble trap (R) the substitution
fluid passes a 2 meter coiled segment that is placed in a thermo-
regulated chamber to bring it to 38°C. (Q).

This prototype is constructed for a hemodiafiltration run of
3% hours with the following operating conditions :
A dialysate flow (Q4) of 100 ml/min., a net fluid subtraction rate
of + 10 ml/min. and a hemofiltration flow (Qf) of 50 ml/min. It
can be used in combination with any high flux dialyser. The mea-
sured negative pressure 1in the dialysate bath for the various
membranes is not Tower than -300 mmMg and the total transmembrane
pressure does not exceed 400 mmHg, which is in the optimal working
range and well below the safety limit for membrane ruptures in
these dialysers. Also excessive degassing of the dialysate is
avoided.
In the steady state the alarm (S) is activated at pressure fluc-
tuations of 30 mmHg and this represents an adequate automatic

safety precaution.
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B. Im vitro studies

Objectives:

Before introducing the constructed prototype into clinical prac-

tice in vitro studies were done in order to

- test the technical performance and functional integrity of this
closed volume system, especially with regard to fluid balance
control.

- To compare the ultrafiltration capacity of various high flux
dialysers.

- Test the mathematical concept with clearance measurements.,

1.The experimental setup is shown in figure 13.

In this flow bench a measuring glass (N) filled with 5 liters of

fresh dialysate replaces the circulating blood wvolume of the

patient. The temperature of this solution is maintained at 37°C by

placing the measuring glass in a water bassin of 37°C. (Q).

Representative uremic solutes are added in appropriate concentra-

tions and constant mechanic stirring of the solution takes place

(P)}. The solution is transported from the reservoir to the dialy-

ser by means of a rollerpump (K) and passes through a sensitive

Brooks flow meter.

After leaving the dialyser it returns to the reservoir (N},

The hemodiafiltration setup is identical to the described circuit

in the prototype.

Final assembly is omitted to be able to manipulate the connections

and to replace single components.

The bags {U and T) and the containers (A and B) are filled with
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fresh dialysate of 37°C and they are surrounded by heat isolating

Figure 13

Flow bench for in vi-
tro clearance experi-
ments.
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In the first series of experiments the ultrafiltration capacity

of 3 different types of high flux dialysers was measured.
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characteristics of these 3 commercially available dialysers are
summarized in table II. There is considerable difference in size,

construction and composition of the membrane.

High Flux Dialyzer RP6HO | Gambro Lundial|Cordis Dow
Maior Model 10
Membrane Structure plate plate hollow fibre
Surface area 1.03 m2 1.36 m2 2.5 m2
Material polyacrylo- |cuprophane cellulose
nitrile acetate
Priming Volume 150 ml 80 ml 190 ml
Thickness EO/um 22/um 40 e

Table II Physical Characteristics

For these single ultrafiltration measurements the inlet and outlet
of the bath compartment of the dialyser were short circuited and
led to the ultrafiltrate measuring cylinder through the dialysate
pump. The assessment of the ultrafiltration rate as a function of
the hydraulic pressure gradient was done in two different ways.
First negative pressure was created in the bath compartment by
suction from the dialysate pump.
Secondly positive pressure in the blood compartment was exerted by
means of a venous line clamp. In both methods there was a compara-
ble linear relationship between pressure and ultrafiltration rate
as is shown in the figures 14, 15 and 16.

The ultrafiltration capacity of the Gambro Lundia and RP610
dialysers were superior to the Cordis Dow high flux dialyser.

The variability among different dialysers of the same type was
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Figure 16 : In vitro ultrafiltration capacity of the Gambro
Lundia HF dialyser {aqueous solution at 37°C).

small if they had been stored for a limited period.

Similar ultrafiltration measurements were also conducted in vivo
with the RP610 dialyser during the pilot studies, using the isovo-
Tumetric ultrafiltration control apparatus in a single pass dialy-
sis ciruit. These results are shown in figure 17 for the first and
the last hour of a hemodiafiitration treatment of 4 hours.

On the avarage the ultrafiltration capacity in whole blood is only
50% of the capacity im an aqueous solution in vitro. The_relation—
ship between pressure and ultrafiltration rate is no more 1inear,

but flattens out especially at high transmembrane pressures.
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Also there is a small decrease of ultrafiltration capacity in the

course of the treatment.

Q¢ mi/min.
80 RP.gi0 Qy, = 200 miimin.
Cg = 500 miimin.
60- :
Q¢ = 11.5 mifhrimmg
40. p
Q after 30 min. of treatment
20 Qy after 210 min. of treatment
P. mmHG
H T 1 ¥ 1 1 1 T
0 50 100 150 200 250 300 350 400
Figure 17 : The in wvivo ultrafiltration capacity of the R.P. 610
dialyser at the beginning and the end of a 4 hour
treatment,
Solute Molecular Initial Laboratory
Weight (Dalton)| Concentration | Method
Urea 60 50 mmol/1 diacetyl monoxime
thiosemicarbazide (Henry)
Creatinine | 113 7()‘O/am01/l Jaffe reaction {(cenco
continuous flow system)
Vitamin | 1355 40 mg/ll spectrofotometer
B 12
14, ., . . P P .
C-inulin | 5000 ]/MCurle/l liquid scintillatiom
counter

Table III Investigated uremic markers in in vitro studies

3.In vitro clearance measurements.

To the 5 liters of dialysate solution in the measuring-glass,
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urea, creatinine, vitamin B12 and inulin were added.

The initial concentration and the laboratory methods are given in
table III.

During a steady state procedure there will be an exponential de-

crease in concentration according to the following expression :

_%lt
t o € , where (1v)
C_ = initial concentration
Ct = concentration after t minutes
Vv = volume of the reservoir

€1 = clearance

From this expression clearance can be calculated :

=Y (V)
In each experiment steady state was controlled during 40

minutes and concentrations of samples from the reservoir were

measured at 10 minute intervals.

The various flows and the fluid balance were carefully observed,

and significant fluctuations did not occur.

Thus the decrease of the concentration, plotted on a semi-loga-

ritmic scale, is represented by a straight line, from which the

average clearance was calculated (figure 18).

This method of clearance calculation is preferred because it is in

the same way applicable to hemodiafiltration and hemodialysis

simulations.

Clearance calculations from the concentration difference in arte-

rial and venous line and the momentarily measured blood flow are
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Figure 18 : Fall of the concentration of urea and inulin in the

measuring glass during a representative 40 minutes in
vitro experiment, from which the mean clearances are
calculated.

unreliable in the presence of significant ultrafiltration and
easily disturbed by brief fluctuations.

These 40 minutes experiments were repeated several times using
different dialysers of each of the 3 types.

Db was kept at 150 ml/min. during all experiments. Net fluid
subtraction was not applied.

During hemodiafiltration the ultrafiltration (Qf) and substitution
flow (QS) were fixed at 50 ml/min.

6 different treatment strategies were investigated, being HD
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at Qd = 100, Qd = 200 and Qd = 500 and HDF at Qd = 100, Qd = 200
and Qd = 500 ml/min.

Table IV shows the results with Cordis Dow high flux dialysers
with in the Teft column the measured clearances during HD and in
the right column the measured clearances during HDF.

Tables V and VI show the results with RP610 dialysers and the
Gambro Lundia high flux dialysers.

Cordis Dow HF Clearances and standard deviation

N = 3% Hemodialysis Hemodiafiltration

Qb = 150 ml/min. Qf =0 Qf = 50 ml/min.

urea 102 (14) 105 (10)

creatinine 80 ( 7)) 101 ( %) Qd = 100 ml/min.
vitamin B 12 49 ( 6) 73 ( 9)

urea 115 (10Q) 132 ( 3)

creatinine 101 ( 9) 120 ( 5) Qd = 200 ml/min.
vitamin B 12 54 (10) 86 ( 5)

urea 129 ( 8) 136 ( 4)

creatinine 113 (10) 118 (10) Qd = 500 ml/min.
vitamin B 12 % 65 ( 8) L 87 ( 6)

*,00. : .
3 different dialyzers were tested in each treatment strategy

Table IV In vitro clearances (ml/min.) of the Cordis Dow High Flux dialyze
in HD and HDF at various dialysate flows.

As expected vitamin B12 clearances were much higher during
HDf. It can also be seen that during HDF with a low dialysate flow
of 100 ml/min. clearances of small solutes are only slightly lower
than during conventional HD with Qd of 500 ml/min,

Therefore these 2 strategies were compared in an additional series
of experiments conducted with the same dialyser. The results are
shown in table VII. HD (Qd = 500) was efther preceeded or followed
by HDF (Qd = 100). Three dialysers of each type were investigated,

and the mean clearance values are given. Repetitive measurements
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P.610

Clearances and standard deviation

¥ o= 4 Hemodialysis Hemodiafiltration
¢, = 150 ml/min.| Q, = O Q, = 50 ml/min.

b f £

urea 83 ( 6) 105 ( 73

creatinine T (1§) 98 ( 6) Qd = 100 ml/min.
vitamin B 12 43 (. 7) 67 ( 4)

urea 102 ( 3) 114 ( 6)

creatinine a1 { 5) 105 (10) Qd = 200 ml/min
vitamin B 12 43 ( 5) 69 ( 5)

urea 112 {9) 122 ( 8)

creatinine 97 ( 7 108 (12) Qd = 500 ml/min.
vitamin B 12 45 ( 6) 77 { 8)

Table V In vitro clearances (ml/min.) of the R.P.610 dlalyzer
at various dialysate flows.

in HD and HDF

Gambro Lundia Maior HF Clearances

N = | Hemodialysis{ Hemodiafiltration

Q, = 150 ml/min, Qe = 0 Qg = 50 ml/min.

urea 96 119

c¢reatinine 78 107 Qd = 100 ml/min.
vitamin B 12 41 73

urea 115 130

creatinine 94 116 Qd = 200 ml/min.
vitamin B 12 43 78 ‘

urea 128 141

creatinine 106 127 Qd = 500 ml/min,
vicamin B 12 44 83

Table VI In vitro clearances (ml/min) of the Gambro Lundia Maior High Flus
dialyzer in HD and HDF at various dialysate flows.

were done with the Cordis Dow dialyser to define the confidence

Timits and in these measurements 14

C inuline was included as well.

These data were fitted to the theoretical curves which is shown in

figure 19.

There
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Clearances (mean)

Hemodialysis Hemodiafiltration
Q, = 150 Q, = 150
Q) = 500 Q) = 100
S = =
olute Qf 0 Qf 50
Gambro Lundia Maior HF N = 3
urea 121 123
creatinine 100 112
vitamin B 12 41 75
R.P.610 N =23
urea 113 124
vitamin B 12 39 77
inulin 19 54
Cordis Dow HF n = 11 N=23* |
urea 128 (2.7) 131 (4.3)
creatinine 112 (2.8) 121 {4.6)
vitamin B 12 61 (3.2) 90 (3.7)
inulin 27 (3.9) 61 (3.5) ¥*

* N = number of dialyzers used
n = number of experiments
¥® 95 % confidence limits between brackets.

Table VII In vitro clearances of HD and HDF,
sequentially performed in the same dialyzer.

values. However inuline clearances are lower than predicted both
in HD and HDF, which is due to the fact the passage of larger
molecules is partially hindered by the pore size of this membrane.
This membrane property is usually called sieving coefficient, and
is defined by the ratio of the concentration of that solute in the
ultrafiltrate and retentate. This membrane property was not consi-
dered in our mathematical concept.

In in vivo conditions pore size totally restricts passage of
proteins and corpuscular elements of blood. The build up of a
layer of concentrated protein at the membrane surface, especially

in the presence of a high ultrafiltration flux, will reduce the
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CLEARANCE mifmin

150 =y Oy = 150 mi/min

T ~HDF Oy= 100
Q= 50

™~ HD Gy =500
O,: 0

MOL WEIGHT (log)

1 T T
Urea Creatinine By lhenirbin

Figure 19 : The in vitro clearances of the Cordis Dow dialyser

with the 95% confidence limits and the theoretical
expectancy.

solute flux through the membrane and to a lesser degree the volume
flux (Spiegler and Kadem 1966, Jaffrin 1978, 1979, 1981, Klein
1978, Vvillaroel 1977).
So, clearance studies of a protein containing solution in vitro
can be expected to yield lower values than from an agueous solu-
tion.

Therefore some additional experiments were carried out with 5

liters of human plasma with a protein content of 45 gr/1.
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% J urea clearances in vitro R.P.610

110
1056
—-water
100 4 -
95 |

80 120 160 180 min.

Figure 20 : Decrease of the R.P. 610 dialyser performance during
alternating HD and HDF procedures in a plasma contai-
ning solution (mean + SD).

Heparin was administered at the venous line by continuous infusion
up to 20.000 U in 3 hours. The temperature was kept at 37°C. and
there was continuous mechanical stirring,

Urea was added to a concentration of 40 mmol/1 at the beginning of
each clearance period. HD was alternated with HDF at 20 minute
intervals. During HDF TMP was kept at -300 mmHg and Qf was + 70
ml/min., Qd was 500 ml/min. and Qb was 200 ml/min.

In an RP6&10 dialyser there was a 10% decrease of urea clearance



after 4 HDF periods and this was not seen in aqueous solution in
another RP610 dialyser that served as control {figure 20).

Clearances were calculated in plasma water. However reproducebi-
1ity of these experiments was low and they were considered to be

of limited value.



C. Comalustions

Performance of hemodiafiltration treatments is possible with
relatively simple equipment that garantees exact fluid balance
control. This can be done by the construction of a double closed
circuit formed by two containers in which flexible bags are sus-
pended,

Thus, inclusion of expensive electronic monitoring devices is
avoided and this brings the apparatus in the scope of routine use
with modern high flux dialysers.

Three different, commercially available high flux dialysers were
compared in in vitre studies and there was no big difference in
ultrafiltration capacity and dialysance during HDF procedures.

In an aqueous solution the in vitro clearances of uremic solutes
correspond to the mathematical prediction and during HDF clearance
of middle molecules is much higher than during HD.

Also, with respect to small molecules the dialysate flow can be
reduced from 500 to 100 ml/min. in HDF to yield sufficient clea-
rances.

Therefore the capacity of the closed circuit can be restricted to
20 liters of dialysate and 10 liters of substitution fluid for a
3% hours HDF treatment.

However the absolute values for clearance and ultrafiltration rate
in vitro in an aqueous solution overestimate the in vivo perfor-
mance in whole blood,

In vivo the ultrafiltration capacity of the RP610 dialyser was

reduced by almost 50%, as is shown in figure 17.



Also, in the presence of protein, there is a progressive reduction
in diffusive and convective mass transport through the membrane
due to protein coating. These adverse effects must be evaluated by

in vivo clearance studies.



CHAPTER V. CLINICAL OBSERVATIONS

A. Technical aspects and cross-over gtudy

Clinical experience with the prototype apparatus was first
gathered in 6 selected patients who consented to wundergo HODF
treatment during 3 successive weeks, They were informed by word
and given extensive explanation in writing., There was no special
indication for HDF treatments in any of them. HDF treatments (34
hours) during 3 successive weeks were followed (3 patients) or
preceeded (3 patients) by conventional HD treatments (4 hours)
during 3 successive weeks. Only RP610 dialysers were used. During
the 6 weeks observation period there was permanent supervision by
one of the investigators. The patients served as their own con-
trol. Qb was kept at 200 ml/min., measured by air-bubble displace-
ment in a 1 meter race-track in horizontal position. In HD, Qd was
500 ml/min. and in HDF Q4 was 100 ml/min. (Brooks flow meter).
During HDF Qf was kept at 50 to 60 ml/min. and during HD Qf was
kept at 0 to 10 ml/min,, depending on the desired net body weight
reduction and measured by collection in a graduated cylinder, 47
HDF treatments were evaluated. Electronic bed-scales were not used
and fluid balance was evaluated by measuring body weight before
and after treatment on a calibrated mechanical balance. Body
weight reduction was always attained with an accuracy of 100
grams.

Within 15 minutes after the start of treatment steady state
conditions were selected to ensure a gradual wefght reduction and

emptying of the dialysate and substitution bags within 34 hours.
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During this period the negative pressure registered in the dialy-
sate container was about -250 mmHg., and did not show fluctuations
indicating unimpeded emptying of the bags. Usually a slight incre-
ment of negative pressure was observed towards the end of the pro-
cedure, being at most 50 mmHg. At the end of the procedure, com-
plete emptying of one of the bags always caused a sudden pressure
drop that activated the alarm and interrupted the circulation
automatically.

The amount of gas produced by the negative pressure was small,
indicating that there were no leaks at the connections and this
gas was effectively removed from the system together with the
excess of fluid removed to obtain weight reduction. Consequently
there was no disturbance of fluid balance. The conventional HD
treatments were carried out with the isovolumetric ultrafiltration
pump, described in the second chapter to obtain the same degree of
accuracy of fluid removal during HD as during HDF. This was neces-
sary for the adequate comparison of blood pressure behaviour in
both procedures.

The most relevant clinical data of these 6 patients are shown
in table VIII. The mean age was 54 years {range 27 to 71), and
there were 3 male and 3 female patients. 5 out of 6 patients had
been treated by conventional HD with hollow-fibre dialysers (Orga-
non Technica) for a mean duration of 4.8 years (range 0.5 to 9
years). Patient C.V. was included in the study at the moment his
end stage renal failure required artificial kidney treatment. All
other patients switched to RP610 dialysers 6 months prior to the
cross-over study {3 x 4 hours).

Renal failure was caused by chronic pyelonephritis in 3
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patients, chronic glomerulonephritis in 2 patients, and 1 patient
suffered from polycystic disease. The residual glomerular filtra-
tion rate was less than 3 ml/min. in all patients except for
patient M.Me. Patient M.Mo underwent bilateral nephrectomy and
patient E.K.‘had her right kidney removed 5 years prior to the
study, Two patients (B.S. and (.V.) were not subjected to fluid
restriction as they had sufficient residual diuresis. All other
patients were urged to restrict their daily free fluid intake to
500 ml. Further dietary prescriptions included a protein intake of
1 g/kg/day, a potassium intake of 1920 to 3400 mg/day and a sodium
intake of 500 mg/day (22 mmol/day).

All patients used phosphate binding drugs and displayed a two
to sixfold increase in their parathormon levels, in 3 of them
secondary hyperparathyroidism being clinically manifest. Patient
C.K. underwent subtotal parathyroidectomy 2 years prior to study
but parathormon levels remained high.

Uremic polyneuropathy was clinically manifest in 3 patients: B.S.,
M.Mo. and C.K.

Significant hypertriglyceridemia did not exist among the studied
patients.

Blood pressure changes in relation to body weight reduction in
the 6 patients are shown in figure 21. The mean values and stan-
dard deviations of the systolic, diastolic and mean arterial
pressure before and after treatment are given. Statistical analy-
sis was done by means of student's t test.

There are no significant differences for these values between HD
and HDF., However, the course of the blood pressure during one

treatment session was considerably more stable in HDF than in HD,
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Figure 21 : Blood pressure behaviour, body weight changes and

incidence of symptomatic hypotension in HD and HDF in
6 patients during 6 weeks of observation.

(systolic, diastolic and mean blood pressure before
and after each treatment: mean + SD).



as symptomatic pressure drops occurred in 10 HD treatments (21%)
and in only one HDF treatment, which 1is significantly less (p<
0.01). The mean reduction of body weight in all treatments was
1056 grams (SD 270 grams); in HDF 1075 grams and in HD 1036 grams.
It should be noted that fluid withdrawal was always about 50%
more, as the patients were allowed to ingest 500 grams of food and
drinks during the treatment. In the literature (Wizemann 1981},
the overall incidence of symptomatic hypotension during HD is
estimated to be 25-30%. Symptomatic hypotension was defined as a
blood pressure drop of more than 20% requiring therapeutic inter-
vention. Saline infusions to treat symptomatic hypotension have
not been wused, and have in general become a rarity since the
introduction of the isovolumetric ultrafiltration pump for single
pass HD treatments. This might be due to the more linear decline
of body weight during treatment and the gradual onset of hypoten-
sion which enables the patient to stop ultrafiltration in time and
take a temporary Trendelenburg position. In the past, severely
overhydrated patients and those who badly adhered to their fluid
restriction, requiring more than 24 l1iters of fluid removal, were
treated by sequential ultrafiltration/hemodialysis according to
Bergstrom's suggestion. This also applied to patient M.Me.

Several months before the study he had to be hospitalized
because of severe fluid overload and hypertension with diastolic
pressures above 140 mmHg and grade [11 hypertensive retinopathy.
In the next 3 HD treatments body weight was reduced with 4 kg by
Bergstrom's method and he recieved beta-blocking drugs and hydra-
lazine after which his blood pressure became normal. During the

study period his blood pressure was acceptable but in the intra-
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dialytic days his body weight sometimes increased up to 23 kg
beause of bad compliance to his regimen. During the HDF treatments
fluid could always be withdrawn without problems up to 2% liters
in 3% hours. During HD treatments however hypotensive episodes
were provoked by 14 liters of fluid withdrawal in 4 hours.

On the other hand fluid withdrawal in patient E.K, was usually
associated with muscle cramps and nausea, while her blood pressure
was habitually low but rather stable. Treatment tolerance improved
considerably during HDF and this led to a 1 kg reduction of her
supposed and so called dry body weight. Good treatment tolerance

was also the main reason for her participation in the pilot study.

HD (4 hours) HDF (34 hours)
Q4 = 500 ml/m%n. Qd = 100 ml/m%n,
Qb = 200 ml/m%n. Qb = 200 ml/m}nm
Qf = 10 ml/min. Qf = 60 ml/min.
Solute n pre post pre post
urea 20 | 30.2 (6.5) 15.8 (4.6) 33.1 (3.8) 19.7 (3.7)
creatinine 17 1563 (197) 807 (163) 1528 (135) 896 (100)
urate 10 | 0.47 (0,05) 0.20 (0.05) 0.5 (0.05) 0.22 (0.06)
phosphate 16 | 2.17 (0.78) 1.28 (0.41) 2,20 (0.45) 1.26 (0.21)
calcium 8 | 2.52 (0.12) 2.61 (0.11) 2.49 (0,16) 2.60 (0.13)
potassium 16 4.7 (0.7 3.6 (0.4) 4,7 (0.7) 3,7 (0.6)
bicarbonate 15 18.4 (1.7) 19.8 (2.0) 18.8 (1.6) 18,8 (1.6)
sodium 16 136 (3.6) 136 (3.0) 134 (3.9) 133 (4.1)
Table IX Solute concentrations before and after HD and HDF
(mean and standard deviations)
Although the removal of small molecular solutes was in the

same range for both procedures in witro, the 4 hour reduction of

the treatment time in HOF should be taken into account. Blood

samples were drawn before and after treatment to measure serum
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ureg creatining urate
pre post pre post pre post
mmol/ -
30 4 -} 151 ﬁ%ﬁ XN
B%
H
20 4
10 4
HD HDF
*
0.001<P=<0.01
Figure 22 : Mean plasma concentrations of urea, creatinine and
urate before and after HD and HDF treatments in &
patients during 6 weeks of observation {mean + 2
S.E.M.).
menold phosphale calchum potassiumi bicarbonate sodium
1 pre post T pro past ° T pre post" T pre post T pre post
e [EE 1
Figure 23 : Mean plasma concentrations of phosphate, calcium,
potassium, bicarbonate, and sodium before and after

HD and HDF treatments in 6 patients during 6 weeks of
observation (mean+ 2 S.E.M.].
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concentrations of urea, creatinine, urate, phosphate, and elec-
trolytes. The mean values and standard errors are given in table
IX and figures 22 and 23. Statistical inference was done by means
of student's t test on unpaired data. There were no statistically
significant differences except for the pest treatment urea values
that were higher in HDF. The lower urea extraction in HDF became
particularly apparent in the heaviest patient M.Me., whose serum
concentrations before and after treatment are shown in figure 24
for 5 consecutive HD and HDF sessions. (The urea values of patient
C.V. are not included because of the changing state of protein

katabolism at initiation of dialyser treatment}.

mmol/I
404 urea
30
pre
204
- post
10 -— HDF - HD —
| patient M.Me (85 kg)
consecutive treatments —
Figure 24 : Plasma urea concentrations before and after treatment

in patient M.Me. in HDF and HD.
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B. I'n vive evalugtion of different treatment strategies

The in witro clearances in the foregoing chapter agree with
the theoretical model that outlines the interaction between dif-
fusive and convective mass transport in HDF.

As already pointed out these data camnot be directly transferred
to the in vivo situation because of the disturbing influences both
in HD and HDF of protein coating and the presence of corpuscular
elements in whole blood. To get insight into the clinical spectrum
of HDF treatments clearances must be measured in vivo. Usually
clearance 1is calculated from concentrations of solutes at the
inlet and outlet of the blood or bath compartment and the momen-
taneous flows at these sites (Drukker 1979, Sprenger 1981, Dieter
1977, 1981, Granger 1978, Lewis 1981). In case of a single pass

system where CD = 0 the following expression is given for clea-

i
rance or dialysance :

C C
_ , _ _Bo Bo Vv
Cl=0Qg; (1~¢=) *+ 0 - (V1)
Bi Bi
where : C1 = clearance, { = flow, and C = concentration
B, = blood inlet, BO = blood outlet.

However these calculations become unreliable in the presence of
high wultrafiltration flows, especially 1if the ultrafiltration
coefficient, provided by the manufacturer must be used to estimate
the actual ultrafiltration flow. Moreover as this approach is a
momentaneous measurement, steady state conditions are mandatory.
Measurement of QBi and QBO’ traditionally dome by the air-bubble

race track method is rather inaccurate. Finally, in samples taken
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from the venous blood line concentration disequilibrium between
the red cells and plasma might influence the outcome {Schindhelm
1978).

Therefore an alternative approach was chosen that js applica-
ble in the same way to both HD and HDF procedures, and that is
analogous to the clinical determination of the endogenous crea-
tinine clearance. Clearance is given by the following expression :

_ total amount of solute removed
Cl = ; - -
mean arterial concentration x treatment time

This approach gives information about the mean value of the clea-

rance during the whole treatment session. The execution demands

collection of all dialysate and ultrafiltrate and repeated sam-

pling from the arterial line. The major drawback of this method is

that the decline of arterial concentration is non-linear and this

must be taken into account if the mean value is calculated. Assu-

ming distribution of small molecular solutes in a single pool, the

following mass balance exists:

Cq X Vd = A (Cn - ﬁe) , where, (vil)

Cq = the concentration of solute in the wasted dialysate and
ultrafiltrate,

Vd = the volume of the wasted dialysate and ultrafiltrate.

C_ = the arterial concentration at the start of the procedure.

C_ = the arterial concentration at the end of the procedure.

A = the volume of distribution in the body.

In practise the unstable conditions at the start and the end of

the procedure were avoided and the first sample (Ei) was taken 15

hinutes after the start and the second sample (Et) 15 minutes

before the end of the procedure as is shown in figure 25.
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Between the various concentrations the following relations exist:

K. At/A

Cu=Ci.e o (VIII)
Co=c,.e KAUA gy
e tT k. 1/

C,=C e (x)

where K = clearance, T = time interval between Ci and Ct'

From these equations A can be solved :

A = ——TTTZ and substituted in (VII} giving:
K.T 7 ot - ot

g X Yy = = (Ci.e - Ci.e ) (X1)
In"i/C

K = (XIT)
% At - % At
T (C;.e - Cy.e )
¢ Itz
as 1T clearance is given by

(XIII)

With this equation clearance can be calculated from any two samp-
lTes taken at arbitrary times during the treatment session.

With this method urea and creatinine clearances were studied in
two uremic patients with different body weight.

For these small molecular solutes a single pool distribution
within the body was assumed.

Patient A was a 75 years old female patient with a body weight of

44 kg and a body surface area of 1.4 mz. She had a Cimino-Brescia
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Figure 25 : The non-linear decrease of arterial plasma concentra-

tion during HD and HOF treatments.
Clearance calculated from Ci and Ct'
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fistula in the forearm that showed some recirculation and caused
circulatory disturbances in the hand for which she underwent an
operative correction at the beginning of the 2 months study pe-
riod.
Her hemoglabin level was kept above 5 mmol/l by means of packed
cells donations to prevent manifest heart failure symptoms.
Patient B was a 60 years old male patient with a body weight of 79
kg and a body surface area of 1.96 mz. His hemoglobin level avera-
ged 4.2 mmol/7 and he had a well functioning Cimino-Brescia fistu-
la in the forearm.

Both patients were subjected to the same treatment strategies,
in which various combinations were chosen for Qb {200 and 300
ml/min.), Qq (100, 200, and 500 ml/min.), and Q¢ (5 and 5% ml/-
min.}. In addition in patient A these combinations were performed
with a low bloodflow of 140 ml/min. For each combination one
single measurement was undertaken. A1l treatments lasted for 4
hours. Only RPB1O dialysers were used. In all treatments the
dialysate container was replaced by the isovolumetric ultrafiltra-
tion pump to enable regimens with a high dialysate flow for 4
hours. Tables X and XI summarize the measured urea and creatinine
clearances. For each treatment the following features are given:
the average clearance in ml/min,, the average clearance per square
meter body surface, the total amount of solute gathered in the
wasted dialysate and ultrafiltrate in mmoles resp. umoles, the
initital (i.e. 15 minutes after the start) and terminal (i.e. 15
minutes before the end) arterial concentrations in mmol/l resp.
umol /1.

As expected clearance was dependent on bloodflow and to a
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PATIENT A (1.4 mz)

2 ‘
Ccl Cl/m Cdxvd Cai Cat

HDF Qb=140 Qd=IDG 73 52 336 23.9 14.9

Qd=200 70 50 233 18,2 104

Qd=500 87 62 330 23.0 10.2

Qh=200 Qd=100 87 62 312 19.6 10.9

Qd=200 101 72 375 21.7 104

Qﬂ=500 107 76 361 20.7 8.8

Qb=300 Q=100 106 76 541 31.0 3.5

Qd=200 113 81 564 27.9 14.8

Qd=500 147 105 683 8.8 11.9

HD Q, =140 0 ,=500 61 44 156 14.5 7.5

Q =200 Q%=500 101 72 436 29.0 10,3

Qb=300 Qd=500 116 83 585 33.5 12.0

PATIENT B (1.96m>)
2
Cl  Cl/m CqxVy C.i ot

HDF Q=200 Q=100 95 48 405 21.8 14.3

Q=200 112 57 443 21.0 {2.6

Qd=500 120 61 478 22,0 12.0

Qb=3ﬁ0 Q.=100 126 64 606 26,2 15,0

‘ Q,=200 136 69 564 23.0 12.5

Qd=500 138 70 473 19.5 10.0

HD Q=200 Q=500 17 60 491 24,4 11.8
cl =average in vivo clearance in ml/min,

Cl/m2 =clearance per square meter body surface.

Cdxvd =total amount of solute removed
Cai =initial arterial concentration
Cat =terminal arterial concentration

Table X Urea clearances in variocus 4 hour HDF and HD

treatment strategies in two uremic patients.
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PATIENT A (1.4 mz)

2 ; ‘
Cc1 Cl/m Cdxvd Cai Cat
HOF QbﬂlhO Qd=100 69 49 9638 675 499
Qd=200 69 49 7462 575 347
Qa=500 73 52 9945 745 415
QmeOO Qd=lOO 69 49 10340 780 505
QdﬁEOO 82 59 P24 760 405
Qd=500 80 57 12427 865 460
Qb=300 Qdﬂlﬂﬂ 93 66 12030 765 360
Qd=200 85 61 12118 825 411
QdWSOO 97 69 12311 785 329
HD Qb=140 Qd=500 54 39 5460 560 314
Qb=200 Qd=500 72 51 10551 920 382
Qbm300 QdESOO 86 61 13728 920 460

PATIENT B(1.96 mz)

2 ,
7 C1 Cl/m Cdxwd Cai Cat
HDF Qb=200 Qd=100 ¢+ 79 40 19116 1255 795
de200 81 41 20400 1240 870
QdMSOO 95 48 23373 1305 775
Qb=300 Qd=100 95 48 24957 1405 840
‘ Q=200 101 52 15389 1330 815
Q=500 109 56 22126 1100 630
HD QbaEOO Qd=500 87 44 22670 1480 755
Cl =average in vivo clearance in ml/min.
Cl/mz =clearance per square meter body surface.
Cdxvd =tptal amount of solute removed
Cai =initial arterial concentration

n

at =terminal arterial concentration

Table X! Creatinine clearances in various 4 hour HDF and HD

treatment strategies in two uremic patients.
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lesser extent to dialysate flow, increasing with higher flows.

Ir patient A urea and creatinine clearances were aon the avarage
10% lower than in patient B, which is probably due to recircula-
tion within the shunt and differences in hematocrit. However,
because of the Targe difference in body size between the two
patients, dialyser performance as expressed by clearance per
square meter body surface was more efficient in patient A. This
might also explain the reﬁative]y larger volumes of distribution
within the body in patient A compared to patient B (62 vs 55% for
urea and 62 vs 49% for creatinine). The total amount of creatinine
recovered from patient A was 56% of that of patient B, corres-

ponding to the difference in body weight and constitution.
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C. Conclusions

In clinical practise HOF proved to be superfor to conventional HD
with regard to the treatment tolerance, the stability of the blood
pressure during the treatment, the possibility of rapid fluid
withdrawal in a relatively short period in the absence of trouble-
some symptoms. This experience is shared by others performing
either HF or HDF (Kishimoto 1980, Kunitomo 1978, Leber 1980). The
results of the cross-over study support the conclusion that these
advantages must be inherent to this treatment modality itself and
not only be due to a better fluid balance control, because during
HD fluid balance was controlled as accurately as during HDF. High
osmotic pressure in plasma does not seem to be an absolute pre-
requisite for the vascular stability, as the relatively low sodium
concentrations in the substitution fluid (138 mmol/1) and dialy-
sate (134 mmol/1) allow the plasma osmotic pressure to drop 15
mosmol/1 in the course of a HDF treatment. Nevertheless, due to
the higher sodium concentration in the substitution fluid, sodium
balance in HDF has been less negative than in HD. Accurate calcu-
Yation of sodium balance is hardly feasible in an open circuit as
this balance is governed by small concentration differences in
relatively large volumes. Moreover the Gibbs-Donnan equilibrium
should be taken into account, although its value in convective
transport situations is questionable (Shaldon 1981). The slightly
less negative sodium balance in HDF might have contributed some-
what to the better wvascular stability that was seen in HDF. As
blood pressure behaviour is stable already at the onset of HDF

treatments a pathogenetic role for retained middle molecular
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toxins seems to be unlikely. Autonomous neurvpathy could in our
population of dialysis patients not be associated with wvascular
instability. 20 patients were examined by 5 non-invasive tests and
about half of this population showed disturbances. Instability of
blood pressure behaviour however is observed frequently in those
without signs of autonomous neuropathy. In the 3 patients from the
cross-over study with peripheral neuropathy blood pressure was
more stable than in the others. Finally acetate influx does not
seem to play a decisive role, as both in HD and HDF the patients
were exposed to comparable amounts of acetate. The pathophysiolo-
gic regulation of blood pressure during artificial kidney treat-
ment is not completely understood. This study does ont provide a
solution of this complex problem. An interesting question yet to
be solved is to define the lower limit of ultrafiltration that is
necessary to garantee stable blood pressure behaviour during HOF.

Dialyser performance is assessed by clearance studies. These
were undertaken for urea and creatinine, for which a single pool
of distribution in the body was assumed; to compare various HD and
HDOF treatment strategies (Widerge 1974, Popovich 1976). In the
conventional approach in which clearance is calculated from arte-
rial and venous sampling and determination of the blood flow at
the inlet and outlet of the dialyser, momentaneous fluctuations
will cause considerable wariability in the outcome. These fluctua~
tions are avoided by applying an alternative method in which the
average clearance js calculated from the total amount of waste
products collected during the whole treatment session.

The relative contribution of divergent treatment prescriptions

was thus assessed in two uremic patients. At low dialysate flows
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of 100 ml/min., small molecular solute clearances are lower than
predicted by the mathematical concept and in vitro data, a finding
that was also reported by Jaffrin (1981) using the same kind of
dialyser, The cause of this discrepancy is unknown. One could
speculate that at these low dialysate flows the relative predomi-
nance of ultrafiltration might induce geometric inhomogeneities
within the dialyser preventing an even distribution of flow in the
dialysate compartment., At dialysate flows above 200 ml/min. this
discrepancy disappears. At a filtration flow of 50 ml/min., the
weekly clearance of middie molecules will be over 30 liters. The
therapeutic value of this lower Timit is still speculative. A
sensitive parameter relating specific uremic manifestations to the
retention of toxic middle molecules is not available. As long as
there is no objective indicator as to what constitutes adequate
treatment, an absolute treatment prescription cannot be defined
and the choice of treatment prescription for any individual pa-
tient is based on empirical consideratons. If signs of underdialy-
sis are suspected in any particular patient the most effective

measure 15 to raise the bloodflow.
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CHAPTER VI. DISCUSSION.

If treatment strategies are to be evaluated, awareness of the

limitations of our current approach is indispensible.
Firstly, it is not entirely possible to give exact predictions of
in vivo clearances on the basis of mathematical models. This is
especially true for solutes that are partially rejected by the
membrane like middle molecules. For these solutes total membrane
resistance as a function of a diffusive and a convective transport
factor is expressed by Spiegler's equation (Spiegler 1966). These
factors can be calculated using iterative procedures, but it also
involves the application of thin film theories, as the exact
concentrations in blood at the membrane surface can not be direct-
ly measured. For daily use this kind of approach seems to be
rather cumbersome.

Secondly for middle molecules a single pool model overestima-
tes the removal from the body because of the hold-up in the intra-
cellular compartment, especially when these molecules are genera-
ted intracellularly, as was pointed out by Frost (Frost 1977}. As
the effectiveness of dialyser treatment for middle molecules is
limited by physiological constraints, Popovich considered dialyser
clearances over 100 mi/min. for MM not usefull (Popovich 1976).
Also the lower limit of 30 L/wk according to the dialysis index of
Babb, that is based upon a single pool assumption, can be questio-
nned., The occurrence of neuropathy in the presence of low middle
molecule clearances has not been unanimously confirmed (Cambi
1973).

These considerations support the view of the advocates of urea
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s a target compound in a single pool model to evaluate adequacy
of dialysis treatment {Gotch 1980, De Fremont 1982). However, as
urea is directly related to protein catabolic products, this can
only be done in the presence of adequate protein nutrition. Urea
generation rate is calculated from the residual renal function and
intradialytic blood levels. From balance studies in uremic pa-
tients, Sargent found the following relationship between urea

generation rate (6 ) and the protein catabolic rate [PCR):

u
GUI {gr/24h) = 0,154 PCR (gr/24h) - 1.7 (Sargent 1978).

According to Gotch adequate nutritional management is reflected by
PCR's between 0.8 and 1.4 gr/kg/24h. For some unknown reason
{impaired oral intake or toxic inhibition of intestinal protein
absorption?} PCR decreases with declining renal function (corre-
lation coefficient 0.87) and in untreated uremic patients with a
residual clearance of less than 4.5 ml/min. he found PCR's below
0.8 gr/kg/24h. He studied this phenomenon in 12 uremic patients
with a residual clearance of Tess than 0.5 mi/min. who switched
from conventional hemodialysis: 3 x 6 h/wk {urea clearance 140
ml/min.), to hemofiltration: 3 x 4 hr/wk {urea clearance 85 ml/-
min.). Kinetic analysis with the single pool urea model predicted
predialysis BUN levels to rise from 60 to 125 mg/dl. However the
predialysis BUN level only rose to 90 mg/dl because of a concomit-
tant decrease of PCR from 1.04 to 0.75 gr/kg/24h (Gotch 1980}
(data from Baldamus). Observing these restrictions urea kinetics
nevertheless appear to be appropriate for monitoring adequacy of
dialysis treatment in conjunction with due nutritional counseling,
During the period of observation no untoward effects related to

the relatively low small molecule clearance were noted. However in
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the lﬁght of the present state of knowledge - the middle molecule
hypothesis might still turn out to be a dying hypothesis - low
clearances of small molecular solutes should not be recommended on
the long term.

For an average built patient without residual renal function
HDF treatments (12 h/wk) with high flux membranes yield sufficient
clearance of all molecular solutes at a filtration flow of 50
ml/min,, a dialysate flow of 150 ml/min., and a bloodflow of 250
ml /min.

The overall costs of this kind of treatment with the volume
restricted apparatus that has been presented will hardly exceed
those of conventional dialysis treatments. Additional costs are
made by the use of high flux dialysers, the disposable PVC bags
and tubing, and 10 Titers of substitution fluid. Savings are made
by the reduced amount of dialysate, the low costs of purchase and
maintenance service of this equipment and, it may also result in a
reduction of morbidity and consequent hospitalisation in the long
term. The rising hemoglobin levels, seen during the pilot study,
support this hopeful expectancy. To what extent patients will
benefit in the long term from increased cardiovascular stability

must be elucidated by further studies.
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CHAPTER VI1. SUMMARY.

This thesis is concerned with the technical accomplishment and
clinical application of hemodiafiltration treatments. In this kind
of treatment hemodialysis and hemofiltration take place simulta-
neously to cause mass transport by combined diffusion and convec-
tion.

The second chapter describes how clinical observations gave
rise to the so called middle molecule hypothesis, which stimulated
the research in the field of membrane technology and also it
promoted the elaboration of a new method of blood purification
that was called hemofiltration, being analogous to the function of
the natural glomerulus. In the presence of highly permeable mem-
branes large amounts of ultrafiltrate are produced under the
influence of a hydrostatic pressure gradient. This ultrafiltrate
is replaced by an equal amount of substitution fluid, which can be
infused before the dialyser at the arterial line: predilution
(Henderson), or behind the dialyser at the venous line: postdilu-
tion (Quellhorst). The most remarkable observation of these pio-
neers was the vascular stability in relation to fluid withdrawal
during these procedures. The pathophysiclogical background of this
phenomenon has not yet been clarified. The predominant advantage
of high middle molecule clearances was partially offset by the
relatively low clearance of small molecules, when compared to
conventional hemodialysis.

This engaged us 1in considering combined hemodialysis and
hemofiltration, which is presently called: hemodiafiltration.

Similar developments took place in several Japanese centers and in

80



Europe especially at the University Clinic of Giessen (FRG).
Clinical application of this kind of treatment on a large scale
was hindered by the complicated technical provisions that were
necessary to ensure an adeguate control of fluid balance. We have
solved these problems stepwise and we have succeeded in elimina-
ting the inclusion of vulnerable electronic equipment.

The first step was the development of an isovolumetric pump

that garantees exact control of the ultrafiltration rate during
conventional single pass hemodialysis procedures. This pump is
described in more detail in chapter llc.
The second step was the development of a dewvice that garantees
exact balancing of the rate of ultrafiltration and substitution
during hemofiltration procedures. This was established by joining
two compartments in one airtight closed container, in which a
compressible PVC bag separates the fresh substitution fluid from
the wasted ultrafiltrate.

Before the application of this principle a mathematical model
was worked out in chapter 111 to quantify the interaction and the
relative contribution to overall mass transport of simultaneously
applied diffusion and convection in hemodiafiltration. On account
of these calculations the demands for the construction and capa-
city of a hemodiafiltration apparatus could be defined.

Chapter 1IIb reports the results of a pilot study that was
undertaken to explore the tolerance and long term effects of this
kind of treatment, as, at that time, no information was available
from the literature about this subject. The tolerance proved to be
excellent and there was no change of relevant parameters in the

course of 1} years except for a rise in hemoglobin Tevel.
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in chapter IVa a detailed description is given of the proto-
type of the hemodiafiltration apparatus that 1is suitable for
clinical application. In this closed volume apparatus the princi-
ple of a compressible PVC bag, suspended in an airtight closed
container is applied to the hemofiltration circuit as well as to
the hemodialysis circuit.

In in vitro studies, described in chapter IVb, the functional
integrity of this apparatus was tested and 3 different kinds of
dialysers, equipped with high flux membranes, were evaluated.
Although there was considerable difference in structure and mem-
brane composition, the performance of these 3 types of dialysers
in hemodiafiltration simulations was almost alike. However there
was some discrepancy between the capacity measured in our own flow
bench set up and the specifications given by the manufacturers.
The validity of the mathematical model was confirmed by fitting
the measured clearance values to the theoretical curves predicted
from equation Il1 as 1is shown in figure 19. The most important
conclusion was that hemodiafiltration permitted a 75% reduction of
dialysate flow compared to conventional hemodialysis to yield
sufficient clearance of all molecular sizes. As expected middle
molecule clearance was considerably higher than in conventional
hemodial ysis.

Chapter Va reports the results of a clinical cross-over study
(hemodialysis: HD wversus hemodiafiltration: HDF) in 6 patients
during 6 weeks., During this study the following treatment regimens
were chosen: HD: 3 x 4 h/wk, Qd = 500 ml/min., Db = 200 ml/min.
and HDF: 3 x 3% h/wk, Qd = 100 ml/min., Ob = 200 ml/min, and Qf =

50 ml/min. In HDF treatment time was reduced by 30 minutes. Mever-
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theless blood pressure behaviour during net fluid withdrawal was
considerably more stable in HDF than in HD. This was parallelled
by an increased feeling of well-being in HDF. The concentrations
of electrolytes and small molecular waste products before and
after treatment were of comparable magnitude in HD and HDF except
for urea, of which the extraction was somewhat lower in HDF.

Chapter Vb presents the variation in clearance or dialysance
over the full range of possible HDF strategies with divergent flow
conditions in two additional patients. As the accuracy of the
traditional method of inm vivo clearance determination with simul-
taneous sampling and flow measurements in the arterial and venous
Tine 1is doubtfull, an alternative approach was chosen that is
analogous to the clinical assessment of endogenous creatinine
clearance and that can be applied in the same way to HOF and HD
regimens.

Finally, in the absence of an objective indicator as to what
constitutes adequate treatment, the prescription policy, that is
generally based upon empirical considerations, is discussed. The
role of middle molecules in the production of the uremic syndrome
is still a controversial topic and therefore they do not seem to
be suitable to guide our therapeutic planning. On the other hand,
if urea is relied upon as a uremic marker its relation to protein
catabolism should be taken into consideration. The better agree-
ment of the HDF clearing profile to the function of the natural
kidney and the excellent tolerance of this kind of treatment
promote HDF to the optimal artificial kidney treatment, presently

available.
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CHAPTER VIII. SAMENVATTING :

In dit proefschrift worden de technische verwezenlijking en de
klinische toepassing van hemodiafiltratie behandelingen beschre-
ven., Bij deze combinatie wvan hemodialyse en hemofiltratie vindt
massa transport plaats door simultane diffusie en convectie.

In noofdstuk Il wordt beschreven hoe klinische waarnemingen
aanleiding vormden tot de formulering van de z.g. middle molecule
hypothese, die enerzijds het wetenschappelijk onderzoek van kunst-
niermembranen bevorderde en anderzijds de ontwikkeling stimuleerde
van een geheel nieuwe bloedzuiveringstechniek, die overeenkomst
toont met de werking van de menselijke glomerulus: de hemofiltra-
tie. Gebruik makend van hoog doorlaatbare membranen wordt in deze
procedure een grote hoeveelheid ultrafiltraat gevormd onder in-
vioed van een hydrostatische drukgradient. Dit ultrafiltraat wordt
vervangen door een gelijke hoeveelheid infuus oplossing. De sub-
stitutie van deze oplossing kan plaatsvinden in de arteriéle
aanvoerlijn v0br de kunstnier: predilutie (Henderson), of in de
veneuse afvoerlijn achter de kunstnier: postdilutie (Quellhorst).
De belangrijkste klinische waarneming van deze pioniers was de
stabiliteit van de bloeddruk tijdens het wvocht onttrekken in de
Toop van zulke behandelingen. Het exacte pathofysiologische mecha-
nisme van deze bloeddruk regulatie is overigens nog niet opgehel-
derd. Hoewel de klaring wan midden moleculaire toxinen hoog was,
viel de klaring van klein moleculaire toxinen in vergelijking tot
conventionele hemodialyse laag uit.

Dit was woor ons de aanleiding te trachten hemodialyse en

hemofiltratie in 2en zitting simultaan te doen plaatsvinden: dit
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proces wordt aangeduid met de term "hemodiafiltratie®. In enkele
Japanse centra en met name in de Universiteitskliniek van Giessen
{West-Duitsland) werd eveneens aan een dergelijke oplossing ge-
werkt. Een uitgebreide klinische toepassing werd echter belemmerd
door de ingewikkelde electronische apparatuur die nodig is om een
nauwkeurige controle uit te oefenen op de vochtbalans. Deze pro-
blemen werden door ons stapsgewijs opgelost, zodanig dat het
gebruik van ingewikkelde apparatuur overbodig werd.

De eerste stap was de ontwikkeling van een isovolumetrische

pomp, waarmee de snelheid van ultrafiltratie tijdens conventionele
hemodialyse procedures in een open single pass circuit nauwkeurig
geregeld kan worden. Deze pomp wordt gedetailleerd beschreven in
hoofdstuk Ilc.
De tweede stap was de ontwikkeling van een systeem dat verzekert
dat de snelheid van ultrafiltratie precies gelijk is aan de snel-
heid van infusie van substitutie vloeistof. De oplossing hiervoor
werd gevonden in de vorm van een gesloten tank, waarin zich een
samendrukbare PVC zak bevindt. In deze zak bevindt zich verse
substitutie vloeistof en in de omgevende ruimte bevindt zich het
gevormde ultrafiltraat.

Alvorens dit principe in praktijk te brengen werd in hoofdstuk
I11a een mathematisch model uitgewerkt waarmee inzicht werd ver-
kregen in de interaktie tussen diffusie en convectie en hun rela-
tieve bijdrage in het massa transport tijdens simultane hemodialy-
se en hemofiltratie. Op grond hiervan werden eisen geformuleerd
t.a.v. de constructie en de capaciteit van hemodiafiltratie appa-
ratuur.

In hoofdstuk IIlb worden de resultaten beschreven van een 1}
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jaar durende pilot studie, waarin de tolerantie van hemodiafiltra-
tie behandelingen en de effekten op lange termijn werden onder-
zocht, In de literatuur waren destijds hierover nog geen gegevens
bekend., e tolerantie bleek uitstekend en op de lange duur werden
geen veranderingen waargenomen in de relevante parameters behou-
dens een stijging van het hemoglobine gehalte.

In hoofdstuk IV wordt het prototype van een hemodiafiltratie
machine beschreven die geschikt is wvoor klinische toepassing. In
deze machine is het principe van een gesloten tank met daarin een
samendrukbare PVC zak zowel wvoor het hemofiltratie circuit als
voor het hemodialyse circuit toegepast.

Tijdens in vitro proeven, welke zijn beschreven in hoofdstuk
IVb, werd de functionele integriteit van deze machine getest en
werden 3 verschillende soorten kunstnieren, uitgerust met z.qg.
high-flux membranen onderzocht. Hoewel er belangrijke verschillen
bestaan in de constructie en membraan samenstelling, bleken deze 3
types kunstnieren gelijkwaardig wat betreft hun geschiktheid voor
hemodiafiltratie toepassingen. Wel bestond er enige discrepantie
tussen de door ons zelf gemeten capaciteit en de door de produ-
centen opgegeven eigenschappen.

Tenslotte werd de geldigheid van het mathematisch model bevestigd
doordat de gemeten klaringen overeen bleken te komen met de voor-
speliingen op grond van formule III, De belangrijkste conclusie
van deze in vitro onderzoekingen was dat tijdens hemodiafiltratie
de badwater flow met 75% gereduceerd kan worden om voldoende
klaring op te leveren van klein- en middenmoleculaire toxinen.
loals te verwachten was de klaring van middenmoleculaire toxinen

aanzienlijk hoger dan tijdens conventionele hemodialyse.
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In hoofdstuk Va worden de resultaten beschreven van een 6
weken durende cross-over studie bij 6 patienten (hemodialyse : HD
versus hemodiafiltratie : HDF). Hierbij werd gekozen voor de
volgende behandelingsstrategieén : HD : 3 x 4 uur/week, Od = 500
ml/min., Qb = 200 ml/min., en HDF 3 x 3% uur/week, Qd = 100
ml/min., Qb = 200 ml/min., en Qf = 50 ml/min. Hoewel de HDF behan-
delingen % uur korter duurden bleek het beter mogelijk om vocht te
onttrekken en het verloop van de bloeddruk was stabieler dan tij-
dens HD, hetgeen gepaard ging met een toegenomen subjectief welbe-
vinden, De concentraties van electrolieten en kleinmoleculaire
toxinen voOr en na behandeling waren niet significant verschillend
in HD en HOF, met uitzondering van ureum, waarvan de extractie
tijdens HDF lager bleek te zijn.

Derhalve werden in hoofdstuk Vb in vivo klaringen gemeten
tijdens zeer uiteenlopende HDF behandelingsstrategieén met ver-
schillende flow verhoudingen in 2 patienten van verschillend
lichaamsgewicht. Aangezien de nauwkeurigheid van de gebruikelijke
in wivo klaringsberekening aan de hand van monstername uit de
arteriéle en veneuze 1ijn en gelijktijdige bepaling van de flows
met behulp wan een luchtbel twijfelachtig is, werd gekozen voor
een alternatieve methode die overeenkomt met de klinisch toege-
paste endogene creatinine klaringsberekening, en die op dezelfde
wijze toegepast kan worden in HD en HDF behandelingen,

In de discussie wordt tenslotte ingegaan op het empirisch
karakter van behandelingsvoorschriften bij dialyse, aangezien er
geen algemeen geldig criterium bestaat voor een adequate therapie.

De betekenis van middenmoleculen in relatie tot het uremische syn-

droom is nog controversieel, en daarom 1ijken zij geen geschikte
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graadmeter voor onze therapeutische planning. Indien daarentegen
ureéum gehanteerd wordt als criterium om het beleid op af te stem-
men, dient men daarin de afhankelijkheid van het eiwit katabolisme
te betrekken. De goede overeenkomst van het klaringsprofiel van
HDF met de functie van de normale glomerulus en de uitstekende to-
lerantie van deze behandelingen maken HDF tot de beste keuze uit
de mogelijke kunstnier behandelingen die ons heden ten dage ter

beschikking staan.
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APPENDIX

In the mathematical analysis the following situation is considered:

C er—h
b{x) ° Fb(x) fl%'ﬁx -
Ca) » Fa
x ® FAX

where: Fb(x) = bloodflow
Fd(x) = dialysateflow

Cb(x) = concentration in blood (solute)
Cd(x) = concentration in dialysate (solute)
f = ultrafiltration flux
K = diffusion coefficient of the membrane for the solute
B = membrane width
L = membrane length
and: ( for boundary conditions ) Fb(D) = Qb
Qb = blood inflow yh{L) = Qb - Qf
Qd = dialysate inflow Fd(O) = - Qd - Qf
Qf = ultrafiltration outflow ¥d(L) = - Qd
Mass balance is given by:
£.B.Ox = Foo ~ Fox +ax) = Fax + 8% ~ Fd(x)
This yields:
dF -
OO L pp . ) (1)
dx ’ dx
For solutes mass balance is given by: (transmittance = [ )
Py b~ Fbex + x) "Cb(x + 8x) = ELBOX.Cy )+ KBLAX. (1 =Cy o)

This yields:
~d(F .C )
S -X€.5 ML) MY 38

dx b{x) 11

* KB ) Ca )

and:
d(Fd(x)'Cd(x))
dx b(x)

Integration of ( I } yields:

= £.B.C + KB (Cy 3 =Cqpy) ( III )

- - , : : F = f,B.x + constant 2
Fb(x) f.B.x + constant | and (%) X c

Substituting boundary conditions (Fb(O) = Qb , Fd(L) = -Q4 and f.B.L = QE
yields: Qb = constant 1
—Qd = Qf + constant 2

(f = considered to be constant in the absence of concentration polarisation
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therefore:
= ~f B.x + Qb and
f.8.%1 - (Qd + Qf)

Fb(x)
Fagy =

with this equation the following rearrangement can be made:

~d(F .C ) dC . dF -
blx} "b(x)’ _ ~F b(x) -C b{x) _ -F
2 = T )Y T = b (%)

This can be substituted in ( I1 ) to yield:

“Fy (0 — 2% b(“) = K.B.(C

pex) ~ Caeo’

in the same way:

4y Ca)’  F

dc dF
. d(x) C d(x) _ F
R d(x)——= e

& ¢ %
This can be substituted in ( IIT ) to yield:

dcd(x)

I
d(x) dx

=+ RVLBC oy T Gy

(V) and ( VI ) can be rewritten:

dcC
b(x) _ _ K.B
= F— {c and

b))~ Cag)’

b(x}
dC
d(x) (f + ¥K).B
= (c - C )
dx Fd(x) b (x) d(x)

After subtraction (AC(X) = Cb(x) - Cd(x) )

dac
(%) - -K.B (f + K).B
dx (% > AC(X)

b () d(x)

dCyx) + £.B.C
X

dcd(x) + £.B.C
46—

(Iv)

b{x)

(v

d(x)

(VL)

( VII )

{ VIII )

00 kB, (E+K).B
3 T * 3 d
(x) b{x) d(x)

From ( 1 ): de(x) = ~f,B.dx  and dFd(x) = £.,B.dx
Substitution in ( VII ) yields:

~48C _ K b(x) (£ +X) oo

oo T Ry TRe’ 4@

AC dF :

ook Moo v Taw
EC T F ‘ *F

L(x) Fb(x) £ Fao

In the countercurrent situation Fd(x)< 0, therefore after integration
( VIII ) yields:

K K+ ) .
lnlﬁc(x) 7 In rb(x) T . In ( rd(x)
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Further elaboration giwves:

)K/f
b(x)

BCry = ~C N
)

(%) 1

(-F d(x

; K/ £
AC - C] (fb(x)
(%) Fd(x) ~Fd(x)

From { II ) and ( III ) follows:

Foo %o, Fae faw _
dx dx h

Fua S oo b FamCam = ©2

From ( IX ) and ( X ) the following 2 equations can be written
(after multiplicating ( IX ) with Fb(x) :

(K+£) /£
o0 % T oo Cat T i\

P e T FamoCam T %2

Subtraction yields:
By ()
Foo * FaeCaeo = 2" Al F )

In the same way:

(K+£) /£

( IX)

(x)

- K/£
r _ c -c |- b(x)
a0 bt T Tae Cato T TITTF
Py 0o * Fa Cat T %
Addition yields: K/f
(F +F, , )C =¢C, +C b(x)
“bx) d{x)’ "b(x) T d(x)
AS @ Fb(x) + Fd(x) = constant , this can be incorporated in C1 and CZ
to yield:
(R+£) /£
- ¢, [ Ty
d(x) ¢ Fd(x)
K/E

F
‘ b
e %27 C1(Fd(x))

( XI)
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Boundary conditions are defined by :

ooy = % s Foy = % T G Sy TG
Facoy = % = % » Fay = % s Caqy

Substitution in ( %I ) gives:

(K+£Yy /€
Q. - Q
b s C]E,ﬁ.___f_>

C2 = ~C (R )(k+f)/f where Rv is the ratie of flows at the
venous outlet of the dialyzer.
K/E
- Qb
C =C,}4"C = i
b - ! Qd Qf
- . K/ £ . .
C, = C, + C.(R) where R iz the ratio of flows at the
b 2 1" a a

arterial inlet of the dialyzer.
further elaboration vields:

e rew VKIE oy (RHEY/E
¢, = €, ((R) (R ) )

c
c, = L

| R R _ g (BE)/E
a v

(R+£)} /£

~C, -R,
2T L KIE KD /E
a W

The relative clearance is given by :
C,
1 = 30

rel. . ; . .
el Ra Cb substitution gives:

C = C, + C, |-
d(0) 2 1( Fd(D)

(K+£) /£ _ R (K+f)/f)

F (K+£) /£ ‘
b(mj e+ g D/
2 " a

c - Cb(Ra v
d(0) g RE_ g (ReD)F
a v
- b ¥
[ R - R
Rdéﬂ) =2 ki where y = (K+£) /£
ab R’ - R .R°
a a'v

which is the final expression for the relative clearance (Cl/Qb).
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