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CHAPTER 1

INTRODUCTION

THE DEVELOPMENT OF BLOOD PURIFICATION TECHNIQUES
History

The history of blood purification started with the judgement of different body fiuids
by color and consistency. Blood letting, as pepularized by Hippocrates (460-377
B.C.), was one of the most common therapeutic tools in antigue medicine. History
tells us that too much blood letting was weakening the Spartan army and may very
well have contributed to its defeat by the Athenians. In the 17th and 18th cenmiry,
blood purification was achieved by adequate purgation every week, application of a
strong emetic once a month, and blood letting twice a year, in spring and fall In
1854, Graham demonstrated that a vegetable parchment, sealed with albumin, acted
as a semipermeable membrane. When he placed a fluid, containing crystalloids and
colloids, on one side of this membrane, he found that only cristalloids diffused
through the membrane. He named this phenomenon dialysis [1].

In 1911, Haas in Giessen, Germany, who was confronted with numerous cases
of "field nephritis’, first tried to perform dialysis of the blood in vremic patients. In
1513, Abel reported the first successful dialysis on a live animal. In 1924, Haas
performed a 15 minute dialysis in a uremic patient, by using a celloidin membrane.
Two further developments were very important for the development of dialysis, i.e.
the discovery of hepazin in 1918 and the manufacturing of cellophane membranes in
the 1930’s, which were used as package material for sausages. Using this material,
Kolff, in 1943, weated his first patient in Kampen, the Netherlands, with his rotating
drum dialyzer. Blood access was obtained by arteriotomies and venesections, which
iimited the number of dialysis treatments in one patient. His 17th patient was the first
that survived. This patient was the first human being whose life was saved by
dialysis [2].

During World War I, the hundreds of patients with renal failture from crush
injuries instigated further developments. Alwall, in Sweden, stressed the imporance
of fluid overload. He devised a *dialyzer-ulirafilter” in order to perform ulirafiltration.
In 1547, Malinow, in the USA, in an experimental study of dogs, produced
wrrafilrate from blood and replaced it with Ringers solution [3], thereby cleaning the
blood. This was the first description of hemofiliration. In 1648, Kolff was invited to
New York to continue his work in the United States in cooperation with Merrill. By
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1652, Merrill reported that about 45 rotating drom dialyzers were in use in the
United States, mosily for the treatment of acute renal faiture. A few years later, the
Baxter company started the commercial manufacturing of dialysis equipment. In
1960, Quinton and Scribner described a method for the chronic cannuiation of biood
vessels by the use of a teflon tubing by-pass of the artery and vein [1]. Both these
developments made an enormous confribution to the spreading of the dialysis
technique.

Mechanisms of solute transport and terminology

Nowadays, hemodialysis and hemofiltration are commonly used blood purification
techniques. With both techniques, blood is led through a flar sheet or a capillary
dialyzer. The dialyzer consists of a blood and an ultzafiltrate/dialysate compartment,
seperated by a membrane, The membrane IS permeable to solutes of up to several
thousand Dalicns, depending on the membrane pore size, but not to proteins and
blood celis. By virue of the difference in hydrostatic pressure on both sides of the
membrane, plasma water leaks through the membrane (ulirafilrrazion) (see Figure 1).

If solutes bave a molecular weight far below the ’cut-off” point of the membrane,
they can pass the membrane together with the plasma water, so their concentration
in the ultrafiltrate will be equal to that in plasma water. This transport is called
convection. Therefore, for these solates, the convective transport rate is determined
by the rate of ulmrafiliration alone. Ulrafiliration does not affect the concentration of
the solute in plasma water. Only if the uitrafiltration fluid is replaced with a clean
substitution fluid, the solute concentration in the plasma water falls. This technique
is called hemofiltration (see Figure 2) and is performed either intermittent or
continuous. Another way 1o ciean the blood is by running a clean fluid through the
dialysate compartment so as 10 cause diffusion of soluies from plasma water w0 the
dizlysate compartment. This technique is called hemodialysis (see Figure 3). The
diffusive transport rate is largely determined by the molecular size. Thus, the
transport of small mclecules is favored by hemodialysis whereas that of large
molecules is favored by hemofilration, With intermitten: hemodialysis, it is now
common practice 1o use a high dialysate flow rate (500 ml/min) and it is possible to
realize a fixed ultrafiltration flow raie, adjusted 1o the patient’ overweight. Therefore,
a relatively small convective manspori occurs 100, which can largely be neglecied
when compared to the large diffusive transport. The combination of hemodialysis and
hemofiltration, in which both modalities function as major transport mechanisms, is
called hemodiafilration (see Figure 4), also performed either in the intermittent or
CORLnuCUS mode.
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Figure 1. A schematic drawing of witrafiltration. No clearance of solutes passing the
membranes will occur as solute concentration in plasma water does not
decrease. This method is used to withdraw an excess of body fluid.

substitution

O

Figure 2. A schematic drawing of hemofiltration. Solutes drawn here, have a
molecular weight far below the cut-off point of the membrane. Therefore,
solute concentration in the wltrgfiltrate compartment will be the same as
that in plasma water. Transport of solutes is by convection. Substitution

Fluid is used to decrease the solute concentration in bloed and to impede
too much fldd withdrawal.
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Figure 3. A schemartic drawing of hemodialysis. Dialysate flows countercwrrently
through the dialysate compartment, which causes a solute concentrgtion
difference over the membrane. Transport is by diffusion.
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Figure 4. A schemaric drawing of hemodiafiltration, Both by convection, by a high
ultrafiitration flow rate, and by diffusion, by using dialysate, solutes are
removed from blood. Both convection and diffusion contribute significantly
to solute transport.

¥  Figures 1-4 reprinted with permission from NTVG 1992, 136:; 561-565 (see list of
publications nr. 8)
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Further refinement of the blood purification techniques

In the early years of dialysis, patients were treaied for 8 to 12 hours, two to three
times a week. Understandably, the developments in those days were aimed at
improving the efficiency of the mreamment so as to reduce treatment time.
Accordingly, dialysis membranes became thinmer and larger and blood and dialysate
flow rates were increased. In 1964, however, the drawback of this development
became clear when Peterson described acute encephalopathy during dialysis
treatment. This was explained by the rapid fall in the concentration of solutes in
plasmz due to diffusion, leading to an osmotic "disequilibrium’ between plasma water
and the brain tissue [4]. Dialysis induced hypotension was ancther frequent
complication. In 1967, Henderson promoted hemofiltration [5]. With hemofiltration
the efficiency of the removal of urez was lower but disequilibrium was seldom seen
and blood pressure was more stable. Moreover, as Babb [6) pointed out, so calied
'middle molecules’, which were believed 10 contribute to the wemic syndrome, were
removed more efficiently with this technique. This middle molecule hypothesis also
led 10 the development of peritoneal dialysis techniques.

For hemofiltration, new membranes were developed, which allowed passage of
water and sohutes of up 10 several thousand Daltons at very low pressures. At the
same time, hemodialysis was refined by controlled ultrafiltration, by the use of
bicarbonate rather than acetate as a buffer substitute and by the use of high or
variable sodium concentrations in dialysate. By virtue of these developments, most
patients with chronic renal failure can now adequately be treated by intermitient
hemodiatysis in two or three sessions of 4 to 5 hours a week. In case of acute renal
failure, however, many probiems remained to be solved.

Continuous arteriovenous hemodiafiltration

Acute renal failure ofien results from sepsis, a clinical syndrome that is accompanied
also by massive edema and circulstory insufficiency, respiratory failure and
sometimes neurglogical damage [7, 8]. Patients with acute remal failure are
characterized by a high catabolic rate and therefore need intensive dialysis treatment.
The combination of Jow or unstable blood pressure and edema makes it quite
difficult t¢ judge how much fluid should be withdrawn. The combination of
ultrafiltration and hemodialysis frequeniy leads o hypotension and neurological
deterioration and may further jeopardize kddmey function [8]. Furthermore, rapid
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correction of the acidosis together with the rise of inflammatory mediators that

resulis from the blood-membrane interaction may aggravate respiratory failure [10-

15]. Consequently, in many patents with acute renal fazilure, ’comventional’

hemodialysis is coniraindicated. Therafore, this group of patients demands a different

approach [16]. The prerequisites that must be met by the treatmient can be summarized

as follows:

1. It must be possible 10 start treament at any tme;

2. It must be a very gradual treatment, s as to avoid sudden disturbances in the
delicate equilibrinm and fluid stams of the patieng

3. It must be very efficient in order to treat the uremic syndrome.

In 1977 Kramer published a method to treat massive overhydration. He used a small
dialyzer and commected it to catheters in the femoral artery and vein t0 obtzin 2
spontaneous blood flow driven by the blood pressure of the padent {17]. No
substinrion fluid was given. This technique is now known as slow comtinuous
ulirafiltrarion (SCUF). Later, in order to ccnirol the rate of fluid loss, the technigue
was modified by the addition of fluid substiution [18]. In this way, the blood is also
cleaned. This weatment 1s called continuous arteriovenous hemofiliration (CAVH).
When small highly permeable dialyzers became generally available, an increasing
number of doctors relied on CAVEH for the treatment of critically ill patients with acute
renal failure. In spite of very low blood pressures, the gradual fluid withdrawal was
very well tolerated by these patents [19]. As far as the treatment of uremia was
concemed, the treatmen: proved 1o have its Lmitations. For these highly camzbolic
patients, the rate of ultrafiltration was seldom enough to provide adequate clearance of
uremic solutes. Indeed, it was common practice for patients on CAVH 10 have
intermittent machine dialysis weatment as well Several adaptations of the technique
were suggested. Some advocated the application of a suction pump 1o the ulmafiitrate
compariment 10 increase the ultrafilration rate [20] while others relied on pumped
venovenous hemofiltration [21]. Kaplan demonstrated the ephancement of the
efficiency of CAVH by infusing the substitntion fluid in the arerial line (predilution),
rather than in the venous line (postdilution) [22]. Ronco suggesied additional dialysis
with the same dialyzer. He first used 2 dialysate flow rate of 20 L/hr for 2 hrs a day
[23] and reascned that, at a high dialysate pressure, no ultrafilration would take place.
The method was, of course, soon abandoned because of the considerable risk of
"backfliration’. At the same time Geronerus suggested continuous hemodialysis rather
than hemofilration. At a dialysate flow rate of 1-2 L/hr adequate clearance of urea was
easily obtained. Unformmately, with the dialyzer he used (a low hydraulic permeability
of the membrane) the ulrafiitration flow rate was very low [24]. Laier he suggested
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the use of highly permeable membrares [25]. In 1987, Vincent and van Geelen
presented their first experience in the University Hospital in Rotterdam with conzinuous
arteriovenous hemodiafiltration (CAVEHD) [26, 27]. They stressed the importance of
both convecton and diffusion [27]. This remarkably simple method, which does not
require complicated equipment or specially trained personnel, proved both safe and
very effective. It was soon 0 become the first choice treatment of acute renal faiture
in the intensive care setting [27-30].

Clinical examples

The following case histories give a picture of the clinical setting in which CAVHD
treatment is used and show the impact of CAVHD on the eament of the patient,

Case I:

The patient is a 67 year old man, who had undergone an aneurysmectomy of the
theracic aorta. The operative procedure had been technically difficult and had lasted
for § hours. During the operation the blood pressure had been very low. In the
mmmediate postoperative pericd, he required ventilatory support and despite inotropic
treatment his blood pressure remained unstable. Urine output decreased to zero. On
the third pestoperative day, the plasma level of urea was 56 mmol/L, that of
creatinine was 760 pmol/L, and that of potassium was 6.2 mmol/L. There was severe
peripheral edema and the patient was judged o be overhydrated. The mean arterial
pressure was 60 mmHg. Treatment of the acute renal failure was needed. Because
of his circulatory instability the patient was considered to be a poor candidate for
intermittent hemodialysis and he was treated with CAVHD. Catheters were
introduced into the femoral artery and vein. Treatment was started at a dialysate flow
rate of 2 L/br (1 Lfr is recommended in the standard protocol), because of
hyperkalemia. On the first day, 2 negative fluid balance of 1.5 liter was obtained.
Urea levels decreased to 38 mmol/L, creatinine to 450 pmo¥/L and potassiom 10 4.1
momol/L. Dialysate flow rate could be adjusted to 1 L/r. The following days, urea
levels stabilized at 20 mmol/L., creatinine at 210 pmol/L and potassium levels were
maintained at 4-5 mmol/L. The mean arterial pressure increases 1o 70 mmHg and less
vasopressor support was needed. After two weeks the patient could be weaned from
the ventilator. Finally, on the 16th day of treatment, the filter was disconmected
because renal function bad recovered. The patient could then be mobilized. He was
eventually dismissed from the hospital after five weeks,



Introduction

Case 2:

This patient was a 59 year old man, who was admitted to the intensive care unit,
because of respiratory failure and progressive loss of consciousness. A sepsis
syndrome was diagnosed but the cause was unknown. Blood pressure was 100/50.
Ventilator sapport was needed. The hemcodynamic and respiratory comnditions
deteriorated rapidly and his condition was further complicated by acute oliguric renal
failure. The patient was treated with tcbramycin and cefotaxime and large amounts
of intravenous fluid were administered to maintain adequate blood pressure levels
and the patents developed massive edema. At the second day, CAVHD tmeatment
was started. Catheters were introduced in the femoral vessels. Dialysate flow rate was
1 L/er. A pet zero fuid balance was aimed for. The dose of tobramycin was
increased 1o accommedate for the clearance by the dialyzer. To eliminate a possible
source of infection, the femoral catheters were replaced after a week. The conditon
of the patient did not improve. Because the arterial oxygen pressure remained low,
possibly due to pulmonary edema it was decided 10 withdraw as much as fluid as
possible. A total of 21 liters were withdrawn over three days. The arterial oxygen
pressure rose. CAVHD treamment was continued with an average fluid withdrawal of
1.2 liters per day for 25 days. Overall, the dialyzer was replaced 4 times. Then the
patient began to pass urine, his renal function recovered. CAVHD treatment was
stopped. Ventilatory support was still needed. Three days later, symptoms of sepsis
reappeared. There were signs of pulmenary infection and Pseudomonas aeruginosa
was 1solated from blood cultures. Despite all possible medical suppoit the infection
could not be eradicated and on the 29th day of his iliness the patient died.

AIMS CF THE STUDY

As demonstrated by the above examples, in CAVHD blood access is usually obtained
through femoral catheters, the blood fow rate is not routinely measured and the
dialysate flow rate is arbitrarily set t0 1 to 2 L/hr. In this way, the treatment proved
generally effective. However, scmetimes problems were encountered. In some
parients frequent clotting of dialyzers occurred, probably because blood flow rate was
tog low. Sometimes plasma urea levels did not come down as quickly as we had
expected or levels of phosphate were found t¢ become oo low. There was virtually
no insight in the determinants of wransport rates and the dialysate flow rate that is
necessary. It was not known to what extent CAVHD treatment had influence on the
disappearance rate of drugs. Therefore, in 1989 a swdy was begun of the
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deerminants of blood flow rate, vlrrafiltration and solute transport rate in CAVHD,
s0 as 10 be able to optimize CAVHD weamment. The aims of this smdy can be
summarized as follows:

1.

Analysis of the determinants of blood fiow rate.

The resistance to flow rate of catheters and dialyzers was studied and the
influence of bleod viscosity was analyzed. A method was investigated for ihe
determination of blood flow rate by using 2 probe outside the blood line,
Analysis of the determinants of ultrafilration and convective transport rate.
The transmembrane pressure difference and the hydraulic permeability of
dialyzers were determined as well as the change in hydranlic permeability over
time. Furthermore, the “sieving cocfficients’ were determined for a number of
clinically relevant solutes.

Anaiysis of the determinants of the diffusive ransport rate.

A mathemarical model of combined convection and diffusion was developed and
used to deremmine the diffusive mass mmansfer coefficient of a number of solutes
as a function of solute characteristics and operational conditions.

Application of the new knowledge in mathematical models in order to predict
blood fow, ulirafiltration and solute clearance rates.

Development of guidelines for the performance of CAVHD therapy with respect
t0 equipment, operadonal conditons and adjustment of drug dosage and
additional therapy.

Description of the outcome of patients with acute renal failure, treated with
CAVHD.
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CHAPTER 2

PROBLEMS ASSOCIATED WITH INTERMITTENT
HEMODIALYSIS IN ACUTE RENAL FAILURE

The wmm acute renal failure is used 1w indicate the total loss of Kidney function
within hours or days. This is usually caused by acute tubular necrosis, which is in
fact a misnomer, resulting from ischemic or toxic damage to the mbular cells. It is
encountered after a period of shock, often associated with sepsis, after aortic surgery
and after thabdomyolysis, administration of large doses of X-ray contrast material or
nephrotoxic antibiotics. Sometimes, acute renal failure is caused by immune complex
mediated glomervlonephritis, resulting from an infection with Staphylococcus or
Streptococcus species. Most patients in whom acute renal failure occurs are critically
ill and their conditon is frequently complicated by muliiple organ failure with
hemodynamic, respiratory or neurclogical instability. Acute renal failure is a
potentially reversible condition. After acute tubular necrosis, if the patient’s general
condition improves, recovery of kidney function may be expected after a period of
wo to six weeks [1].

In acute renal fallure patients, intermittent machine hemodialysis is relatively
contraindicated because of the clinical instability of the patient. In this chapter a short
overview is given of climical problems encountered with intermittent hemodialysis,
with emphasis on the possible consequences for critically ill patients.

Intermittent hemodialysis is a form of renal replacement therapy, that was further
developed for the weatment of patiemts with chronic renal failure. Patients are now
dialyzed 2 or 3 times a week, for 3 1o ¢ hours per session. In these few hours,
clearance rates have to be very high to tide over the interdialytic tme interval. The
high clearance rates are obtained by using a large membrane surface area, a blood
flow rate of 200 1© 300 ml/min and a dialysate flow rae of 500 mlimin. Durng
dialysis, fluid is withdrawn to an amount adjusted to the interdialytic weight-gain of
the patient. Dialysis weammenit is supplemented by dietary treatnent, which at least
implies restriction of protein and fluid intake. Thus, every means is used to enable
the removal of uremic solutes and water as fast as possible in the shorest possible
iime. However, there is another side of the coin.

Over-efficient dialysis is fraught with clinical complications. The most frequent

complication is dialysis-induced hypotension [2]. It is known from clinical stedies
that rapid fluid removal during dialysis often leads to arterial hypotension. In the
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early years of hemodialysis, this was atiributed to hypovolemia caused by a fluid
removal rate that exceeds the rate of fluid mobilization from the interstitial space [3).
However, in 1978, Bergstrm ¢t al showed that rapid fluid removal was better
tolerated if performed without simultanecus dialysis [4]. Also, during simultanecus
bemodialysis and hemofiltration, removal of water was easier i¢ perform than during
hemodialysis alone [5, 6]. Furthermose, it was demonstrated that even with
isovolemic hemodialysis a reduction in blood pressure could be observed [7]. This
suggested that solute ransport during dialysis interferes with blood pressure control
and therefore contributes io the side effects of the dialysis weament. Although this
phenomenon is still not fully explained, a number of explanations have been put
forward. It has been stated that the rapid fall in plagma osmolality causes a fiuid shift
from the extraceiiular compartment into the intraceliniar compartment, the so called
disequitibsium syndrome [4, 8, 9]. This intemal fluid shift together with external
fluid removal by ulirafiliration resulis in a decreased intravascular volume and
hypotension [10]. Another possible explanation of hypotension during hemodialysis
is an altered response of the autonomic nervous system [11, 12}, either because of
autonomic neuropathy or because of the fall in plasma osmolality. Schulize et al [13]
have demonstrated that when using a dialysate containing a sodium conceniranon of
126 mmol/L., mean arterial blood pressure dropped 30 mmHg and plasma Ievels of
PGE,, PGF,, and plasma renin activity rose significantly in comparison with a
dialysate containing 140 mamol/L. By using the latter dialysate, blood pressure drop
was only 13 mmHg {13]. Also, the blood-membrane interaction leads to complement
activation, which, probably through the production of arachidonic acid metabolites,
causes vasodilatation [13, 14-16]. In general, the risk of dialysis-induced hypotension
poses 1o severe restrictions to the treatment of patients with chronic renal failure. In
hemodynamically unstable patients, however, the risk of hypotension with
intermiwent hemodialysis is often unacceptable. Even with a relatively slow dialysis,
at a blood flow rate of 180 ml/min, recirculating dialysate and an vlirafiltration rate
of only 200-300 ml/hr, hypotension frequently occurs in these patients [17].

Another side effect of hemodgialysis is hypoxemia. This can be explained by several
causes. First, in the case of acetate-buffered dialysate, CO, loss into the dialysate and
a decreased respiratory quotient that results from acetate metabolism will lead to both
an insufficient respiratory drive and hypoventilation [18, 19]. Second, hypoventilation
mazy 2150 occur with bicarbonate-buffered dialysate, because of a rapid increase in
blood pH {18). Third, membrane bio-incompatibility gives rise to the secretion of
inflammatory mediators that may lead to pulmonary vasoconstriction [16, 20-22]. By
using bicarbonate-containing dialysate and more biocompatible membranes (AN-69,

14



Chapter 2

pelysulfone) rather than cuprophane, these ventilatory problems may largely be
prevented [20, 221

Hemodialysis may cause neurological deterioration. Patents may become
unconscious as a result of uremic encephalopathy itself. Also, the uremic state
predisposes to the development of seizures {23]. Hemodialysis may, paradoxically,
impair the neurological condition as a result of sudden changes in pH and osmolality.
Kennedy et al and La Greca et al have shown that duning hemodialysis urez levels
in cerebrospinal fuid decreased more slowly than plasma levels [24, 25]. Arieff et
al have shown that in uremic dogs rapid dialysis causes brain edema and seizures.
Slow dialysis, although resuiting in a similar reduction in urea concentration, was not
associated with brain edema. The brain edema was caused by a fluid shift resulting
from an osmotic disequilibrivm between plasma and cerebrospinal fuid. Interestingly,
it could be shown that the change in osmolality did not result from changes in vrea
concentration alone. The authors suggested that another, as yet undefined,
osmotically active solute (“idiogenic osmoles”) is present in the brain, creating an
osmotic gradient between brain tissue and plasma [26]. In a clinical study Port et al
demonstrated that the first dialysis treamment caused disturbances in the
electroencephalogram in virtuelly all patients and subjective symptoms of
disequilibrium in most of them. They compared two group of patients, one with a
normal dialysate sodium concentration and one in which dialysate sedivm
concentration had been increased in order to prevent the fall in plasma osmolafity.
They found that by this intervention, neurclogical probiems could be prevented [27].
Davenport ¢t i showed that, in case of hepatic encephalopathy, cerebral perfusion
pressure fell during intermittent hemofltration treatment but not during continuous
anteriovencus hemofiltration (CAVH) [28]. These are indications that, in order 1o
prevent neurplogical complications of dialysis, one should aim for slower solute
transport rates. Therefore, in patents with neurological problems, continuous
treatment methods are preferable.

In conclusion, rapid removal of sclutes and fiuids in imermittent hemodialysis has
some disadvantages. In general, these problems do not impede the treatment of
chronic renal faflure patients. With acute renal failure patients, however, we are faced
with hemodynamic, neurclogic and/or respiratory instability, which is inherent to the
cause of the renal failure, These problems call for a more restrained approach, i.c.
by continuous methods, such as continuous arteriovenous hemofiltration (CAVH),
continuous arteriovenous hemodiafiliration (CAVHD) or continnous peritoneal
dialysis (CPD). With these methods, solute clearance rate is low, which prevemt
osmotic disequilibrium and fluid removal occurs more gradually.
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CHAPTER 3

THE CLINICAL PRACTICE OF
CONTINUOUS ARTERIOVENOUS HEMODIAFILTRATION

INDICATICNS FOR CAVHD

In Chapter two the possible problems with intermittent hemodialysis in acute renal
fallure were discussed. It was concluded that problems encountered with intermittent
dialysis treatment of patients with acute renal failure and hemodynamic, neyrologic
and/or respiratory instability call for less vigorous, continuous methods of dialysis.
Exarmaples of these methods are continucus arteriovenous hemcfiltration (CAVEH),
continuous arteriovenous hemodiafiltration (CAVED) and continucus peritoneal
dialysis (CPD). Treatmment by CPD will not be discussed in this thesis. As treatment
with CAVHD provides higher clearance rates than with CAVH, optimal treatment
is by using CAVHD. In the University Hospital Rotterdam, indications for CAVHD
are cases ¢of renal failure, complicated by circulatory, respiratory or neurplogical
instability, and cases of renal fajlure for which daily dialysis treatment would be
needed. In general, patients treated by CAVHD are patients who have had major
surgery or patients with sepsis and multiple organ failure, including renal failyre.

The combination of renal failure and circulatory instability is the single most
important reason for treamnent with CAVHD. The combination of low or unstable
blood pressure and edema makes it quite difficult to judge how much fluid can be
withdrawn safely. In cases of compromised myocardial function, vascular refilling
rate during ultrafiltration is very slow. If such patients were t0 be freated with
intermittent hemodialysis, this would lead to osmotic disequilibrivum with further
impairment of vascular refilling. With CAVHD, the low clearance rates prevent the
occurrence of osmotic disequilibrium [1] and fluid removal ocgurs more gradually.
Indeed several studies have shown improved vascular stability during weament with
CAVEHD [2-6].

Respiratory failure or threatening respiratory failure due to fluid overload alone
are not necessarily indications to use continuous instead of intermittent techniques.
These patients are best treated with intermittent wtrafiltration. However, if a patient
with renal failure is weaned from the ventilator with difficulty, CAVHD is preferably
to intermittent hemodialysis. The latter may lead to a diminished respiratory drive
and pulmonary vasoconstriction. This phenomenon is attributed o bic-incompatibility
of the membrane [7, 8. In CAVHD ornly the more bio-compatibie synthetic
membranes are used. Moreover, with the longer duration of use, protein adsorption
to the membrane minimizes any bioincompatibility effects [9-11].
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Neurological instability is another indication for CAVHD. Neurological
disturbances during intermittent hemodialysis arise from an osmetic disequilibrinm
between blood and cerebrospinal fluid [12-14]. Again, with CAVHD, the lower
solute clearance rates prevent osmotic disequilibrivm. This has been bome out by the
study of Davenport et al, who showed that in patients with hepatic encephalopathy
cerebral perfusion pressure fell after intermittent hemofiliration but was preserved
during meatment with CAVH [15].

The indicgtions for continuous treatment mentioned thus far stem from a
contraindication to intermitient treatment. Another reason to chiocse continuous rather
than intermiftent treatments is the need for daily dialysis treatment. Acuie renal
failure patients, especially those with sepsis, are in 2 hypermetabolic siate with fever,
increased cardiac output and increased resting energy expenditure [16], Therefore,
there is an increased demand for both energy and proteins. It has been shown that
& positive comulative caloric balance is associated with improved overall survival
[16-18]. In order to achieve a positive caloric balance, patients ofien receive total
parenteral nuirition, which may be complicated by very high rates of urea production
and fluid overoad. Until recendy, this necessitated daily hemodialysis and
ultrafiltration. Today these problems are easily managed by CAVHD [19-22]. Indeed,
Bartlent et al have demonstrated that patients with multiple organ failure who were
treated by CAVH showed a more positive energy balance and higher survival rates
than patients, who were teated by intermittent methods [23]. Compared to
intermitient heraocdialysis, the rate of uremic solute removal is lower in CAVHD, but
at usual dialysate flow rates the rorel removal per day is similar. Furthermore,
intermittent therapies carry the risk of fhud overload in the period between
successive treatments. This risk is aveided by CAVHD. It must be realized that with
both treatmment modalities amino acids are removed to a certain extent [24-28] but the
rate of removal is small when compared to the rate of administration. Anocther
example of a situation, which used to be managed by daily intense dialysis treatment,
is kidney transplantation in a patient with primary hyperoxaluria. In these patients
plasma oxalate levels should be kept below 20 pmol/L {29] until the graft functions
well. This is virmally impossible with intermittent treatment. However, with
CAVHD, at a dialysate flow rate of approximately 4-5 L/or, 2 constant plasma
oxalate clearance rate of 40-50 ml/min can be achieved, which suffices to control
hyperoxalemia.

Logistic indications for weament with CAVHD are especially justified if
frequent dialysis treatiment would interfere with other aspects of patient care and if
the arterial blood access poses no particular problem. Frequent and prolonged
investigations or ¢perations can proceed without disconnecting the filter.
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It has been hypothesized that continuous techniques can effectively remove
infiammatory mediators associated with sepsis, the adult respiratory distress
syndrome {ARDS) and multiple organ failure {30, 31). This prompted Cosentino et
ai to smudy the effect of CAVH in patients with ARDS, who had no renal failure. In
this study, a beneficial effect on the course of ARDS could not be demonstrated [32].
It is likely, however, that, for most peptides, endogenous clearance rates are much
faster than their removal by CAVH or CAVHD. Therefore, current research still
focuses on the precise pathopaysiological mechanisms involved in the multiple organ
failure syndrome. The trené is to look for ways to more selectively remove or
neutralize the key pathogenetic factors by affinity columns or specific antibodies or
drugs.

CONTRAINDICATIONS FOR CAVHD

I a patient has a vascular prothesis of the femoral artery located less than 20 ¢cm
above the groin, the use of the femoral artery can be hazardous. Sometimes, due o
extensive arteriosclerosis, cannulation of the femoral artery is impossible. In such
cases, the axillary or brachial artery or, if blood pressure is high enough, a Scribner
shunt may be used as an altemative vascular access. If none of these possibilities
remains, then the use of pumped venc-venous hemodiafiliration should be considered.
The main disadvantage of the pumped echnique is that more specialized personnel
are needed t¢ watch this system. Moreover, if the pump is equipped with all the
necessary aglarms and safegnards, this implies that the pump can be interrupted which
may lead to clotiing of the system.

In our view, CAVHD (or CVVHD) is contraindicated only if the extracorporeal
circuit interferes with the mobilizatior of the patient. Thus, when a patient who has
been treated with CAVHD, recovers, we tend to continue the treatment by
intemmittent hemodialysis.

EQUIPMENT AND INSTRUCTIONS FOR USE

A st of the necessary equipment for CAVHD is given below:

1. Catheters for arterial and venous access (and the disposables used for their
introduction).

2. Small surface high-flux dialyzer.

3. Arerialfvenous blood tubing set with at least an entrance port in the arterial
blood line for heparin administration: and preferably an additional arterial and/or
venous port for administration of substituntion fluid.
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Ulirafiltration line.

Graduated ultrafiitration collection bag or wrometer.

Heparin pump.

Substiration pump, which can deliver up to 1000 mi/lr and infusion line.
Dialysate pump, which can deliver up t0 approximately 5 L/hr, and
corresponding infusion line.

8. Weighing device.

10. Dialysate heater.

11. Heparin, substinution fiuid and dialysate fluid.

12. Two liters of rinsing fluid: Nall 0.5%, containing heparin 5000 U/L.

% N ot R

Priming and installation

The purpose of priming a hemofilter is to eliminate air and, with some hemofilters,
glycerine, which is used to prevent dehydration of the membrane.

To prime the system, attach the blood lines and the ulmafiliraie line to the
hemofilter. The ultrafilirate outlet should be simated on the arterial site of the
hemofilter to achieve a countercurrently dialysate flow. Place the hemofilter in a
holder in the upright position, with the venous port at the top. Connect the proximal
end of the arterial line to the rinsing fluid bag and the distal end of the venous line
0 2n empty sterile bag. Clamp the ultrafiltrate Iine and nm 1 to 134 liter of rinsing
fluid through the blood lines and filter under gravity forces. Make sure that side ports
have been rinsed as well and that ail air has been eliminated. Then unclamp the
uitrafiltrate line and clamp the venous line. Run ¥ liter of rinsing fluid through the
system. In this way, forced ultrafiltration will occur and glycerine will be rinsed out
of the pores of the membrane. Finally unclamp the venous line and rinse the rest of
the fluid through the system.

Afier priming, the pumps, heater, urimeter, heparin, substitufion fluid and
dialysate flnid are connected to the sysiem and the hemofilter, illed with rinsing
fluid, is connected to the catheters. Figure 1 shows a schematic drawing of the
bemofilier and the requirements. It is customary to position the fHlter with the
ultrafilirate/dialysate outlet up (not shown in the Figure), in order to ensure that any
gir in the dialysate compartment leaves the compariment immediately. The
ultrafilirate/dialysate container is positioned below the level of the filier in order to
create a negative pressure in the dialysate compartment and thereby enhance the rate
of ultrafiltration. There must be 1o direct contact between the sterile dialysate exit
port and the container in which wltrafiltrate and dialysate are collected. The filter is
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left in place as long as it functions well. If the ultrafiltration rate falls below 200
ml/hr, and kinking of the catheters or blood lines has been excluded, the filter is
replaced. When the patient must be transporied, it is easiest to temporarily disconmect
the dialysate infusion line and fix the filter onto the patient’s leg.

DIALYSATE

PREDILUTION FLun

WEIGHING
DEVICE

-

ART URIMETER

HERPARIN

Figure 1. Schematic drawing of CAVHD system

Blood Access

In CAVHD, blood fiows spontaneously. Low blood flow rates may lead to excessive
hemoconcentration and to early clotting of the filier, Therefore, high blood flow rates
are desirable. Blood flow rate (Q,. [ml/min}} is a function of arterial and venous
blood pressure and the total extracorporeal system resistance to flow:

.~ P,
Q,= P, -F)

= (1)
R,+R,+R,

where P, and P, [mmHg] are the pressures in the femoral artery and vein
respectively and where R;, R, 2nd R, [mmHg - min/ml] are the resistances to flow
of the filter, the arterial access and the venous access. Usually, the arterial and
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Venous access constinte approximately ong half of the total resistance to blood flow,

For straight catheters and for capillary hemofilters the resistance to flow is

determined largely by the internal radius of the lumen as given by Poiseuille’s law:
Rr mii-_p_ 2

N-x-r*

Here L is the length, N is the number of the capillaries, 1 is the radius of the catheter
or capillary, and p is the viscosity of the medium [mmHg - min].

The best results have been obtained with special short wide bore CAVH-
catheters. Qur experience is with L=11.4 c¢m catheters (M8CAVH4, Medcomp) with
an internzl diameter of 2.7 mm. With these catheters the average resistance 1o blood
flow is 0.10 mmHg - min - ml? per catheter. Limited experience with 15 cm
*Shaldon catheters’ (MCY306PS, Medcomp) with an intemal diameter of 2.3 mm
(8F) indicates an average resistance to flow of 0.16 mmHg - min - ml*. With
Scribner shumis, the average rTesistance to flow was 0.36 mmHg + min - ml?, ie.
3 to 4 times higher than with CAVH-catheters (see Chapter 4). It should be noted
that the contribution 10 the total resistance 1o flow of the tbings from the catheters
to the hemofilier need not be considered. With 180 cm of tubing with an internal
diameter of 4.36 mum, it can be calculated that the resistance to flow exerted by the
tubing alone is 0.07 mmHg - min - mil*. Shortening of the wbing will have 2
negligible influence on the overall resistance to flow of the extracorporeal circuit,
With CAVH-catheters, blood flow rates are typically in the range of 100 to 250
ml/min. Ideally, blood flow rate should be measured contimucusly. It is now
technically feasible w measure bicod flow rate by means of echo transit time
measurement, using a flow probe around the blood line [33]. As an altemative, blood
flow rate may be determined by injecting a 0.3 m! air bubble into the blood line and
measuring the wansit fime of the air bubble over a known distance of the bloog line
[34, 35). Calculation of blood flow from arterial and venous hematocrit and
ultrafiltzation rate is unreliable.

CAVH-catheters are best placed in the femoral artery and vein. These vessels are
usually wide enough to accommodate the catheters and the introduction procedure
is simple. If the femoral vessels cannot be used, one may consider using the axitlary
or brachial artery and the jugular or subclavian vein for access. Scribner shunts may
be placed in the lower leg or in the foream.

Reported complications of arterial cannulation include dissection, thrombosis,
faise aneurysm formation, fistela formation, infection, and superficial or
retroperitoneal bleeding. Although this scunds alarming, Kramer et 2l have
demonstrated that these complications were considerably reduced once specially
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designed short catheters were used exclusively [36]. In recent series, with the use of
special CAVH-catheters, the incidence of damage t¢ the femoral artery was reporied
to be 2% {37-39]. Furthermore, In a remospective analysis, Swann et al found no
evidence for cither sepsis or increased morbidity related to catheter infections [40].

The hemafilter

For CAVHD one needs a small surface highly permeable hemofilter with a low
resistance to biood flow. Using a high surface hemofilter is not desirable. First,
because it leads to an excessive ulwafiltrate production and thereby necessitates
substitution infusion rates that are above the range of the intravenous infusion pumps
that are generally available. Second, because a larger membrane surface area implies
more extensive contact between bloed and membrane material 2nd, hence, a greater
risk of clotting, High flux characteristics usually coincide with good biocompatibility
{41]. For optimal function, a high diffusive permeability is also required. Protein
adsorption to the membrane causes a decrease of membrane permeability over time,
In view of the long duration of use, cbviously, protein adsorption is undesirable. The
typical hemofilter used for CAVH or CAVHED has short capillaries with a diameter
of between 200 and 280 pm and a membrane surface area of between 0.2 and 0.6 m?,
Knowledge of the resistance to flow is important, as in CAVH(D) bicod flow
is spontaneous generated by the pressure difference between the arterial and venous
access. Especially because it is no common practice 1o measure blood flow rate
continuously, one should aim for a hemofilter with a low resistance 10 flow 1o
prevent early clotting and therapy failure. If one uses a biood pump, the resistance
to flow is of minor concermn. Table 1 provides manufacturer data of several filters for
CAVH(D) that are available, From these data, the resistance 10 flow for capillary
hemofilters is calculated by using Poiseunille’s law (Eq. 2). The resistance w0 flow for
plate filters is caiculated according to:
. 3-L-p
R N @
where N is the number of blood channels, @ is the blood channel width and b is the
blood channel half-height [42). The viscosity used to calculate resistance 1o flow as
given in Table 1, is calculated as described by Pallone et 2l [43] and by vsing a
correction factor (see Chapter 4), with a hematocrit of 0.30, a protein concentranon
of 50 mg/L and a temperature of blood of 36°C. When the resistance to flow is
calculated from the manufacturer data, most of these have a resistance 10 flow below
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0.30 mmHg - min/mi, which is suitable for CAVH(D). However, from in vivo as
well as Iaboratory studies it is known that, very often, the actual resistance to flow
is higher than the value that was calculated from the official specifications [44,
Chapter 4]. Therefore, before a filter is used for CAVHD, one should best rely on
precise determination of the resistance 1o flow in a laboratory setting [45]. The
resistance o flow of a hemofiiter has been found to be constant over time. Figure 2
shows a recording of mean arterial pressure and biocod flow rate within the CAVHD-
circuit over 5 days. Fluctations in blood flow rate reflect those in mean arterial
pressure (MAP, [mmHg]). Only after four days a precipitous drop in blood flow is
seen. A few hours later the filter had become clotted completely.

The ulrafiltraticn rate (Q;, [ml/min]) is determined by the hydraulic permeability
of the membrane (L, fml/mmig - min - m?]), the membrane surface area (S, [m?])
and the transmembrane pressure (TMP, [mm¥g]):

Q=L,*S-MP @

or

Q;=MI-TMP &),

where Ml [mi/min - mmHg] is the more commonly used hydraulic permeability
index of the membrane. A recording over time of ultrafiltration rate is shown in
Figure 3. The data shown in Figures 2 and 3 were obtained from the same patient.
It is apparent from Figure 3 that, while mean pressure and blood flow rate remained
constant, ultrafiltration rate decreased over time. This indicates that MI and,
presumably, Lp decreased over time. This phenomenon has also been demonstrated
by others [46-48]. It has been shown that during continued use of a membrane, a
decline in the hydraulic permeability occurs as a result of protein adhesion [49, 50].
We have described the average rate of decline of MI with three different hemofilters
(Chapter 4). The data showed that the decline of MI was least apparent with a small
polysulfone capillary hemofiiter. The influence of hemofilter geometry and
membrane material in this respect has not been stadied in detadl so far.

In CAVH, high-fhux membranes are used in order to obtain adequate convective
clearance rates. In CAVHD, clearance occurs more by diffusion than by convection.
Tre rate of ultrafilration must still be high encugh to be able to withdraw several
liters of fluid per day. When using a high flux membrane, a total membrane surface
area of 0.6 m® is enough to obtain an ultrafiltration rate of 300 to 1000 mi/r.
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Both hydraulic and diffusive permeability have been found to decrease over fime
(Chapter 4, 6). Thus, a very low hydranlic permeability is asscciated with a low
diffusive permeability. Generally, if clearance rates are inadeguate, they may be
effectively increased by increasing dialysate flow rate (Chapter 6). However, when
membrane permeability hias become poor, as reflected by an ultrafiltration rate of less
than 200 m/hr, the filter is best replaced. Changing of the filter can nearly always
be postponed s¢ as to take place during working hours.

Table 1. Manufacturer data of CAVH(D) filters and calculated resistance to flow.
Fres.= Fresenius, AN-69=Acrylonitrile-69, PS=Polysulfone,
PA=Polyamide, PAN=Polyacrylonitrile. p = 3.5 + 107 mmHg - min.

! : Channel height, * : Channel length,
? : Channel width, * : Number of blood channels,® : TMP = 55 mmHg,
¢ : Wet condition, ” : Calculated from membrane surfae area.

filter membrane membrane fiber fiber number effective R, calc
wall  diameter length of fibers membrane
thickness  pm cm serface
nm areq. m®
Hospal plate AN-69 23 200+ 26,8 15 6.43 0.11°
0.26 - 6.7
T™E!
Hospal AN-69 50° 240° 15 6000 0.60 0.11
Muliiflow-60
Amicon D-20 PS 75 250 12.7 5000 0.40 0.09
Amicon D-30 PS 75 250 212 5000 0.70 0.15
Garnbro FH 22 PA &0 215 14.1 2100 0.16 0.44
Gambro FH 66 PA 60 215 172 6200 0.59 0.18
Fres. A-V 400 PS 35 220 25.5 4500 0.70 0.34
Sorin HFT 02 BS 40 200 12.0 4600 024 0.23
Renafle BF250 Ps 40 280 14.0 2800 .25 011
Renaflo HF500 PS 40 280 215 3350° 0.50 0.15
Aszhi APF-(3 PAN 35 250 185 3400 0.30 0.20
Asahi APF-06 PAN 35 250 18.5 6400 0.60 0.11
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MAP mmHg, Blood flow — ml/min
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Figure 2. Blood flow rate over time using the AN-69 capillary dialyzer (in vivo
data). + :Blood flow, « :MAFP

Ultrafiltration flow mi/mmn

15
L
12 -®
®
®
9 i P
e oo
L
2
or e 'y
° L3 A . ° :. : ® Sy
°
3 f—
-]
-3
0 | i ] | ] ”.J
O 20 40 &0 80 100 120
time hrs

Figure 3. Ultrafiltration flow rate over time using the AN-69 capillary dialyzer (in
vivo data)
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Fluids and flow rates

In CAVHD, dialysate must be sterile in order 1o prevent back-transport of products
of possible contaminants, such as pyrogens, from dialysate to biood {51-53]. It is
easiest 10 use a commercially available hemofiltration substitution fiuid for diatysate.
These fluids come in bags of up to 5 liters. In Table 2, several solutions are
mentioned that can be used as dialysate fluid. Pialysate fluid for peritoneal dialysis
is less suitable for use in CAVHD, mainly because of its low sodivm content and
high content of glucose. After a few days of meamment with CAVHD, at 2 dialysate
flow rate of 1 L/hr, we frequently encountered hypokalemia, hypophosphatemia and
alkalosis. In our view therefore, the ideal dialysate solution should be composed so
as to prevent elecolyte derangements during the steble phase of CAVHD treatment.
At the start of treamment, when serum potassium and phosphate are high and
bicarbonate is low, the same dialysate flnid may stll be used albeit at a higher
dialysate flow rate. We do not advocate the use of a range of different dialysate
solutions, becamse it is impractical and becavse individual modifications or
supplementations may stil! be needed. Therefore, it is recommended 1o measure
serum levels of phosphaie, potassium and sodium at least once a day. Untl recently,
all solutions contained either lactate or acetate as a buffer substitute, since the
addition of bicarbonate would be precluded because of precipitation with calcium and
magnesium. Presently, we use for dizlysate a fluid to which bicarbonate is added just
before use (Schiwa). When used within 24 hours, precipitation of calciumcarbonate
is negligible. With bicarbonzate containing fluids, the possible harmful effects of
acetate and the inconvenience of spurious elevation of blood lactate is eliminated.
Furthermore, jenkins et al have demonstrated that in chiidren on CAVHD who have
persistent metabolic acidosis, changing from lactate containing dialysate to
bicarbonate containing dialysate considerably improves the metabolic acidosis [54).

Blood and dialysate mun in opposite directions. This countercurrent flow
increases the concentration gradient between blood and dialysate. In most cases a
dialysate fiow rate of 1 L/hr is enough 1o contro} the uremic state. The influence of
dialysate flow rate on diffusion is exiensively discussed in Chapter 6.

As substittion fluid one may use simple Ringer’s lactate, In case of
hyponawemia, the addition of 1 gr NaCl to 500 ml of Ringer’s lactate so as to
increase its sodium concentration (0 180 mmol/L, will lead to gradually correction
of the hyponatremia. Alternatively, if the patient is no longer acidotic, one might
consider the use of isotonic saline for substition fluid. Substinxion can be given
either by infusing the fluid on the arterial line (predilution) or on the venous line of
the fiiter (postdilution). Predilution has several advamiages [S5, 56]. By predilution
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the hematocrit and the plasma protein conceniration are decreased, which leads to a
decrease of the blood viscosity and an increase of blood fiow rate. Also, at least
theoretically, by lowering colloid osmotic pressure ultrafiltration rate will be
increased. The flow rate of the substitution fluid must be adjusted hourly to the rate
of ultrafiltization $0 as to achieve the desired fluid balance. It is recommended not to
decrease the rate of ultrafiltration, as this would decrease clearance rates, especiaily
of solutes with a high molecular weight.

Table 2. Composition of fluids which can be used for dialysate fluid in CAVHD

(ramol/L).
Dialysare Nzt K* €& Mg® O Lact Ac HCO, Gl
Fres. HF11 140 1 163 075 101 450 0 0 109
Fres. HF21 135 2 188 075 106 338 O 0 83
Fres. HF02 140 6 200 100 111 0 35 0 o

Schiwa SH-44 HEP 140 2 1.7 050 112 29 0 314 56
Schiwa SH-35 HEP 140 ¢ 1.7 050 110 2.9 0 314 56
Schiwa SH-36 HEP 140 4 175 050 114 28 0 307 5.6

Schiwa SH41 HEP 41 0 0 672 108 0 G 343 56

Hospal 1O 140 O 175 075 100 450 0 0 0
Hospal L2 142 2 200 075 110 400 1] 1] 4]
Hospal LG4D 140 4 200 075 110 400 0 ¢ 6.1
Gambro 140 1 1.60 Q75 100 450 0 0 11.1
Hemofiltrasol 21

Garnbro 140 0 160 075 100 450 ¢ 0 11.1
Hemofilirase] 22

Gambro 40 1 180 075 100 450 ¢ 0 11.1
Hemofilwrasol 23
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Pumps and weighing devices

For safety reasons, we advise against the use of a pump in the blood line. I one
were to use a pump in the blood line, this would at Ieast necessitate the use of a
bubble trap and menitoring of the pressures in the arterizl blood line, immediately
after the pump (in order to detect cloting of the filter) and preferably also in the
venous blood Hne. One might also argue that the extracorporeal system ought to be
supervised by a renal nurse.

For pumping dialysate fluid, a special pump that may deliver up to 3-5 L/br, is
vseful but a simple screw clamp will also do. As dialysis fiuid comes in big bags,
it is necessary w use a weighing device to ¢heck the amount of dialysate delivered
every hour. The total amount of yltrafiltrate plus spent dialysate may be measured
either by weighing or by using 2 calibrated container.

When substitution fluid is given into the arterial line ("predilution’), an infusion
pump must be used becanse of the high pressure. In view of the high ultrafiliration
flow rate that cccurs in the first few hours, this pump must be able to deliver up to
1000 ml/br.

Articoagulation

Our practice is 1o start with a heparin dose of 500 U/hr, administered just before the
hemofilter in the arterial line. No loading dose is given. The dose may be changed
10 between 250 and 750 U/br as clinically indicated. In case platelets counts are
below 20-10°/L we give no heparin at all.

One might consider regional heparinization, i.e. heparin in the arterial line and
protamine in the vencus line [57). Recently, Mehta et al have published a scheme for
citrate anticoagulation in CAVHD [58, 59].
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CHAPTER 4

DETERMINANTS OF BLOOD FLOW AND
ULTRAFILTRATION: THEORETICAL PREDICTIONS AND
LABORATORY AND CLINICAL OBSERVATIONS'

INTRODUCTION

Continuous arteriovenous hemofiliration (CAVH) and hemodiafiltradon (CAVHD)
are based on spontaneous plood fiow and spontancous ultrafiltration [1]. Failure of
the technique may occur due 1o an inadequate blood flow rate, leading to excessive
hemoconcentration and clotiing.

Theoretically, blood flow rate and ulmafiliration rate may be predicted on the
basis of filter geometry, membrane characteristics and blood viscosity. Pallone and
Petersen developed a mathemarical model by which they were able to predict filter
performance in a Iaboratory setting [2]. In their study the resistance to blood flow
was in good agreement with model predictions, On the other hand, Olbricht et al in
a clinical study found that the resistance to blood fiow was 3 times higher than
expected [3]. The aim of the present smdy was to examine the feasibility of
predicting filter performance under clinical conditions. In patents who were treated
with CAVHD we performed serial measurements of blood flow rate, blood pressures
and ultrafiltration rate, so as to estimate the filier resistance 1o blood flow and its
hydraulic permeability. We also measured filter resistance to flow in 2 laboratory
setting. Clinical and laboratory data were then compared with theoretical predictions.

METHCDS

Clinical protocol

Twenty patients were treated with CAVHD for acute renal failure and sepsis and/or
circulatory or neurological instability. A hemofiltration substitution solution (FIF-11,
Fresenius, Gemmany) was used for dialysate. The CAVHD circuit was installed as
depicted in Figure 1 (for details, see Chapter 3). For vascular access we used special
11 cm CAVH-catheters (Medcomp, 8 F) in the femoral vessels, or Scribner shunts.
Three types of hemofiliers were used (all specifications according to manufacterers):

*  Reprinted in revised fom with permission from Nephrol Dial Transplant 1990, 5: 1031~
1037
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- the AN-69 plate filier (15 compartments, length 268 cm, width 6.7 cm, channel
height 200+0.26 + TMP pm, membrane surface 0.43 m?% SCU/CAVHD, Hospal,
France),

- the AN-69 capillary flter (6000 fibers, length 15 cm, including 2 cm within
potting, internal diameter of fibers 240 pm, and 220 pm within potting, membrane
surface 0.6 m* Multifiow-60, Hospal, France)

- a polysulfone capillary filier (4600 fibers, fiber length 8.5 cm, intemal diameter of
fibers 200 um, membrane surface 0.24 m’; Spiraflo HFT02, Sorin Biomedica, Italy).

-TPN

-blood, etc. l

predilution
ftuid

dialysate

heparin

&
‘ﬂ balance l pump

heating colil

é container

Figure 1. CAVHD system

Filters were prepared by rinsing the blood compartment with 2 L of saline,
centaining heparin 5000 U/, allowing filtration to take place (see Chapter 3 for
rinsing procedure). Filiers were placed in the upright position, with the uitrafiltrate
outlet up. Ulirafiltrate column height was about 60 cm. Standard anticoagulation
consisted of heparin 500 U/ar into the arterial line of the filter. No loading dose of
heparin was given. No protamine was used. Three patients received no heparin
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because of excessive bleeding, thrombocytopenia or hepatc failure and coagulation
disorders. Substitution fluid (Ringers lactate) was infused into the arterizl line
(predilution). The amoun: of substimion fluid was adjusted hourly to the net
ultrafittration (UF) rate. Reasons for filter replacement were clotting of the filter or
a UF rate < 200 mi/hr. Furthermore, filters were removed when dialysis was no
longer necessary or when clinical improvement allowed mobilization of the patient,
in which case patients were treated further with conventional imermittent
hemodialysis. Thus, average filter "survival’ time was 3 days.

In a separate study we took bleod for viscosity measurements from 10 patients,
aged 38 10 66 years, who had been treated i the intensive care department for at
least three days.

Laboratory protocol

The 0.6 m®> AN-69 capillary hemofilter was studied in the laboratory. Filters were
prepared by rinsing the biood compartment with 2 1 of saline, containing heparin
5000 U/L, 2llowing filtration to take place. After that, the dialysate compartment was
closed. Blood tubing, with an inmer diameter of 4.3 mm, containing side poris was
used and adjusted so we could measure the pressure in the perfusion flnid 2 cm
before and after the hemofilter. An electromagnetic flow probe was mserted into the
tubing so that mean flow rate could be measured continuously.

The experiments were performed at room temperature. Filiers were in the
horizontal position. Eight filters were used. They were 211 first perfused with saline,
then two filters were perfused with a sucrose solution and three filters were perfused
with pig blood. A Rhodial® blood pump was used to generate pulsatile flow rates
from 50 1o 600 m¥/min in case of saline perfusion and from 50 to 300 m¥/min in case
of blood or sucrose perfusion. The filter resistance to flow was thus determined at
different flow rates. Furthermore, with all three solutions we once changed the set
up SO as to create an open circuit with a container at a variable height, in which a
constant flow through the filter was generated by graviry and the pump was used 1o
retum the fluid to the container.

We also measured the resistance to flow over 223 cm of standard
polyvinylchioride (PVC) blood wbing with an inner diameter of 4.36 mm, using
saline as the perfusion fluid.
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Measurements

Elecrronic pressure transducers were connected to the arterial and the venous lines
1o measure the pre- and postfilier hydraulic pressures (P; and P, respectively). Both
pressures were measured using the same pressure transducer. In the patients, we also
measured intra-arterial and intra-venous (P, and P,) pressures by the same pressure
transducers after clamping the line for 10 seconds. The pressure midway in the
ultrafilmate-compartment (P, [mmHg]) was calculated from the height of the fluid
column in the UF-line (h, [cm)) according to:
h

P=ere. n
¢ 136

where the value 1.36 is needed for the conversion from emH,0 to mmHg, Effective
transmembrane pressure {TMP) in the filter was calculated according to:

PP

T™MP=_._°-P, -COP @

where COP [mmEg] is the colloid osmotic pressure caused by the protein in the
blood compartment. (Bemouill: effects were thus neglected, see Discussion). Collcid
osmotic pressure was calculated according o the eguation of Landis and
Pappenheimer:

COP=2.1-C,, +0.16-C,.2 +0.009 -C,> ©)

where C,,,, is the mean plasma protein concentration (g/dl) in the filter. This equation
had previcusly been found to fit experimental data closely over the range 0 t0 25 %
of protein [4]. When we compared measured and calculated values, the difference
was always less than 5 mmHg (n=12).

C.: 18 calculated according to:

Cc = Cpro:~a+cpru:—v = Cp:m-a'(zQPa+2med-Qf) (4}
pres 2.(Qpa+de—Qf)
where Cy, and C,,,, are the plasma protein concentrations at the filter inlet and

outlet respectively; Q,, [ml/min] is the plasma fiow rate through the arterial catheter
before addition of predilution fiuid, which is calculated as:

]
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Q. =Q,-(1-Hp &)

where Hr is the blood hematocrit, Q4 is the predilution fiuid infusion rate; Q; the
ulirafiltration flow rate and Ht the hematocrit. In the patdents, blood flow through the
filter was determined in duplicate by measuring the time required for air bubble
displacement over 13.0 ml of tbing. In the laboratory blood flow was measured with
an electromagnetic flow probe (see laboratory protocol). Ultrafiliration rate was
determined by timed collection of fluid from the vltrafiltrate line over five minutes
after switching off the dialysate pump. Filter membrane index (MI, [ml/h - mmHg])
was defined as:
_ Q, 60

M= ___ )]
T™P

Hydraulic membrane permeability of the membrane (L, [cm/min - mmHg]) was
calculated from:

L =E=_9_{_ )
PS T™MP -S

where S [cm?] is the membrane surface area of the filter.
The resistance of the filters to blood flow [R, mmHg - min/ml] was calculated
aceording to:

R£= i ] (8)

and resistances of the arterial and venous access were likewise derived from the
pressure drop P, - P, and P, - P, respectively. Resistances were nomnalized for biood
viscosity according to:

an = — (9)

where, for bilood, viscosity (p, [mmHg - min]) is calculated as described by Palione
et al [S], assuming a blood temperature of 37 °C in the patient for calculating the
resistance of the arterial access and of 34 °C in the filter for calculating the resistance
of the filter and the venous access and taking the effect of vlmafiltration on
hematocrit and proiein concentration into account. In narrow tbes blood viscosity
may be decreased according to the Fahreus Lindqgvist effect. With a diameter of 200
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10 240 pm, however, the decrease is less than 5 % and may therefore be neglected
[6]. Values of viscosity for the saline and sucrose solutions were taken from
published tables [7].

Under the conditions of our study, with shear rates of 150 to 400 sec’, blood may
be regarded as a Newionian fluid [8]. Furthermore, within the fibers, blood flow is
laminar. Therefore, Ry, may also be predicted according to Poiseuiile’s Law:

gL
N-x -1*

R, pred = ao

where L is the fiber length; N is the mumber of fibers and r is the imemal radios of
the fibers of the hemofilter.
For the flat plate filter, R, was predicted according to:

3-L
red = e~
Reap 2-N-o b’

(11
where N is the number of blood channels; @ is the blood channel width and b is the
blood charmel half-height [9].

Viscosity measurements were performed using an apparaius that measures the
flow rate of blood at 37 °C through a glass capillary with a known resistance. The
internal diameter of the capillary is 1.05 mm and the velocity is approximately 30
mry/sec, resulting in shear rates similar to those within the fibers of the hemofilters.

Statistics

The clinical data are presented as means + 1 S.D. The time dependent decrease of
hydraulic membrane permeability was analyzed by regression analysis, Previous
expeniments showed that a good fit was obtained by lnear regression of the filter
membrane index or hydraulic membrane permeability as a function of the logarithm
of time (Ln t). This regression analysis was performed for each individual filter. An
approximately equal number of data points were obtained before and after 12 h of
use (for number of data, see Table 4). Slopes and exirapolated vaiues at 12 h of use
were compared by Wilcoxon’s Rank test.

Filter resistance, measursd in the laboratory, was plotted against flow rate and
linear regression analyses were used to calculate the resistance at zero flow rate and
to determnine the slopes.
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RESULTS
Blood path resistance and blood flow rate

On starting CAVHD treatiment, mean arterial pressure was below 70 mmHg in 2 third
of the patients. The CAVH-catheters had 2 resistance to bloed flow of onty 0.10
mmkHg per mi/min, while for the Scribner shunt this value was fourfold higher (Table
1). The average filter resistance to blood flow was between 0.24 and 0.35 mmHg per
ml/min. Generzlly, there was no appreciable change in filter resistance with time. In
a few cases, a sudden increase in the resistance to blood flow heralded clotting of the
filter. Using CAVH-catheters, overall blood path resistance during CAVHD treatment
was approximately 0.45 10 0.55 mmHg per ml/min This resulted in bleod fiow rates
of 164 £ 59 ml/min (range 63-284 ml/min).

The nomnalised resistance, Ry, of the hemofilters we observed was two to three
times higher than the predicted value (Table 1). This was pardy explained by
underestimaticn of blood viscosity. Blood viscosity proved to be 1.4 times higher
than the value calculated according 1o Pallone et al [5] (Table 2).

Results of laboratory experiments are given in Table 3 and Figares 2 and 3. For
the PVC tube, the resistance to flow was in accordance with that predicted according
to Poisenille’s law. For the hemofilier, both with saline and with the sucrose solution,
the resistance was 40 % higher than the calculated value. Similar values were
obtained with either pulsatite or constant flows. The resistance rose with increasing
flow rate. With blood, the resistance to flow was 160 % higher than the calculated
value, and it did not significantly increase with flow rate.
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Table I. Resisiance w blood flow (clinical data}. PS= polysulfone

R; (mmHg -minfml]  Rg [10%m]] =n
CAVHD catheier art 0.10 £ 0.04 3813 39
ven 0.10 £0.04 37x13 35
Scribner shunt ant 0.36 £ 0.07 14831 é
ven 0.36 £0.13 147254 6
AN-69 plaie Sleer:
caleulated 3.0+02
observed 0.25 £ 0.06 8822 16
AN-69 cap. filter:
calculated 3.0
observed 0.24 £0.11 5.0x40 17
PS cap. filter:
calculated 4.7
observed 0352014 11423 17
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Table 2. Whole Blood Viscosity Measurements. | See ref. [5]

No. He Croot R obsfpredt
107 mmHg - min
1 21 55 2.84 133
2 31 45 3.55 1.49
3 25 55 2.66 1.17
4 21 53 323 1.54
5 26 36 3.06 1.53
6 33 45 3.69 1.55
7 30 75 393 141
8 34 54 396 1.54
9 26 54 3.05 1.33
10 24 56 311 138
mean * SD: 331 £043 1.43 012
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Table 3. Resistance to Blood Flow (Laboratory Data)

Ry, predicted Ry, measured Slope % per
10° m1? 1 mi” 100 mi/min
BLCOD TUBING
seline ’ 241 215 0.00
§=1.2-107
HEMOFILTER 3.24 4.58 88
saline 5.17 8.8
p=1.2-10"
583 6.0
252 100
5.00 | 8.1
4.69 4.1
3.88 6.0
4.60 6.1
mean £ SD: 4.58 £ 0.82 72z 18
HEMOFILTER 3.24 543 5.1
sucrose 3.98 4.9
p=2.8-10"
mean + SD: 471 %072 50=x01
HEMCFILTER 324 793 15
Pig blood 8.11 0.4
Hr= 0.23-0.26
p=2.8-107 893 0.5
mean £ SD: 833 044 05038
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Resistance mmHg min / mi
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Figure 2. Resistance w flow of ubing and of AN-69 capillary filter, using saline.
(R, predicted tubing = 0.03, R, predicted filter = 0.04).
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Figure 3. Resistance to flow of AN-G9 capillary filter, using sucrose and blood.
(R, predicted = 0.09).
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Table 4: Hydraulic membrane permeability. The average L ~values of 2.77 and 2.58
for the AN-69 filters were both lower than the value of 5.03 for the
polysulfone filter (p<0.01) The slopes 0.72 and 0.69 for the capillary
filters were both lower than the slope of 1.35 for the plate filter (p<0.05).
D Value obwined by interpolation
% Slope b in the formula L, = a - b In(time)

AN-69 capillary AN-59 plate PS capillary

L} after 12bhr  slope® (L) afier 12br slope® L)' after 12hr slope?

2.69 0.39 2.81 0.67 6.47 0.55
3.66 155 0.56 1.62 5.94 1.30
2.57 0.60 5.70 179 4.11 0.05
2.14 0.34 234 0.84 6.27 0.70
2.50 0.73 226 1.05 4.50 1.27
2.60 0.98 2.87 2.01 6.53 0.53

2.81 0.87 2.02 1.53

2.97 1.26

335 1.05

285 1.10

3.23 1.08

0.92 1.03

171 2.53
average: 2,77 6.72 258 1.35 5.03 0.69
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membrane Index

ml/hr per mmHg

wr

AN 6% capillary filter

Polysulfone capillary fifter

AN €9 plate filter

: 1 H i i I
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Figure 4. Decrease of filter membrane index with time.
AN-69 0.5 m? AN-69 D.6m? Polysulfone 0.2m?
plate filter capill, filter capill, filter

Qb 25¢
ml/imin
200
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Qf  1.000
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Figure 5. Estimated average exiracorporeal blood flow and ultrafiltration rate as a
Junction of mean arterial pressure.
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Hydraulic membrane permeability

Hydraulic membrane permeability of the AN-69 membrane was less than that of the
polysulfone membrane (Table 4). This difference was largely made up for by the
difference in membrane surface area of the hemofilters. Hydraulic membrane
pemmeability decreased with time. The rate of the decrease was faster with the plate
fikter than with the capillary filters (see also Figures 4 and 5).

DISCUSSION
Biood flow

Pallone and Petersen have shown that, for capillary and flat plate hemofilters, the
resistance to flow may be predicted from the filter geometry (2, 5]. Their prediction
was based on Poiseuille’s law. In their calculations it was assumed that bloed
behaves as a Newtonian fluid and that flow through the filter is laminar. In addition,
they used data from the literature which aliow the calculation of bicod viscosity from
hematocrt, protein concentration and temperatre. In our study we used the same
calcuiation methods. We found that the filter resistance to flow was two (o three
times higher than the predicted value. A similar finding has recently been reported
for a number of other hemofiliers {3]. To explain this discrepancy we considered
clotting of fibers, underestimation of blood viscosity, turbulent flow and/or additional
pressuze losses due to the sudden changes in the blood path diameter and deviatdons
of the internal diameter of the fibers.

Laboraiory measurements showed that the resistance of a length of mbing was
in accordance with the calculated value, which argues against gross methodological
mistakes. The resistance of the hemoflter, perfused with saline or a sucrose solution,
was 40 % higher than expected. Furthermore, it was to some extent flow dependent,
suggesting that wrbulence does occur, most likely ar the filter inlet However, this
can hardly explain why the extrapolated resistance at zerp flow rate was 40 % higher
than calculated. Also, when we applied Bernouilli’s law to estimate the pressure drop
that results from the sudden change in diameter at the filter inlet [7], we calculated
a pressure drop of far less than 1 mmHg. On the other hand, a 40 % increase in
resistance would be explained if the fiber diameter would be a mere 8 % lower than
the given value. When filters were perfused with blood, the viscosity-corrected filter
resistance was higher than with saline or sucrose. With blood, a similar filter
resistance was found both in laberatory experiments, where clofiing was prevenied
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by a high dose of heparin, and in the clinic. This argues against a significant
contribution of clotting of fibers to filter resistance. Furthermore, in Chapter 3 it was
observed that filter resistance was constant over time. On the other hand, comparison
of actual bleood viscosity with the calculated value confirmed our suspicion that we
had grossly underestimated blood viscosity. With blood, filter resistance no longer
seemed flow dependent, probably indicating that turbulence is diminished by the
higher viscosity of blood. If blood flow rate was predicted on the basis of our
Iaboratory data on filter resistance during saline perfusion and on the basis of 2 more
accurate estimation of blood viscosity, flow rate would be overestimated by enly
25%.

Ultrafiltration

The fall in ulirafiltration rate with time may be explained both by changes in the
hydraulic membrane permeability, presumably resulting from protein adsorpton to
the membrane, and by a fall in the available membrane surface area, e.g. due to
inadvertent cloming of fibers. For reasons given above, under clinical conditions
inadvertent clotting of fibers is unlikely to occur. Therefore, the decrease in hydraulic
membrane permeability with time is more likely o be due to ongoing protein
adsorption. It should be noted that according to Jenkins et al [10] the hemofiker
hydravlic membrane permeability may fall even after contact with water alone. To
our knowledge, however, this finding has net been reproduced by others. For the
AN-69 capillary filter we did not observe a fall in hydraulic membrane permeability
between 1 and 48 hours of saline perfusion, but we do observe a fall in hydravlic
membrane permeability with plasma and blood (data not shown).

Clinical Implications

In critically i}l patients, in whom CAVH(D) is indicated, blood pressure tends to be
low. A low resistance to flow of the extracorporeal circuit is therefore mandatory. In
this respect CAVH catheters are ciearly to be preferred to Scribner shunts, The use
of a2 Scribner shunt instead of catheters doubled the overall resistamee of the
extracorporeal system. In our view Scribner shunts should be regarded as unsuitable
for CAVH(D).

The resistance to flow of the hemofilters smdied was low enough to ensure an
adeguate blood flow rate in most cases. By using laboratory data on filter resistance
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and a more accurate estimation of blood viscosity, a reasonably accurate prediction
of blood flow rate under clinical conditions can be obtained.

With the three flters studied, ultrafiltration rate is always high enough for
correciion of overhydration. On the other hand, due to the time-dependent fall in
hydravlic membrane permeability, uitrafiltration rate will soon become too low for
adequate solute removal through convection alone. In case of CAVH this necessitates
frequent changes of the filter. In case of CAVHD the fall in filtration rate is less
important, as solute removal then occurs largely by diffusion.
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CHAPTER 5

A MATHEMATICAL MODEL OF SOLUTE TRANSPORT IN
CONTINUCUS ARTERIOVENQUS HEMODIAFILTRATION

INTRODUCTION

Continuous arteriovenous hemofiltration (CAVH) is characterized by the use of a
small surface highly permeable hemofilter, spontaneous blood flow and spontaneous
uitrafiltration. Solutes are removed solely by convection, ie. plasma water is
removed together with all dissclved molecules that are able to pass through the
membrane pores. The driving force is the trans membrane pressure difference. Solute
clearance is Limited by the amount of vltrafiltrate produced. It is technically feasible
to increase ultrafiltration rate by the use of a pump, either in the blood circuit or in
the filtrate line, but the inherent hazards of such techniques necessitate the use of
sophisticated safety measures and supervision by specially trained personnel. An
easier way 10 increase solute clearance is by confinuous arteriovenous
hemodiafilration (CAVHD), a technique in which CAVH is combined with
continpous slow dialysis {1, 2}. In this technigue, transport occurs by combined
convection and diffusion. Both processes have an influence on one another [3].
Ultrafiliration leads 1o an increased solute concentration in the dialysate side of the
dialyzer and thereby decreases diffusion. Dialysis lowers the solute concentration in
plasma water and thereby decreases the amourt of solwie that is removed by
ultrafiitration.

CAVHD is a new renal replacement technique. Insight into the determinants of
sclute clearance is needed to determine the optimal flow rates. Also, datz on dmg
clearance are needed. For some drugs dose adaptations may be necessary. For this,
we needed 2 mathemancal model that could be used to analyze solute ransport by
CAVHD. We must realize that CAVHD differs from conventional intermittent
hemodiatysis and hemodiafiltration in several respects. First, sclute transport occurs
by simultancous convection and diffusion. Second, dialysaie flow rates (10-30
mi/min) are very low compared to blood flow rate (100-250 ml/min) and as a
consequence the change in dialysate solute concentration over the length of the filter
cannot be taken 1o be linear, as in conventional models of dialysis {4]. The dialysate
flow rates that are used in CAVHD might be too low for optimal distribution of
dialysate over the dialysate comparment. Consequently, by low dialysate flow rates,
the resistance to diffusion exerted by the dialysate comparment may be much higher
than in conventional hemodialysis. Third, CAVHD is a continuous technigue. With
prolonged use of the filter, detericration of the membrane is likely not only 10
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decrease the rate of ultrafiltration but also to impair diffusive transport. For the above
reasons, existing models of hemodialysis are not likely to be useful for the analysis
of schite transport in CAVHD.

Previous models of solute transport by hemodialysis

In the model of hemodialysis, as published by Sargent and Gorch [4], alinear change
in solute concentration over the length of the dialyzer is assumed. Convective
transport is neglected. Thus the rate of transport depends on the difference between
the concentration in blood and that in dialysate and the mass transfer coefficient of
diffusion (K_). By using this model, the length-averaged K, may be calculated from
the total sclute wansport and the log-mean concentration difference over the
membrane [4]. In CAVHD, the contribution of convective fransport is relatively
great. Also, because of the ratio of blood and dialysate flow raies, a curvilinear
decrease of solute concentration over the length of the dialyzer Is to be expected.

The mass transfer coefficient of diffusion is the inverse of the total resistance to
diffusion, which consists of the resistance to diffusion of the blood compartment, that
of the membrane and that of the dialysate compartment [5]. In conventional dialysis
the greater part of the resistance 1o diffusion is exerted by the bleod compartment
and the membrane. According to Grimsrud and Babb [6], at a fast and wrbulent
dialysate fiow, the resistance 1o diffusion in the dialysate compartment approaches
zero. Accordingly, they developed a model of solute transport in which the resistance
to diffusion of the dialysate compartmment was neglected. Also, in their model
ultrafiltration rate was taken w© be zero. In CAVHD, this approach is not valid
because of the low dialysate flow rate and the relatively high rate of ultrafiltration.

Sigler and Techan first described solute clearance by CAVHD in paients [7].
They did not discern between convectve and diffusive clearance and the study does
not provide any insight into the determinants of diffusive transport.

Pallone et 2l smdied solute transport by CAVEHD in a laboratory setting. They
presented a model in which they defined the solute flux by convection and by
diffusion. These fluxes were then integrated over the length of the dialyzer [8]. With
their mode}, they were able o calculate the curvilinear change in solute concentration
along the dialyzer. Their model does not provide an analytical expression of K. They
did not recognize the influence of differences in dialysate flow rate on K, (Chapter
6).

Jaffrin published a mathematical model of combined convection and diffusion,
to be applied to intermnittent hemodiafiltration [9]. He expressed K, as a function of
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the resistance of diffusion in bicod, in the membrane and in dialysate. These values
are, however, not readily available. Furthermore, in order to derive K, experiments
had t0 be done at zero ulrafiliration rate. The model can therefore not be applied 1o
datz obtained from patients treated with CAVHD.

In view of the shoricomings of the above models, we developed a new model
of CAVHD. In the present chapter, we first define a model of hemodiafiltration that
can be easily implemented in any spread sheet program. Then, with some
stmplifications, the model equations are analyiically solved, so as to provide an
expression of X, as a function of blood, filtrate and dialysate flow rates and solute
concentrations. By virtue of this expression of K, the model is well suited for the
analysis of diffusive transport in CAVHD.

Mathematical model of CAVAD

The model describes the flux of a solute from plasma water to dialysate by
simultaneous convection and diffusion during countercurrent hemodiafiltration. The
solute concentration at the dialysate inlet is taken to be zero.

Three important assomptions are made. First, blood and dialysate flows are
assumed to be homogeneously distributed over their respective compartments.
Second, the membrane permeabilities for ulirafiliration and for diffusion are assumed
to be constant gver the entire membrane length. Third, within both the blood and
dialysate compartments, the solute concentration varies in the axial direction but not
in the radial direction, ie. calculations arc based on local "mixing cup"
concemrations. In reality, the so called "concentration polarisation’ occurs on beth
sides of the membrane. Thus, in our model, diffusive solute transport resulis from
a difference between mixed concentraiions in plasma water and dialysate only. The
influence of solute concentration polarization on the resistance to diffusion is thereby
neglected. The validity of the latter assumption was experimentally studied (see next
chapter).

Input variables of the model are:

- Dblood flow rate at the inlet of the didlyzer (Q,),

- hematocrit {H),

- plasma protein concentration (G,

- dialysate flow rate (Q,),

- ulwrafiliration rate (Qp),

- infusion rate of predilution fluid (Q,.0)-

- solute concentration in the arterial blood plasma (G,
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- total membrane surface area (S),

- the length of the membrane (L) and

- the mass transfer coefficient of diffusion (X).

Also the non-protein-bound fraction of the solute (F) and the sieving coefficient (s)
are required. The sieving coefficient is the fraction of the solute mass that passes
through the membrane during ultrafilration, defined as the solute concentration in
ulrafiltrate divided by its concentration in plasma water. From these input values,
we calculate the changes in solute concentrztion iIn blood and dialysate over the
length of the dialyzer and, thereby, solute clearance.

Model equations

The flow 1ate of plasma water at the blood miet {Q,,) 15 calculated by:
Qu=Qy (1 -H (1 -0-C, )+ Q, Hi-f+Q,, m

where f is the fractional solute distribution in red blood cells. For urea £ is 0.8 [10].
For most other solutes f may be taken 1o be zero. C,,, is the plasma protein
concentration in g/l and ¢, the volume fraction of proteins, is 0.00107 L/g [11]. The
solute concentration in plasma water at the inlet of the dialyzer (C,;) is calcalaied by:

C = Cpi . (Qm = me) (2)
ROl Mo

The plasma water flow rate at the blood outlet (G, is calculated by:
Qwo = Qwi - Qf (3)

and the dialysate flow rate at the dialysate side cutlet (Q,,) is:

Qdo=Qdi+Qf {4)
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The trans membrane pressure difference is the sum of the hydraulic pressure in blood
and dialysate (P, and P, respectively) and the colloid osmotic pressure in blood
(COP):

TMP =P, -P, - COP &)

The value of COP may be estimated from the bleod protein concentration by using
the Landis-Pappenheimer equation [12]. The hydraulic permeability coefficient of the
membrane (L) is calculated from the rate of ultrafiltration, the length-averaged trans
membrane pressure difference (TMP) and the membrane surface area according to:

Lo & 6
P TMP-S

The volume flux (J,=Q,/8)is a function of the trans membrane pressure difference
{TMP) and the hydraulic permeability:

I,=TMP-L, D

Solute flux through the membrane (J,) occurs by convection and diffusion. The most
rigorous expression of J, during combined convection and diffusion is:

SR
Js=Jv-s-{Cw-Cd-e 1 @
(Tt
1-¢ .K:)

This eguation is equivalent with the ope derived by Levitt [13]. In case of high
values of J, - s and low values of K, the above equation reduces to:

I, s
J,=J,-s-C +K,-(C,-C) for ‘I’(>>1 )

d

In case of low values of J, - s relative to the value of K, equation § reduces to:

C.+C 1, s
J=1,s- ‘”; 2 +K,"(C,-C) for ;{ <<1 (10

d

In case of uremic solutes, protein-binding does not usvally occur. With drugs, on the
other hand, very often part of the solute is bound to plasma proteins and ornly the
free fraction (F) is available for convection and diffusion. To take the effect of
protein binding into account, in Eq. 3 and 10 the value of C, must be substituted by
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Figure 1. Stepwise numerical integration in a spreadsheet program. Note that, an approximation procedure must be used to find the value
of C,, at which the value of cell G102 approaches zero.
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C, - F. This implies immediate re-equilibration between bound and free fractions
as solute is removed from the blood. Thus, Eq. 9 becomes:

I,-s
J=I+-C F+K,-(C,-F-C) for ;(>>1 (in

and Eq. 10 becormes:

C,-F+C I,-s
I =15 T TA4K -(C,-F-C) for -to<<1  (12)
7 X

5 v
d

For the calculation of total solute transpert, Eq. 11 or Eq. 12 is imtegrated along the
length of the dialyzer.

Implementation of the model in a spread sheer program

The above model is implemented in a spread sheet program as follows (see Figure
13
The length of the dialyzer is divided into sections. At each section, d(x), Py(x) is
defined as a linear function of P,; and P,; TMP(x) is defined as 2 function of P,(x},
P, and COP. Since, in CAVHD, the ultrafiliration rate is small in rejation to biood
flow rate, one may use a single length-averaged value of the blood protein
concentration and of COP. Also, at 2 low dialysate flow rate one may use a single
value of P,. J(x) is then defined as 2 functon of TMP(x). Q,(x) and Q,x) are
expressed as a function of Q,; and J(x) and of Q,, and J,(x) respectively. The total
solute mass in plasma water, Mw(X), is defined as a function of MW, which is the
product of Q, and C,,, and F(x). Likewise the total solute mass in dialysate is
defined as a function of MW, and J (x). Thus, to stan the procedure, an estimated
value of C,, is required (see below). C,(x) and C(x) are defined as a functon of
mass and flow rate. Finaily, at each section, J, is defined according to Eq. 11 or 12,
An iterative approximation procedure is used to find the input value of C,, at which
C,, becomes zero.

If C,, is kmown and K, must be determined, then an inidal estimation of K, is
required and the approximation procedure is followed to find the value of K, at
which C, becomes zero.
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Simplification of the model and analytical solutions
In the case that the free fraction, F, and the sieving coefficient, s, of the solute equal

one, as is true for urea, creatinine and phosphate, the transport eguation (Eq. 11)
becomes:

I, -s
¥ =J,-C, +K,-(C,-Cp) for ;{»1 (13)

d

if, for simplicity, we assume that J, is constant zlong the length of the filter, it is
possible to obtain an analytical expression of C,(x) and C,(x) as follows [14, 15]:
From the condition of continmity over a differential length d(x) of the hemofilter it
follows that:

de(x) - de(X) — (14
ax dx v

where w is the width, defined as S/L. Integrazion of Eq. 14 yields:
Q) =Q, -w-JI, x (15)

and

Q@ =w-J x~Q,, (16)

Mass mansfer of the solute in the blood comparmmens is given by:
Q0 -C.x1

— —w - T {x) (17
and in the dialysate compartment by:
d[Qd(X) 'Cd(x)} =w-T0%) (18
dx 5
where the soluie fux is:
I.=1-Cx+K, -(C,x-Cx» (19
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By combining Egs. 14, 17 and 18 we get:

0C® __ K (€0~ C) at
& Q.

and
aC,(x) w J, +Ky - (C 0 -Ckxn
dx QX

@n

Cn substracting Eq. 21 from Eq. 20 and eliminating d(x} by Eq. 14 we obtain:
83Cx _ QWX dQyx)

+ D (22}
oI o oM oY)
where n = K/J,. Integration of Eq. 22 along the length of the filter yields:
(€8 - T = [QEOP - [-Q)1"C " -(- A1) (23)

where Al is an integration constant. The condition of conservation of sciute, both
in: blood and dialysate side, implies:

Q) -Cx)+Qx)-Cx)=A2 (29

where A2 is a constant. Multiplying Eq. 23 by Q,(x) we find
Q%) *(C.(x) - C L) = -AL[Q (I - [-Qx)] @7 25)

and multiplying Eq. 23 by Q. (x) we find:
Q) (C, (0 = C,¥) = AL[Q, P - [-Q,(01™ (26)

Substracting Eqg. 25 from Eq. 24 and adding Eq. 26 to Eq. 24 we find:

1
Q- Qu

Cy0 = A2 + AL[Q (1! - [-Qux)) 6D @7

0=

) AZ + AlIQ I - [-Q (1™ (28)

i o
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From the boundary conditions at x = 0 we find:
Al=(C, - C Q" Q)™ (29)

A2=Q,C-Q, G, (30)

Substitution of Al and A2 in Eqs. 27 and 28 and their further elaboraton gives the
concentration profile on the dialysate side:

(- e
coo=21 G %G QG Gl Qb 3
Qwi—Qdo Qm-Qdo (1— Qf—x)n'l
Q,-L
and the concentration profile at the blood side by:
Q - -C (C _Cw,) (1_'6?%):'
C, 00 = = Qo Cor, %G~ Gl vi (32)
Qwi"Qda Qwi_Qdo - Qf-x)n
Q"L

Because of the boundary condition Cy = 0, Eq. 31 gives us an expression for the
ratio of the diffusive mass transfer coefficient to the volume flux:

“Coo— Qi Cs
K }n[Q“Q « EE‘(“3) :
n=_'i= wi s do Wi (33)
JV ln[(Qvn_Qf)QdO]
Qi Qq

When membrane total surface arca, flow raies and sclute concenirations are known,
Eqg. 33 may be used w calcalate the vaiue of n and of K. By substituting the value
of n in Egs. 31 and 32 one may calculate the solute concentration profiles.

Alternatively, for the case that both the sieving coefficient of the solute and the free
fraction ¢qual one. Convective solute flux may also be regarded as the volume flux
times the solute concentration in the membrane (C,) approximated by (C, + C)/2,
rather than that in plasma water (C,,, Now starting from Eq. 12, by substituting Eq.
12 in Egs. 17 and 18, we get another expression for the concentration in dialysate:
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(1 Q )nq.lf..’
Coo= G %G Q-G QT (39)
de"Qdo Q\\’.{_Qdo (1_ Qf'x nelf
| QT
and for the concentration in plasma water:
a- Q X — P12
Cw(x) = Qw; 'CWi - Qdo .Cdo " Qdo(cdc had Cwi) Q -L (35)
% v
Q. L

The ratic of the diffusive mass transfer coefficient 1o the volume flux is obtained
from Eg. 34, using Cy; = Ot

K 1ﬁm£(QM”?f)QM]___ln{Qdo.CdémQ\'él'CWlI
n= 4= Qi " Qq QualCy - W) (36)
I (Q Q:)Qd
T

K. values calculated by using Eq. 36 are slightly higher than those calculated by
using Eq. 33.
If K, is known and C,, must be calculated, we use the formula derived by van
Geelen [16]:

¢, =C, - Q%S ~Qu/QS @7
(Qu/Qu)" - (Quo/Qa™™

do wi

COMMENTS

Two models have been described, the numerical and the analytical model. The
mumerical model describes the process more clear. However, use of the numerical
model is more ume-consuming. It may best be combined with the analytcally
derived expressicn of K as an initial estimation to start the approximation procedure,
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The analytical model has a few Iimitations. Itis only applicable for s=1 and F=1.
This poses no problems when the model is used o stmdy the transport of uremic
toxins. Analysis of the conseqguences of the assumption that J, is constant rather than
decreasing along the length of the dialyzer on the calculated value of X, tums out
to be not significantly different [17]. The analytical model presented here, cannot be
used to calcalate backfilration from diatysate te biood. It is not applicable 1o protein-
bound sclutes, unless it is assumed that protein binding is irreversibie, ie. C, can be
substmied by C,, - F.

A possible source of error in both the numerical and the analytical model is that
unstirred layer effects’, which would lead to an influence of the axial flow rates on
the concentration gradient, are 1ot taken into account.

In the next chapter, data arc presented showing that, with low and variable
dialysate flow rates, there is an appreciable effect of dialysate flow rae on the
calculated value of K. A correction for this effect will be suggested in the following
chapter.
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CHAPTER 6

VALIDATION OF THE MATHEMATICAL MODEL OF
CONTINUOUS ARTERIOVENOUS HEMODIAFILTRATION:
THE ASSUMPTION OF MIXING CUP CONCENTRATICONS

INTRODUCTION

In the previous chapier, a mathematical model of solute wansport in CAVHD was
presented. In this model a number of assumptions were made. The most important
assumption was the so called “mixing cup’ concentrations within both the blood and
dialysate compartment. Assuming mixing cup concentrations is valid when
compartments are well stirred, a condition which could be approached if flows are
turbulent, but at least in the blood compartment, fiow is laminar.

The wue driving force for diffusion is the solute concentration gradient over the
membrane, which may be equated with the difference between the solute
concentration in blood and dizlysate close 10 the membrane. In both the numerical
and analytical model, these concentrations are approached by taking the bulk or
‘mixing cup’ concentrations in blood and dialysaie (Figure 1a). This assumption
implies that possible radial concentration profiles within either of the respective
compartments are not taken into account. However, solute concentrations close to the
membrane may be different from mixing cup concentrations, thereby inducing a
radial concentration profile. It is evident that a concentration differsnce between the
area close 1o the membrane and anywhere else in the blood or dialysate compartment
will be generated by solute diffusion from blood to dialysate (Figure 1b) [6]). With
assuming mixing cup concentrations, the concentration gradient over the membrane
will be overestimated and K, may be underestimated. Also, the solute concentration
in the blood compartment can be higher near the membrane, as will be described
below. Then, with assuming mixing cup concenirations, the concentration gradient
over the membrane will be underestimated and K, values may be overestimated.
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conc.

" blood comp. ! + dialysate comp,
membr.

Figure la. Ilustration of mixing cup concentrations or both sides of the membranes.
in both the blood and dialysate compariment, no gradient of concentration is
regarded. Concentration difference over the membrane is calculated from
concentrations in blood (C,) and dialysate (C)). C,: concentration in the
membrane.

conc.
Cm

blood comp. ! 1 dialysate comp.
membr.

Figure 1b. lllustration of a possible concentration profile in both the blood (C,) end
dialysate comparmment (C,) due to diffusion from the blood to the dialysate
compartment and due 0 concentration boundary layer formation. C,:
concentration in the membrane,
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Factors influencing the radial concentration profiles

A radial concentration gradient can be Imfluenced by blood and dialysate flow rates.
In the blood compariment, as blood flow in the fiber is laminar, the distribution of
solutes over the fiber is nor homogeneous (Le. concemiration boundary layer
formation) [6]. Accordingly, the differenice between the concentration in the middle
of the stream angd that near the membrane may be expected 1o depend on the blood
flow rate. Furthermore, with low blood flow rates, an inhomogeneous blood flow
distribution might occur. Within the dialysate compartment, due to diffusive
transport, the concentration near the membrane is higher than that more distant from
the membrane. Furthermore, with low dialysate flow rates, a "stagnant’ fluid layer
surroungs the fiber, which is not mixed with fresh dialysate, Within this layer, solute
concentration is higher than more distant from the membrane. Therefore, this layer
adds to the resistance to diffusion. At higher dialysate flow rates, the stagnant layer
will diminish and the sclute concentration in dialysate near the membrane will
decrease until, at an infinitely high dialysate flow rate, no stagnant layers exist,

Thus, the axial flow rates may be expected to have an influence on the radial
concentration gradient and thereby on the driving force for diffusion. As a result,
when axial flow rates are changed, the calculated value of the mass transfer
coefficient of diffusion (K,) may also be changed [1, 2].

The influence of ulmafiliradon rate on the solute concentration gradient during
CAVHD has not been previously studied. It is, however, conceivable that, i case of
ulmafiltration, dragging leads to a higher blood sclute concentration near the
membrane {4, 7], which would enhance diffusive transport (Figure 1c). On the other
hand, ulirafiliradon leads to an increased concentration of proteins near the
membrane. This ’protein boundary layer formaticn’® (protein concentration
polarization) may lead to diminished membrane permeability and may thereby
diminish transport by diffusion and convection.

By the assumpticn of mixing cup ¢oncenmaticns the possible influences of axial
flows and of ultrafiltration on diffusion gradients are neglecied. We are, therefore,
faced with the question whether changes in bicod- or dialysate flow rate and changes
in ultrafiitration flow rate have an influence on the calculated value of K, based on
the simplified model. In the present study we therefore measured solute clearance and
calculated K, values at different bloed, ultrefiliration and dialysate flow rates.
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cOonc-

' bloocd comp. ' ' dialysate comp.
membr,

Figure lc. Illusiration of a possible influence of ultrafiltration on the solute
concentration gradient in the blood comparmment. Solutes are dragged along
with the ultrafilirate and near the membrane a concentration build up will
occur.

PROTOCOLS

Swdies were performed during CAVHD in the Intensive Care Unit. Some additional
studies were performed in the laboratory. The clinical procedure has been described
in Chapter 4. The study prowocols are described below.,

1. Blood flow rate (clinical observations)

This protocol was aimed at studying the effects of blood flow rate {GQ,) on calculated
K, values. The protocol was performed if the spontaneous biood fiow through the
filter was higher than 100 m}/min, because blocé fiow rate could cnly be decreased
by clamping of the blood line. Pressures, spontaneous blood flow rate and
uitrafilration flow rate {Q,) were measured two times, at the beginning and at the
end of the experiment. At each experiment, by clamping the arterial or venous line,
blood flow was lowered 4 times to varying degrees and in random order. Dialysate
flow rate (Qy) was st to 3 L/hr. Ultrafiltration flow rate was measured at each blood
flow setiing. Data were obtained with the AN-68, 0.6 m2 capillary dialyzer (Hospal,
Multiflow-60).
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I, Ultrafiltrazion flow rate (clinical observations)

This protocol was aimed at studying the effect of ultrafiliration flow raie on
calculated K values. At each experiment, the uitrafiliration flow rate was changed
5 times, in 1 experiment 3 (imes, by increasing or decreasing the height of the
ulmafiltration column, Dialysate flow rate was set w0 2 L/r. Pressures, biood flow
rate and altrafiliration flow rate were measured two times, at the beginning and at
the end of the experiment. Data were obtained with the AN-69, 0.6 m2 capillary
dialyzer (Hospal, Multifiow-60).

i, Dialysare flow rate (clinical observations)

This protocol was aimed at studying the effect of dialysate flow rate on calculated
K, values, Afier measuring pressures, blood flow rate and ultrafltration rate,
dialysate flow rate was set to 0.5, 1, 2 and 3 L/br. At each dialysate flow rate
samples were taken from blood and dialysate (see below). Data were obtained with
the AN-69, 0.6 m2 capillary dialyzer (Hospal, Multiflow-60), with the AN-69, 023
m?2 plate dialyzer (Hospal) and with 2 polysulfone 0.23 m2 capillary dialyzer (Sorin
HFT02). Details on dialyzer geometry are given in Chapter 3 and 4.

IV, Laboratory protocol

In the laboratory, measursments of solute transport were performed at blood fiow
rates of 50, 100 and 200 ml/min and dialysate flow rates of 0.5, 1, 3 and 5 L/br at
a fixed ultrafiltration rate of 2 L/w. Ultafiltrate, collected during clinical
hemofiltration, was used for blood substitute. Data were obtained with the AN-69,
0.6 m2 capillary dialyzer (Hospal, Multiflow-60) for creatinine and phosphate.

Sampling of blood and dialysate

Samples were taken from the arierial line and from spent dialysate. In the clinical
studies, arterial samples were tzken at the beginning and at the end of the
experiments. Concentrations in between were derived by linear interpolation. In the
laboratory, samples from the blood inlet and cutet were taken at each flow rate.
Dialysate samples of the outlet were taken at each setting of dialysate, blood or
ultrafittrate flow rate. They were taken afier equilibration for a time span that secured
the passage of at least 500 mi of dialysate fluid, i.e. 10 times the content of the
dialysate comparment. In each sample, comcentrations of urea, creatinine and
phosphate were determined and in blood samples iotal protein concentration and
hematocrit were determined as well.
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TECHNIQUES OF MEASUREMENT

Arterial and venous line pressures were measured electronically and dialysate
pressure was calculated from the ultrafilivate column height. Blood flow rate was
measurad in triplicate by air bubble displacement. In the clinical smdies where blood
flow rate was varied, it was measured both by air bubble displacement and by the
echo transit time technique, using the Transonics® Clamp-on flowmeter {5]. Both
methods yielded similar values. In the laboratory stadies blood flow rale was
measured by means of an electromagnetic flow probe. Dialysate flow rate and
ultrafilrration rate were measured by electronic weighing and by timed collection

CALCULATIONS
Hydraulic permeability index (M, [ml - k' - mmHg!]) was calculated as:

M- %80 )
T™MP

where TMP is transmembrane pressure difference, calculated as described in Chapter
4. The filter resistance to blood flow (R,, [mmHg +min - mI"]) was calculated as:
P +P,

= @
R, a

where P, and P, are the hydrostatic pressures at the inlet and outlet of the filter
respectively. I R, was higher than 0.40, clouing of the filter may be the case. For
this reason, 1 out of 6 experiments in protocel II and 5 out of 45 experiments in
protocol I were discarded.

The mass transfer coefficient of diffusion (K, [um/min]) was calculated by using the
analytical expression given in Chapter 5:

Qdo -Cdo - Q\vx 'Cwi

K =l Qi Gy - Cp) :
n=}_d= Wi do Wi -1 (3}
v ln[(QWt_Qf)QdO]
Q" Qu
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The relatonships between blood, filowate and dialysate flow raes and K, were
examined in two ways, First, we plotted K, as a function of flow rate and performed
linear regression analysis if applicable. Second, we used the approach suggested by
Wilson {6] (see below). The reciprocal of K, i.e. the romal resistance 1o diffusion (R,
(min/pm]) is the sum of the resistances exeried by the blood compartment (R,), by
the dialysate compartment (R, and by the membrane (R,) [8]:

= "R=R,+R, R, @

d

According to Wilson, the influence of dialysate flow rate ¢on the resistance o
diffusion of the dialysate compartment may be examined by ploning the total
resistance to diffusion as a function of Q, to the power -y, where the value of y is
empirically determined so as to yield a straight line. The y-intercept is taken 1o
represent R+R_ (see Figure 2). We likewise defined the total resistance 1o diffusion
as follows:

R=a-Q; +b-Q7 +¢ )

where a - Q™ represents R, b - Q,” represents R, and ¢ represents R, a, b, ¢, X
and y are positive values, 1o be determined by linear regression amalysis. Eq. 5
indicates that an increase of blocd or dialysate flow rate results in a decrease of the
resistance 1o diffusion, 1.e. an increase of K, (see also ref [31).

/1
003 1/Kd min/um

MI=8.3
1/d=1/113+0.14/Qd -

ooz r -7

Q01 -7

.00
0.0C 003 Q.06 0.09 012 .15

1/d rmin/mi
Figure 2. Example of a Wilson plot and the regression function obtained by linear

regression analysis on data points shown.
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RESULTS

Influence of blood flow rate

In protocol I, initial blood flow rate ranged from 105 to 195 mi/min. Filters had been
used for 1 1o $7 hours and M ranged from 3 t0 28 ml - hr' - mmHg?. During the
experiment R, did not change, With two filters that had been used for less than two
hours, MI decreased by one fifth of the initial value.

Figare 3 shows K, values at different bloed flow rates. There was no apparent
relationship, With linear regression analysis of K, as a fimction of @y, 11 out of 13
slopes were not significantly different from zero (2 SE) and, of the remaining two,
one slope was positive and the other slope was negative. The average slope was 0.00
(see Table 1).

Table I. Effecis of changes in blood and ultrgfiltration flow rates on the mass
transfer coefficient of diffusion of creatinine (K} and that of the reciprocal
of dialysate flow rates on the resistance 10 diffusion of creatinine (R).
Results of regression analyses. n=number of experiments.
MF-60: AN-69, 0.6 m2 capillary dialyzer (Multiflow-60, Hospal, France).
HFTC2: 0.23 m2 polysulfone capillary dialyzer (HFT-02, Sorin, Iraly).
CI: Confidence Interval.
Flow range  protocol Dialyzer n Slope  85% CI
ml/min pm/ml  of the mean
K, vs Q
19-195 Clinic ME-60 13 0.00 -0.06 - 0.06
50-200 Laboratory MF-80 3 0.06 -0.01 - 0.00
K,vs Qg
2-14 Clinic MEF-60 5 0.06 -1.04 - 1.16
Rvs QM
8-56 Clinic MF.60 15 0.16 0.14 - 0.18
885 Laboratory MF-60 4 0.19 0.17 - 0.21
8-50 Clinic Plate 11 0.11 0.10 - ¢.12
8-50 Clinic HFTO02 14 011 0.07 - 0.15

76



Chaprer 6

Influence of ulrafiliration rate

In protocol T, initial ultrafiliration flow rate ranged from 6 to 11 mi/min, Filters had
been used for 12 w0 18 hours. Values of the hydraulic permeability index ranged
from 11 to 14 ml - hr' - mmHg™

Figure 4 shows K, values at different ulirafiltration rates. Again, with linear
regression analysis, slopes were not significanty different from zero {2 SE). The
average slope was 0.06 pm/ml {see Table 1).

Influence of dialysate flow rate

In protocol IN, MI ranged from 3 to 21. As shown in Figure 5, K, increased to 2
maximum value with dialysate flow rates. Similar observations were made with the
AN-69 0.6 m2 capillary dialyzer (n=15 experiments), the 0.43 m2 plate dialyzer
(n=11) and the polysulione 0.23 m2 capillary dialyzer (n=14).

For creatinine, the influence of diglysate fiow rate was quantified according to
Eqg. 5 (see CALCULATIONS). Slopes ohtained from the regression analysis of R as
a function of Q" were all significantly different from zerc (2 SE). The comelation
coefficients (1) of the regression kines ranged from 0.91 to 1.00.

Both with the AN-65 capillary and plate dialyzers, the intercept of the regression
line proved to be related to MI (Figure 6), whereas with the polysulfone capillary
dialyzer this relationship could not be determined. For the AN-69 capillary dialyzer,
we performed lnear regression analysis on the intercept as a function of the
reciprocal of MI (r=0.76). As the intercept equals the minimal resistance to diffusion
obtained with infinite dialysate flow raies, the intercept was defined as the reciprocal
of Kor- The relationship between K., of creatinine and MI was given by:

Km=..1§-160 (for MI<12)  K,_=160 (for MIz12) (8
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150 Kdc um/min

90 t \/

&0

0 ; — . . : . :
O 25 530 75 100 125 150 175 200

Qb mi/min

Figure 3. Diffusive mass transfer coefficient of creatinine (K,) for the AN-69
capillary dialyzer as a funcion of blpod flow rate (Q,). Fach line
FEPTESEnts one experiment,

125 Kde um/min

100 ¢

50 t ﬂ

o . J . .
Q 3 o 9 12 15
Cf ml/rmin
Figure 4. Diffusive mass transfer coefficient of creatinine (K,) for the AN-69
capillary dialyzer as a function of ultrafiliration flow rate. Each line
represents one experiment.
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Kde um/min

175

150 r

100 F
751
50

o : : : :
O 10 20 30 40 20 B0

Qd mi/min

Figure 5. Diffusive mass transfer coefficient of creatinine (K,) for the AN-69
capillary dialyzer as a function of dialysate flow rate. Each line represents
one experiment.

0015 Rb+Rm min/um
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Figure 6. R,+R,, of the AN 69 capillary dialyzer for creatinine as obtained from
regression analysis on Wilson plots as afunction of hydraulic permeability
index of membrane (MI).

15



Validation of the model

Results from laboratory experiments

Results from the laboratory experiments were in accordance with clinical findings.
The average slopes obtained from linear regression analysis of K, as a function of
Q, and that obtained from the regression of R as a function of Q! are given in
Table 1.

In all experiments, X, values of urea and phosphate were closely related to the
comresponding values of creatinine. The ratio of the K| value of urea to that of
creatinine averaged 1.32 (SEM=4, n=109) and the ratio of K, of phosphate to that
of creatinine averaged 0.75 (SEM=3, n=125).

DISCUSSION

Witk our model of combined convection and diffusion, we calculated the mass
transfer coefficient of diffusion (K;) based on the assumption of mixing cup
concentrations. In the present stdy, we examined whether the same value of K, may
be used to exirapolate to solute clearance at different settings. We found that blood
flow rate and ultrafiltration flow rate have no measurable infiuence on K.
Accordingly, one may indeed use the model to predict solute clearance at blood flow
and ultrafiliration rates, different from those during the experiment in which K, was
determined. Cn the other hand, dialysate flow rates (Q,) does have an influence on
K,. Thus, when dialysate fiow rate was increased from 0.5 to 3 L/, K, values
increased by approximately 100%. The effect of the dialysate flow raie on K, was
anzlyzed as described by Wilson [6]. The "Wilson plots” allowed us both to estimate
R,+R_ and R, separately. The increase of K, with increasing Q; may be explained
by the existence of an unstirred layer in the dialysate compartment, or, & low
diglysate flow rates, the distribution of dialysate over the compartment is inadequate,
resulting in a partial use of the membrane surface area. Therefore, the increase of K
with increasing Q,, which may be ascribed to thinning of that unstirred layer in the
dialysate compartment Or an increase in the use of the membrane surface area, was
quantified by a mathematical expressicn. Also, with the AN-69 dialyzers, K, proved
to be dependent on the hydraulic permeability index of the membrane (MI). Changes
in X, with different values of Ml are coniributed 10 a variability of R,+R . As was
shown in Chapter 4, MI decreases over time, probably due o protein absorplion.
Therefore, the variability of R,+R_, may be caused by changes in R, due to protein
absorption on the membrane, whereas R, is not variable. This explanation is
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supported by the results of protocol 1. Also, the influence of MI cr X, was quantified
by a mathematical expression. By incorporating the mathematical relation of K, with
both Q, and M, one may allow for the influence of these parameiers on K. This
maneuver should allow 1o exirapolate to solute clearance at different dialysate flow
rates and at different values of MI. Thus, for the AN-69 capillary dialyzer the
predicting formula of K, of creatinine becomes:

.._1_=R= 1
K

d dmae

+0.15-Q;" @)

in which K. is given by Eq. 6.

Since values of K, of other solutes showed 2 fixed relationship with the value of K,
of creatinine obtained from the same experiment, this relationship can be used to
estimate K, of other solutes as well,
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CHAPTER 7

PREDICTION OF THE SOLUTE MASS TRANSFER
COEFFICIENT OF DIFFUSION AND THE SOLUTE
CLEARANCE RATE IN CONTINUOUS ARTERIOVENOQUS
HEMODIAFILTRATION

INTRODUCTION

The mass mansfer coefficient of diffusion (K., [pm/min]), as calculated by cur
mathematical model of combined convection and diffusion, was found to be related
1o the hydraulic permeability index of the membrane (MI, [ml - k' - mmHg™]) and
dialysate flow rate (Q,, [ml/min]). This relationship was mathematically expressed
as:

1_ 1 0I5 D
Kd Kdmax Qd

where K, of creatinine is given by:

Km=lﬂé-1so, For Mi<12: K, =160, For Mi=12 (2

In addition, a fixed relationship was found between K of creatinine (K,) and that
of urea (K,) and that of phosphate (K,,):

K, =K,-132 K, =K,-075 3

In the present chapter, we examined whether these formulas may be used to
obrain a reliable prediction of X, and sclume clearance rate (Cl, [ml/min]).
Furthermore, nomograms were constructed to facilitate these predictions in the
clinical setting.

Input values for the prediction of K, are dialysate flow rate and MI. For
prediction of the clearance rate the value of plasma water flow rate at the fiker inlet
(Q,, [mi/min]) must be known. As both values of MI and Q,; are not routinely
measured in the clinic, formulas were constructed 10 estimate these values. In this
way, prediction of clearance rates are more easily to perform in the clinical setting,
Graphics were created to read the value of MI from the value of the vlirafiltration
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Prediction model

flow rate and the value of Q,; from the value of the mean arterial pressure of the
patient. The influences of errors resulting from these estimations on the prediction
of K, and MI were calculated.

METHCDS

Data were obtained from several clinical experiments, i.e from the experiments
described in Chapter 6 and from the measurements of ¢learance rates of drugs (see
Chapter 8), in which creatinine, urea and phosphate were measured simultaneousiy.
All data were obtained with the AN-69 cepillary dialyzer. Hydraulic permeability
index of the membrane, resistance 10 blood flow of the dialyzer (R, [mmfig - min
- mI"]) and ubtrafiltration flow rate (Q., [mVmin]) were measured as described in
Chapter 4. Dialysate flow rate was checked by an electronic weighing device. If the
resistance 1o flow was higher than 040, data were discarded. The mass transfer
coefficient of diffusion was calculated using the analytical expression as described
in Chapter 5 (Eq. 33). X values of creatinine were predicted according 1o formulas
1 and 2 and that of urez and phosphaie according io formulas 1, 2 and 3.
In accordance with our model, we defined solute clearance rate as:

an . Cdo
C

wi

Cl= @

where Q,, and C,, are fiow rate and solute concentration at the dialysate outlet side
of the dialyzer respectively, and C,; is the solute concentration inl plasma water at the
blood inlet side of the dialyzer. Clearance rate was predicted by substtuting the
predicted value of X, in the following formula derived by van Geelen [1]:

(Qui/ Qe " - (Que/ Q"™

&)
(Qu/ Qo) - (Que/ Q™

C=Q,-

where n is K, - S/Q,, S is membrane surface area, Q,, the plasma water flow at the
dialyzer outlet and @, and Q,, are dialysate fiow rates at the dialyzer inlet and outlet
respectively. For both K, and Cl, Hnear regression analysis was performed on the
observed values as a function of the predicted values and 95% confidence intervals
were determined,
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A nomogram was constructed 10 obtain the valye of plasma water flow from the
observed mean arterial pressure of the patient (MAP, (mmHg]) according to the
following formula:

MAP

_P‘v
.._6.:44_....-(1-Ht)-(1wO.OﬂlOT-CPm[)+f-Ht )]

Qw; =
where the intravenous pressure of the patient (P, [mmHg]) was taken 1 be 10
mmHg, hematocrit (Ht) 0.30, total protein concentration in piasma (C,) 50 g/dl, the
fractional volume distribution of solutes in biced cells (f) zero and the total
resistance 1o flow of the catheters and the dialyzer was taken 1o be 0.44, which
equals mean cbserved values (see Chapter 4). Note that, if predilution is used, the
value of the predilution flow rate has te be added up to the plasma water flow rate.
For errors in the estimation of Q,; up to 50%, the resulting error in the value of the
predicted clearance rate was calculated for Q=1 L/br, MI=8 and Q=8 mi/min. The
value of Q,,; and that of clearance rate at 0% error (starting vatue) were 100 mi/min
and 22 ml/min respectively.
Furthermore, 2z nomogram was constructed to obtain a value of Ml from the
observed values of Q, in ml/hr and MAP according to the following formuia,
assuming equal values of the resistance to fow of both the catheters:

Q

MAP +P, )]
—— +P,-COP

M=

where the pressure in the dialysate compartmment (P,, [mmHg]) was taken to be -37,
which is obtained with an vltafiliration column height of 50 cm and the colloid
osmotic pressure (COP, [mmHg]) was taken to be 20. Accordingly, for errors in the
estimation of MI up to 50%, the resulting errors in the predicted value of K, for
Q=1 and 3 L/hr were calculated by using Eq. 1 and 2 (starting value of MI=8).
Then, the impact was determined of an underestimation and overestimation of K, up
10 50% on the predicted clearance rate for Q=8 ml/min and Q,=100 mi/min.
Herewith, starting vaiues of K, were predicted for Q,=0.5, 1 and 3 L/br and MI=8.
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Figure 1. Expected plasma water flow rate as a function of mean arterial pressure
{zero predilution flow rate and f=0).
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Figure 2. The error in terms of percentage in predicted clearance rates of creatinine
as a function of an error in terms of percentage in the estimation of O,
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Chapter 7

RESULTS

From Figure 1, one can read the expected value of Q,; by using the mean arterial
pressure of the patient as input value. This Figure is based on values of the mean
observed resistance of flow of the catheters and of the flter. Figure 2 shows the
consequences of underestimation or overestimation of Q,; on clearance rate. In Figure
3, the value of MI can be read from ulrafiltration flow rates for MAP values of 50,
70, 90 and 110 mmHg. Figure 4 shows the effect of an error in terms of percentage
in MI on the prediction of K, for Q=1 and 3 L/hr. The absolute error and the error
in terms of percentage in clearance rates effected by an error in the predicted value
of K, are shown in Figures 5 and 6 respectively. Starting values for K, were 35, 55
and 81 pm/min at Q=0.5, 1 and 3 L/hr respectively. Figures 7 and 8 show the
observed values of ¥, and Cl respectively of creatinine 2s a function of predicted
values. The coefficient of determination (%) of K, of creatinine was 0.73 (n=251) and
that of clearance rate was 0.81 (0=255). For urea, these values were 0.70 (=233)
and 0.80 (n=249) and for phosphate 0.58 (2=230) and 0.71 (n=240) respectively.
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Figure 3. Expected values of MI as a function of ultrgfiliration fiow rate for mean
arterial pressures of the patient of 50, 70, 90 and 110 mmig.
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Figure 4. The error in terms of percentage in predicted K, as a function of an error
in rerms of percentage in the estimation of MI (Q =] Likr and 3 Lihr).
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Figure 5. Predicted clearance rates of creatinine as a function of an error in terms
of percentage in the predicted value of K,.
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Figure 6. The error in terms of percentage in predicted clearance rates of creatinine
as a function of an error in terms of percentage in the predicted value of
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Figure 7. Observed vaiues of K, of creatinine as a function of predicted values and
95% confidence intervals. Data obtained with the AN-69 capillary diaiyzer
at different operational conditions.
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Figure 8. Observed values of creatinine clearance rate as a function of predicted
values and 95% confidence intervals. Data obtained with the AN-69
capillary diglyzer ar different operarional conditions.

DISCUSSICN

In this chapter the applicability of the prediction formudas of K, of creatinine, as
derived in Chapter 6, was examined. It was concluded that 75% of the variability of
K, of creatinine can be explained by variations in Q, and ML For prediction of X
values of urea and phosphate, the predicted value of the K, of creadnine was
multiplied by the accompanying ratio. Comparing the predicted values of X, of urea
and phosphate with the observed values demonsirate that respectively 70% and 58%
of the variability could be explained. Therefore, it can be concluded that the use of
a fixed relaticnship between K, of creatinine and that of other solutes is justified (Eq.
3). The main purpose of predicting K, is 10 obtain an indication of the expected
clearance rate at different operaticnal conditons. As clearance in CAVHD takes
place by combined convection and diffusion, prediction of values of clearance rates
will always be more accurate than prediction of K, values. Therefore, explaining the
variability in clearance rates was superior 1o that of K, values.
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The contribution of diffusive transport 10 the total transport of solutes increases
with dialysate flow rate. Therefore, as was shown in Figure 6, the ermror of the
predicted clearance rate generated by an error in the predicted K increases with
dialysate flow rate. However, as the emor in K, was calculated in terms of
perceniage, the absolute change was higher at high dialysate flow rates with
accordingly high K, values.

Since values of Q; and MI are not readily available, nomograms are constructed.
An undersstimation or overestimation of Q,; will induce 2 minimal ervor in the
predicted clearance rate. Using an estimated value of MI, the error in the value of the
predicted clearance rate is minimized by using the observed value of Q.. In this way,
an emror in the estimation of MI depends only on the estimation of the
transmembrane pressure difference. (see Eq. 1, Chapter 6). The transmembrane
pressure difference can be calculated from the MAP, and mean values of the P, the
P,, and the COP. I the ultrafiltration column height is 50 cm, the error in terms of
percentage in ME due to a deviation of P, and COP from the values of 10 and 20
mmHg respectively, will not be higher than approximately 10%. Thus, when using
the observed value of @, and MAP, errors in the estimation of MI weuld not be as
high as is shown in Figure 4.

In conclusion, the prediction of clearance rates of different uremic sclutes is
feasible and can be simplified to be used in the clinical setting. In the next chapter,
the feasibility of prediction of the clearance rate of drugs is examined.
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CHAPTER 8

DRUG CLEARANCE BY CONTINUOUS ARTERIOVENOUS
HEMODIAFILTRATION: ANALYSIS OF
SIEVING COEFFICIENTS AND MASS TRANSFER
COEFFICIENTS OF DIFFUSION

INTRODUCTION

With CAVHD, time-averaged clearance rates may be several fold higher than with
either CAVH or conventional dialysis techniques. With the latter two techniques, it
is known that some drags are cleared to a significant extent [1-4]. Therefore, with
CAVHD drug clearance rates may be high enough to warrant dosage adjustments.
To determine dosage adjustments, Insight into the determinants of transport is
needed.

Clearance rate by CAVHD of uremic sclutes can be reliable predicied by our
mathematical model of combined convection and diffusion. This model can be
further extended to transport of drugs. Important determinants of transport of drugs
are the sieving ceoefficient and the mass trapsfer coefficient of diffusion (K,
[pm/min]). They have to be experimentaily determined. When the values of these two
parameters are known, our model may be used to calculate drug clearance rates under
a variety of operational conditions. In this study, clearance rates of urea, creatinine,
uric acid, phosphate and of the antibiotics cefuroxime, cefotaxime, ceftazidime,
imipenern, ciprofloxacin, wbramycin and vancomycin are measured in patients who
were treated with CAVHD, In patients receiving imipenem, concentrations of
cilastatin were measured tco. By using the numerical mathematical model of
hemodiafiltration (see Chapter 5), the data were analyzed i terms of sieving
coefficients and mass transfer coefficients of diffusion. The relationship between K,
values of creatinine and K, values of drugs were determined.

METHODS

The clinical protocol is described in Chapter 4. Drugs were given as clinically
indicated. If an antibiotic was prescribed, the patient was eligitle for this smdy.
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Study protocol

First, the infusion pumps for dialysate and substimgion fluid were turned off. The
dialyzer condition was established by measuring the resistance 10 blood flow (R,
[mmHg - min/ml]) and the membrane hydraulic permeability index (M, [mi/h -
mmHg}). Samples of blood and wlmafilirate were taken 10 detemnine the dmg’s
apparent sieving coefficient (see Calculations) and the free fracuon. Thea, the
substitution fluid infusion pump was tumed cn and samples of blocd and ultrafilirate
were taken again. After that, the dialysate flow rate was set to 1 L/hr, Dialysate
samples were taken to determine clearance rates and diffosion coefficiemis of
creatinine, urea, wuric acid, phosphate and of the drug. The same procedure was
repeated at a dialysate flow rate of 3 L/hr. Samples were taken after equilibration for
2 time span that secured the passage of at least 500 ml of ultrafiltrate or dialysate
fluid, ie. 10 times the content of the dialysate compariment. Finally, the dizlysate
pamp was tumed off and MI and R, were determined again The smdy protocol

implied blocd sampling to a total volume of 35 mi, which is 20 ml in excess of the
routine.

Measurements

Pressures in the arterial and venous blood line (P, and P,, [mmHg]), pressure in the
dialysate compartment (P,, [mmHg]) and ultrafiltration rate (Q, [ml/min]) were
measured as described in Chapier 4. Diaiysate flow rate at the inlet of the dialyzer
(Q. [mi/min]) was checked using an electronic weighing device. Blood flow (Q,,
[mi/min]) was determined either by measuring the time required for air bubble
displacement over a certain length of mbing containing a volume of 13 mi or by
measuring the transit time of an echo signal, using the Transonics® HT101D
flowmeter with a clamp-on probe around the blood line [5]. Both methoeds yielded
similar values.

When the dialyzer condion was poor, i.e. when the resistance to blood flow

was higher than 040 mmHg - min - m1? and/or ultrafiltration rate was less than
175 mi/min, the data were discarded.
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Calculations

The dialyzer resistance to flow and the hydraulic permeability index of the membrane
were calculated as described in Chapter 4. The sieving coefficient (s) was calculated
as:
. 2-C (1
Cwi * Cwo
with C; the dreg concentration in ulwafilivate, and C,, and C,, the drug
concentrations in plasma water at the blood inlet and outlet respectively (for
calculation of C,; and C,, see Chapter 5). Note that this is the clinical definition of
the sieving coefficient, which is equivalent with the physical definition of *apparent’
sieving coefficient The rue sieving coefficient, i.e. the fraction of non protein bound
solute that passes through the membrane during ultrafiltration, is taken 1o be one.
With high flux membranes, this assumption is valid for solutes of up to several
thousand Dalions. The gpparent sieving coefficient of a solute, s, as caiculated
according to Eq. 1, i.e. the product of the zrue sieving coefficient and the free
Jraction should then be equal to the free fraction.
Clearance (Cl, [ml/min}), defined as the rate of mass transfer divided by the total
concentration in plasma at the blood inlet, was calculated as:

1= Qe Cao @

pi

Where Q,, and C,, are flow rate and solute concentration at the dialysate outlet of
the dialyzer respecuively, and C; is the solute concentration in plasma at the blood
inlet side of the dialyzer.

From the observed flow rates and solute concentrations, K, was calculated using the
numerical model as described in Chapter 5.

Drug assays

Blocd samples were centrifugated and the plasma was stored at -80°C. Tozal (bound
plus free) drug concentrations were measured in plasma and in filtrate / dialysate.
Concentrations of wbramycin and vancomycin were detemmined by a2 fluorescence
polarization immunoassay {6]. The day t day variability of the assay of tobramycin
was 4% and that of vancomycin 7%. Concentrations of cefuroxime, cefotaxime,
ceftezidime, imipenem, ciprofloxacin and cilastatin were determined by HPL.C. [7-

95



Drug clearance

11] with slight modifications. The day to day variability of the HP.L.C. assay was
6% for cefuroxime, 7% for cefotaxime, 7% for ceftazidime, 7% for imipenem and
5% for ciprofloxacin.

To determine drug protein binding, plasma samples were centrifuged through a
porous membrane of regenerated celluiose (Centri-free system, Amicon, U.S.A.) with
a molecular cut-off of 30, GO0 Daltons. The free fraction was calculated as the ratio
of the concentration in the filtrate to that in plasma water. Protein binding of
imipenem was not determined, since plasma samples containing imipenem were
immediately stabilized by buffering to pH 6.5, by which protein binding is reduced.
Protein binding of ciprofloxacin was not determined.

Table 1. Rarnge of drug clearance rates during CAVH and CAVED.
!: Total of measurements at dialysate flow of 1 Likr and 3 Likr.

DRUG o Q Clon Cleawha Clsena

1L/ 3 L
Cefuroxime 22 270-990 4-14 7-26 1042
Cefotaxime 13 380-990 5-13 920 17.25
Cefiazidime 24 240-890 4-14 13-30 17-38
Imipenem 23 180-720 4.12 834 17-4%
Ciprofloxacin 4 410-490 7-8 18-23 24-39
Tobramycin 30 240-880 3-12 13-24 17-32
Vancomycin i3 330-740 4-8 8-20 11-20
Cilastatin 24 200-720 29 6-20 7-24

RESULTS

The stdy protocol was performed 53 times in 32 patients with 19 dialyzers. With
S protocols, the patient received two different antibiotics. Therefore, the total amount
of measurements of clearance of antibiotics was performed 62 times, each
measurement at two dialysate flow rates. Due to time the protoccl needed 10 be
performed, sieving coefficients were not determined at every protocol. Both for
cefotaxime and ciprofloxacin, sieving coefficients were determined two fimes
separately and at cne of these occasions, clearance rate of cefotaxime was measured
only at a dialysatc flow rate of 1 L/ir. For imipenem, at one protocol, the
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concentration of spent dialysate at a dialysate flow rate of 3 L/br was too low to
determine reliably and for tobramycin this occurred at I protocol for both dialysate
flow rates. Blood flow rate was 125 (SD 32) ml/min and net ultrafiltration rate was
540 (SD 225) mi/hr. At a dialysate flow rate of 1 L/, urea clearance rate was 24
(SD 4} ml/min and creatinine clearance was 21 (SD 5) ml/min. At a dialysate flow
rate of 3 L/hr these values were 42 (SD 9) and 32 (SD 7) ml/mnin respectively. At
the time of measurements, dialyzers had been used for an average time of 50 hrs
{range 0.75-291 hrs). The hydrauvlic permeability index of the membrane and the
resistance to flow have not changed during the experiment.

Ranges of drug clearance rates are presented in Tzble 1. Sieving coefficients,

measured free fractions and free fraction of nomals are presented in Table 2.
The value of the sieving coefficient itself was not related to either the hydraulic
permeability index of the membrane (MI) or to the rate of ultrafiliration (see Figure
1). The sieving coefficient was not different from the corresponding free fraction, as
determined in the laberatory. The free fraction in our patients was, however, different
from that in normal subjects (see Table 2.

The vaiue of K, of creatinine was 71 & 30 (range 20 to 155} pm/min. This
variability was largely explained by differences in membrane permeability, as
reflecied by the hydraulic permeability index, and by differences in dialysate flow
rate (see Chapter 7). K, values of a number of solutes, expressed as a percentage of
the comresponding K, of creatining, are given in Table 3. Sevenieen K, values of
drugs resulied in negative values or an error. K, values were related to the solute
molecular weight (see Figure 2). Regression analysis of the logarithm of K, as a
function of the logarithm of molecular weight (MW, [Daltons]) vielded the equation:

Kd MW 042

(W, 3
X, S13 ®

For some of the drogs, however, K, values were appreciably higher than expected

according to the regression equation. Using only the mass transfer coefficient of
anibiotics (n=7), regression analysis yielded an exponent of -0.44 (r=0.67).
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Table 2. Comparison of free fraction and sieving coefficient. The sigving coefficient
during CAVH is not different from the free fraction as determined in the
laboratory. Values of the measured free fraction and the gpparent sieving
coefficient in ICU patients were averaged o obiain the value of F, which
will be used to predict cleqrance rates (see Chaprer 9),

DRUG Free fraction % sieving coeff. % F
normals [ref] patients n patients il
Cefuroxime 67 i8] 788 12 8110 21 0.80
Cefotaxime 80 [19] T7+£7 8 T6x 12 14 076
" Ceftazidime 83 20 865 5 95x 5 12 0.92
Imipenem 8 21 100+ 14 22 1.00
Ciproficxacin 7 23] 10247 6 102
Tobramycin 100 23] T9+5 9 83+ 7 i9 0.82
Vancomyein 45 f241 56 1 68+ 7 5 0.67
Cilastarin 20 [25] 68+ 2 20 0.68
Siev. coeff.
(actual/drug 1.3 —
average) . @ ® ‘|
@ ® ® i
11k @
; ® @ ® |
i s——; : ® ® o H ;
n.er @ I‘
[ ® @, e ¢
0.7+ |
0 S 10 15 20 25 30

Membrane Index (mihr.mmHg)

Figure 1. Relationship of the sieving coefficient of drugs (s) with the hydraulic
permeability index of the membrane (MI).
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Table 3. Solute molecular weight (MW) and mass transfer coefficient of diffusion
(K,) expressed as a percentage of the corresponding K, of creatinine (K,,.).

! Estimated molecular weight in blood: At pH 740 with pKa 721, 39%
is taken 10 be present as insoluble Ca{H.FQ,), and 62% as Ca{HFO,).
2 In-vitro data supplied by D. Pouchoulin, Hospal C.0.T., Lyon, France.

SOLUTE MW KK, SEM n
%
Urea 60 132 4 109
Lactate 90 93 2 2
Creatinine 113 100
Uric acid 168 93 4 123
Phosphate 174 75 3 125
Vitamin B ,, 1355 242 1 5
Imipenem 317 &8 8 20
Ciprofloxacin 331 85 i2 2
Cilastatin 384 56 5 21
Cefuroxime 424 72 7 21
Ceforaxime 455 37 7 11
Tobramycin 468 72 6 26
Ceftazidime 547 66 6 22
Vancomycin 1449 37 4 5
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Figure 2. Relationship between K,; and solute molecular weight (MW). K, values
were expressed as a fraction of the corresponding K, of creatinine (K,).
Numerical values are given in Table 3.
Linear regression analysis of Ln(K ;1 K, ) as a function of Ln{MW) yielded
a correlation coefficient (r) of 0.87.

DISCUSSION

In the previous chapter, the feasibility of the prediction of the value of K, of
creatinine based cn dialysate flow rate and the hydraulic permeability index of the
membrane was demonstrated. To use this model for prediction of drugclearance, the
raio of K, of creatinine t© that of the drug and the sieving coefficient of the drug
was determined. The present study yielded two important results.

First, it was demonstrated that a drug’s apparent sieving coefficient may be
equated to 1t non-protein bound fraction. The latter may be determined in the
leboratory. Since, in patients, the non protein bound fraction may differ remarkably
from values in normals, it would be worthwhile 10 have the free fraction routinely
determined in a blood sample. The binding of acidic drugs may be decreased due 10
urernia, low levels of albumin, high levels of bilirubin and free fatty acids or due 10
competition by other drugs {12-14]. The binding of basic drugs may be increased due
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10 increased levels of o,-acid glycoproteins, one of the acute phase proteins [15]. In
general our data on sieving coefficients were roughly in accordance with data of
several studies given by Bickley et al [16] and Kroh et al [17].

Second, we found a relationship between K /K, and solute molecular weight.
With the AN-69 capillary dialyzer, dmg clearance rates can now be predicied by the
model as foliows. First, dialysate flow rate and the membrane hydranlic permeability
are determined for the estmation of K, of creatinine. Then K, of the drug is
estimated, either from published values of K /K, (see Table 3) or from an estimation
of K /K, based on the drug molecular weight. Then the free fraction, F, is either
teken from published values ¢or determined in the laboratory. The values are used for
input in the model, by which drug transport may then be calculated for an average
plasma water flow rate or estimated from the mean arterial pressure of the patient
(the influence of differences in blood flow rate is small). The whole procedure will
be demonstrated in Chapter 9, in which predicted values of clearance rate of drugs
will be compared 1o observed values.

It should be noted that the findings in this study are restricted to the dialyzer we
used, the AN-69 capillary dialyzer. In case of other membranes with a smaller pore
size or ¢lectric charge might cause the drug sieving coefficient 1o be different than
its free fraction. Furthermere, it may be expected that the relationship between K,
and molecular weight depends on the membrane resistance to diffusion and its
contribution to the overall resistance to diffusion of the dialyzer. This methodology
for the analysis of dmg clearance by CAVHD, however, should be readily applicable
1o other dialyzers.

In conclusion, this stady shows the feasibility of determining free fractions and
K, values of drugs. With these parameters the clearance during CAVHD may be
predicted for differen: operational conditions. In the next chapter the reliability of
such predictions will be examined and consequences for dosage adaptations will be
considered.
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CHAFPTER §

DRUG CLEARANCE BY CONTINUOUS ARTERIOVENOUS
HEMODIAFILTRATION: PREDICTION OF DRUG
CLEARANCE RATE AND RECOMMENDED DOSE
ADAPTATIONS FOR SEVEN ANTIBIOTICS

INTRODUCTION

In the previous chapter, clearance rates (CL, [m¥/min]) by CAVHD of different drugs
were examined. Data were analyzed in terms of sieving coefficients and mass ransfer
coefficients of diffusion (K, [um/min]). The ratic of the mass iransfer coefficient of
diffusion of drugs o that of creatining was determined. As was shown in Chapter 6,
clearance rates by CAVHD of uremic solutes other than creatinine could be predicted
when the predicting formulz of K, of creatinine was extended by the ratio of K, of
the urernic solute to that of creatinine. In this chapter, the feasibility of predicting
clearance rates of drugs, which have an apparent sieving coefficient lower than cne,
will be examined.

As patients weated by CAVHD are nearly always anuric, the removal of dregs
which are normally excreted by the human kidney can occur predominantly by
CAVHD. This is especially tue if the protein binding of the drug is low, if the
volume ¢f dismibution is small and if the non-renal clearance rate is low in
comparison to the clearance rate by CAVHD. If a drug meets the demands as stated
above, treatment by CAVHD will warrant dosage adaptations. Most previous studies
on clearance of drugs by continuous renal replacements techmiques focused on
CAVH [1-5]. Recenily, some studies have been published on drug clearance by
CAVHD [6-8]. However, little {s kmown about the required dosage regimens of drugs
during weatment by CAVHD.

In the present chapter, dmag clearance rates by CAVHD at different operational
conditions are predicted and compared to observed values. Dosage adaptations are
calculated for anuric patients treated by CAVHD at dialysate flow rates of 1 L/hr and
3 L/far.
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METHODS
Prediction of K, and clearance rates of drugs

Clearance rates of cefuroxime, cefotaxime, ceftazidime, imiperem, tobramycin,
vancomyein, ciprofloxacin and cilastatin were measured during CAVH and during
CAVHD at a dialysate flow rate of 1 and 3 L/br. The stdy protocol as well as the
analysis of data has been described in Chapter 8.

The mass transfer coefficient of diffusion of drugs was predicted using the
predicting formula of K, of creatinine as described in Chapter §, muliiplied by the
ratio of K, of the drug to that of creatinine as given in Chapter 8. The mass transfer
coefficient of diffusion was calculated by the numerical method as described in
Chapter 5.

Predicted values of drug clearance were calculated by incorporating the predicied
values of X, m the following formula:

Quf Q" - Qu/Q™ ¢, M
(Qu/ Qe = (Qu / QY

a-q,:

where n = K, * $/Q,, S [m?] is membrane surface area, Q,, [m¥/min] the plasma
water flow at the dialyzer outdet, Qy and Q,, [ml/min] are dialysaie flow raes at the
dialyzer inlet and outlet respectively and F is the average of the apparent sieving
coefficient and the free fraction of the drug concerned as given in Chapter 8, Table
2. To calculate plasma clearance rate from plasma water clearance rate, the latter is
multiplied by 1.05, to account for the volume fraction of proteins. The whole
procedure of calcolating predicted values in the clinical setiing is given in Figure 1.
Observed plasma clearance rates were calculated as:

“Qdo.cd.o 2
Cl= = 2

pi

Linear regression analysis was performed for both predicted K, values and clearance
rates by CAVHD as a function of the observed values and 95% confidence intervals
were calculated.
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Prediction drugclearance and dosage

Example: Tobramyein ( K/K,=0.72 F=0.82)

1 P, =68 mmHg P, =32 mmHg P, =-30 ¢mH,0

T = 20 mmHEg —> TMP = 51 mmHg Eqg. 2,Chp 4)
2 TMP =51 mmHg .

Q.= 500 mi/hr -> MI = 10 ml/hr-mmHg (Eq. 6, Chp 4)
3 M= 10 mlhr - mmHg

Qu=2LMr —-> X, = 83 pry/min (Eqgs. 6, 7, Chp 6)
4 K, =83 pm/min

KK, =072 —> X, = 60 pm/min
5 Qu= 117zlfmin’ Q. =33 mimin Q= 8 mlmin

Cpme = 5 ml/min

f=0 §=06m* F=0.82 Hr=030 C,, =50 mglL

K, = 60 pm/min

C.= 10 mmol. -->C, = 6 mmolL (Eq. 11, Chp 5)

{for procedure, see Figure 1, Chp 5)

6 Qu=4lmimin C, = 6mmol/L
C,. = 10 mmol/L -—> Clearance = 22 ml/min
Ea2,Chp 9

Figure I. Algorithm for the prediction of drug clearance rate in CAVHD. For
abbreviations see previous chapters or abbreviationlist.
" The value of MI and Q,; can also be read from the nomograms (Chp 7).

Dosage adaptations

The drug half Iife (Tyf) during CAVHD weatment was calculated by using the
formula:

_ 0693-V,

€y
Cl

T, 8

where V, is the dismibution volume of the drug [9]. Values of drug protein binding,
of distribution volume, and of total and non-renal clearance rates were taken from
the titerature (see Table 1). If possible, all values, except the values of clearance rates
in normals, were taken from studies, which obtained data from critically ill patiens.
Recommendations regarding dose adjustmenis were based on changes in the drug
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clearance rates. For every drug, the average clearance rates by CAVHD at dialysate
fiow rates of 1 L/hr and 3 L/br were used 1o calculate dose adaptations. A one
compartment model of phammacckinetics was used to calculate doses and dose
intervals that led to the desired levels. Time related changes in drug concentrations
were calculated according to:

C =C e V. @

where C is the initial plasma concentration, C is the plasma concentration afier a
time span t Desired levels were determined by taking into account the drugs’ mode
of action and their toxicity [10-12]. Thus, for beta-lactams and imipenem, we aimed
for plasma concentrations continuously above the minimal inhibitory concentration
(MIC) of most common pathogens. For tobramycin the area under the curve (AUC)
is probably the main determinant of efficacy [13]. Therefore, for this antibiotic, we
aimed for high peak levels with trough levels low encugh to reduce the risk of
serious toxicity. For vancomycin the same strategy was followed. For ciprofloxacin,
we aimed for high peak levels and wough levels not falling 1o low.

RESULTS

Figure 2 shows the correlation berween the observed and predicted values of the K,
of all drug together (n=120). The coefficient of determination (%) was 0.42. Eight
values were considered as outlayers.

Figure 3 shows predicted values of plasma clearance rate versus observed values of
each drugs separately. In Figure 4, the correlaton between the predicted clearance
rates and the observed values are given for all drugs together. The coefficient of
determination was 0.64, n=146. Values of ranges of drug clearance rates by CAVH
and by CAVHD at a dialysate flow rate of 1 and 3 L/hr are given in Chapter 8.
Average values £ SD of clearance rates at a dialysate flow tate of 1 L/hr and of 3
L/hr were for cefuroxime 15 + 5 and 25 £ 9, for cefotaxime 14 £ 3 and 21 £ 3, for
ceftazidime 18 + 5 and 27 £ 6, for imipenem 18 + 7 and 31 + 9, for ciprofloxacin
21 £ 2 and 26 % 6, for tobramycin 19 £ 3 and 26 = 4, for vancomycin 15 + 4 and
17 + 4 and for cilastatin 12 + 4 and 17 + 5 ml/min respectively.
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150 Kd observed um/min

125

100

7S r

25 r

O i L 1 U 1

) 25 50 75 100 125 150

Kd predicted um/min

Figure 2. Comparison of observed values of K, of eight different drugs calculated
from membrane surface area, flow rates and drug concenmtrations, with
values predicted from dialysate flow rate, membrane hydraulic
permeability and the ratioc KJK,. The lines show the 95% confidence
intervals,
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Chapter 9

Clearance observed ml/min

50 50
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Figure 3. Clearance observed versus clearance predicted of each drug separately.
Line of identity is given.
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Ciearance observed ml/min
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Figure 4. Clegrance observed versus clearance predicted of eight different drugs
together. The lines show the 95% confidence intervals.
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Table 1. Volume of distribution, clearance rates and half lives in normals and in anuric patients with and without treatment by CAVHD,
! Data taken from literature,

? Sum of non-renal clearance rate and average clearance by CAVHD,

? Calculated by using Eq. 3 (body weight 70 kg).

Prug V,! [Likgl Clearance [ml/min]; Half life [hr]) References
normal’ annric anuric anuric normal* anuric®  anuric anuric
CAVHD CAVHD CAVHD CAVHD
1 L/hr? 3 Lfhe? 1 L/ 3 L/hr?
cefuroxime 023 115 5 20 30 1.7 38.7 9.3 6.2 [301
cefolaxime 0.37 353 143 157 164 1.1 24 1.9 1.8 [31-35]
ceftazidime 0.18 115 8 26 35 1.7 253 56 4.2 [33, 34, 36-38}
imipenem 0.31 245 116 134 147 10 22 19 1.7 [4, 39-41]
ciprofloxacin 261 521 254 275 280 43 8.2 64 6.2 [42]
toebramycin 0.28 84 7 26 33 1.8 40.8 8.7 6.9 [43-45}

vancomycin 0.35 121 <5 20 22 3.7 90.2 14.2 129 [46-49]
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Mean drag clearance rates and corresponding plasma half lives are given in
Table 1. Differences between the values of clearance rate and half Iives in the
untreated anuric state and during treatment by CAVHD, were most proncunced for
cefuroxime, ceftazidime, 1obramycin and vancomycin. In the anuric state, adjustment
of drug dosage was necessary for all amibiotics. During CAVHYE treatment, further
adjustment was required for cefuroxime, ceftazidime, tobramycin and vancomycin
Results of cilastatin will be discussed in Chapter 10. Guidelines for drug dosage in
patients with untreated anuria and in patients treated by CAVHD are given in
Table 2. Since the velume of distribution may effect drug half-life, the volume of
distribution was varied in the model. An increasing or decreasing of V, by 1.5 times
did not affect the results in such a way that calculated dose or dose intervals needed
to be adjusied.

Table 2: Guidelines for dosage adjustment in CAVHD and the aimed peak and
trough levels,

1) Secornd and lazer administration: give half the standard dose.

2) Give half the standard dose.

3) Lean body mass

4) Adjust dosage according to peak and trough levels, measured respectively one
hour after starr of the infusion and shortly before a new dose.

Drug Standard  Dose interval [has]:
dose

normal  anuric anuric anuric  peak trough
CAVHD CAVHD level level
1lbr 3LAbr mgl mgl

cefuroxime 750 mg 6 48 12 12 - -
cafotaxime 1000 mg 6 8 8 8 - -
ceftazidime 1000 mg 8 48 12 12! - -
imipenem 500 mg 6 12 12 12 - -
ciprofloxacin 200 mg 12 122 122 12 - -
tobramycin 3 mp/kgt 12 4877 2448° 24* 810 <2
vancomyein 500 mg 6 4872 2448 2448° >25 <10
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DISCUSSION
Prediction of clearance rates

In case of CAVH, the clearance rate is the product of the sieving coefficient and the
rate of ulirafiloation. The lafter is determined by the trans membrane pressure
difference, which depends on operaticnal conditions, and on the hydraulic
permeability of the dialyzer, which decreases over time. Therefore, even for a given
dialyzer, the clearance rate by CAVH is quite variable. It can, however, easily be
gstimated from the sieving coefficient and the rate of nltrafilration.

Clearance by CAVEHD, on the other hand, is determined by convective and
diffusive transport. Diffusive ransport is determined by the concentradion gradient
between blood and dialysate and the mass transfer coefficient of diffusion. Moreover,
at high dialysate fiow rates the mass transfer coefficient of diffusion is increased. A
high vitrafiltration rate implies & high hydraulic permeability, which is associated
with a high diffusive permeability, thus a high X, value. Furthermore, the value of
K, corrected for operational conditions depends on the solute molecular weight.
Therefore, it can be concluded that a mathematical model is required to estimate drug
clearance by CAVHD. The use of the predicdon formulas of K, of creatinine,
together with the ratio of K, of drugs 1o that of creatinine as introduced in Chapier
8, resulted in a fairly accorate estimation of the clearance rate of drugs.

Furthermore, one can use this prediciion model to estimate the clearance rate of
other dmgs or of sclutes used in case of self-peisoning. The molecular weight and
protein binding are input parameters and, when an Indication is needed for the
coniribution of CAVHD to the total ciearance rate, the endogenous clearance raie and
the volume of distribution has to be knowi

Dose adjustnents

Dose adjustments of antibiotics are usaally necessary for anuric patients, especially
when clearance in these patients is low compared to that in normal subjects. If these
patients are treated by CAVHD, the dosage regimen may be adjusted again. One
might determine drog clearance by CAVHD in individual cases and determine drug
dosage accordingly. For clinical practice, however, it is more convenient 10 use
standard dosage regimens for patients treated by CAVHD, based on average
clearance rates by CAVEHD. Moreover, if one use such dosage regimens, a possible
delay in time of ¢stablishing the desired plasma levels of the drug will be avoided.
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In this study, we calculated dosage regimens 10 be used for anuric patients reated
by CAVHD. The averaged observed values of drug clearance rates, used to calculate
these dosage regimens, were approximately equal 10 the values of drug clearance
rates, predicted by taking an average value of vlafilration flow rate and membrane
index. Therefore, it is concluded that the calculated dose adaptations are based on
average operational conditions. For each drug, the effect of the calculated dose
adaptation on the plasma drug concentrations was considered when using input
values of the dmag clearance rate by CAVHD higher and lower as the averaged value.
It was concluded that 2 considerable deviation in drug clezrance rate by CAVHD
from the value of the averaged clearance rate could take place before the
recommended dose regimens were no longer appropriate. We used literature data on
values of the volume of distribution measured in normal subjects. There have been
several reports in the literature on changes in distribution volume in intensive care
patients [14-18]. Data are still to scarce, however, 10 determine whether and to what
extent appreciable changes really occur.

When constucting treatment regimens, the dose-efficacy relationship of
antibiotics [10-12] and toxicity of certain antibiotics has 10 be regarded.

Kiliing of bacteria by beta-lactams is time dependent [12]. Furthemmore, there
15 po concentration dependent killing above the MIC. These killing characteristics of
beta-lactams would demand sustained concentrations above the MIC of the infectious
organism, In animal models, continuous semum concentrations above the MIC of the
infecting organism have been shown o be more efficacious, compared to transient
peaks [11, 19]. Also, clinical outcome has been shown to be correlated to the time
above the MIC of the infecting organism [20]. Therefore, for these amibiotics, we
aimed for plasma levels confinuously above the MIC of most common pathogens.

in contrast to beta-lactams, aminogiycosides do show concentration dependent
killing activity on Gram-negative aercbes {10] ang killing is relatively fast. This has
been shown in vitro [21] as well as in vivo smdies [22]. High peak concentrations
have besn found to be a mejor determinant of clinical response [23]. Furthermore,
aminoglycosides show a postantibiotic effect against staphylococei as well as against
varicus Gram-negatives {24, 25]. Vogelman et al [13] found a reduction of efficacy
when the dosing mterval was longer than the time period during which the serum
levels exceeded the MIC plus the duration of the postantibiotic effect. Several studies
conclude that the AUC is the main determinant of efficacy [13, 26]. Apart from
efficacy, wrxicity 1§ an important issue. Nephrotoxicity, as well as oto- and
vestibulotoxicity are major side-effects of aminoglycosides. Aminogiycosides are
actively transported into the proximal tabular celis, and this transport is samrable [27,
28). These findings have led to a decreased dosing frequency in the last few years
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[29]. When reconstructing 2 dosage regimen of aminoglycosides during treatment by
CAVHD, we considered these factors. Thus, we paid particular atfention 10 trough
levels low enough to minimize toxicity, and the dosing interval was increased rather
than the dose was lowered.

The quinolomes (ciprofloxacin) have a concenmation dependent killing.
Therefore, priority was given to high peak levels and a long dosing interval [12].

The most important finding of this smdy is that for cefuroxime, ceftaridime,
tobranycin and vancomycin, the dosage regimen, used for anuric untreaied patients,
must be changed when the patient are treated by CAVHD. Failure to recognize this
may easily lead to suboptimal drug levels and therapeutic failure. For the same
reason, when there are aliernative drugs of choice, clinicians may prefer drugs for
which the influence of CAVHD on plasma levels can be neglected. Cefotaxime,
imipenem and ciprofloxacin needed no dose adaptation during CAVHD. This was
due to the relatively high non-renal ¢learance rates of these dmgs, compared to that
of CAVHD. It should be pointed out thar the dosage regimens are thepretically
derived from data obtained by a number of different stdies. Although these dosage
regimens are curtently used in the clinic, the validity of these regimens needs
confirmation. In the future, studies have to be perfomed to determine plasma drug
levels over time with the present dosage recommendations.
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CHAPTER 10

CLEARANCE OF IMIPENEM/CILASTATIN IN ACUTE
RENAL FATLURE PATIENTS TREATED BY CONTINUGUS
ARTERIOVENQUS HEMODIAFILTRATION"

INTRODUCTICN

The antibiotic Tignam® (MSD/USA) is the combination of imipenem, a broad
spectrum thienamycin antibiotic belonging to the antibiotic class of carbapenem, and
of cilastatin, an inhibitor of renal debydropeptidase-I, the enzyme responsible for the
metabolism of imipenem in renal wbular cells, The addition of cilastatin serves both
to prevent nephrotoxicity by imipenem and causes the intact drug to be excreted inwo
the wrine {1, 2], Although imipenem and cilastatin differ with respect to protein
binding, their volumes of distribution and routes of metabolism, their plasma half
lives are gquite similar in normal subjects. Imipenem/cilastatin is often used in patients
with acute renal failure due to sepsis. In case of renal failure, however, the plasma
half life of imipenem is linle aliered whereas that of cilastatin is very much
prolonged. It would seem guestionable, therefore, whether the use of the fixed dose
combination 1s justified in these patients. In Chapter 9, results of the rate of removal
of imipenem and cilastatin with continuous arteriovenous hemodiafiltration were
given. In this chapter, the conseguences of using imipenem/cilastatin in a fixed dose
combination are analyzed in patents with renal fallure when unoeated and when
treated by continuous arteriovengus hemodiafiltration.

METHODS

The clinical and study protocols are described in Chapter 8. Analysis and calculations
of these data were described in Chapters & and ©. Data of clearance rates of
imipenem and cilastatin were compared and consequences of using these drugs in a
fixed dose combination were considered. Concenirations in time of imipenem and
cilastatin were calculated for acute renal failure patients untreated and treated by
CAVHD at a dialysate flow rate of 1 L/or and 3 L/hr. Average values of drug
distribution volume, clearance rates in normals and in anuric patients and plasma half

*  Reprinted in revised form from Intensive Care Med. 1992, 18: 282-285



Table 1: Pharmacokinetics of imipenem and cilastatin.

! Data taken from literature.

2 Sum of non-renal clearance rate and average clearance by CAVH and CAVHD,
? Calculated by using Eq. 3, Chapter 9 (body weight 70 kg).

Drug v,! {Likg] Clearance [ml/min]: Calculated half life [hrs] References
normal'  anuric'  anuric anuric anuric normal  anuric  anuric  anuric  anuoric
CAVH} CAVHD CAVHD CAVH CAVHD CAVHD
1 LM 3 LM ¥ Lfhr 3 Lir
imipenem 0.31 245 116 125 134 149 1.0 22 1.9 1.9 1.7 [3-6]
cilastatin 0.24 230 3 9 13 21 09 89 21.6 14.9 9.2 [3, 6-9]
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lives were taken from the literamre (see Chapter 9). Time related changes in drug
concentrations were calculated according to:
= e Vg
Cpl = Cp, ¢

where C, is the initial plasma concentration, C,, is the plasma concentration after a
time span t after a dose application, and Cl is clearance rate. Literature data on
volume of distribution, nommal and amuric clearance rates were combined with the
average clearance rates by CAVHD to construct plots of plasma drug concentrations
in time for imipener and cilastatin.
Results are given as average £ SD.

RESULTS

The average clearance by CAVH (i.e. at zero dialysate flow rate) was 7 & 3 mi/min
{range 4-12) for imipenem and 6 * 2 mi/min (range 2-9) for cllasttin. Results of
clearance rate by CAVHD were already presented in Chapter 9. The implications of
the observed clearance rate by CAVHD for total drug clearance rates and half ives
of both imipenem and cilastatin are presented in Table 1. From this Table one can
see that treatment of the apuric patient with CAVED at Q 1 or 3 L/hr increases the
clearance rate of imipenem by 15% or 25% and that of cilastatin by 335% or 600%
respectvely.

The usual dosage of Tiénam® in our hospital is one intravenous dose (500 mg
of imipenem + 500 mg of cilastatin) 4 times daily. Since, in patients with renal
failure, the half-}ife of imipenem increases from 1.0 to 2.2 hrs, it was suggested in
Chapter & that the dose interval in these patients should be doubled, i.e. one dose
twice daily. The decrease of the half-life of imipenem by CAVHD is relatively small.
Therefore, during CAVHD, no further dose adjustment is deemed necessary. Half
Live of cilastatin however, increases in patients with renal failure from 0.9 to 89 hrs.
With the above dosage regimens, it was calculated by using Eq. 1, that plasma
concentrations of imipenem and ¢ilastarin run parallel in normal subjects (Figure 1).
In patients with renal failure, before treatment with CAVHD, cilastatin accumulates.
Over 5 days, a seven fold increase in plasma concentrations may be expected o
cccur (Figure 2). After institution of CAVHD, there is a four fold increase of the
clearance rate of cilastatin and plasma concentrations decrease 1 approximately two
times the concentration in nomal sehjects (Figure 3). Indeed, plasma concentrations
of cilastatin ranged from 37-73 mg/. on the first day of CAVHD treatment and from
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Imipenem/cilastatin in CAVHD

1349 mg/L thereafter. These concentrations depend on the duration of the treatment
with imipenem/cilastatin, the duration of the treatment by CAVHD and the time-span
between administering the drog and taking the blood sample,

. /1
200 Conc. _mg

175 r

150

1251

1001

75t

5C T

Davs
Figure 1. Plasma concentration of imipenem ard cilastatin in time in normal
subjects.
200 Cong, Mo/t
175 |
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citastatin
100 +
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O
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Figure 2. Plasma concentration of imipenem and cilastazin in time in anuric patienis
without renal replacement therapy,
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Figure 3. Plasma concentration of imipenem and cilastatin in time in anuric patients
in whom CAVHD treatment is started 5 days gfter initiaring drug
treamment.

(With imipenem, plasma levels calculated for dialysate flow rates of I Likr
and of 3 Lihr are indistinguishable)

DISCUSSION

For CAVH and CAVHD high flux membranes, such as AN-69, polysulfone and
polyamide, are used. With these membranes solutes of up to several thousands
Daitons, can freely pass through the membrane pores but proieins can not. In Chapter
8, it was shown that, at least with AN-69, the apparent sieving coefficient of a drug
equals its non-protein bound fraction. Accordingly, our data indicate that protein
binding of imipenem (MW 317) was 0% and that of cilastatin (MW 384) was 30%.
These values, determined in intensive care patients, are considerably lower than those
reported for normal subjects, L.e. 20% for imipenem and 44% for cilastatin [3).
Dosage regimens of imipenem/cilastatin are based only on desired levels of the
antibiotic imipenem. In the anuric state, even afier dose adjustment, the use of the
fixed dose combination will lead to an overdosage of cilastatin, Although no evident
toxicity of cilastatin has been reported so far [1, 3], the inevitable accumulation of
this drug is 10 be regarded as undesirable. After hemofiliration or dialysis reatment
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is instituted, however, accurnuliation of cilastatin may be reversed, depending on the
type of treatment. This is caused by the contribution of such treatment 1o the total
diug clearance, which is proporiionally greater for cilastatin than for imipenem.
With CAVHD, at a dialysate flow rate of only 1 L/hr, the clearance rate will be
twice as high as with CAVH due to the addition of diffusive tramsport. Seriocus
accumulation of cilastatin is thereby avoided. In case of continnous veno-venous
hemofiliration (CVVH), an ulirafiltration flow rate of 1200 mi/hr would be needed
to achieve clearance rates similar to those obtained by CAVHD. In view of the above
considerations, for patients with renal failure, who are weated with CAVHD, the use
of the fixed dose combination of imipenem/cilastatin may be justified.
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CHAPTER 11

ACUTE RENAL FAILURE IN INTENSIVE CARE
PATIENTS: A FOLLOW UP OF 236 PATIENTS TREATED
BY CONTINUOUS ARTERIOVENQUS
HEMODIAFILTRATION OR INTERMITTENT
HEMODIALYSIS

INTRODUCTION

In the Second World War, mortality of acuie renal failure amongst wounded
servicemen was reported to be 1% [1]. Immediately upon the introduction of
hemodialysis in 1942 by Kolif, mortality of post surgical nibular necrosis decreased
to 50-60% [1]. Mortality rates of critically ill patients, however, have remained very
high. Explanations for these high mortality rates may be thai nowadays patients are
older, more complicated surgery is performed and severely ill patients, who, in prior
years, would not have survived, may develop renal failure {2,3]. Indeed, according
to various studies, morality rates of critically il patients with acute renal failure
range from 58% 10 89% [4-9). Differences between these figures are related o the
need of renal replacement therapy and "co-morbidizy’.

After the intreduction of continucus methods of dialysis, a number of studies
were performed to examine whether this technique may improve survival. Bartlett et
2l found a survival rate of 12% in patients treated by intermittent hemodialysis and
a survival rate in 28% in patients treated by continuous dialysis but this was not a
statistically significant difference. A positive caloric balance did significantly improve
the outcome. Therefore, he concluded that, as with continuous methods a positive
catoric balance was easier to obtain, this method was to be preferred [9, 10]. Weiss
et al recorded a 45% survival rate of patients treated with CAVH [11]. McDonald
et al, described in their retrospective study a trend of decreasing morality from 85%
to 72% in patients, who needed dialysis treanment, after introduction of CAVHD
[12]. Kierdorf desczibed in his randomized retrospective stdy a significantly lower
survival rate of 78% of patients treated by continuous venovenous hemofiltration
(CVVH) compared to a survival rate of 93% of patients treated by intermittent
hemodialysis {13]. However, comparisons of outcome are always frustrated by the
heterogeneousness of the patient groups and the quality of medical care in general.

Several studies describe the influence of clinical parameters on sutcome. Corwin
et al found that the presence of sepsis and non-tecovery of renal function were
important predictors of death [8]. The factors of 0ld age, sepsis and gastrointestinal
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disease were associated with a poor prognosis in the study of Routh et al [14]. Lohr
et ai found fatal outcome 10 be related to a systolic blood pressure lower than 110
mmHg at the start of diglysis {15]. Furthermore, Lien et at demonstrated that among
15 patients with hypotension for more than one week, who were treated by IHD,
none survived [16]. In their study, hypotension was defined as to exist when
inotropic agents were necessary to maintain adequate blood pressure support,

In the University Hospital Dijkzigt, before 1984, acute renal failure used to be
treated by intermittent methods. In case of severe hemodynamic skock, no dialysis
trearment couid be given at all. Continuous arteriovenous hemofilration {CAVH) and
hemodiafiltration (CAVED) were first introduced in 1984 and 1986 respectively.
With these techniques virtually all patients with acute renal failure could be treated.
In this chapter, the clinical ovtcome is presented of 239 intensive care patients with
acute renal insufficiency who received dialysis treatment. A critical condition of the
patient never precluded dialysis treatment, but did infinence the choice of a specific
dialysis technigue, 1.e. intermittent hemodialysis or CAVHD. As the choice of the
dialysis technique depended on the condition of the patient, the effect of treatment
modality on mortality cannot be determined. We did compare duration of renal
insufficiency and clinical outcome for patients with renal faiture of different
etiologies.

METHODS

Between 1985 and 1991, 236 patients with acute renal msufficiency received renal
replacement therapy. Acute renal insufficiency was diagnosed if the patiemt had
remained anuric for more than 24 hours and/or if serum creatinine concentration had
risen at least two-fold to more than 700 pmol/L. If, at this stage, no spontaneous
improvement was expected, renal replacement therapy was started. Eighty-nine
patients were treated by intermittent hemodialysis (IHD) and 147 patients were
treated by CAVHD. No patient with pre-existing chronic renal failure was included.

Patients were treated with CAVHD in case of hemodynamic instability and/or
neurological instability. A threatemng respiratory failure, niot due to fluid overload,
was also an indication for treatment by CAVHD. Most patients treated by CAVHD
required artificial ventiladon as well as vasopressor support.

CAVHD was performed as described in Chapter 4. Intermittent hemodialysis was
performed with 2 AN-69 plate dialyzer (Hospal) with a dialysate flow rate of 500
ml/min, a bicod flow rate of 100-150 ml/min and a sedium concentration in dialysate
fluid of 140-145 mmol/L.
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Patients were prospectively divided into four groups according to the clinical
setting in which acute renal failure occurred:

-Ay patients with untractable shock (systolic pressure <100 mm¥g at start of
treatment).

-AL patients who had undergone aortic surgery or cardiac valve surgery.

-Aj: patients who had been in shock, but whose blood pressure had now
improved (including those who stiil had vasopressor support).

-Ag patient with renal failure due to some tbulotoxic injury.

Data on duration of renal failure and clinical outcome were collected. Renal function
was taken 10 have recovered on the day of the last dialysis session. Patients, whose
renal function had recovered, were followed for the time they were hospitalized, io
determine mortality (from any cause) in this period, defined as “late hospital dearh’,
In patients treated by CAVHD, also the occurrence of sepsis and/or muld organ
failure was recorded. Sepsis/MOF was diagnosed if the patient had 2 hemodynamic
shock with low systemic vascular resistance, together with an infection and fever
andfor a thwombocytopenia or multi organ fallure of undetermined origin Three
patients switched over to peritoneal dialysis, and from three patients, no data on
follow up were available due to transfer to another hospital. Data of these patienis
were excluded from analysis. Statistical analysis was performed by using the Chi-
square test. Resulis are given as means + standard deviation or, when appropriate,
medians and range.

RESULTS

From 1985 to 1991, an increasing percentage of patients was eated with CAVHD.
In 1991, 0% of all patients were treated by this method (Figure 1). The age
distribution of all patients is shown in Figure 2. Mean age was 58 = 7. Mean age of
patients freated by CAVHD was not different from that of patients eated by THD.
Mortality was not related 10 age (Figure 2). Data on recovery from renal function and
survival for each patient group are given in Table 1. From the patients treated by
CAVHD, 26% belonged to group A,, whereas this percentage was only 6% for the
group of patients treated by THD

The duraticn of renal insufficiency is shown in Figure 3. The duration of
treaiment for all patients was 8 days (range 1-71). For patients treated by IFD this
value was 7 days (range 1-62) and for patients treated by CAVHD this value was 10
days (range 1-71). Recovery of renal function occurred in 60% of all patdents. Of
patients treated by IHD 69% recovered and of the patients treated by CAVEHD 53%.
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Table 2 shows p-values for recovery and survival for THD, CAVHD and the 4
different patient groups. Patient groups A, and A,, showed significantly higher values
of recovery and survival compared to those of patient group A,. Figure 4 and 5 show
recovery and survival rate of each diagnostic group.

Overall patient survival rate was 44%. The survival rate of the group treated by
IHD was 57% (n=86) and that of the group treated by CAVED was 37% (n=144).
In patients who died, the period from starting dialysis treatment to death was 11 days
(range 1-125). For patients treated by IHD this value was 10 days (range 1-56) and
for patients treated by CAVHD this value was 13 days (range 1-125). Late hospital
death occurred more frequently in the group of patents treated by CAVHD compared
to that treated by IHD (p =0.05). Patient group A, showed the highest rate (37.5%)
and parient group A, showed the lowest ate (20%) of late hospital death.

Table 1. Outcome of patients wreated by CAVHD or IHD. For definition of AyA;
see METHODS.

CONTINUQUS ARTERIOVENQUS HEMODIAFILTRATION

n Died during Recovered from renal  Late hospital death
dialysis treatment function
Ay 37 23 14
Ay 27 13 14 7
A, 70 27 43 10
Ay 10 4 6 1
Toral 144 67 77 24
INTERMITTENT HEMODIALYSIS
n Died during Recovered from renal  Lare hospital death
dialysis reatment function
Ay 5 3 2 0
A M4 15 1% 3
A, 29 7 22 3
A, 18 2 16 4
Total 86 27 59 10
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Table 2: p-values celculated with the Chi-square test of different group of patienis.
For abbreviations and definition. of A4, see METHQODS.

RECOVERY SURVIVAL
GROUP p-value p-value
IHD vs CAVHD total group 0.03 0.005
HD vs CAVHD without sepsis/MOF 050 0.02
IHD vs CAVHD with sepsis/MOF 0.007 0.006
CAVHD; with sepsis/MOF vs without sepsis/MOF 0.11 095
Ag VS A, 0.16 020
Ay VS A, 0.004 0.003
Ay VS A, 0.002 0.004
A vs A, 0.20 ¢.10
A Vs A, 008 0.07
A, Vs A, 0.07 0.58
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Figure 1. Percentage of use of IHD and CAVHD from 1985 1o 1991.
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Figure 2. Age distribution of patients with acute renal failure treated by IHD or

CAVHD,
Dashed column: total numbers,
Dotted column: number of patients who died during renal replacement treatment or
thereafter. Percentages of morrality of each age-group are given above each dotted
column.

133



Quicome

Recovery %

100
o HD, n=BG
I CAVHD without sepsis/MOF, n=63
e CAVHD with SepsisMOF, n=681
80 r
I 69%
o 82%
60
W 47%
40 1
20 r
o X : . ) .
o] 2 4 3] a8 10 12

Time weeks

Figure 3. Recovery of renal function of patienis treated by IHD (1), patienis treated
by CAVHD withour sepsis andior MOF (II} and patients treated by
CAVHD with sepsis andlor MOF (III).
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Figure 4. Recovery of renal function of each diagnosis group. For definition of Ay
A;, see METHODS.
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Figure 5. Long-term survival of each diagnosis group. For definition of AyAs, see
METHODS. Survival is defined as ' dismissed from hospiral’.
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Figure 6. Long-term survival of patients treated by IHD (I}, patients meated by
CAVHD without sepsis and/or MOF (II) and patients wreated by CAVHD
with sepsis and/or MOF (III}). Survival is defined as ’dismissed from
hospital’.
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DISCUSSION

It is generzily agreed that in patients with acute renal failure montality is caused by
the underlying disease. This is bome out by a study by Mentzer et al, showing that
a mortality rate of only 6% in 236 patients with post-operative acute tubular necrosis
of a wansplanted kidney [17]. Although mortality is a functon of the underlying
disease, the choice of renal replacement therapy may perhaps influence the cutcome.
In several sidies continucus dialysis techniques are recommended for the treatment
of critically ill patients. However, ne randomized or severity matched prospective
study has been realized yet, to evaluate the superiority of either the intermiftent or
the continucus mode of dialysis.

Also this study cannot answer this question. Therefore, the first three p-values
in Table 2 can only be used to value the bias in the choice of a specific dialysis
technigue. Indeed, from: Table 2 and Figure 3 and §, it is clear that patients treated
by IHD have a significantly higher recovery and survival rate than patients treated
by CAVHD. This difference is likely to be due w the large group of patients with
sepsis/MOF, treated by CAVHD. However, a statistically difference between
recovery or survival rates of patients treated by CAVHD with or without sepsis/MOF
could not be determined. Others found that presence of sepsis was related to survival
[8, 14, 18], but Lien et al demonsirated that the presence of sepsis was not
significantly different between sarvivors and non-survivors [16]. That we found no
difference in outcome of our patients with or without sepsis/MOF may be explained
by the critical illness of ail patients meated by CAVHD, which accounts for high
mortality rafes, even in absence of sepsis or MOF. This is confirmed by the
statistically higher survival rate of patients treated by IHD compared to patients
without sepsis/MOF, who are treaied by CAVHD. Also, as ’late hospital death’
occurred more frequently in patients treated by CAVHD, it can be concluded that
these patients were more severely ill than patients treated by IHD. Furthemore,
patients from group A, were predominantly (88%) treated by CAVHD, indicating
that CAVHD was used primarily for patients with poor condition. This is in
accordance with the approach of our department 10 treat these patients preferably by
CAVHD.

In some studies it is reported that mortality increases with age [7, 14, 19], but
others have not [20, 21]. Our resuits did not show any relation of mornality rate with
age.

This retrospective study does not answer the question whether the introduction
of CAVHD has improved the prognosis of severely patients with acute renal failure,
Evidence suggesting that prognosis in severely ill patients can be improved by
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CAVHD, can be deduced from the observation that our patients with hemodynamic
shock (Ag), who were predominantly treated by CAVHD, showed z survival rate of
24%. Lien et al [16] described no survivors in patients with hypotension for more
than one week, who were treated by IHD. In conclusion, from 230 intensive care
patients with acute renal failure, a recovery rate of rena! function of 60% and a
patient survival rate of 44% was cbtained, Comparing these values with literature
data, it can be concluded that these results are guite satisfactory.
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CHAPTER 12

SUMMARY

Continucus arteriovenous hemediafiltration (CAVHD) is a dialysis modality used to
treat intensive care patients. In this thesis, the clinical use, the impact of filter design
and membrane and the mechanism of solute transport of continnous arteriovenous
hemodiafiltration (CAVHD) are described.

A mathematical model of sclute transport by combined convection and diffusion was
developed and applied to clinical and laboratory data. From these data, 2 prediction
model of clearance rates of uremic solutes and drugs was derived. Furthermore, the
impact of clearance of drugs by CAVHD on dose adjustments was determined.
Finally, the outcome of patients with acute renal insufficiency, treated by intermittent
hemodiatysis or CAVHD was described.

Chapter 1:

Chapter 1 gives 2 short history of hemodialysis. Different mechanism of solute
transport and terminology are discussed.

Continuous artericvenous hemofiltration (CAVH) and continuous anteriovenous
hemodiafiltration (CAVHD) were introduced in the Dijkzigt University hospital in
1584 and 1985 respectively. Continuous hemodialysis is performed 24 hours 2 day,
like the human kidney, intermittent hemodialysis is performed just a few howrs a
day. CAVHD is characterized by the use of 2 smali surface membrane with a high
hydraulic permeability, 4 spontaneous blood flow obtained by the pressure difference
between an artery and a vein, a spontaneous uttrafilirate flow and a low dialysate
flow rate of 1-3 L/hr.

Chapter 2:

In this chapter, a short overview is given of clinical problems encountered with
intermittent machine-hemodialysis, with emphasis on the possible consequences for
criically ill patients.

The most frequent complication is diatysis-induced hypotension. Also, with
neurologically unstable patients, intermittent hemodialysis may impair the
neurclogical condition as a result of sudden changes in pH and osmolality.
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Chapter 3:

In this chapter, the indicaticns for CAVHD are described.

The most important indication for treatmert by CAVHD is the combination of renal
faflure and circulaiory instability. Neurological instability or the need for high
clearance rates in severe catabolic patients is another indication for weatment by
CAVHD. Alsc, after kidney transplantation in a patient with primary ayperoxaluzia,
plasma oxalate levels can be kept low by using CAVHD. CAVHD is coniraindicated
if the extracorporeal circuit interferes with the mobilisation of the patient,

In this chapter, the necessities are described and guidelines for application for the
technique are given.

Chapter 4:

For capiliary hemofilters, the resistance to0 flow may be predicted from the filter
geometry by using Poisenille’s law, assuming laminar flow. Blood viscosity can be
calculated from hematocrit, protein concentration and temperature. However,
observed filter resistance to flow was two to three times higher than the predicted
vatue, Comparison of acteal blood viscosity with the calculated value showed that
blood viscosity was grossly underestimated. Herewith, part of the discrepancy
between measured and predicted values could be explained. Further discrepancies
between these values could be explained if the fiber diameter would be a mere 8 %
lower than the value given by the manufactzer.

Chapter 5:

Existing models of hemodialysis are not Iikely to be useful for the analysis of solute
transport in CAVHD, as solute transport in CAVHD differs from that in intermittent
hemodialysis, The moest important differences are:
1. With CAVIID, solute transport occurs by sinultaneous convection and diffusion.
2. With CAVHD, dialysate flow rates (10-30 ml/min) are very low compared to
blood flow rate (100-250 mi/min).
Also, dialysate flow rates might be too low for optimal distribution of dialysate
over the dialysate compartment.

142



Chapter 12

3. CAVHD is z continuous technique. With prolonged use of the filter,
deterioration of the membrane is likely not only to decrease the rate of
ultrafiltration but also to impair diffusive transpor.

Therefore, a new mathematical model of combined ¢onvection and diffusion in

CAVHD was developed. Three important assumptions were made:

1. A bomogeneously distzibution of blood and dialysate over their respective
comparaments.

2. A constant membrane permeability for ultrafiltration and for diffusion over the
entire membrane length.

3. No variations of solute concentration in the radial direction were considered, i.e.
calcutations are based on local "mixing cup" concenirations.

Using this model, a numerical as well 2s an analytical schution of the mass tansfer
coefficient of diffusion (K,) could be given.

Chapter 6:

In this chapter, the assumption of mixing cup concentrations in the model was
validated. This assumption is valid when compartments are well stirred, a condition
which can be approached if flows are tarbulent. A radial concentration gradient can
be influenced by axial flow rates. Blood flow rate had no measurable influence on
the calculated value of K. Dialysate flow rates (Q,), however, did have an influence
on K;. The calculated value of K, increased with increasing dialysate flow rates. This
may be explained by the existence of an unstirred layer in the dialysate compartment,
or, at low dialysate flow rates, the distribution of dialysate over the compartment is
madequate, resulting in a partial use of the membrane surface area. Also, K, proved
10 be dependent on the hydraulic permeability index of the membrane (MI). The
relationship of K, with @, and MI was quantified by 2 mathematical expression.

Chapter 7:

In this chapter the applicability of the prediction formulas of the mass transfer
coefficient of diffusion (Kd) of creatinine, as derived in chapter 6, was examined. It
was concluded that 73% of the variability of Kd and 81% of the variability of the
clearance rate of creatining can be explained by variations in Qd and MI. The value
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of plasma water flow rate at the filter inlet (Q,,)) is needed to predict clearance rate.
This value is, like the value of MI, not readily available in the clinical setting.
Therefore, nomograms were censtructed to read estimated values of Q,, from the

mean arterial pressure (MAP) and estimated values of Ml from the MAP and the
ultrafiitration flow rate.

Chapter 8:

In this chapter, we applied the model to the transport of drugs. Sieving coefficients
of the drugs and the relation of K, and molecular weight of the drugs were examined
for cefuroxime, cefotaxime, ceftazidime, imipenem, cilastatin, ciprofloxacin,
tobramycin and vancomycin.

Two important resuits were obtained. First, it was demonsirated that the sieving
coefficient of the drug may be equated o its non-protein bound fraction, which may
be determined in the laboratery. Second, we found a fixed relationship between the
ratio of K, of drugs to that of creatinine and the molecular weight of the drug.

Chapier 9:

In this chapter, the feasibility of predicting clearance rates of drugs and consequences
for dose adaptations were considered. The use of the prediction formula of Kd of
creatinine, together with the ratio of Xd of drugs to that of creatinine resulted in a
fairly accurate estimation of the clearance rate of drugs. This estimation is accurate
encugh o be used in the clinic.

For each drug, dose adaptations were calculated based on average operational
conditions. For anuric patients treated by CAVHD, dose adaptations were needed for
cefuroxime, ceftazidime, tobramycin and vancorycin. Failure to recogaize this may
easily lead to suboptimal drug levels and therapeutic failure. For cefotaxime,
imipenem and ciprofioxacin this was not needed. Therefore, the dosage regimens of
cefotaxim, imipenem and ciprofloxacin used for anuric patients, can also be used for
anuric patieats treated by CAVHD.
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Chapter 10:

Tiénam® is the combination of imipenem and cilastatin. When using this combination
in patients with renal failure, one should take into account the more prolonged half
life of cilastatin in comparison with that of imipenem. In the anuric state, even after
dose adjustment, which is based on desired plasma levels of imipenem, the use of
the fixed dose combination will lead 10 an overdosage of cilastatin. However, after
institution of CAVHD, clearance rate of cilastatin increases four fold and serious
accumulation of cilastatin is thereby avoided,

Chapter 11:

We studied the clinical owtcome of 236 critically iil patients with acute renal
insufficiency, who received dialysis treatment either by intermittent hemodialysis or
CAVHD. In general, mortality rates of these patients are very high. In our patients,
recovery raie of the kidney was 60% and survival rate of the patient was 44%.
Survival rate depended on the clinical setting in which acute renal failure was
acquired, or the clinical condition of the patient at start of the dialysis treatment.
Death after recovery of renal fimction occurred more frequently in the group of
patients treated by CAVHD. This suggests, that patients treated by CAVHD were
more severely ill than patients, who could be treated by imtermittent techniques.
Patients with untractable shock at start of dialysis treatment were predominantly
treated by CAVHD and showed a survival rate of 24%. Before the introduction of
CAVHD, dialysis could hardly be performed in such patients. Therefore, from this
observation it may be deduced that prognosis of these severely patients was improved
by the introduction of CAVHD.
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SAMENVATTING

Continue arteriovencuze hemoediafiltratie (CAVHD) is een dialyse techniek die
gebruikt wordt veor de behandeling van pati$nten met nierinsufficiéntie die verpleegd
worden op een intensive care afdeling. In dit proefschrift is het Klinisch gebruik, de
invleed van de kunstmier op het slagen van de behandeling en het mechanisme van
massamansport bii CAVHD beschreven

Een wiskundig model van massatransport bij bet bestaan van een gelijktjdig
convectief en diffusief wansport werd ontwikkeld en meetzesultaten verkregen in de
kliniek en het laboratorium werdén hiermee geanalyseerd. Gebaseerd op deze analyse
kon een model ontwikkeld worden ten behoeve van de voorspeliing van de Karing
van uremische stoffen en geneesmiddelen. Tevens werd de noodzaak 1ot aanpassen
van de dosis van diverse geneesmiddelen als gevolg van de klaring door CAVHD
bestudeerd. Ten slotte zijn het herstel van nierfunctie en mortaliteit beschreven van
¢en groep patiénten met acut¢e niennsuificiente, die behandeld werden met
intermitierende hemodialyse of CAVHD.

Hoofdswk 1:

In dit hoofdsmk wordt in het kort de historie van de hemodialyse beschreven. Ook
worden de verschillende mechanismen van massatransport en de bijbehorende
terminoclogie behandeld.

Continue arterioveneuze hemofiliratie (CAVH) en continue artericvencuze
hemodiafilratie (CAVIHD) werden respectievelijk in 1984 en 1985 geintroduceerd
in het Academisch zickenhuls Dijkzigt te Rofierdam. Continue dialyse wordt,
overeenkomstig de menselijke nier, 24 wur per dag uitgevoerd; intermitierende
dialyse daarentegen wordt enkele uren per dag uitgevoerd. CAVHD wordt
gekarakteriseerd door het gebruik van een membrazn met ¢en kKein opperviak en een
hoge hydraulische permeabiliteit, een spontaan op gang gebrachie bloed swoom
micédels het drukverschil tussen een arterie en een vene, een spontane ultrafiltratie
stroom ¢n een lage dialysaat stroomsnetheid van 1-3 L/uar.
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Hoofdsnik 2:

In dit hoofdstuk wordt een kort overzicht gegeven van klinische problemen zoals die
kunnen onistaan tijdens behandeling met intermitterende hemodialyse. Hierbij is de
nadruk gelegd op de mogelijke consequenties voor pati®nten die verpleegd worden
op cen intensive care afdeling.

De meest voorkomende complicatie tijdens dialyse is hypotensie, Qok kan, door
te plotselinge veranderingen in de pH en de osmolariteit van het bloed, de
neurologische toestand van een neurologisch reeds instabiele patiént verslechteren.

Hogfdstuk 3:

In dit hoofdsnuk komen de indicaties veor de behandeling met CAVHD aan bod. De
belangrijkste indicatie voor behandeling met CAVHD, is de combinatie van nierfalen
en circuiateire instabiliteit. Overige indicaties zijn een neurclogische instabiliteit of
de behoefte aan hoge klaringssnelheden bij ernstig katabole pati€nten. Ook kan met
behulp van behandeling met CAVHD de plasma spiegel van oxalaat van een patiént
met  primaire  hypercxalurie voldoende laag gehouden worden na een
niertransplantatie. CAVHD is gecontraindiceerd zis het extracorporele circuit
interfersernt met de mobilisade van de patint

Verder worden in dit hoofdstuk de benodigdheden en een leidraad voor het gebruik
voor CAVHD beschreven.

Hoofdsmuk 4:

Als men asmeemt dat er sprake is van een laminaire bloedstroom, kan de
stromingsweerstand van ¢apillaire hemofilters voorspeld worden met behulp van de
wet van Poisenilie. De viscositeit van bloed kan berekend worden uit de waarde van
de hematocriet, de eiwit conceniratie en de temperatour. Echter, de waarde van de
geobserveerde stromingsweerstand van het filter was twee 101 dnie keer zo hoog dan
de door ons voorspelde waarde. Vergelijking van de waarde van de gemeten
viscositeit van bloed met de berekende waarde liet echter zien dar de gebruikic
berekening van de viscositeit in een e lage waarde resulteerde. Een deel van de
discrepantic tussen de geobserveerde en berekende siromingsweerstand kon hiermee
verkigard worden. De overblijvende discrepantic mssen de berekende en gemeten
waarde van de siromingsweerstand kon worden verklaard door de inteme diameter
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van de capillairen van het filter 8% lager aan te nemen dan door de fabrikant wordt
opgegeven.

Hoofdstuk 5:

Reeds bestaande modellen van het massatransport tijdens hemodialyse kmanen niet
gebruikt worden voor de analyse van het massatransport 3jdens CAVHD. Redenen
hiervoor zijn dat het transport tjdens CAVHD verschilt met het transport tijdens
hemodialyse. De belangrijkste verschillen zijn:

1. Massatransport bij CAVHD vindt plaats middels gelijkuijdige convectie en
diffusie.

2. Swoomsnelheden van dialysaat (10-30 mi/min) bij CAVED zijn erg laag
vergeleken met stroomsnelheden van bloed (100-250 mifmin).

Ock zou de stroomsnelheid van het dialysaat te laag kunnen zijn om een
optimale disaibutie van het dalysaal in her dialysaat-compartiment te
bewerkstelligen.

3. CAVHD is een continue techniek. Door het langdurnig gebruik van eenzelfde
membraan, Hgt het niet alleen voor de hand dat de ulmafiliratie swoomsnelheid
afneemt in de tijd, maar ook dat het diffusieve transport zou kunnen afpemen in
de tijd.

Vanwege deze verschillen werd een nienw wiskundig model, toepasbaar op de

situatie bij CAVHD, van gecombineerde convectie en diffusie ontwiikeld. Hierbij

zijn drie belangrijke aannamen gedaan:

1. De distibuti¢ van bloed en dialysaat In de respectieve compartimenten is
homogeen,

2. De permeabiliteit voor ulitafiltratie en diffusie is over de gehele lengte van dz
membraan constant.

3. Variaties in concentraties in de radiaie richting werden niet in beschouwing
genomen, hierdoor werden de berekeningen dus gebaseerd op lokale "mixing
cup” concentraties.

Met dit model kon een numericke en een analytische afieiding van de massatransport
coéfficiént voor diffusie (K,) gegeven worden
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Hoofdstuk 6:

In dit hoofdstuk werd de aanname de aanwezigheid van "mixing cup” concentraties’
gevalideerd. Deze aanname is valide, als de inhoud van de compartimenten
homogeen zijn, een conditie die benaderd kan worden als de stromen turbulent zijn.
Een radiale concentratie gradisn: kan beinvloed worden door axiale stroomsneiheden.
De stroomsnetheid van bloed had geen meetbare inviced op de waarde van de K.
De stroomsnetheid van dialysaat (Q,) had echter wel een invloed op de waarde van
de X,. Dit kan verklaard worden door het bestaan van een grenslaag in het
dialysaatcompartiment, of, bij lage dialysaat smoomsnelheden, door een inadequate
distributie van het dialysaat over het gehele compartiment wat resulieert in het
gebruik van slechts een gedeelte van het membraanopperviak, Ook bleck de K,
athankelijk te zijn van de hydraulische permeabiliteit index van de membraan (MI).

De vastgestelde relatie mssen de K, met de Q, en MI werd uitgedruks in een aantal
formules.

Hoofdsmuk 7:

In dit hoofdstuk werd de bruikbaarheid van de formules, zoals afgeleid in Hoofdstuk
6, getoetst voor het voorspellen van de massatransport cogfficiént voor diffusie van
creatinine. Het bleek dat voor creatinine 73% van de variabilitelt in de K, en 81%
van de variabiliteit in de kKiaring verklaard kon worden door variaties in de Q, en ML
Om de Karingssnelheid te voorspellen moet de waarde van de sooomsnelheid van
plasma water (Q,,;) bekend zijn, Deze waarde is, evenals de waarde van de MI, in de
klinische situatie niet direct voorhanden. Daarom werden nomogrammen
geconstrueerd, waarin waarden van Q; afgelezen kunnen worden met gebryik van
de waarde van de gemiddelde arteritle druk en waarden van MI afgelezen kunnen
worden met gebruik van de waarde van de gemiddelde arterigle druk en de
stroomsnelheid van ultrafiltratie.

Hoofdstuk §:

in dit hoofdstuk werd het transportmodel toegepast op transport van geneesmiddelen,
i.c. antibiotica. De "sieving" coéfficiénten van de geneesmiddelen en de relatie tussen
de K, en het molekuul gewicht werden onderzocht voor cefuroxim, cefotaxim,
cefiazidim, imipenem, cilastatine, ciprofloxacine, tobramycine en vancomycine.
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Hiermee werden twee belangrijke resultaten verkregen Ten gerste, de “"sieving"
coéfficignt mecht gelifk gesteld worden aan de viije fractie van het antibiotcum,
welke laatste gemeten kan worden in het laboratorium. Ten tweede, er bleek een
vaste relatie t¢ bestzan tussen de ratio van de X van de antibictica t.o.v de K van
creatinine met het melekuul gewicht van het antibiotica.

Hoofdstk 9:

In dit hoofdstuk werd de mogelilkheié onderzocht of de Klaringssnelheid van
antibiotica door CAVHD voldeende betrouwbaar te voorspellen was. Het gebruik van
de voorspellingsiormule van de K, van creatinine tezamen met de ratio van de K,
van het antibicticum t.o.v. de Kd van creatinine, leverde een zodanige voorspelling
van de Klaringssnelheid van deze antibiotica op, dat deze Klinisch goed bruikbaar is.

Tevens werd onderzocht of deze klaring consequenties heeft, zodanig dat het
doseringsschema van een patiént die met CAVHD behandeld wordt, veranderd most
worden. Doseningsaanpassingen, gebaseerd op gemiddelde condites van de kunstnier,
werden berekend voor elk gemeten antbiotica. Het bleek, dat voor patiénten met
anurie dic behandeld werden met CAVHD, een doseringsaanpassing nodig was bij
het gebruik van cefuroxim, ceftazidim, tobramycine en vancomycine. Als aanpassing
van de dosering tijdens behandeling met CAVHD wordt nagelaten, kunnen te lage
arntibioticaspiegels met daarblj falen van de antibictische therapie zeer wel mogelijk
zifn. Bij het gebruik van cefotaxim, imipenem of ciprofioxine werd deze asnpassing
niet noodzakelijk geacht. Bij gebruik van deze laatst genoemmde geneesmiddelen kan
voor esn anurische pati€nt die behandeld wordt met CAVED, hetzelfde
doseringsschema gebruikt worden als dat vpor anurische patidnten, die niet
gedialyseerd worden.

Hoofdsmk 10:

Het geneesmiddel Tignam® is een combinatie van 50C mg imipenem en 500 mg
cilastating. Als men dit gencesmiddel gebruikt bij patiénten met apurie, moet men
rekening houden met het feit dat de halfwaardetijid van cilastatine in vergelijking met
imipenem sterker verlengd is. Als de patiént anurisch is, wordt een aangepasie
dosering gebruikt, berekend op gewenste spiegels van imipenem. Dif leid: tot een
overdosis van cilastatine. Echier, als deze patiént behandeld wordt met CAVED, zal
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de kKlaringssnelheid van cilastatine viervoudig toenemen en daardoor wordt emstige
accumulatie van cilastatine vermeden.

Hoofdsmk 11:

In dit hoofdstuk is het herstel van de nierfunctie en de mortaliteit bestudeerd van 236
patiénten met acuut nierfalen die behandeld werden op een intensive care afdeling.
Deze patignten werden of behandeld met intermitterende dialyse of met CAVHD, In
het algemeen is de mortaliteit van deze patiénten erg hoog. Bij de beschreven groep
patiénten herstelde de nierfunctie in 60%. Het oveslevingspercentage was 44%. Het
perceniage van overleving wes gecorreleerd met de onderliggende ziekte of met de
klinische toestand van de pati®nt bij aanvang van de dialyse behandeling. De groep
patiénten die met CAVHED werden behandeld hadden cen hogere moraliteit na
herstel van de nierfuncte. Dit impliceert dat pati€nien die een behandeling middels
CAVHD kregen, zicker waren dan patiénten die een behandeling middels
intermitterende hemodialyse konden ondergaan. Van de pariénten, die bij de aanvang
van de dialysebehandeling in een onbehandelbare hemodynamische shock verkeerden,
overleefden 24%. Deze patigénten werden voomamelifk gedialyseerd middels
CAVHD. In het verleden, voor de introductie van CAVHD, konden deze patinten
niet of nauwelijks een dialyse behandeling verdragen. Hieruit zou men voorzichiig
de conclusie kunnen trekken dat her gebruik van CAVEHD, voor deze emstig zieke
patiénten een verbetering van hun overlevingskansen heeft gegeven.
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