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INTRODUCTION TO CONTINUOUS ARTERIO-VENOUS
HEMODIAFILTRATION (CAVHD)

Chapter 1

1.1 INTRODUCTION

The kidney is an organ of vital importance in the human body. Its main function is to
maintain and regulate the composition of solutes in the blood plasma, and indirectly also that

of the interstitial and intracellular fluid.

A total loss of the kidney function within howrs or days is called acute renal failure (ARF),
which often results from sepsis, a clinical syndrome accompanied alse by massive edema,
circulatory insufficiency, respiratory failure and sometimes neurological damage [1,2]. Acute
renal failure and the associated water overload are common problems in critically ill patients
and contribute significantly to mortality. It may he secondary to among other things such as
hypotension, hypovolemia, trauma, drugs and disseminated intravascular coagulation. It may
ocecur also in patients with multiple-organ failure. The resultant inability to remove toxic
metabolites or to correct acid-base and electrolyte abnormalities is commonly associated with
a fhuid overload, with or without pulmonary edema, and an increase in interstittal water with
a consequent reduction in tissue perfusion. Such patients are often hemodynamically unstable
and characterized by a high catabolic rate {3,4]. The combination of low or unstable blood
pressure and edema makes it quite difficult to judge how much fluid should be withdrawn
safely [4]. Therefore, they need intensive dialysis and ultrafiltration treatment. However, the
combination of ultrafiltration and intermittent hemodialysis (IHD) frequently leads to
hypotension and neurological deterioration and may further jeopardize kidney function [5].
Furthermore, rapid correction of the acidosis together with the rise of inflammatory mediators
that result from the blood-membrane interaction may aggravate respiratory failure [6-11].
Consequently, in many patients with ARF ‘conventional' form of hemodialysis and
ultrafiltration techniques was contraindicated. Therefore, to treat patients with such
complicated ARY a different form of dialysis therapy was needed with the following attributes

[3,12,13]:

. eflicient removal of toxic metabolites presumably responsible for the uremic
syndrome,

. correction of the patient’s electrolyte abnormalities such as sodium for the treatment

or prevention of hypotension and potassium for the treatment or prevention of

hyperkalemia,
. coryection of acid-base status by administering bufter-anions to control metabolic

acidosis,
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. correction of paticnt’s fluid balance by removing the excess body water and replacing
the ultra filtrate with a clean substitution fluid,

. the ability freely to administer the parenteral nutrition and other hyper alimentation
solutions,

. the ability to start the treatment anytime,

. gradual treatment so as to avoid sudden disturbances in the delicate equilibrium and

fluid status of the patient.

During the last decade, on considering these attributes, impressive advances have been made
for the treatment of such complicated ARF in critically ill patients. This has led to the
increased use of continuous renal replacement techniques in the intensive care unit as opposed
to the use of intermittent hemodialysis and peritoneal dialysis [12,14]. Continuous arterio-
venous hemodiafiltration (CAVHD) is one of the continuous renal replacement techniques,

which nowadays has become a widely used renal replacement therapy {3,13,15, 16].
1.2 HISTORICAL DEVELOPMENT OF CAVHD

It was first demonstrated in 1913 that the dialysis of blood could remove small solutes that are
normally excreted in urine [17]. The first dialysis machine was developed by Kollf [18] in
1946. TIts surface area was large enough to be beneficial in treatment of patients with kidney
failure, Later in the 1960', blood access devices were developed, which allowed hemodialysis
to be employed for the treatment of chronically in patients with permanent loss of kidney
function {chronic renal failure: CRF). In the early years of dialysis, patienis were treated for
8 to 12 hours, two to three times a week. As early as [960, Scribner et al [19] introduced a
technigue of continuous hemodialysis without the use of a blood pump, for the treatment of
ART. In 1964 however, the drawback of this development became clear when Peterson et al
[20] observed acute encephalopathy during dialysis (reatment, They explained this by the
rapid fall in the sclute plasma concentration due to diffusion, leading to osmotic
disequilibrium between plasma water and the brain tissue. Further, hemodialysis was refined
by using controlled wirafiltration, by bicarbonate as a buffer substitute rather than acetate,
by high or variable sodium concentrations in dialysate and by cooler-temperature dialysate
[21-24]. By virtue of these developments, most patients with GRF can now adequately be
treated by IHD in two or three sessions of 4 to 5 hours a week. In subsequent years ITHD
became standard for the treatment of acute or chronic renal failure in critically ill patients.
However, dialysis induced hypotension and vascular instability together with sharp
fluctuations in the plasma osmolality, pH and intravascular fluid volume, make the IHD

poorly tolerated inn unstable patients.

In 1967, Henderson et al {25] described the so-called pump-driven hemofiltration technique,
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Chapier 1

where venous blood is pumped from the patient through an artificial kidney and subsequently
back to the patient. By a hydrostatic pressure gradient across a semi-permeable membrane
{cut-off point: 40.000 Daltons} an ultrafiltrate is produced from plasma water. Solute mass
transport is based on convection. The intravascular volune is preserved by replacing the
wltrafiltrate with a substitution fluid that has an electrolyte composition similar to that of the
plasma. With hemofiltration the efficiency of the removal of urea was lower but
disequilibrium was seldom seen and blood pressure was more stable. For hemofiltration, new
highly permeable membranes were developed, which allowed passage of water and solutes
of up to several thousand Daltons at very low pressures. Moreover, Babb et al [26] pointed
out that the so-called 'middle molecules', which were believed to contribute to the wremic
syndrome, were removed more efficiently with this technique. This middle molecule
hypothesis also led to the development of peritoneal dialysis techniques. For the treatment of
patients with complicated ARF, peritoneal dialysis is usually better tolerated but may be
contraindicated by intra-abdominal pathology, infection, technical difficulties or respiratory

compromise {27-31}.

In 1977, Kramer et al [32] described a technique, called continuous arterio-venous
hemofiltration (CAVH), which enables the control of uremia in critically il patients with ARF
without cardiovascular stability associated with conventional IHD. He used a small hemofilter
and connected it to catheters in the femoral artery and vein to obtain a spontaneous blood
How driven by the arterial blood pressure of the patient only, To control the rate of fluid loss,
he administered a substitution fluid. When small highly permeable hemofilters became
generally available, many dialysis physicians relied on CAVH for the freatment of critically
ill patients with ARF. In spite of very low blood pressures (50-70 mmHg), the gradual fluid
withdrawal {I0-14 1/day) was very well tolerated by these patients [33,34]. As far as the
treatment of uremia was concerned, the CAVH treatment proved to have limited to low urea
clearance, The solute transport in CAVH occurs by convection and limiied by the rate of
ultrafiltrate production, When the rate of urea generation exceeds the rate of urea removal,
a steady-state BUN level is not achieved. This may take place because of 1) high urea
generation due to catabolism (For the highly catabolic patients, the rate of ultrafiltration was
seldom enough to provide adequate clearance of uremic solutes {7-10 ml/min).) and/or 2)
inadequate rate of ultrafiltration flow, particularly in hypotensive patients, It was particularly
these hypotensive and unstable patients who needed a continuous form of renal therapy. If
the patient were more stable, then a traditional form of IHD could be implemented. Indeed,
it was common practice for patients on CAVH to have IHD treatment as well until several

adaptations of the CAVH technique were suggested.

Kaplan et at [35] suggested the application of a suction pump (usually 150-200 mmHg) to the
ultrafiltrate compartment to increase the ultrafiltration flow rate. However an increased
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filtration fraction (sometimes exceeding 50%) may favor hemofilter clotting despite adequate
heparinization. Both Wendon et al [36] and Kaplan et al {37] relied on pumped veno-venous
hemofiltration to increase blood flow rates (100-300 ml/min) through the hemofilter and so
to increase the ultrafiltration flow rate. With this technique an ultrafiltration flow rate of up
to 50 I/day and an urea clearance of 34 ml/min may be produced. Further, Kaplan et al [38]
proved the enhancement of the efficiency of CAVH by infusing the substitution fluid in the
arterial line {preditution), rather than in the venous line (postdilution). Infusing replacement
fluid to the blood within the extracorporeal circuit via the arterial line just before the blood
inlet port of the hemofilter (predilution) reduces the blood viscosity, hematocrit and plasma
protein concentration and increases the flow and hydrostatic pressure across the membrane.
In addition, predilution increases the availability of urea for convective transport by favoring
its movement from the erythrocyte. All of this will increase the ultrafiltration flow rate {38,39].
Ronco et al [40} suggested additional dialysis with the same dialyzer. He first used a dialysate
flow rate of 20 I/h for 2 hours a day and reasoned that at a high dialysate pressure no
ultrafiltration would take place, The method was, of course, soon abandoned because of the
considerable risk of 'back filiration’. Meamwhile Geronemus et al [41] suggested continuous
hemodialysis rather than hemofiltration. At a dialysate flow rate of 1-2 I/h adequate clearance
of urea was easily obtained, Unfortunately their dialyzer provided very low ultrafiltration flow

rate. Later they suggested the use of highly permeable membranes.

In 1984, Geronemus et al [42] described the technique of continuous arterio-venous
hemodiafiltration {(CAVHD). They emphasized the role of dialysate flow in the enhancement
of solute clearance by diffusion. Infusing a dialysate solution through the filtrate/dialysate
compartment of the hemofilter counter-current to the blood flow enhances the solute
transport by diffusion. At that time, Van Geelen and Vincent [15,16] in the intensive care unit
of Erasmus University Hospital in Rotterdam were pioneering the technique of CAVHD and
they aimed for the combination of convective and diffusive transport. Solute transport by both
diffusion and convection provides a higher clearance of urea {with a dialysate flow rate of }
17k up to 25 ml/min against 10 ml/min in CAVH). Without removing large volumes of
ultrafiltrate CAVHD has more effective control of uraemia than the CAVH alone. Increasing
the dialysate flow rate up to 3 I/h may further increase the urea clearance up to 50 ml/min
[43]. The dialysate flow rate (up to 4-3 1/h) is considerably less than the rate of patient’s blood
flow through the hemofilter. Complete equilibration of small solutes should occur between
blood and dialysate if the blood flow rate is higher than the dialysate flow rate [44}. CAVHD
combines the advantages of CAVH and slow hemodialysis, and may be performed by
intensive care unit stafl without the need for dialysis machines and trained dialysis nurses, The
technique of CAVHD was soon to become the first choice treatment of acute renal failure in
the intensive care setling {3,4,15,16,44-46].



Chapter 1

1.3 PHYSICAL PRINCIPLES OF SOLUTE TRANSPORT IN CAVHD
Continuous arterio-venous hemodigftltration is the combination of continuous arterio-venous
hemofiltration with slow hemedialysis. Tn CAVHD, solute transport occurs simultancously by

combined effects of dialysis and hemofiltration.

replacament fluid replacament fluid
(predifution) (or posidilution)
arterial biood venous blood

) )
arterial bicod venous
HD blood
5 CAVH
] . ] —>
outlet dialysate inlet dialysate uftra filtrate

replacement fluid replacement fluid

{predilution) | (or postdilution)

arierial blood 3 JL%

venous blood

CAVHD

€]
olillst dialysate/ullra fiftrate

e.___.
inlet dialysate

Figure 1.1: Principles of the conventional intermitient hemodialysis, continuous arferio-

venous hemofiltration and continuous arterio-venous hemodiafiltration.

In Figure 1.1, the physical principles of CAVHD, CAVH and conventional hemadialysis are
depicted. With CAVH, blocd is led through a flat sheet or a capillary hemofilter. The
hemofilter consists of a blood and an ultrafiltrate compartment, which is separated by a
membrane. The membrane is permeable to solutes of up to several thousand Daltons. Blood
fow is driven from the difference between the patient’s arterial and venous systentic pressures.
Transmembrane pressure difference (TMP) across the hemofilter membrane results in the
movement of plasma water from hlood into the filirate compartment. As water moves across
the hemofilter membrane, it “drags” solutes such as urea and creatinine, with it. This process
is called ulirafiliration for water and comvection for solute transport. Filtered water together with
non-protein bound solutes with low and middle molecular weights (MW) is called ultrafiltrate.
Thus, the composition of ultrafiltrate is similar to that of the plasma water. The quantity of
solute movement by convection depends on molecular size, membrane hydraulic
permeability, TMP and the rate of ultrafiltration flow. For solutes that are far below the
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molecutar 'cut-ofl' of the membrane, the rate of ultrafiltration alone determines the convective

mass transport rate.

The ratio of solute concentration in ultrafilirate to that in the plasma water retained is called
solute sieving cogfficieni. The sieving coeflicient depends on the particular membrane (diameter
of a membrane pore), the molecular size and protein-binding properties of the solute. Sieving
coeflicient of uraemic solutes such as urea and creatinine equals one and that of the blood
cells and proteins equals zero. Proteins and blood cells are too large to cross the membrane
and remain within the blood compartment and return through the venous end of hemofilter
to the systemic circulation. Cations such as sodium and potassium have a sieving coefficient
of slightly less than one and anions have values greater than one. This is caused by the fact
that the negatively charged proteins attract cations, resulting in a decreased transmembrane
movement, and repel anions, causing to an increased transmembrane movement (Gibbs-

Donnan effect).

Ultrafiltration does not affect the concentration of solute in plasma water. To inhibit
coagulation heparin is added continuously to the bload when it enters the extracorporeal
circuit. To prevent the patient from too volume depleted because of large amounts of plasma
water removed as ultrafiltrate (10-15 1/day), a substitution fluid is administered to the blood
cither before the blood inlet port or after the blood outlet port of the hemofilter. Replacement
of the ultrafiltrate with a clean substitation fluid decreases the concentration of both sobutes
and proteins in plasma water, decreases the hematocrit and blood viscosity, and increases the
rate of blood flow and hydrostatic pressure across the hemofilter membrane by dilutional

effects.

In contrast to CAVH, in hemodialysis, diffusive transport is the major principle underlying
blood purification, especially for the elimination of substances in the low molecular weight
range, e.g. of urea and creatinine. Diffusion is a passive and rapid transport process.
Transmembrane concentration gradient, thus the driving force for the solute diffusion across
the membrane causes the solutes to diffuse from plasma water through the hemofilter
membrane into the dialysate fluid that has an ideal plasma water composition and provides
the osmotic gradient for diffusion. By running the dialysate fluid through the filtrate/dialysate
compartmient of the hemofilier counter-currently o the blood flow, solute transport by
conveetion is enhanced by diffusion. The rate of diffusive mass transport is mainly determined
by the molecular size of solute, the type of particular membrane (surface area, diffusive
permeability) and the rate of dialysate flow. Solates with a small MW such as urea {60
Daltons) and creatinine (113 Daltons) are removed by diffusion (dialysis), whereas for solutes
with a MW greater than 500 Daltons diftitsion is less efficient and their removal occurs

predominantly by convection (hemofiltration).
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Chapter 1

1.4 AIM AND OUTLINE OF THE THESIS

Continuous arterio-venous hemodiafiltration (CAVHD) has become a widely used renal
replaccme.nt therapy for patients with acute renal failure (ARF). It is a new intensive care
method of complete renal replacement therapy in the critically ill and unstable kidney patient.
Despite impressive advances in the intensive care hemodialysis therapy, many investigators
have studied the CAVHD as a continuous renal therapy only from the clinical point of view,
In 1984 Van Geelen and Vincent [15,16] in their first experiments with CAVHI, stressed
the importance of simultaneous convective and diffusive solute transport. Nevertheless, there
was then virtually no insight in both the determinants of solute and volume transport and the
relationships between the hemofilter characteristics and operational and clinical conditions
in CAVHD. For example, it was not known to what extent the CAVHD treatment had
influence on the disappearance rate of drugs and how slow the dialysate flow rate in the
presence of ultrafilration must be to be able to control the patient’s uraemic state. Therefore,
a study was begun of the physical and mathematical aspects of solute and volume transport
in CAVHD, so as to be able to optimize the CAVHD treatment,

The aim of this thesis is to investigate the determinants of blood, ultrafiltration and dialysate
flow rates on the uraemic solute and drugs clearance, to describe the physical transport
processes in CAVHD, to formulate the physical relationships between hemofilter
characteristics and operational quantities, and to access the efficacy of CAVHD compared
to IHD as far as its side-effects such as hypotension are concerned. This thesis s also to be
beneficial in the sense of the fact that the dialysis physician should have a functional
knowledge of the physical principles involved during treatment with a hemofilter. Such
knowledge allows him to more accurately predict the results of therapy and to optimize the
treatment protocol. In addition, he must interpret manufacturers’ specifications and critically
evaluate new devices offered for CAVHD. In order to follow the important physical concepts
involved a certain amount of mathematical manipulation is required, but more rigorous
mathematical and clinical engineering treatments are reduced to the expressions of clinical

tmportance, such as solute clearance,
Outline of the thesis

In Chapter 2, the latest developments about the problems encountered in intermittent
hemodialysis are reviewed from a literature study., Furiher, the indications and
contraindications of CAVHD treatment, clinical equipment and its preparation are outlined.

In Chapter 3, an analysis of determinants of blood and ultrafiltration flow rates is done hy
comparing the clinical observations with the theoretical prediction. In patients treated with
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CAVHD, serial measurements of blood flow rate, bioad pressure and ultrafiliration rate were
performed, so as to estimate the hemofilter resistance to blood flow and its hydraulic
permeability. The aim of these studics was to examine the feasibility of predicting hemofilter

performance under clinical conditions.

In Chapter 4, the results of resistance to blood flow and membrane permeability index
measured in a laboratory setting are given. In laboratory setting, for some CAVH(D) capillary
hemofilters, the resistance to flow was measured with fluid solutions of different viscosity. The
hemofilters were perfused with saline, sucrose solution, pig blood and human blood as
perfusion fluid. The effect of hemofilter resistance on the hydraulic performance
(ultrafiltration) was also investigated by measuring the membrane permeability index and the
resistance to (human) blood flow simultanecusly over a survival time of about 220 hours. The
aim of these studies was to examnine the feasibility of predicting the hemofilter performance

under laboratory conditions,

In Chapter 3, a general description of solute and volume transport in CAVHI is given.
Existing models of conventional hemodialysis are not likely to be useful for the analysis of
solute transport in CAVHD, since the solute transport in CAVHD differs fromt that in
intermittent hemodialysis and hemodiafiltration in several respects. In view of the
shortcomings of previous models, we developed a new mathematical model of CAVHD., This
model takes into account the variation of concentration in the blood and dialysate boundary
layers as well as inside the membrane in the presence of simultaneous diffusive and convective

solute transports, The model equations require numerical solutions,

In Chapter 6, analytical solutions to uraemic solute and volume transport in CAVHD are
presented to calculate the diffusive mass transfer coefficient (K,) for a solute when blood,

filtrate and dialysate flow rates and solute concentrations are known. We made some
assumptions. Then, we introduced analytical solutions to solute and volume transport in
CAVIHD, so as to obtain expressions of the overall diffusive mass transfer coeflicient,

depending on the ultrafitration volume flux profiles under the following conditions:

. K, for zero ultrafiltration volume flux (J.=0),
* K, for a constant (mean) volume flux (J.=],=Q,/S), and
. K, for a linear decreasing volume flux {J,=a+px).

Further we derived expressions of solute clearance in relation to the overall mass transfer
coeflicients K, K, and K. By virtue of the expressions of the overall mass transfer
coeflicients related to solute clearance, the model is well suited for the analysis of sclute

transport by simultanecus convection and diffusion in CAVHD. This was the first detailed

_8.



Chapter 1

analytical mathematical analysis of solute and volume transport in CAVHD and can eastly

be implemented in any spreadsheet program.

In Chapter 7, the model is applied to clinical data obtained with 0.6 m? AN-G9 capillary
hemofilters, The model equations governing the overall mass transfer coeflicients (K, K, and
K,) are evaluated by applying them to data of urea clearance measurements. Our model is
a uscful addition to the existing models of hemodiafiltration, especially because it allows
calculation of the diffusive mass transfer coefficient from the clinical data of CAVHD. It may
be used both as a means to further our insight in the determinants of solute transport in
CAVHD and to adjust clinical settings, .g. dialysate flow rate, based on the predicted

clearance of uraemic solutes.

In Chapter 8, we studied the determinants of uraemic solute clearance in CAVHD.
Clearance and its diffusive and convective components of uraemic solutes such as urea,
creatinine and phosphate were determined in the region of relative low dialysate flow rates
(Q.) at varying blaod (Q,,;} and ultrafiltration flow rates (). The degree of conditions in
which blood-dialysate solute equilibrium can be achieved was investigated. The diffusive
permeability coefticients (K,=SK,) of urea and phosphate were related to diffusive
permeability coeflicient of creatinine, Further, by running a simple sensitivity analysis on the
overall diffusive permeability coeflicient, we analyzed the dependence of K, on the flow rates
and on the strength of concentration driving force at the blood inlet of the hemofilter. The
sensitivity analysis provides information about the reliability of predicting the K, from flow

rates and solute concentrations.

In Chapter 9, we describe a numerical computational method for solving the equations
governing the mass balance in Chapter 5. The method was applied to the clearance data of
uraemic solutes and some antibiotic drugs up to 1500 Daltons and to the data of hemofilter
hydraulic condition measured during CAVHD, so as to determine the relative weighting
factors of blood (f,} and dialysate (f;) solute concentrations contributing the convective
uraeniic solute transport and the resistances (R, R, and R} to diffusion from the overall
diffusive mass transfer coefficient (I} within the operational limits of CAVHD. Depending
on the hemofitter hydraulic condition (MI) and the dialysate flow rates (), the resistance
(R, +R) of blood and membrane and the resistance (Ry) of dialysate to diffusion were
determined by Wilson’s plots. Further, by making use of the capillary pore theory, the
diffusive permeation coefficients (K} of some antibiotic drugs were related to that of the
creatinine so as to predict the clearance of antibiotic drugs from the clearance of creatinine
under the same operational conditions and hemofilter characteristics (a prediction model}.
Predicting the clearance of drugs from the clearance of creatinine is sufficiently accurate to

be used in the clinic.

-g.
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In Chapter 10, a simulation study was performed to investigate the effect of dialysis
duration, the rate of urea removal, the flow rate of ultrafiltration and the dialysate sodium
concentration on the fluid shitt, which occurs during intermittent hemodialysis or
hemodiafiltration therapy. Hereby we determined quantitatively the necessary sodium
concentration in the dialysate solution to diminish the intercompartmentat fluid shift in the
presence of ultrafiltration. We concluded that CAVHD is a better alternative technique for
the treatment of patients with serious hemodynamic instability than the intermittent

hemaodialysis or hemodiafiliration.
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CONTINUOUS ARTERIO-VENOUS HEMODIAFILTRATION

An overview of clinical practice and equipment

Chapter 2
2.1 INTRODUCTION

Intermittent hemodialysis (IHD) is a form of renal replacement therapy, which was developed
for the treatment of patients with chronic renal failure. Patients are dialyzed 2 or 3 times a
weck, for 3 to 6 howurs per dialysis session. In these few hours, solute clearance (the solute
removal rate per inlet solute concentration in units of ml/min) has to be high to tide over the
interdialytic time interval, The high clearances are obtained by a large surface area, a blood
flow rate of (3, =200 to 300 ml/min and a dialysate flow rate of (3, =500 ml/min, During

dialysis, plasma water is withdrawn to an amount adjusted to the interdialytic body weight-
gain (BWG) of the patient. Acute renal failure (ART} is a potentially reversible condition. After
acute tubular necrosis, if the patient's general condition improves, one may expect recovery
of kidney function after a period of two to six weeks [I]. In the period of these two to six
weeks, the clinical condition of critically il patient is frequently complicated by multiple organ
failure with hemodynainic, respiratory or neurological instability. Treating such a patient with
intermittent machine hemodialysis is not tolerated. In this chapter we give a short overview
of the clinical problems encountered during the treatment of patients with ARF with
intermittent hemodialysis, with emphasis on the possible consequences for critically ill
patients. From literature, we review the indications and possible contraindications and finally

the guidelines of initiating the clinicat equipment of a CAVHD system.
2.2 CLINICAL PROBLEMS WITH INTERMITTENT HEMODIALYSIS

Dialysis-induced hypotension

In IHD therapy, the most frequent complication is dialysis-induced hypotension [2}. Clinical
studies show that rapid fluid removal during dialysis often leads to arterial hypotension. In the
early years of hemodialysis, this was attributed to hypovolemia caused by a fluid removal rate
that exceeds the rate of fluid mobilization from the interstitial space {3]. However, in 1978,
Bergstrom et al {4] showed that rapid fluid removal was better tolerated if it were done
without simultaneous dialysis, During simultaneous hemodialysis and hemofiltration, removal
of water was easier to perfornt than during hemodialysis alone [5,6]. Furthermore, it was
proved that even with isovolemic hemodialysis a reduction in blood pressure could be
observed [7], suggesting that solute transport during dialysis interferes with the mechanisms
of blood pressure control and therefore contributes to the side effects of the dialysis treatment.
Some investigators explained this phenomenon by stating that:

, The rapid fall in plasma osmolality causes a fluid shift from the extracellular into the
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intracellular compartment, the so-called disequilibrium syndrome [4,8,9]. This
internal fluid shift together with external fluid removal by ultrafiltration decreases
intravascular volume [10].

. The response of the autonomic itervous system alters during dialysis treatment [11,12]
because of either the autonomic neuropathy or the fall in plasma osmolality.

J Sodiunt concentration in the dialysate solution is not optimal. Schultze et al [13] have
demonstrated that when using a dialysate containing sodivm of 126 mmol/i, the
patient’s mean arterial blood pressure (MAP) dropped 30 mmHg and plasma
prostaglandins (PGE,) and plasma renin activity rose significantly in comparison with
a dralysate containing sodium of 140 munol/l. By using the dialysate containing
sodium of 140 mmol/l, the drop in blood pressure was only 13 mmHg, On the other
hand, the finding that sodium balance is identical during hemofiltration (HF) and
hemodialysis argues against prostaglandins playing an important role in vascular
stability during HIV.

’ Interacting the bloed with membrane leads to complement activation, which probably
through the production of arachidonic acid metaholites, causes vasodilatation [13,14-
16].

. In a simulation study we also analyzed the influence of dialysate sodium

concentration, the rate and amount of nltraftitration, duration of a dialysis session and
urea clearance on the transcellular fluid shift during treatment with modeled dialysis
sessions of 1 to 8 howrs. The sinnation results showed that the magnitude of fluid
shift from extracellular into the intracellular fluid compartment decreases with slow
dialysis, high sodium concentration in the dialysate fluid, low rate and amount of

ultrafiltration and low rates of urea removal (See Chapter 10},

Usualty, the risk of dialysis-induced hypotension poses no severe restrictions to the treatment
of patients with chronic renal failure, In hemodynamically unstable patients, however, the risk
of hypotension with IHD is often unacceptable. In these patients, even with slow dialysis at
a blood flow rate of 180 ml/min, a recirculating dialysate stream and an ultrafiltration flow

rate of only 200-300 ml/h, hypotension frequently occurs [17].

Hypoxemia

Hypoxemia is another complication of IHD therapy. This can be explained by several causes:
In using the acetate buffered dialysate, the loss of CO, into the dialysate and a decreased
respiratory quotient that results from acctate metabolism will both lead to an insufficient
respiratory drive and hypoventilation [18,19]. A rapid increase in blood pH may cause
hypoventilation, also with bicarbonate buftered dialysate [18]. The membrane bioincompa-

tibility gives rise to the secretion of inflammatory mediators that may lead to pulmonary
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vasoconstriction {16,20-22]. By using dialysate solution containing bicarbonate and more
biocompatible membranes (such as AN-69, polysulfone) rather than cuprophane, these

ventilatory problems may largely be prevented [20,22].

Neurological damage
IHD may cause neurological deterioration. Patients may become unconscious as a result of uremic
encephalopathy itselll. The patient’s uraecmic state also has a predisposition 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 [24] and La
Greea et al [25] have shown that during dialysis urea levels in cerebrospinal fluid decreased
more slowly than those in plasma. Ariefl et al [26] show that in uremic dogs rapid dialysis
causes brain edema and scizures. Slow dialysis, although resulting 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 disequilibrium between plasma and cercbrospinal fluid.
" Interestingly, it could he shown that the change in osmolality did not result from changes in
urea concentration alone, The authors suggested that another, as yet undefined, osmotically
active solute is present in the brain, creaiing an osmotic gradient between brain tissue and
plasma. In a clinical study, Port et al [27] demonstrated that the first dialysis treatment caused
disturbances in the electroencephalogram in virtually all patients and subjective symptoms of
disequilibrium in most of them, He comtpared two groups of patients, one with a normal
dialysate sodium concentration and one with an increased dialysate sodium concentration in
order to prevent the fall in plasma osmolality. He found that by this intervention, neurological
pioblems could bhe prevented. Davenport et al [28] showed that, in case of hepatic
encephalopathy cerebral perfusion pressure falls during intermittent hemofiltration treatment
but not during CAVH.

In conclusion, rapid removal of solutes and fluids in intermittent hemodialysis has some
disadvantages. These are indications that, in order to prevent neurological complications of
dialysis, one should aim for slower solute transport rates. Therefore, in patients with
neurological problems, continuous treatment methods are to be preferred. In general, these
problems do not impede the treatment of chronic renal fatlure patients. With acute renal
failure patients, however, hemodynamic, neurclogic and/or respiratory instability, inherent
to the cause of the renal failure, are the most fiequent problems encountered. These problems

call for a more gentle approach, i.e. by continuous methods, such as CAVH or CAVHD.

2.3 INDICATIONS FOR CAVHD

In section 2.2, it was stated that the patients with ARF must be treated with a more gentle
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approach, such as CAVHD. In the University Hospital Rotterdam, the official indications for
CAVHD are cases of renal failure complicated by circulatory, respiratory or neurological
instability, and cases of renal failure in 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 faiture {1].

Circulatory instability

The single and most important reason for treating patients with CAVHD is the renal failure
in combination with circulatory instability, The combination of low or unstable blood
pressure and edema makes it quite difficult to judge how much fluid can be withdrawn safely.
In case of a compromised myocardial function, the vascutar refilling rate during ultrafiltration
will be very slow. If such patients would be treated with IHD, this would lead to osmotic
disequilibrium by which vascular refilling is further impaired (See Chapter 10). With
CAVHD, duc to the low rates of uraemic solute removal, osmotic disequilibrium is prevented
[29] and fluid removal occurs more gradually. Indeed, several studies have shown improved '
vascular stability during treatment with CAVHD [30-34].

Respiratory failure

(Threatening) respiratory failure due to fluid overload alone is not necessarily an indication
to use continuous instead of intermittent techniques. These patients are best treated with
ultrafiliration. However, i’ a patient with renal failure is weaned from the ventilator with
difficulty, CAVHD is to be preferred over IHD. The latter may lead to a diminished
respiratory drive and may lead to pulmonary vasoconstriction, The latter phenomenon is
attributed to bioincompatibility of the membrane [35,36]. In CAVHD only the more
biocompatible synthetic membranes are used. Moreover, by the longer duration of use,

protein adsorption to the membrane minimizes any bioircompatibility effects [37-39].

Neurological instability

Neurological instability is ancther indication for CAVHD. Neurological disturbances during
THD arise from an osmotic disequilibrium between blood and cerebrospinal fluid [40-42].
Again, with CAVHD, by the lower rate of solute removal, osmotic disequilibrium is
prevented. This was borne out by the study of Davenport et al [43], who showed that in
patients with hepatic encephalopathy cerebral perfusion pressure fell after intermittent

hemofiltration but was preserved during treatment with CAVH,
Need for daily dialysis treatment

Another indication to choose continuous instead of intermittent treatments is the need for

daily dialysis treatment. Patients with ARF, especially those with sepsis, are in a hyper
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metabolic state with fever, an increased cardiac output and an increased resting energy
expenditure [44]. Therefore, there is an increased demand of both energy and proteins. The
positive eurnulative caloric balance is associated with improved overall survival [44-46G]. To
obtain a positive caloric balance, patients often receive total parenteral nutrition, which may
be complicated by very high rates of urea production and fluid overload. Until recently, this
necessitated daily hemodialysis and ultrafiltration. Nowadays these problems are casily
martaged by CAVHD [47-50]. Indeed, patients with multiple organ failure treated by CAVH,
show a positive energy balance and higher survival rates compared to paticnts treated by
intermittent methods [51]. Compared to THD, the rate of uremic solute removal is lower in
CAVEHD, but at usual dialysate flow rates the total removal per day is similar. Furthermore,
intermittent therapies carry the risk of fluid overload in the period between two treatments.
This risk is avoided by CAVHD. With both treatment modalitics one-should realize that
amino acids are removed to a certain extent [52-56] but the rate of removal Is small when
compared to the rate of administration. Another example of a situation, which used to be
dealt with by daily intense dialysis treatment, is kidney transplantation in a patient with
primary hyper oxaluria. In these patients plasma oxalate levels should be kept below 20
pniol/1 [57] until the graft functions well. This is virtually impossible with intermittent
treatment. With CAVHD, at a dialysate flow rate of approximately 4-5 1/h, however, a
constant plasma oxalate clearance of 40-50 ml/min can be obtained, which suffices to control

hyperoxalemia,

Multiple organ failure ...

It has been hypothesized that continuous techniques can effectively remove inflammatory
mediators associated with sepsis, the adult respirator distress syndrome (ARDS) and multiple
organ failure [08,59]. This prompted Paganini et al [60] to study the effect of CAVH in
patients with ARDS who had no renal failwe, In that study, a beneficial effect on the course
of ARDS could not be demonstrated. It is likely, however, that for most peptides endogenous
clearances are much faster than their removal by CAVH or CAVHD. Therefore current
research still focuses on the precise pathophysiological mechanisms involved in the multiple
organ failure syndrome. The trend is to look for ways to more selectively remove or neutralize

the key pathogenetic factors by affinity columns or specific antibodies or drugs.

Logistic problems

Logistic indications for treatment with CAVHD are especially justified if frequent dialysis
treatment would interfere with other aspects of patient care and if the arterial blood access
poses no particular problem. Frequent and prolonged investigations or operations can

proceed without disconnecting the hemofilter.
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2.4 CONTRAINDICATIONS

In general view, CAVIID is contraindicated only if the extracorporeal circuit interferes with
the mobilization of the patient or because of problems with the arterial blood access. Thus,
when a patient, who has been treated with CAVHD recovers, one tends to continue the
treatment by THD [63]. In case of problems with arterial blood aceess, the use of puinped
veno-venous hemodiafiltration should be considered. The main disadvantage of the pumped
technique is that in this case more specialized personnel is needed to watch this system,
Moreover, if the pumyp is equipped with all the necessary alarms and safeguards, this implies

that the pump is frequently interrapted which may lead to clotiing of the systen.

Dialysate fluid XXy
Replacement Auid
{Predilution}
Pump Blood outlet
Pumyp

Venous blood

xI

8

©

-
=7

—_—

&——-—-—

Arterial blood
Heparin infusion
Figure 2.1: A schematic representation of a CAVHD system [63].

2.5 GLINICAL EQUIPMENT OF CAVHD
The extracorporeal circuit used for CAVHID is shown in Figure 2.1. The patient is connected

via a flexible tubing from the arterial access to the arterial port of the hemofilter. Blood from

the arterial line circulates through the hemofilter, and returns to the patient from the venous
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port. Blood pumps are not required. Heparin is infused into the arterial line. Dialysate is
administered either by gravity or infusion pump counter-current to bload flow. Dialysate and
additional ultrafiltrate are collected in a graduated ultrafiltration or dialysate collection bag.
A substitution fluid is adminfstered into the arterial line (preditution) or into the venous line

{postdilution). A list of the necessary equipment for CAVHD is given below:

. catheters for arterial and wvenous access {and the disposables used for their
introduction),

. a small surface high-flux hemofilter,

. arterial/venous 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 substitution ftuid,

. ultrafittration line, infusion line for substitution fluid, infusion line for dialysate fluid,
* graduated ultrafiltration collection bag or urometer,

. heparin pump,

. pump for substitution {luid, which can deliver up to 1000 ml/h

. dialysate pump which can deliver up to approximately 5 1/h,

. weighing device, dialysate heater,

. heparin, substitution fluid, dialysate fluid,

. twao liters of rinsing fluid: NaCl 0.9%, containing heparin 5000 U/L

Blood access catheters

Vascular access is achieved by means of an arterial shunt, cither via femoral artery and vein
catheters inserted percutaneously with a Seldinger wire technique or surgical insertion of a
Scribner forearm or leg shunt [64]. In CAVHD, blood flows spontaneously. Low blood flow
rates may lead to excessive hemoconcentration and to early clotting of the hemofilter.
Therefore, Geronemus and others [61-65] prefer the use of low resistance fermoral catheters
which allow high blood flow rates [66], but have reported occasional problems with bleeding
and hematoma formation at the site of insertion. Reported complications of arterial
cannulation include dissection, thrombosis, false ancurysm formation, fistula formation,
infection, and superficial or retroperitoneal bleeding. However, Kramer ct al [67] have
demonstrated that these complications were considerably reduced when specially designed
short catheters were used exclusively. 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 axillary or brachial artery and the jugular or subclavian vein for access. If a patient
has a vascutar prothesis of the femorat artery located less than 20 cm above the groin, the nse
of the femoral ariery can be hazardous. Sometimes, due to extensive arteriosclerosis,

cannulation of the femoral artery is impossible. In such cases, the axillary or brachial artery

-19.-



An overview of clinical practice and equipment

or, if blood pressure is high enough, a Scribner shunt may be used as an alternative vascutar
access. Scribner shunts may be placed in the lower leg or in the forearm. In recent series, with
the use of special CAVH-catheters, the incidence of damage to the femoral artery was
reported to be 2% [1,68]. Furthermore, in a retrospective analysis, Swann et al [69} found no

evidence for either sepsis or increased morbidity related to catheter infections.

Hemofilter

For CAVHI one needs a small surface highly permeable hemofilter with a low resistance to
blood flow. High fhux characteristics usually coincide with good biocompatibility {70].

Tor optimal function a high diftfusive permeability is also required. Protein adsorption to the
membranc surface causes a decrease of membrane permeability in time. In view of the long
duration of use, obviously, protein adsorption is undesirable. The typical hemofilter used for
CAVH or CAVHD has short capillaries with a diameter of between 220 and 280 pm and a
membrane surface area of between 0.16 and 0.7 m% In CAVH high-flux membranes are used
in order to obtain adequate convective clearance. In CAVHD clearance occurs more by
diffusion than by convection. The rate of ultrafiltration must still be high enough to be able
to withdraw several liters of fluid per day. When using a high flax membrane, a total
membrane swrface area of 0.6 m’ is enough to obtain an ultrafiltration rate of 300 to 1000
ml/min. A much larger membrane surface area is undesirable for two reasons: 1) It leads to
an excessive ultrafiltrate production and thereby necessitates substitution infusiot: rates that
are above the range of the intravenous infusion pumps that are generally available, 2) It
implics more extensive contact between blood and membrane material and, hence, a greater

risk of clotting.

The life span of each hemofilter is fimited by a reduction in efliciency over a period of
continuous use or by clotting of the extracorporeal circuit, The hydraulic efliciency of the
hemofilter may be monitored by regular comparisons of the membrane hydranlic
permeability coefficient or ultrafiltration coeflicient, which we call the hydraulic permeability
index. Also regular monitoring the diffusive mass transter coeflicient of urea will reflect the
diffusive performance of the hemotilter during the treatment, If' the membrane permeability
becomes poor, as reflected by an ultrafiltration rate or less than 200 mi/h, the hemofilter may
be changed. The average life span of a non-clotting hemofikter is about 2 days but may be as
long as 5 days [62].

Dialysate fluid

In CAVHD sterile dialysate is necessary in order to prevent back-transport of possible
contaminants, such as pyrogen, from dialysate to blood [7}-73]. It is easiest to use a
commercially available hemofiltration substitution fluid as dialysate {luid, which come in bags
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of up to 5 liters. Dialysate fluid for peritoneal dialysis is less suitable for use in CAVHD,
mainlty because of its low sodivmn content and high content of glucose (Sce Table 2.1). After
a few days of treatment with CAVHD at a dialysate flow rate of 1 1/h, Vos [63] reported that
they have frequently encountered hypokalemia, hypophosphaternia and alkalosis, In their
view therefore, the composition of an ideal dialysate solution should be so as to prevent
electrolyte derangements during the stable phase of CAVHD treatment. At the start of
treatment, when serum potassiwm and phosphate are high and bicarbonate is low, the same
dialysate fluid may still be used albeit at a higher dialysate flow rate. They would not advocate
the use of a range of different dialysate solutions, both because it is impractical and because
it offers no guarantee that individual modifications or supplementation are no longer needed.
Until recently, all solutions contained either lactate or acetate as a buffer substitute, since the
addition of bicarbonate would be precluded because of precipitation with calciurn and
magnesium. Presently, we use for dialysate a fluid to which bicarbonate is added just before
use. When used within 24 hours, precipitation of calcium carbonale is negligible. With
bicarhonate containing fluids, the possible harmful effects of acetate and the inconvenience
of spurious clevation of blood lactate is eliminated, Furthermore, Jenkins et al [74] have
demonstrated that in childrer on CAVHI) who have persistent metabolic acidosis, changing
from lactate-buflered dialysate to bicarbonate-buffered dialysate considerably improves the

metabolic acidosis,

Table 2.1; Composition of fluids which can be used for dialysate fluid in CAVHD
(mmol/}) [63]

Dialysate fhuid Na* K* Ca?* Mg?* €I lact Ac HCO3  Glucose
Fres. HF11 140 1 1.63 0.75 101 45,0 0 0 10.9
Fres. HF21 135 2 188 075 109 338 O 0 8.3
Fres. HF(2 40 0 2.00 1.00 111 0 35 0 0
Schiwa SH-44¢ HEP 40 2 L75 0.50 112 2.9 0 314 5.6
Schiwa SH-35 HEP i40 ¢ 175 .50 110 2.9 0 31.4 5.6
Schiwa SH-36 HEP 140 4 L.75 0.50 114 29 ] 39.7 5.6
Schiwa SH-41 HEP 141 0O 0 0.72 168 0 0 34.3 5.6
Hospal LO 140 0 175 0.75 1o 45.0 0 0

Hospal L2 142 2 200 075 110 400 O 0

Hospal LG4D 40 4 200 075 110 400 O 0 6.1
Gambro Hemofiltrasol 21 140 1 160 075 100 450 0 0 1.1
Gambro Hemofiltrasol 22 140 0 160 075 100 450 0 0 111
Gambro Hemofiltrasol 23 40 1 1.80 0.75 100 45.0 0 0 111
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Substitution flnid

For substitution fluid one may use simple Ringer's lactate. In case of hyponatremia, the
addition of 1 gr NaCl to 500 m of Ringer's lactate so as to increase its sodium concentration
to 180 mmol/1 (in case of predilution) will correct the hyponatremia. Alternatively, if the
patient is no longer acidotic, one might consider the use of isotonic saline for substitution fluid,
Substitution can be given either by infusing the fluid on the arterial line (predilution) or on the
venous line of the hemofilier (postdilution). Predilution has several advantages [75,76]. By
predilution the hematocrit and the plasma protein concentration are decreased, which leads
to a decrease of the blood viscosity and an increase of blood {low rate. The flow rate of the
substitution fluid must be adjusted hourly to the rate of ultrafiltration so as to achieve the

desired fluid balance.

Pumps and weighing devices

For safety reasons the use of a pump in the blood line is not advised. If one were to use a
pump in the blood line, this would at least necessitate the use of a bubble trap and a device
for monitoring the pressure in the arterial blood line, immediately after the pump (in order
to detect clotting of the hemofilter) and preferably also in the venous blood line. 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 I/h, is usefud but a simple
screw clamp will also do. As dialysis fluid comes in big bags, it is necessary to use a weighing
device to check the amount of dialysate delivered every howr. The total amount of ultrafiltrate
plus spent dialysate may be measured either by weighing or by using a calibrated container.
When substitution fluid is given into the arterial line (‘predilution'), an infusion pump, has to
be used because of the high pressure. In view of the high ultrafiltration flow rate that occurs

in the first few hours, this pump must be able to deliver up to 1000 ml/h.

Anticoagulation and clotting

The main determinant of clotting in CAVHD is blood flow or the lack thereof. In CAVHD,
one deals with an extracorporeal system with low pressures and low blood flow rates. The
interruption of flow by kinking of lines or catheters promotes clotting. Cooling of the blood
in the connecting lines also increases viscosity and reduces the blood flow. It is therefore
important to obtain a blood flow rate at all times as high as possible. For this reason, the use
of low resistance circuit is beneficial. The main determinant of the level of anticoagulation
necessary is the presence or absence of clotting of blood in the extracorporeal circuit, Clotting
may be suspected if there is sharp fall in the ultrafiltration flow rate or if the blood lines
become dark. The most useful policy against the clotting is to give the patient a bolus dose of
500 units per hour of heparin prior to connection to the extracorporeal circuit. Thereafter,
between 500 and 1000 units/hour of heparin is infused via a syringe pump into the arterial
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line proximal to the hemofilter. The dose may be changed to between 250 and 750 U/h as
clinically indicated. When platelet counts comes below 20+10%/1, no heparin is needed at all.
One might consider regional heparinization, i.e. heparin in the arterial line and protamine
in the venous line {77]. Recently Mehta et al [78,79] have published a scheme for citrate
anticoagulation in CAVHD.

2.6 PRIMING AND INITIATING CAVHD SYSTEM

it is extremely important to properly prime the hemofilter for CAVHD. The purpose of
priming a hemofilter is to purge all air and, with some hemofilters, glycerine, which is used
to prevent dehydration of the membrane, The hemofilter is primed from blood side as well
as from the dialysate side if it is necessary. On the blood side, the priming is accomplished via
a gravity flow of 2 / saline containing 5000 or 10000 U// of heparin [61,62]. The dialysate
side is primed via the gravity flow of the dialysate fluid. Here follows a complete description

of priming procedure [63]:

. Attach the blood lines and the ultrafiltrate line to the hemofilter. The ultrafilirate
outlet has to be situated on the arterial site of the hemofilter.

’ Place the hemofilter in a holder in the upright position, 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 to an empty sterile bag.

. Clamp the ultrafiltrate line and run I to 12 liters of heparinized saline through the
blood lines and through the hemofilter under gravity flow.,

. Make sure that side ports have been rinsed as well and that all air has been eliminated.

. Then unclamp the ultrafittrate line and ctamp the venous line.

. Run '% liter of heparinized saline through the system. Hereby forced ultrafiltraiion
will occur and glycerine is rinsed out of the pores of the membrane.

. Finally unclamp the venous line and rinse the rest of the fluid through the system.

After priming, the pumps, heater, urometer, heparin, substitution fluid and dialysate fluid are
connected to the system and the hemofilter, filled with rinsing fluid, is connected to the
catheters. After connecting the catheters, the hemofilter is placed in a vertical position at a
level of the patient, about 50 em above the ultrafiltrate/dialysate container in order to get a
negative pressure in the dialysate compartment and thereby enhance the rate of ultrafiltration,
It is customary to position the hemofilter with the dialysate cutlet up, in order to make sure
that any airin the dialysate compartment leaves the compariment immediately. There should
be no direct contact between the sterile dialysate exit port and the container in which
uitrafiltrate and dialysate are collected. The hemofilter is left in place as long as it functions
well. Ifultrafiltration rate falls below 200 mi/h, and kinking of the catheters or blood lines has
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been excluded, the hemofilter is replaced. If the patient must be transported, it is easiest to
temporarily disconnect the dialysate infusion line and fix the hemofilter onto the leg of the

patient.
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DETERMINANTS OF BLOOD AND ULTRAFILTRATION FLOW
RATES: Clinical observations and theoretical predictions

Chapter 3
3.1 INTRODUCTION

Continuous arterio-venous hemofiltration (CAVH) and hemodiafileration (CAVHD) are used
in intensive care units for the treatment of patients with acute renal failure. Both techniques
are based on spontaneous blood flow and spontaneous ultrafiltration. CAVHD works by
achieving arterial and venous vascular access, and perfusing a small hemofilter taking the
benefit of the patient’s arterial blood pressure instead of a blood pump. At a rate depending
on the desired overall fluid balance, substitution fluid is infused [1]. Many nephrologists feel
that CAVI(D) is the optimal form of renal replacement therapy in critically ill patients.
However, failure of the technique may occur due to an inadequate blood flo rate, icading
to excessive hemoconcentration and clotting. It is therefore important to obtain an adequate
rate of bload flow through the hemofilter, so as to minimize the risk of excessive

hemoconcentration and clotting,

Theoretically, blood and ultrafiliration flow rates may be predicted on the basis of geometry
of the extracorporeal circuit, membrane characteristics and blood viscosity. In their in vitro
simulation and mathematical model of CAVH, Pallone et al [2] reported that they were able
to predict the hemofilter performance in a laboratory setting. The resistance to blood flow was
in good agreement with their model predictions. However, Olbricht et al [3] found in a
clinical study that the resistance to blood {low was 3 times higher than expected.

The aim of the present study was to examine the feasibility of predicting hemolfilter
performance under clinical conditions. In patients who were treated with CAVHD, serial
measurements of blood flow rate, blood pressures and ultrafiltration rate were performed so
as to estimate the hemofilter resistance (R} to blood flow and its hydraulic permeability index
(MI). The resistance of each component of the extracarporeal circuit was predicted from their
geometry and blood viscosity and then compared with the measured values, The blood and
ultrafiltration flow rates were recorded during the whole CAVHD treatment in order to
ohserve the time courses of M1 and R, . The hemeofilter resistance to blood flow was also

measured in a laboratory setting (See Chapter 4). Clinical and laboratory data were then

compared with the theoretical predictions.
3.2 RESISTANCE TO BLOOD FLOW

The extracorporeal circuit of CAVHD consists of components of arterial blood access

{catheter and tubing), hemofilter and venous blood access {tubing and catheter). In the
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following, the variables and constants refating to arterial access, hemofilter and venous access

are denoted by the subscripts aa, fand va respectively. The blood flow rate ((;,) circulating

through the extracorporeal circuit depends on the intra-arterial (P, ) and intra-venous (P,,)

blood pressures and undergoes a total resistance (R,):

P = Py
R

!

G, = (3.1)

in which the intra-arterial pressure {P,)) is taken to be equal to the mean arterial pressure
(MAP), measured from the femoral artery and the intra-venous pressure (P;) is taken as the

mean venous pressure {MVP), measured lrom the femoral vein.

Ohserved resistance of the extracorporeal circuit to blood flow
The total resistance (R ) is the sum of R, R; and R, each representing the resistance of the
arterial access, the hemofilter and the venous access respectively:

R, =R, + R+ R, (3.2)
To calculate the total resistance (R} in mmHg per ml/min, the individual resistances of the
extracorporeal circuit have to be calculated on dividing the pressure drop across the

component by the blood flow rate:

R, - Poi = Py

i 3.3

Qo * Qorea ™ "iQf (33
P, -P.

R = fa bi 9 4
Pba’ Pr'v

R, = .
" Qbﬂ + Qpred B Qf (3 5}

in which P,; [mmIHg] is the prefilter-, P, [mmHg] the postfilter hydrostatic blood pressure,
Qs [ml/min] the arterial blood flow rate, Q , {ml/min] the infusion rate of substitution fluid
and Q; [ml/min] the flow rate of ultrafiltration.

Predicting the blood flow rate circulating in the extracorporeal circuit

In the previous equations, the blood flow rate ((,,) entering the extracorporeal circuit is
assumed to be measured. However, in most clinical applications Q),, is not measured and
must be estimated from the overall circuit resistance (R, ) and the blood viscosity. Under the
conditions of our study, with shear rates of 150 to 400 sec”, blood may be regarded as a
Neswtonian fluid [4]. Furthermore, within the fibers and channels the blood flow is laminar.
Therefore, we also calculated the resistance to blood flow from the geometry of each
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component using the Poiseuille law. The total circuit resistance to blood flow is predicted as:

Rp = Ry * By v Ry {3.6)
where RM'P,. Ry, and R, , represent respectively the resistance of the arterial access
components, the hemofilter and the venous access components, which are predicted from
manufacturers’ specifications and blood viscosity. Resistance of the arterial access (R, ) is
calculated from {2]:

128 N g Lo
Rop 2 i i ) 3.7)

(g

where the sum is over the number (j} of arterial access components with L, [m] the length,
d,,[m] the internal diameter and 1),, [mmHg min] the blood viscosity in the arterial access.
The resistance to blood flow (R, } for a capilary hemofilter is calculated from:
64 (1, = Ny,

T (3.8)

fp 4
b4 Ndf

where L; [m] is the length of fibers, N the number of fibers, d; [pm] the internal diameter of
a fiber, 1,; and T, [mmEg min] the blood viscosity at the blood inlet and outlet respectively,
For a plate hemofilter the Ry, is calculated from:

3y Nyl

R,= ——7— 3.9
ro 4Ncwchfc #9)

where I, {m] is the length of blood channels, N, the number of blood channels, w, the blood
channel width and hy, [m] the blood channel hali“height [5}. Resistance of the venous access
(R, ;) is calculated as:

128 ey (n to g

(3.10)

va

where the sum is over the number {j) of venous access components with L, [m] the length,
d,, [m] the internal diameter and 1}, [mmHg min] the blood viscosity at the blood outlet of
the hemofilter that equals the blood viscosity in the venous access (T),,) in case of predilution.

Normalized resistance to blood flow

Parameters like the length, internal diameter, number of fibers or channels, channel width,
channel half-height and membrane total surface area of the circuit components are mostly
determined from manufacturers’ specifications. From these specifications it is possible to
calculate the individual circuit resistances to the blood flow and compare them with the
observed resistances. We therefore defined normalized resistance to the blood flow
(R, ,[10°/ml} on dividing the observed resistance (R;) by the predicted blood viscosity (1];):
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R,= — (8.11)

where the subscript i represents the subscript aa for the arterial access, the subscript ffor the
hemofilter and the subscript va for the venous access. The normalized resistance to blood flow

is the same as the resistance calculated from the geometry.

Predicting the blood viscosity
The blocd viscosity (1},) depends on plasma protein concentration (C,), hematocrit (Ht) and
temperature (T), In narrew tubes blood viscosity may decrease according to the Fahreaeus-
Lindqvist effect. With a diameter of 200 to 240 pm, however, the decrease in blood viscosity
is less than 5% and may therefore be neglected [G]. We calculated the blood viscosity from
an empirical formula as described by Pallone et al [7]:

N, = 14497, ,, 200 (3.12)

where M, is the blood viscosity at 37°C and the constant 1,449 represents the ratio of water

viscosity at 20°C to that at 37 °C. The term y(T) represents:

o = 132720 - T) - 0.00105- (T - 20)
(7 71105 {3.13)
in a range of 20<T< 100°C. The blood viscosity at 37 °C is given by
Npa7 = WNpar(l + 2.5Ht + 0.0735H*) (3.14)

The plasma viscosity at 37°C is given by:

Mpar = Maz * (M = Ny, 3,)% (3.15)
o
where the water viscosity (1), 57) at 37 °C is 0.864x10” mm Hg'min. The normal plasma
viscosity (1)) is 1.54x107 mm Hg'min at a plasma protein concentration of C,,,=7 g/dl. The
values of 1), T; and T}, representing the bload viscosity in the arterial access, the hemofilter
blood inlet and the hemofilter blood outlet respectively are calculated from the boundary
values of hematocrit and protein concentration (Hy, Ht,, G, C,). Blood viscosity in the
arterial access (1), is calculated from eq.(3.12) by substituting arterial hematocrit (Ht) in
eq.(3.14) and arterial plasma protein concentration (G,J) in eq.(3.15) and a blood temperature
of 37°C in the patient in eq.{3.13). The blood temperature in the extracorporeal circuit has
to be measured. Blood viscosity (1)) at the blood inlet is calculated from eq.{3.12} by
substituting the plasma protein concentration (C) at the blood inlet in eq.(3.15) and the

hematocrit at the blood inlet (Ht) in eq.(3.14) from:
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(-H)C,Q,

= 3.16
" A H) Gy, Oy (3.10)
He O
Hy = 2 (3.17)
Qba * Qpred

Likeswvise, the blood viscosity (1.} at the blood outlet is calculated from eq.(3.12) by

substituting the plasma protein concentration at the blood outlet (C,} in eq.(3.15) and the
hematocrit at the blood outlet (Ht,) in eq.(3.14) from:
) (I -HpC, 0,

P -HQ,, + oredt ~ Oy

_ mQ,
o
Qoo * Cpyrea ~ &

(3.18}

Ht (3.19)

Ohserved resistance versus predicted resistance

From a theoretical point of view, the observed resistance must be equal to the resistance
calculated from the circuit geometry and blead viscosity. In practice however, because of
uncaleulated pressure losses, geometrical differences, and the way of calculating the blood
viscosity, the predicted resistance of each circuit component differs from the measured
resistance. The ratio of the measured resistance (R;) to the predicted resistance (R, ) is denoted

with o

Rr'
K, = —
1 R‘p

{3.20)
where the subscript i represents the subscript ae for the arterial access, the subscript ffor the

hemofilter and the subscript va for the venous access.
3.3 MEMBRANE HYDRAULIC PERMEABILITY INDEX {MI)

Membrane hydraulic permeability index (M1, [ml/h-mmHg]) or the ultrafiltration coeflicient
is used to indicate the hydraulic performance of the hemofilter during a CAVHD treatment.
We defined the membrane permeability index as the product of the hydraulic permeability
coeflicient (L, fml/(m* min-mmHg]} and the total surface area of the membrane (S, [m?)).
MI is calculated from the measured rate of ultrafiltration flow and the mean transmembrane

pressure difference (TMP, , fmmHg]} as:

M- 60LS - % (3.21)
»” " TMP

4
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The membrane hydraulic permeability coefficient (L) is calculated from eq.(3.21) as:

a
L= 1 _
v S TMP. (3.22)
The mean transmembrane pressure difference (TMP,) was calculated as:
1
jrﬂ'a(Pm = E(be * Pbo) - Pd - Hpm (323)

where Py [mmHg], the pressure midway in the ultrafiltration /dialysate compartment, was
calculated from the height of the fluid column (b} in the ultrafiltration line:
i,
Fa= 1.36 (8.24)

where 1.36 is a conversion factor from cmH,0O to mmHg. Further, Hpm, representing the

mean oncotic pressure caused by the plasma proteins, is calculated according to the equation

of Landis and Pappenheimer {8};

2 3
I, =21C, +0.16C,, +0.008C, {3.25)
where C,, [g/dl] is the mean concentration of plasma proteins:
i
C:um - E(Cpi * Crno) (326)

with the protein concentration at the blood inlet (C,;) and that at the blood outlet (C,,,). The
Bernouilli effects were thus neglected. Equation (3.25) had previously been found to fit
experimental data closely over the range 0 to 25% of protein [9,10}. When we compared the

measured values with the calculated, the difference was always less than 5 mmHg [11].
3.4 METHODS

Clinical protocol and measurements

In this study we determined the resistance to blood flow of the extracorporeal device as well

as the hydraulic permeability of the hemofilter membrane in intensive care patients treated

with CAVHD. Twenty patients were treated with CAVHD for acute renal failure and sepsis

and/or circulatory or neurological instability (See Table 3.1). The CAVHD circuit was

installed as depicted in Figure 3.1 (for details, see Chapter 2), A hemofiliration sabstitution

solution {(HF-11, Fresemius, Germany) was used as dialysate {luid, For both vascular and

venous blood access we used:

¢ CAVH-catheters 11.4 cm long with an internal diameter of 2.7 mm (M8CAVI4,
Medcomp) inn the femoral vessels, Shaldon catheters 15 cm long with an internal
diameter of 2.3 mm, and Scribner shunts,

° arterial standard polyvinylcholoride (PVC) tubing 0.9 m long with an internal
diameter of 4.36 mm, venous standard PVC tubing | m long.
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Three types of hemofilters were used (See also Table 4.1 in Chapter 4):

e a polyacrylonitrilic (AN-G9) plate hemofilter (15 compartments, length 26.8 cm, width
6.7 cm, channel height 200+0.26"TMP,, um, membrane surface 0,43 m?
SCU/CAVHD, Hospal, France),

° a polyacrylonitrilic (AN-69) capillary hemofilter (6000 fibers, total length 15 cm,
including 2 em within potting, internal diameter of fibers 240 pm, and 220 pm within
potting, membrane swface 0.6 m?; Multiflow-60, Hospal, France) and

. a polysulfone (PS) capillary hemofitter (4600 fibers, total fiber length 8.5 ¢, internal
diameter of fibers 200 pm, membrane surface 0.23 m% Spiraflo HFT02, Sorin

Biomedica, Italy); all specifications according to manufacturers,

- TPN
- blood, etc.
substitution fluid
dialysate :
fluid
Ance ]
pump | pump [
= =

£0

] heparin
arterial blood
Y
healing 1 hemofiller
coil > -
4 venous bleod

§l l dialysate/ultra filtrate
E collection bag

Figure 3.1: A schematic representation of a CAVHD system.

Hemofilters were prepared by rinsing the blood compartment with 2 liters of saline containing
heparin 5000 U/1, allowing filtration to take place. Hemofilters were placed in the upright
position, with the ultrafilirate outlet up. Ultrafiltrate column height was about 60 cm.
Standard anticoagulation consisted of heparin 500 U/h, infused into the arterial line of the
hemofilter. No loading dose of heparin was given. No protamine was used. Three patients
received no heparin because of excessive bleeding, thrombocytopenia or hepatic failure and
coagulation disorders. Ringer's lactate as substitution {luid was infused into the arterial line
{(predilution), The amount of substitution fluid was adjusted howrly to the net ultrafiltration
flow rate. Reasons for hemofilter replacement were clotting of the hemofilter or an
ultrafiltration flow rate <200 ml/h. Furthermore, hemofilters were removed when dialysis was
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no longer necessary or when clinical improvement allowed mobilization to treat the patient
further with the conventional intermittent hemodialysis. Average hemofilter 'survival' time was
3 days.

Llectronic pressure transducers were connected to the arterial and the vencus lines to measure
the pre-(Py, [munHg]) and postiilter (P,,, fmmHgl} hydraulic pressures. Both pressures were
measured using the same pressure transducer. In the patients, we also measured intra-arterial
(P...finmHg]) and intra-venous (P, , [mmHg]) pressures by the same pressure transducers after
clamping the line for 10 seconds. Blood flow rate through the arterial catheter (()y,,, [ml/min])
before perfusing the predilution fluid was determined in duplicate by measuring the time
required for an air bubble displacement over 13 ml of tubing. The flow rate of substitution
fluid (Q,,a,[m]/min]) was measured by weighing device. Arterial hematocerit (Ht } and plasma
protein concentration {C,,, {g/di]) were measured to calculate the blood viscosity (1],

[mmHg-min]} and the oncotic pressure (Hp,{mmﬂg]). Ultrafiltration flow rate (Qy, [n-ll/min])
was determined by timed collection of ultrafiltrate from the ultrafiltrate line over five minutes

after switching off the dialysate pump.

In a separate study we took blood samples for viscosity measurements from [0 patients, aged
38 to 66 years, who had been treated in the intensive care department for at least three days.
Viscosity measurements were performed using an apparatus 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 mm/sec, yielding shear rates similar

to those within the fibers of the hemofilters.
3.5 RESULTS

Statistics

The clinical data are presented as means * 1 8.D. The time dependent decrease of hemolilter
permeability was analyzed by regression analysis. Previous experiments showed that a good
fit was obtained by linear regression of the membrane index {MT) or hydraulic permeability
(L) as a logarithmic fimction of treatment time (t, fhours]) [1]. This regression analysis was
performed for each individual hemofilter. An approximately equal number of data points
were ohtained before and after 12 h of use. Slopes and extrapolated values at 12 h of use were

compared by Wilcoxon's Rank test (see Table 3.5),

Resistance to blood flow
Causes of renal failure and the mean arterial blood pressure values (MAP) on starting
CAVHD treatment are given in Table 3.1. The mean arterial pressure was below 70 mmHg

in a third of the patients. Hematocrit and plasma protein concentration were determined to
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calculate the blood viscosity at 37°C from different patients according to eq.(3.12). The
component resistances R,,, Ryand R, were calculated from the measured pressure differences
and the blood flow rates according to eq.(3.4), eq.(3.3) and eq.(3.5} respectively. In Table 3.2,
the values of measured résistance {(values as means +8D) are given for the different

components of the extracorporeal circuit.

Table 3.1: Patient characteristics [11}. MAP: Mean arterial pressure on starting the
CAVHD treatment,

Age Cause of renal failure MAP | Age Cause MAP
41 } sepsis, hepatoreal syndrome - 107 44 } cardiegenic shock 58
59 | sepsis, rapidly progressive glomerulonephritis 70 71 § cardiogenic shock 69
60 | rapidly progressive glomerulonephritis 107 64 | cardiogenic shock 78
70 | rapidly progressive glomerulonephritis 75 52 | cardiogenic shock 67
29 | thrombotic thrombocytepenic purpura 120 | 34 | sepsis 66
25 | trauma, shock, rhabdomyolyis 115 75 | sepsis 96
62 | sepsis, interstitial nephritis 64 64 | sepsis 68
61 | open hart surgery, shock 65 30 | sepsis 105
49 | tumer infiltration in the kidney 135 | 69 | Sepsis 84
68 | aortic surgery 108 64 | legionella nephritis { 106

On starting the CAVHD treatments, the CAVIH-catheters had a resistance to blood flow of
only 0.10 mmg/(ml/min}, while for the Shaldon catheters 0.16 mmHg per ml/min and for
the Scribner shunt this value was .36 mmHg per ml/min. The average hemofilter resistance
to blood flow was between 0.24 and 0.35 mmHg per ml/min. Using CAVH-catheters, the
overall resistance (R)) during CAVHD treatment was approximately 0.45 to 0.556 mmHg/
{(m}/min), This resulted in blood flow rates of 164159 ml/min (range 63-284 ml/min}, In
Table 3.2, the observed resistances were compared with the resistances predicted from the
component geometry and calculated blood viscosity. The values of the resistance of the circuit
components we observed were two to three times higher than the values calculated from the
circuit geometry and blood viscosity, With the CAVH catheters+tubing and the AN-69
capiliary hemofilter, as can be seen from the ratios (0} of the observed resistances to the

predicted resistances in Table 3.2, the ratio of the total observed resistance to the fotal
predicted resistance (R,/R, ;=2.45) results in an overestimation of the blood flow rate (Q,. in
¢q.(3.1)} by 145%. The discrepancy between the observed and predicted values of circunit
resistance to blood flow may parily be explained by underestimation of blood viscosity. To
determine the blood viscosity in the hemofilter, we measured the actual blood viscosity from
the blood samples of 10 intensive care patients. Actual blood viscosity was measured at 37°C
and at shear rates similar to those in the hemofilter and it ranged from 2.27x107 to 3.17x107
mmHg 'min. This was 1,43 times (range 12.-1.5} higher than those calculated by eq.(3.12).
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Thus, the measured blood viscosity (See Table 3.3) was .43 times higher than the value
calculated according to Pallone et al [7]. After correcting the blood viscosity by a factor of
[.43, the size (R,/R,,=1.70) of the overestimation was 70%,

Table 3.2: Observed and predicted resistances to blood flow in mmHg'min/mi of the
circuit components ai the start of CAVHD treatment of different patients. R,,; [10°/ml] is
the resistance calculated from geometry. ()*: Values after being corrected with 1.43 for the

predicted blood viscosity. ': Polysubfone

components of the extracorporeal | ohserved predicted iR, | |obs./pre.

circuit resistance | resistance o n

arterial tubing 1.0
access | CAVH catheter + tubing | 0.10£ 0,04 | 0.05+0.01 i L9 [2.0(L4)" |39
Schribner shunt + tabing § 0.36 * 0.07 6

Shaldons catheter + tubing| 0.16 £ 0.05 | 0.08+£0.01 |3.2 { 1.9(1.3) 6
filter AN-69 plate hemofilter 0254006 [ 0.09£0.01 ;3.1 | 2.8(1.9) } 16
AN-69 capillary hemofilter | 0.24 £ 0,11 [ 0.08+0.02 | 3.1 2.9(2) 17

'PS capillary hemofiter | 0.35+ .14 | 0.1440.01 |47 | 24(L7) | 17

venous tubing [.1
access | tubing + CAVH catheter | 0.104+0.04 § 0.051£0.01 [2.0 | 1.9(1.3) |39
tubing -+ Schribner shunt | 0.36 £ 0,13 6

tubing + Shaldons catheter | .16 £0.05 | 0.09%0.01 3.3 | 1.9(L3) 6

Table 3.3: Blood viscosity measurements [11].

Nr. Hit C, e/ 0,107 mmHg'min}  obs./pred.

1 0.21 55 2.84 1.33

2 0.31 49 3.55 1.49

3 0.25 55 2.66 1.17

4 0.21 53 3.23 1.54

5 0.26 36 3.06 1.53

6 0.33 45 3.69 1.55

7 0.3 75 3.93 1.41

8 0.3¢ 54 3.96 1.54

g 0.26 54 3.05 1.33

______ o0 S 31 138

averageXSD  0.27+0.05 53.249.3 3.31£ 0.43 1431 0.12

Hemofilter resistance to hlood flow during the CAVHD treatment
Figure 3.2 shows the resistance to blood flow for an AN-G9 capillary hemofilter during the

treatment of one patient. Generally, there was no appreciable change in the hemofilter
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resistance with time. In a few cases, a sudden increase in the resistance to blood flow heralded
clotting of the hemofilter. A few hours before the hemofilter had become clotted completely,

a sharp drop in the blood flow rate was observed.

1.¢ 20

0.8
= =
£ o6 | %’
£ £
= *
g s
£ 04 E
& =

0.2

0.0 T v v T T [}

[i] 20 40 60 80 100 120
troatmeont time t {hours]

Figure 3.2: Recording the hydraulic permeability index (MI) and the

hemofilter resistance (R} to the blood flaw.

The average hemofilter resistance to blood flow was between 0,24 and 0.35 mmHg min/ml.
To compare the measured resistance of an AN-69 capillary hemofilter with the predicted
values during the trealment, hematocrit and plasma protein concentrations were determined
to calculate the blood viscosity at 37°C from four different patients. In Table 3.4, the
observed and predicted values of the resistances of extracorporeal circuit are shown under
different conditions, where the observed values of hemofilter resistance (Ry) higher than 0.4
mmHg/{ml/min) were not taken into account because of clotting. We found that the ratio of
measured averaged resistance to that of predicted average resistance varied per patient. The
average individual correction factors were calculated as 02, = 1.0 for the arterial access, 00, =0.9
for the venous access and €¢=2.8 for the hemofilter. The average ratio R/R, , was 1.5,
resulting in 50% overestimation of the blood flow rate (O, = 297 ml/min}), The over-
estimation of blood flow rate is mostly resulted from the underestimation of blood viscosity
in the hemofilter. After correcting the blood viscosity by a factor of 1.43, the size
R,/R,,=1.06) of the overestimation was 6%. From the measurements of hemofilter resistance,
recorded from different patients during about 5 days at arbitrarily chosen time intervals (See
Figure 3.3), the correction factor {0,/ 1.43=R,/R; ) was determined in relation to various
hemofilter resistance (Ry). We found that ¢; is related to R, according to the regression
equation: 04/ 1.43=R;/R,=R/0.09 (R*=0.96, n=50) for 0.04<R 0.6 mmHg min/ml. From
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this regression equation follows that the average value of the predicted hemofilter resistance

was Ry, =0.09 mmHg'min/ml.

Table 3.4: Predicted and measured resistances to the blood flow from different patients with an
extracorporeal circuit consisting of the CAVH catheters+tubing for both the arterial and venous
access components and the AN-69 capillary hemofilter. Resistances are all in [mmHg per blood
flow rate of 100 ml/min ]. n {number of data points) = 4 for each patient,

Patient nr, — [ l 2 | 3 4 | average
Oy, [mi/min] 154.914.9 20454332 152.1410.1 192.4:435.5 198.5420.9
Q; [mi/min] 10,4427 14.1£2.4 8.443.2 9.34+2.3 16.6£2.4
Qpea [ml/min] | 10.8£2.9 143428 6329 40208 8.9+2.4
C,, [g/1] 56.6+7.3 47.045.3 81.740.3 676134  63.2£4.1
Ht, 0.2510.05 0.2640.05 0.2310.02 0.32+0.01 0.27+0.03
P, [mmHg] 62.3£1.5  93.2+17.2  80.0+14 93.0£168  82.149.9
lep 8,31+0.79 7.8010.83 9.3010.50 9,78+0.,32 8.80+0.56
R, 6.3941.76 6,48+0.80 12.5410.17 9.7212.10 8.78+1.21
pr 8.2910.78 7.81£0.84 9,4440.32 10,1310.56 8.9210.63
R, 7.2541.47 6.4140.74 10.154£3.45 8.33%+1.18 8.04%+1.71
Rﬂp 6.88+0,59 6.54+0.69 7.85:4£0.20 8.42+0.37 7.4210.46
R 16,5713, 14 16.96+2.55 24.37+1.56 25254428  20.9912.90
¢=R /R, |07 0.83 1.35 0.99 1.00 (0.70)*
a=R /R, 1087 0.82 1.08 0.82 0.90 {0.64)*
a’r:Rf/Rr'P 241 2,59 3.10 3.00 2.83 (1.98}+
«=R/R,, 150 (1.06)"
6 1 o

2

T 4

o

8

o

£ ag/1.43 = Ry0.09

g R? = 0.96 n=50

£ %

8

0 . ' . , . .
0.0 0.4 0.2 0.3 0.4 0.6 06

measurad hemofilter resistance R, [ImmHg/{mlimin})

Figure 3.3: Correction factor (¢t;/ |.43) in relation to the observed hemofilter resistance

Ry
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From Tabtes 3.2 and 3.4 and Figure 3.3 can be seen that in CAVHD the method of
predicting the hemofilter resistance to blood flow from the geometry and from the calculated
blood viscosity from hematocrit, plasma protein concentration and temperature is not reliable.
This is partly due to an underestimation of blood viscosity (1.43 times the measured blood
viscosity), partly due to the fiber swelling and may be due to the protein adhesion on the

membrane during the prolonged use of hemofilter and clotting,

Decline of ultrafiltration flow rate and membrane index over time
In Figure 3.4, the rate of ultrafiltration flow ((} and the rate of replacement fluid infusion
{Qye0) are shown during the treatment. From Figure 3.4, it is apparent that ultrafiltration flow

rate decreased over the treatment time (f) as:

Q0 = 15 - 2.1In() (3.27)

for t<115 hours (R*=0.95, n=31), while blood flow rate and mean transmembrane pressure
difference (I'MP,, ) remained constant (See Figure 3.5). This shows that the membrane
hydraulic permeability index (M1) decreased in time.

16 4

12

Qy, Qpreg [Mlimin]

0 T T T T T |
0 20 40 60 80 100 120

treatment time t [hours]

Figure 3.4: Recording the infusion rate of substitution fluid (Q,,.,} and the rate of
ultrafiltration flow (Q,), which was measared by timed collection.

In Figure 3.2, the membrane hydraulic permeability index {MI) and the hemofilter resistance
to blood flow are shown. The MI decreased over the treatment time according to:
MIG) = 18.8 - 2.81n(r) (3.28)
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for t< 115 hours (R?*=0.94, n=31), while the resistance remained constant (24 mmHg per

100 ml/min) until the hemofilter had become clotted. When the ultrafiltration flow rate was
less than 5 ml/min, the hemofilter resistance showed an increase indicating that the hemofilter
had become clotted. After a few hours, the hemofilter was completely clotted and eventually

replaced with a new one.

.
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Figure 3.5: Recording the patient's arterial blood flow rate (Q,), mean
arterial pressure (MAP}) and hemofilter mean transmembrane pressure
(TMP_) during a CAVHD treatment of 120 hours.

Figure 3.2 shows that the membrane Index MI was not aflected by the hemofilter resistance
until the hemofilter had become clotted. The survival ime of this hemofilter was 5 days or less

than 5 days due to early clotting of the hemofilter or other technical failures.

Decreasing the MI in time is presumably due to the decrease in the hydraulic permeability
coeflicient (L). This phenomenon has also been demonstrated by others [1,9,12]. It has been
shown that during continued use of a membrane, a decline in the hydraulic permeability
occurs because of protein adhesion [10,13]. In Figure 3.6, the average rate of decline of L,
with three different hemofilters is shown. Hydraulic permeability of both the AN-69
membranes was less than that of the polysulfone membrane (Sce Table 3.5). The decline in
L, was least apparent with a small polysulfone capillary hemofilter. The rate of the decrease
in I, was faster with the plate hemofilter than with the capillary hemofilter. In Table 3.5, the
hydraulic permeability coefficients of three types of hemofilters are shown in units of

cm/{min-mmlg) after interpolation for t> 12h.
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Table 3.5: Hydraulic permeability coefficient (L, [em/{min mmHg)])
of three types of hemofilters [11). ¥ : Value obtained by interpolation,
?: Slope b in-the formula L {)=a-bin(t).

AN-69 capillary

AN-69 plate hemofilters

PS capillary hemofilters

hemofilters

Lp'aﬁer 12h slope? Lp'aﬁer 12h sEopf:2 L,,'after 12h slope2
2.69 0.39 2.81 0.67 6.47 0.55
3.66 1.55 0.56 1.62 594 1.30
2.57 .60 5.70 1.79 4.11 0.05
2.14 0.34 2.34 0.84 6.27 0.70
2.90 0.73 2.26 1.05 4.50 1.27
2.60 0.98 2.87 2.01 6.33 0.53

2.81 0.87 2,02 1.53

2.97 1.26

3.35 1.05

2.85 1.1g

3.23 1.08

0.92 1.03

_________________________________ VIL_ 283

average: 2.77 6.72 2.58 1.35 5.03 0.69

The average L-values of 2.77 and 2.58 for the AN-69 hemofilters were both lower than the
value of 5,03 for the polysulfone {PS) hemofilter (p<0.01}. The slopes 0.72 and 0.6% for the
capillary filters were both lower than the slope of 1,35 for the plate hemofilter (p<0.05).

0.6

membrane permeability
L, [umi{min mmHg)]

0.2

b
o~
1

Polysulfone caplllary hemofilter

AN-89 piate hemofilter

60 90
treatment time {t) [hours}

120

Figure 3.6: Membrane hydraulic permeability coeflicient L, with treatment

time (t).
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3.6 DISCUSSION AND CONCLUSION

Blood flow rate

Pallone and Peterson have shown that, for capiltary and flat plate hemofitters, the resistance
to flow may be predicted from the hemofilter geometry [2,7]. Their prediction was based on
Poiseuille's law. In their calculations it was asswned that blaod behaves as a Newtonian fluid
and that the blood flow through the hemofilter is laminar, Furthermore, they used data from
the lierature that allow the calculation of blood viscosity from hematocrit, protein
concentration and temperature, In our study we used the same methods. We found that the
hemofilter resistance to flow was two to three thmes higher than the predicted value. A similar
finding has recently been reported for a number of other hemofilters [3]. To explain this
discrepancy we considered clotting of fibers, underestimation of blood viscosity as we have
shown in this chapter, turbulent flow and/or additional pressure losses due to the sudden
changes in the blood path diameter and deviations of the internal diameter of the fibers. To
determine the eftect of these factors on the observed hemofilter resistance to the blood flow,
we decided to measure the resistance of a munber of different hemofilters in a laboratory
setting (See Chapter 4). The measured circuit resistance to blood flow showed a discrepancy
when we predicted it from manufacturers’ specifications and blood viscosity. The discrepancy
hetween the predicted and the actual hemofilter resistance was partly due to an
underestimation of blood viscasity and partly due to an increased resistance in the hemofilter
as a result of, probably, a small decrease in the fiber diameter, Also, small pressure losses
along the extracorporeal circuit due to deviations from ideal cylindric geometry {constriction
and widening in the hemofilter potting and access components) contribute to the discrepancy.
Clearly, the blood viscosity which is estimated according to Pallone’s expression, eq.(3.12), has
to be corrected by a factor 1.43 per each mmHg/(ml/min) of the hemofilter resistance.
Estimating the blood flow rate from patients output such as arterio-venous pressure difference,
protein concentration, hematocrit and hemofilter manufacturer specification is not reliable,
as far as the hemofilter is concerned. Ideally, the blood flow rate should be measured
continuously. It is technically feasible to measure blood flow by means of the echo-Doppler
principle, using a flow probe around the blood line, but the necessary equipment is not yet
widely available, As an alternative, injecting a 0.3 ml air bubble into the blood line may help
to deternmine the blood flow rate, In the laboratory setting, we have measured the blood flow

rate by using the echo-Doppler principle as well (See Chapter 4.).

Ultrafilteation flow

The fall in the ultrafiltration flow rate over time may be explained both by changes in the
membrane permeability, presumably resulting from protein adsorption to the membrane, and
by a fall in the available membrane surface area, e.g. due to unsuspected clotting of fibers, For
reasons given above, unsuspected clotting of fibers is unlikely to occur under clinical
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conditions. Therefore, the decrease it membrane permeability with time is more likely to be
due to ongoing protein adsorption. We should note that according to Jenkins et al {12] the
hemofilter hydraulic permeability may decline even after contact with water aione. To our
knowledge, however, others have not reproduced this finding. For the AN-69 capillary
hemofilter we did not observe a fall in the hydraulic permeability coefficient (L) between 1
and 48 hours of saline perfusion, but we did observe a fall in L, with plasma and blood (See
Chapter 4). During continuous treatments the net ultrafiltrate production is measured every
hour and the substitution infusion rate is adjusted accordingly. A sufficient net ultrafiltration
rate is an casy indication that the system functions well. A very low ultrafilivation flow rate
may be an indication that blood flow has stopped due to clotting at the venous end of the
hemofilter. When the rate of ulirafiltration has become less than 200 ml/h or when clotting
of the hemofilter has accurred, the hemofilter must be replace. If the catheters are flushed,
changing of hemofilters may generally be deferred so as to take place during working hours.

Clinical implications

In critically ill patients, in whom CAVH(D) s indicated, blood pressure tends to be low. A low
resistance to blood flow of the extracorporeal circuit is therefore mandatory. In this respect
CAVH catheters are clearly to be preferred to Scribner shunts. The use of a Scribner shunt
instead of catheters doubled the overall resistance of the extracorporeal system. In our view,
Scribner shunts should be regarded as unsuitable for CAVH(D). The resistance to blood flow
of the hemofilters studied was low enough to ensure an adequate blood flow rate in most
cases. To obtain a reasonably accurate prediction of blood flow rate under clinical conditions,
data of hemofilter resistance and a more accurate estimation of blood viscosity in a laboratory
setting were needed. With regard to the threc hemofilters studied, the ultrafiltration rate was
always high enough for correction of over-hydration. On the other hand, because of the time
dependent fall in membrane permeability, the ultrafiltration flow rate will soon become too
low for adequate solute removal through convection alone. In case of CAVH this necessitates
frequent changes of the hemofilters. In case of CAVHD the fall in ultrafiitration flow rate will
result in a fall of solute removal by convection and also by diffusion since the number of
membrane pores, with which the rate of solute removal by diffusion increases, will be
decreased due to the same factors influencing the fall in the ultraliltration flow rate.

Feasibility of predicting hemofilter performance

The feasibility of continuous therapies such CAVIH and CAVHD depends strongly on the
hemofilter performance that may fail due to technical failures, usually because of inadequate
blood flow, Inadequate low rates of blood flow can lead to excessive hemoconcentration that
in turn results in an increase in the hemofilter resistance, causing early clotting of the
hemofilier, Estimating the adequate blood flow rate to achieve a desired rate of patient's fluid

loss and toxin clearance depends not only on the patient's cutput but also on the
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mathematical modeling that describes the solute and fluid transport across the hemofilter.
Apparently, predicting the blood flow rate from manufacturer specifications is not reliable and
has to be measured continuously. When this madel is applied for predicting the blood flow

rate, the correction factor 1.43 for the blood viscosity has to be taken into account.
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DETERMINANTS OF BLOOD AND ULTRAFILTRATION FLOW
RATES: Laboratory observations and theoretical predictions

Chapter 4
4.1 INTRODUCGCTION

Patients with acute renal failure treated with continuous arterio-venous hemodiafiltration
(CAVHD) are characterized with their circulatory instability, leading to low and/or unstable
blood pressures. The combination of a low and unstable blood pressure makes it quite difficult
to judge how much fluid can be withdrawn safely. Besides this, failure of the technigue may
occur because of an inadequate blocd flow rate, leading to excessive hemoconcentration and
clotting. In Chapter 3 we introduced a methodology [1] to predict the blood flow rate under
different clinical conditions and hemofilter characteristics. We related the blood flow rate to
the resistance exerted by the extracorporeal circuit, based on geometry and blood viscosity.
With three kinds of hemofilters (AN-69 capillary, AN-69 plate and PS capillary), we showed
that the observed hemofilter resistance to blood flow was about 3 times greater as that
calculated from geometry and predicted blood viscosity (See Chapter 3). Also the resistance
was showed to remain constant during the whole treatment time until the hemofilter began
to clot, To obtain a reasonably accurate prediction of blood flow rate under clinical
conditions, a more accurate estimation of the hemofilter resistance to blood flow in a

laboratory sctting was needed.

In this chapter, the resistance to flow was measured with fluid solutions of different viscosity
for some CAVH(D) capillary hemofilters (See Table 4.1) . The hemofilters were perfused with
saline, sucrose solution and pig blood as perfusion fluid. The viscosity values of saline and
sucrose solutions were taken from published data and that of the pig bloed swas measured.
Using the viscosity values provided, we compared the resistance of each hemofilter with the
theoretical predictions, The effect of hemofilter resistance on the hydraulic performance
{ulprafiltration) was also investigated by measuring the membrane permeability index (MI) and

the resistance to (human) bloed flow simultaneously over a survival time of about 220 hours,
4.2 METHODS

Predicting hemefilter resistance from housing and membrane geomeiry

A typical capillary hemolilter is schematically depicted in Figure 4.1, Although the hollow
fibers seem like a bundle of horizontal straight tubes lying parallel to each other, they differ
very much from the straight tube configuration. However, in many studics it has been
assumed that a hollow fiber can be considered as a straight porous tube configuration. In flow

systems, such as the capillary hemofilters encountered in both in vitre and in vivo studies, the
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pressure drop results mainly from the friction of the ftowing fluid with the surface of tubing
and to some extent from some additional irregularities such as bends, valves, fittings,

bifurcation, sudden expansions and constrictions,

dialysale

dlalysatelultra filrate

venous blood

hollow fibers

fiber wall {membrane)

R e : fiber wall (memérane)
<& 1 dialysate f uitrafiltrate

Figure 4,11 A schematic representation of an idealized capillary hemofilter

configuration.

For a steady flow of incompressible flnid in horizontal tubes with irregularities, the pressure

loss is calculated as [2]:
1 L 1
BB, = X, Uy ad Dr *+ P2 (S Vne) 1)

where p is density of the fluid, f; the friction factor, v, the average longitudinal velocity of the

flowing fluid, L the length of a segment, d the internal diameter, e, the friction loss factor of

the irregularity. The first term on the right-hand side of eq.(+.1) represents the pressure loss

due to fiiction forces of i straight tube sections, the second term represents the pressure loss

due toJirregularities. The average velocily, assuming a parabolic velocity profile, is caleulated

from the fluid How rate () dividing by the cross-sectional area of the tubing:
49,

— (+.2)

"

The friction factor f; depends on the Reynold number (R). For a laminar flow (R <2100):
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f = 16R," (4.3)
and for a turbulent flow (R, >2100):
f, = 0.0191R, "% (4.4)
The Reynold number is given by:
R, = dv,,,% (4.5)

where 1] is the fluid viscosity, The values of e, for some obstacles can be found in standard
handbooks and texts [3-4}. For a sudden expansion:

S
_ 2
e, =(l- 32) (4.6)
and for a sudden constriction:
SS
e, = 0.45(1 - ?) 4.7

b

where S, and S are the cross-sectional areas of narrow and wide parts of tubing respectively.
Substitution of egs.(4.2), (4.3) and (4.5) in the first term on the right-hand side of eq.(4.1) yields
the Hagen-Poiseuille’s relationship:

1 L
Y, (g ¥ad 2 = Ry Oy (4.8)
with
- 128nL
R, =2 el .9)

where N is the number of tubes (fibers) lying in parallel and Ry, is the resistance due to friction
forces only, called the Poisenille’s resistance to the fowing fluid in a straight tubing. On
substituting eq.{4.2) in the second term of the right-hand side of eq.(4.1) and dividing by (),
we find the resistance to flowing fluid due to brregularities:

8pe,
Ej (W)j Q, = hQ, (4.10)

The total resistance to flowing fluid becomes:
R =R, + 10, (.11)

where Ry, is the Poiseuille’s resistance for laminar flow and has to be considered as the
resistance to flowing fluid without irregularities. hQ),, is the resistance because of the
irreguldrities and flow rate. According to eq.(4.11), the resistance to flowing fluid varies with
a fluid flow rate ((}) with the variation coefficient (h), representing the change in R; per unit
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flow rate (slope). Eq.(4.11} is valid for laminar flow. For turbulent flow, the total resistance can

be derived on the same way as eq.(4.11) using the friction factor f;in eq.(4.4).

Laboratory protocol

Using saline as perfusion fluid, we first tested the method of calculating the resistance to flow
by measuring the flow rate and pressure drop over a 1.52 m long glass tubing with an inner
diameter of 4.1 mm and also for a 2.23 m long standard polyvinyl chloride (PVC} blood
tubing with an inner diameter of 4.36 mm. Then the resistance of some CAVH(D) capillary

hemofilters (Sce Tables 4.1 and 4.2) were studied at different Row rates.

aleclromagnetic
pressure fransducer flow meter

pressure meter

arferial line

venous line flowt probe

shunt line
! l uitrafittration line

reservolr

Sic

pump controler reservolr

Figure 4.2: Experimental set-up to measure the hemofilter permeability index
(™I and resistance to flow (R,

The resistance of AN-69 capillary hemofiliers was determined also with sucrose solution and
pig blood as perfusion fluid. Eight AN-69 capillary hemofilters were used. They were all first
perfused with saline, then two hemofilter were perfused with a sucrose solution and three
hemofilters were perfused with pig blood {see Table 4.2 for further specilications), Hemofilters
were prepared by rinsing the blood compartment with 2 1 of saline containing heparin 5000
U/], allowing filtration to take place. After that, the dialysate compartment was closed. Blood
tubing with an inner diameter of 4.3 mm, containing side ports was used and adjusted so we

could measure the pressure in the perfusion fluid 2 cm before and after the hemofilter. An
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electromagnetic flow probe was inserted in the tubing so that mean flow rate could be
measured continuously, Flow rates were measured also by an ultrasound Doppler velocity
meter and by water columm height. The experiments were performed at room temperature,
with the experimental set-up shown in Figure 4.2. Hemofilters were in the horizontal position.
A Rhodial® or Belco® blood pump was used to generate pulsatile flow rates from 50 to 600
mi/min. The hemofilter resistance to flow was thus measured at different flow rates.
Furthermore, with all three solutions we once changed the set-up to create an open circuit
with a container at a variable height, in which gravity generated a constant flow through the
hemofilter and the pump was used to return the fluid to the container. Values of viscosity for
the saline and sucrose solutions were taken from published tables [5]. The viscosity of pig
blood with a hematocrit value of 0.23-0.26 was measured at room temperature with a

Viscomat viscosity meter.

Further, the hemofilter resistance (R and membrane permeability index (MT) of an “AN-69"
capillary hemofilter were recorded during about 220 howrs under laboratory conditions, with
an experimental set-up as is shown in Figure 4.2, From arterial line, the plasma protein
concentrations were neasured to determine the transmembrane pressure difference (TMP).
To keep the hematocrit value constant during the experimentation, the ultrafiltrate was
recirculated into the arterial line by using a blood pump. A specially designed clectronic
circuit was used to regulate the blood pump controlling the amount of ultrafiltrate to be
recirculated into the arterial line. Ultrafiltration flow rate was determined by timed collection.

The pre- and postfilter pressures were measured with the same pressure transducers.
4.3 RESULTS

Resistance to flow

We plotted measured resistance of hemofilters and tubing against flow rates. Linear regression
analyses were used to calculate the slope (h) and the Poiseuille resistance (Ry) at a zero slope
or at a zero flow rate ({)y) according to eq.(4.11). The slopes were also calculated from
eq.(4.10). The results of resistance measurements are given in Table 4.2, Figure 4.3 and
Figure 4.4. For both glass and PVC tubing with saline as perfusion fluid, the resistance to a
light pulsatile flow was in accordance with that predicted according to Poiseuille's law (with
a relative error less than 10%). The flow rates at which turbulenice may occur were calculated
from eq.(4.2) and eq.(£.5). In a laminar flow region (R, <2100}, an average value of the

resistance (R)) was calculated over the flow rates.

Under the same laboratory conditions using saline as perfusion fluid, the resistances (R of
six hemofilters from five different manufacturers were measured and compared with the

values calculated from eq.(4.9). For all the hemofilters, the observed values were higher (up

-5t -



Laboratory observations and theoretical predictions

to 50%) than the calculated values. To explain this discrepancy, we measured the diameters
of many arbitrarily chosen fibers (of the Hospal AN-69 hemofilter). From one fiber only, at
least 10 diameters along the fiber length were measured. In total 308 of diameters were
measured. Based on the resuits of the diameter measurements, the resistance was calculated
again (See Table 4.2). The difference between the calculated and observed values of R; was
2%, Only for Hospal AN-69 hemofilter, the resistance increased slightly with the flow rate,
The calculated slopes (the variation in Ry per 100 mi/min) were different from those obtained
from the regression analysis. The calculated slope of Asahi 23320 hemofilter only was in good

agreement with the observed value.

Table 4.1: Manufacturer data of CAVH(D) capillary hemofilters and calculated
resistance to flow for blood, sucrose solution (or pig blood) and saline as perfusion
fluid. ': wet condition, ? : calculated from measured resistance.

hemofilter type d, d L N 8§ Ry, Ry, Ry,

blood sucrose saline

Hospal Multiflow-60 AN-69 50 '240 15 6 06 107 8.6 3.8

Amicon D-20 PS 75 250 127 5 04 9.3 7.4 3.3
Amicon D-30 PS 75 250 212 5 07 [5.5 12.4 5.5
Gambro FH 22 PA 60 215 41 21 016 448 35.8 16.0
Gambro FH 66 PA 80 215 17.2 62 059 185 14.8 6.6
Fresenius A-V 400 PS 35 220 255 45 07 3456 27.6 12.3
Sorin HFT 02 BS 40 200 120 46 024 203 16.3 7.3
Renaflo HF250 PS 40 280 140 28 025 116 9.3 4.1
Renaflo HF500 PS 40 280 215 335 05 14.9 [1.9 5.3
Asahi APF-03 PAN 35 250 185 34 039 199 15.9 7.k
Asahi APF-6 PAN 35 250 185 64 06 10.6 8.4 3.8
Asahi 23320 PAN - 200 22 65 .86 302 24.1 10.8
Asahi 24527 PAN - 200 22 65 086 302 24.1 10.8

AN-69: Acrylonitrile-69, PS: Polysulfone, PA: Polyamide, PAN: Polyacylonitrile,d,: ﬁl}c_: wall
thickness [pm], di fiber internal diameter {pm], Ly: fiber length fm], N: number of fiberd [x107],
S: effective membrane surface area [m7, Ry, [mmHg/(100 ml/min}}: resistance to flow calculated from

Hagen-Poiseuille’s relationship.
Viscosity [mmiig mm]: 3.5:107 (blood wth Hi=0.25)

2.8-107 (sucrose or pig blood with Ht=0.23-0.26)
1.2:107 (saline)
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Table 4.2: Resistance to fluid flow for tubing and some capillary hemeofilters.
R; [mmHg/{100 ml/min)]= Ry, + h Q, with h (slope) in units of % per 100 ml/min.

tuhi fusi caleulated measured resistance
ing erfusion P 8
hemofilter ! fluid reststance RE=0)/Ry,
R, h R; (h=0} R, h
glass tubing saline 2,27 0.0 1.92 2201046 005 0.86
PVC tubing 3.15 0.0 3.186 3.4440.21 .04 1.00
Hospal AN-69 3.97 1.55 542 5.87£0.25 4.1 1.37
¢ 14.06 1.33
« 15.54 0.98
Sorin HFF02 7.4 0.9 8.44 8.44+0.15 0.0 1.14
Asahi 23320 saline 10.92 0.6 [4.03 13.87£0.24 0.7 1.28
Asahi 24527 10,92 0.6 12.27 12.03+0.26 0.1 1.12
Renaflo HF 250 4,01 1.6 574 5.76x0.16 0.4 1.43
Diafilter 30 13.41 0.5 20,21 20.5710.49 1.2 1.51
8x AN-69 filters saline 3.9 1.55  *5,51+0.9 17.941.8 1.41
2x AN-69 hilters  sucrose 9.1 13.2+2.0 5.0%0.1 1.45
3x AN-G9 filters  pig blood 9.1 23.3%1.2 0.5+0.8 2.56

N=1.25-10 7 mmHg min (for saline),
1=2.80-10 7 mmHg min (for sucrose solution and pig blood with Ht=0.23 - 0.26).

g fiber diameter 220 pm in the potting (L=2 cm) and 240 pm in a fiber block (L=13 c¢m)

B fiber diameter 231.6 jm (n=52) in the potting and 217.4 pm {(n=266) in a fiber block
measured in a separate study (8-10% less than the manufacturer specification),

3 average value over the flow rates in a laminar flow region (See Figure 4.4),

i average value over the number of hemofilters used

From the measurements of resistance to flow of a number of Hospal AN-69 capiltary

hemotilters with saline (8 hemofilters) and sucrose solution (2 hemofilters) we observed that
both with saline and with the sucrose solution, the resistance was 40% higher than the values
calculated according to manufacturer specifications. Sirnilar values were obtained with either
pulsatile or constant flows. The resistance rose slightly with increasing flow rates. With pig
blood with Ht=0.23-0.26, the resistance to flow was 156% higher than the calculated value,

and it did not increase with the flow rates (See Figure 4.4).

Permeability index

Perfusing the AN-69 capillary hemofilters with saline, plasma and human blood, we studied
the time courses of the hemofilter resistance, R{t), and the membrane permeability index,
MI() (known as ultrafiltration coeflicient), Three AN-69 capillary hemofilters were used.
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Figure 4.3: Resistance to flow, measured over a standard PVC tubing and a glass
tubing, in relafion to flow rate. Turbulent flow ocecurs at ¢, = 426 ml/min for glass
tubing and at Q, = 432 ml/min for PVC tubing.
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Figure 4.4: Resistance to flow of AN-69 capillary hemofilter, using saline, sucrose and
pig blood.

One hemofilter was perfused with saline during about 140 hours. Neither a decrease in MI

nor an increase in R, was observed, A second hemofilter, perfused with plasma showed a

decrease in MI between 1 and 51 hours according to the following regression equation:
M5 = 12.4 - 1.1In(® (4.12)
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with (R? =0.75, n=109). A third hemofilter, perfused with human blood showed a decrease
in MI between 1 and 140 hours according to the following regression equation:

M) = 167 - 2.11n{) (4.13)
with (R? =0.74, n= 210). In- Figure 4.5, the recorded MI and R, observations during about
220 hours experimentation were shown. Up to about 140 hours of human blood perfusion,
the R;was about 0.1620.01 mmHg min/ml. Afterwards, the R, increased up to 0.6
mmHg min/ml within 20 hours. The sudden increase of R; was an indication of clotting.
Within hours was the hemofilter completely clotted. We alse observed a similar sudden

increase of R; under clinical conditions, see Chapter 3,
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Figure 4,5: Membrane permeability index {MI) and the filter resistance {Ry) of an
AN-89 capillary hemofilter, perfused with human blood (Ht=0.25-0.3) in relation to

time {t).

4.4 DISCUSSION AND CONCLUSION

Laboratory measuremenis showed that the resistance of tubing was in accordance with the
calculated value, which argues against gross methodological mistakes. The resistance of the
hemofilter, perfused with saline or a sucrose solution, was 40% higher than expected.
Furthermore, it was to some extent flow dependent, suggesting that turbulence does occur,
most likely at the hemofilter inlet. However, this can hardly explain why the extrapolated
resistance at a virtually zero flow rate was increased with 40%. Also, when we applied
Bernouilli's law (See Eq.(4.10)) to estimate the pressure drop that results from the sudden
change in diameter at the hemofilter in- and outlet {6], we calculated a pressure drop of far
less than | mmHg. On the other hand, a 40% increase in R, would be explained if the fiber
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diameter would be a mere 8-10% lower than the given value. When hemofilters were perfused
with pig blood, the discrepancy between the observed and predicted resistance was 156%,
which rose to a suspicion that the pig blood viscosity measured in laboratory was not the same
with that in the hemofilter . With human blood, the R; was 0.16 mmHFg'min/ml when a high
dose of heparin prevented clotting. This argues against a significant contribution of clotting
of fibers to the hemofilter resistance. The predicted value of Ry with human blood was 0.08
mmHg ‘min/ml (in Chapter 3). On the other hand, compaiison of actuat blood viscosity with
the value caleulated according to eq.(3.17) confirmed our suspicion that we had grossly
underestimated blood viscosity (Chapter 3). With blood, the R, no longer seemed flow
dependent, probably showing that the higher viscosity of bleod diminishes turbulence, If the
blood flow rate would be predicted by just combining this laboratory data on hemofitter
resistance during blood perfusion with a more accurate estimation of blood viscosity
(considering the correction factor of 1.43) and a {iber diameter 8-10% less than the specified,
the flow rate would be overestimated by only 20%. It should be noted that according to
Jenkins et at [7] the hemofilter hydraulic permeability may fall even after contact with water
alone. To our knowledge, however, this finding was not reproduced by others, For the AN-69
capillary hemofilter we did not observe a fall in hydraulic permeability between 1 and 150
hours of saline perfusion (data not shown), The resistance to flow of the hemofiiters studied
was low enough to ensure an adequate blood flow rate commonly. By using laboratory data
on hemofilter resistance and a more accurate estimate of blood viscosity, a reasonably

accurate prediction of a blood flow rate under clinical conditions is feasible.
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SOLUTE AND VOLUME TRANSPORT IN GONTINUOUS ARTERIO-
VENOUS HEMODIAFILTRATION

Chapter 3

5.1 INTRODUCTION

Continuous arterio-venous hemodiafittration {CAVHD) is characterized by the use of a small

surface highly permeable hemofilter, spontaneous bloed flow and spontaneous ultrafiltration.

Solutes are removed by simultaneous convection, i.e., plasma water is removed together with
all dissolved molecules that can pass through the membrane pores, and by diflusion [1,2}.
CAVHD is a combination of continuous arteriovenous hemofiltration (CAVH) with slow

hemodialysis, but it differs from CAVH, conventional intermittent hemodialysis and

intermittent hemodiafiltration in several respects:

1)

With CAVH, solute transport occurs by convection and it is limited by the amount
of ultra filtrate production. The patient's blood is pressed into hollow fibers with a
highly permeable membrane. As a result of pressure difference across the membrane,
fluid is lost from the plasma and it becomes a part of the ultra filtrate. In hemodialysis,
diftusive transport is the major principle underlying blood purification, especially for
the elimination of substances in the low molecular weight range, e.g., of urea and of
creatinine. In CAVHD, however, the solute transport occurs both by convection and
by diftusion simultaneously. Both processes have an fluence on one another [3].
Ultrafiltration leads to an increased solute concentration in the dialysate side of the
hemofilter and thereby decreases diffusion. Dialysis lowers the solute concentration
in plasma water and thereby decreases the amount of solute that is removed by
ultrafiltration. The ultrafiltration is due to the difference between spontancous
physiological bload pressure and the pressure on the dialysate side as a result of flows.

Since the CAVHD treatment is a slow and continuous process, the rate of dialysate
flow (up to 60 ml/min) is lower than it is in conventional hernodialysis (500 ml/min).
Dialysate flow rates (10-60 ml/min) are very low compared to the blood flow rates
{50-350 ml/min) and, consequently, the change in dialysate solute concentration over
the length of the hemofilter cannot be taken to be lincar, 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 compartment, With low dialysate
flow rates, the resistance to diffusion exerted by the dialysate compartment may be

much higher than in conventional hemodialysis.

The diffusive performance of a CAVHD hemofilter is determined mostly by its overall
diffusive mass transfer coeflicient (K,). In mathematical analysis of solute transport by
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combined convection and diftusion, the overalt (diffusive) permeability (K ) is defined
as the ratio of the solute flux (]} to the sohite concentration gradient (AC =C,, - Cy)
when ultrafiltration volume flux (J,) vanishes [5]. This corresponds to the overall mass
transfer coeflicient (I,) used for conventional hemodialysis. The IS, of a dialyzer used
for conventional hemodialysis or hemodiafiltration for a specific solute is calculated
not only at zerc-ultrafiltration, but alsc with standard values of blood {200 ml/min)
and dialysate flow rates {500 mi/min). This is due to a lower rate of ultrafiltrate
production (=5 ml/min for hemodialysis and =50-60 ml/min for intermittent
hemodiafiltration) than the dialysate flow rates (300 ml/min). In CAVHD however,
the bloed flow is spontaneous and the ultrafiltration flow rates are no longer negligibly
low as compared with the dialysate flow rates. It is then questionable whether the
value of K, usually obtained at negligible ultrafiltration and at high dialysate flow
rates, is valid in the conventional range of ultra filtrate production (up to 20 ml/min)
as it is in CAVHD,

4) In contrast to intermittent hemodialysis (4-5 hours in a week), CAVHD is a
continuous technique. With prolonged use of the hemofilter, deterioration of the
membrane is likely not only to decrease the rate of ultrafittration but also to impair

diffusive performance [6].

CAVHD is a new renal replacement technique. Insight into the determinants of solute
clearance is needed to determine the optimal flow rates. Also, data on drug clearance are
needed, For some drugs dose adaptations may be necessary [7]. For this and the above
reasons, existing models of hemodialysis and hemofiltration are not likely to be useful for the
analysis of solute transport in CAVHD. Therefore, we need a mathiematical model that could
be used to analyze solute transport by CAVHD,

Previous models of solute transport by hemodialysis and hemodiafiltration

In the mathematical mode! of conventional hemodialysis, as published by Sargent and Gotch
[4], a linear change in the solute concentration over the length of the dialyzer is assumed.
Convective transport is neglected. Thus the rate of solute transport depends on the difference
between the concentration in blood and that in dialysate and on the overall mass transfer
coefficient of diffusion (K). By using this model, one may calculate the length-averaged K,
from the total solute transport and the log-mean concentration difference over the membrane.
In CAVHD, the contribution of convective transport is relatively great. Also, because of the
ratio of blood and dialysate flow rates, a curvilinear decrease of blood solute concentration

over the length of the hemofilter is to be expected.

Rose et al [8] published a one dimensional mode! of simultaneous hemodialysis and
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ultrafiltration. In their model, which they developed for intermittent hemodialysis, the analysis
of solute transport was hased on the assumption that the ultrafiltration volume flux is constant
along the membrane, which corresponds to a situation when the ultrafiltration is proportional
to the transmembrane pressure difference. The overall mass transfer coefficient swas
determined by clearance measurements at zero-ultrafiitration, hence the effect of
ultrafiltration on the overall diffusive mass transfer coeflicient was neglected. The overall mass
transfer coeflicient 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 [9]. In conventional dialysis the bigger part of the resistance to
diffusion is exerted by the blood compartment and the membrane. According to Grimsrid
and Babb [10], the resistance to diffusion in the dialysate compartment approaches zero at
a fast and turbulent dialysate flow. Accordingly, they developed a madel of solute transport
in which the resistance to diffusion of the dialysate compartment was neglected. Also in their
model, ultrafiltration rate was taken to be zero. In CAVHD, this approach is not vahd

hecause of the low dialysate flow rate and the relatively high rate of ultrafiltration.

In his mathematical analysis of combined convection and diffusion, Sigdell f11] gave
expressions for the overall diffusive permeability {IX) with ultrafiltration and (K_) without

ultrafiltration, noting that the ultrafiltration reduces the effective diftusive permeability due
ta reduction of the concentration gradient (AC), but at the same time adds even more through

convection, His expressions are valid for the operational limits of conventional hemodialysis

(Qp « Oy « Oy,

Sigler et al [12] first deseribed solute clearance by CAVHD in patients. They did not discern
the local solute transport by convection from that by diffusion and the study does not provide
any insight into the determinants of diffusive transport. Pallone et al {13} studied solute
transport by CAVHD in a laboratory setting. They presented a model in which they defined
the local solute flux by convection and by diffusion. These fluxes were then integrated over
the length of the hemofilter to calculated the solute clearance. With their model, they could
calculate the curvilinear change in solute concentration along the hemofilter. Since their
model did not provide an analytical expression of K, the K was determined by using curve-
fitting techniques. They did not recognize the influence of differences in the dialysate flow rate
on K, (See Chapter 7). Jaftrin et al [14] published a mathematical model of combined
convection and diftusion, to be applied to intermittent hemodiafittration, which is a pump-
driven hemodiafiltration technique. They expressed K, as a function of the resistance of
diffusion in blood, in membrane and in dialysate, These values are, however, not readily
available. They determined the proper mass transfer coeflicient (K} by making use of K from
the clearance measurements at zero-ultrafiltration and curve fitting techniques.
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In view of the shortcomings of the above models, we developed a new model of CAVHD. In
the present chapter, we first define a general model of CAVHD that can easily be
implemented in any spreadsheet program or programmed in any higher programming
language. Then, with some simplifications (Chapter 6), we analytically solve the model
equations, so as to provide expressions of K, depending on the local behavior of ultrafiltration
volume flux, 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.
5.2 MATHEMATICAL MODEL OF CAVHD

Model description

In Figure 5.1, a schematic representation of a CAVHD flow system is shown. Blood from the
arterial line flows inside the fibers (blood compartment) to the venous line. Blood enters the
hemofilter at x=0 {blood inlet) and leaves it at x=L, (blood outlet). The dialysate fluid flows
counter currently outside the fibers (dialysate compartment). Dialysate enters the hemofilter
at x=L; dialysate inlet) and leaves at x=0 (dialysate outlet). The dialysate and blood
compartments are separated by the fiber wall (membrane)

heparin infusion
line

replacement fluid
line with Q.

outlet dialysate and
ultrafilirate flow line with

C s G i i
Q. G, Qu Gy Py, arterial blood line
X =0 o with Q. G, Ht,
5 gl o
— o
Edd o = £
r [=3 — £ 3 ®©
£ 2 a
6 94— 8 — E
) N R
2 2 = o
(1]
inlet dialysate flow z ; : %
fine with Q, Cy, P4 3
e J
v venous blood line
with Q... C,... Ht..
dialysate Coon Pro
ultrafillrate
collection bag

Figure 5.1: Schematic representation of CAVHD flow system.

The hemofilter is characterized by a small surface, highly permeable membrane and consists

- 60 -



Chapter 5

of N number of hollow fibers each with an effective length {L;) and internal radius (r;) and its
surface area (8=2NmrLy) is equal to the sum of the filtering surfaces of all the fibers. In Table
3.1, the boundary definitions and variables of the model equations are shown.

Table 5.1: The boundary conditions of model variables for counter-

current operation.

variables x=0 X x=14
blood flow rate Qy; Q Qv
plasma water flow rate Q. Q. Qo
dialysate flow rate Qs Qy Qu
solute concentration in plasma water G C, C..
sohute concentration in dialysate Cy, Cy Cy=
plasma protein concentration Cy G, Cp
blood pressure Py, P, P
hematocrit Hy, Ht Hzt,
blood viscosity ki M Mo
dialysate pressure P, P, Py
oncotic pressure IT;; IT, I,

notations for radial solute concentrations

r<0, blood bulk C,[0)=C,
Osrgd,, blood boundary layer | C, (1)
r=r1y, blood-membrane interface Cim
dy<rzd,, membrane C.0

r=d,, membrane-dialysate interface C_,
d,<r<dy, dialysate boundary layer  C{r)
rzd,, dialysate bulk Cylry=Cy

Input variables
The mathematical madel requires the following input variables, which can all be obtained

from either clinical measurements or manmufacturers’ specifications:
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* arterial blood flow rate ((3,,),

. dialysate inlet flow rate (Q),

. ultrafiltration flow rate (),

. infusion rate of substitution (predilution ) fluid {Q,...4},

. arterial hematocrit (Ht),

. arterial plasma protein concentration (G,),

' temperature (1),

. solute concentration in the arterial blood plasma (G,),

. solute concentration in the dialysate/ultra filtrate outlet (Cy),

. solute concentration in filtrate (G},

* total membrane surface arca (S),

. length of the hemofilter (membrane) (L),

. diffusive mass transfer coeflicient (K;) that follows from the model calcutations,
. non-protein-bound fraction of the solute (F),

. sieving coeflicient {y) that is the fraction of the solute mass that passes through the

membrane during ultrafiltration,
. pre- and postfilter hydrostatic blood pressures (Py; and P,), dialysate pressure (P,) or
the height of hemofilter ultrafiltration line (h).

From these input values of the variables we calcutated the local solute concentrations, the
local flow rates in both blood and dialysate compartments over the length of the hemofilter

and thereby, the convective (Gl ) and diffusive (Cl) contributions to the total solute clearance
(Cl).

Assumptions

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

1y All of the hollow fibers in the hemofilter behave as a single capillary tube.

2) The permeability coeflicients are constant along the hemofilter length.

3} Solute sieving coefficient is constant along the hemofilter length,

4) The flow rates and concentrations are time-independent for a given set of

measurements (steady-state)
5.3 EQUATIONS NEEDED FOR MATHEMATICAL SIMULATION

Our mathematical model is based on the standard equations for continuity and mass balance
of ransmembrane volume and solute transpott. The expressions for transmembrane volume
and solute flux are combined with overall balances to obtain results in terms of the solute
clearance. The model describes the flux of a solute from plasma water to dialysate by

simultaneous convection and diffusion during countercurrent hemodiafiltration. The solute
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concentration at the dialysate inlet is taken to be zero. As can be seen from Figure 5.2, the
fiber wall {membrane) and a very thin concentration boundary layer at each side of the fiber
wall may be considered as a virtual membrane. No concentration jell-layer forming is
considered, Here, we briefly describe the equations and technigues required to provide

mathematical simulation of solute and volume transport m CAVHD:

. Pressure-flow relations

. Ultrafiltration or fransmembrane volume flux,

. Overall solute mass balance,

. Transmembrane solute mass flux,

. Solute clearance,

. Approximations and analytical solutions (Sce Chapter 6),
, Computational techniques (See Chapter 9).

Pressure - flow relationships

At the beginning of the fibers (hemofilter bload inlet), where they arise from the arterial line,
the blood pressure, which tends to force the plasma water and small solutes out of the fibers
ta the dialysate side, considerably exceeds the sum of the opposing pressures. As the blood
flows toward the venous line there is a gradual decrease in the effective ultrafilivation pressure
{TMP). As a result, the blood flow rate decreases down the hemofilter length. Because of the
continuity the dialysate flow rate increases. The decrease in blood flow {Q),) or in plasma
water flow rate ((),, ) and the increase in dialysate flow rate {Q, ) over a difterential length dx
{an annular segment of the hollow fiber wall of length dx lying at a distance x from the
beginning of the fiber) may be expressed in the differential form by the following continuity

equations:

d d d

&:&:—&:-\p_{v {5_1)

dx dy dx
where ], is the ultrafiltration volume flux {density), w is the ratio of total membrane surface
area (5) to the fiber length (L), which corresponds to the width of the hemofilter:

=5 .
W= Ef =2nr N (5.2)

where 1 is the internal radius of a fiber and N is the number of fibers.

Ultrafiltration volume flux

The ultrafiltration volume flux {density) depends on the hydraulic permeability (L, ) and the

local transmembrane pressure difference (TMP):
J, = L, TMP (5.3)

The local transmembrane pressure difterence is given by Starling's law:
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TMP - P,—P,-1I, (5.4)

with P, Py and IL, each representing the local blood hydrostatic pressure, dialysate pressure
and oncotic pressure respectively. To determine the blood hydrostatic pressure (P,) over the
length of the hemofilter in eq.(53.4}, the Poiseuille's law is used in differential form:

T g 65
dx Lf b .

where R is the hemofilter resistance to the bload flow {See eq{3.3) and eq.(3.8)) and 1, is the
local blood viscosity, calculated from an empirical formula (See eq.{3.12)) as described by
Pallone et al [13,16].To determine the local blood viscosity in the hemofilter, the blood
viscosity in eq.(3.5) has to be evaluated at each point (%} along the hemofilter length by
relating hematocrit (Ht) and plasma protein concentration (C,) to the local blood flow rate

Q) as:

H,Qy
H = ——=
, (5.6)
C,0,.(1 - Ht)
. BEb f
CP Qb(l -H!) (57)

where Hg, Q,; and G; are the hematocrit, blood flow rate and plasma protein concentration
at the hemofilter blood inlet. The dialysate fluid flows in the opposite direction to the blood
flow. Because of flow resistance in the dialysate compartinent the pressure rises with the axial
position (x). However, since the dialysate flow rate is small compared to the blood flow rates,
the dialysate pressure drop is small and can be neglected. Therefore, the pressure (P,

[mmHg]) midway on the dialysate compartment can be calculated from the height of the fluid
column in the ultra filtrate line according to eq.(3.24). Oncaotic pressure is given hy a third
order polynomial from the protein concentration according to eq.(3.25) of Landis-
Pappenheimer's empirical formula [16]. The CAVHD hemofilter membrane is essentially
impermeable to the plasma proteins and they only contribute a transmembrane oncotic
pressure difference. Since the filtration of plasma water increases the concentration of the
plasma proteins, the net oncotic pressure increases down the fibre axis. Since {he plasina
proteins cannot pass the membrane, the local values of protein concentration can be derived

from the overall protein mass halance, namely eq.(5.7).

Overall solute mass balance

The mass balance for a particular solute over a differential length (dx) of the hemofilter
implies that the mass removal from blood compartment is equal to the mass gain inio the
dialysate compartment, A mass balance for a particular solute may be written as a diflerential
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mass transfer rate from the blood side (Q,,C,) or from the dialysate side ((,Cy),:
d0,6) Q0 _

dx dx
where J, represents the transmembrane local solute mass flux {density), C,, and G, are local

- wJ .8

5

solute bulk concentrations in plasma water and dialysate respectively. Integrating the sum of
both mass transfer rates in eq.{3.8) over a distance from 0 to x, we obtain the overall mass

balance:
xd
[ 0.C, 1 0,Cay < 0 69
where y is a dummy variable. Consequently:

Qw Cw * QdCd = Qwi C\s'i B Qda Cdo =AM (5 10}

which means that the solute mass transport rate from the blood compartmerit into the

dialysate compartment is the same everywhere along the hemofilter length and equals to AM.

blocd butk concendration
=0 e
blood conceatration
boundary layer
r=d,
membrane
1=d,,
diatysale concentration
Ctr) boundary layer
r:dd .....................................................................
dialysate <
¥ buik concenfraion Qy(Galysate fiow)
x=0 $ x=L,

Figure 5.2: Radial concentration profiles in blood, membrane and dialysate

compartntents, See Section “Transmembrane solute mass flux”.

Solute mass flux

Transmembrane solute mass flux

The local radial behavior of the solute flux (J) at some point (t) in the membrane can be
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described by the equation:
6 C. (N

J = 1,y Dy (5.11)

m

where J, is the local ultrafiltration volume flux, C_(r} is the radial solute concentration in the
membrane, D, is an effective diflusion coeflicient in the membrane and ¥ is the convective
transport (sieving) coeflicient which is assumed to be independent of r. The continuity relation;
ac,n  aJ,

ar  ar

combined with the steady-state condition (assuming that a steady-state sohute transport is

(5.12)

achieved):

aC,0 _
— =0 (5.13)

leads to the differential equation:
82 C, (1 J, 8C,(n

" 0 .
arr YD ar (5-14)

iz

which has the solution for the radial solute concentration (C_{r)} for dy<rgd,;:

J J
C‘Hl (f) - }i + (Cum - 'j{) e Dh (5.I5)
1 i

where C,,, is the solute concentration at the blood-membrane interface (at r=d, with d,
representing the thickness of the blood concentration boundary tayer). Integrating eq.(3.11)
over d,, we find the net local solute flux in terms of interface concentrations:

yJ,
Io=—" . e"-c) (5.16)

5 3] Wl
e"-1

in which G, is the solute concentration at the membrane-dlialysate interface (at r=d, with

d, representing the thickness of the dialysate concentration boundary layer) and

dni Jl'
em - YJV-E = YJva = YF' (5-17)

L m

is the membrane Péclet number with 1/P, =R _=d, /D,, representing the resistance of
membrane to diffusion. The reciprocal of R, represents the membrane diffusive permeability
(P Eq.(5.16) expresses the net solute flux (],) across the membrane in terms of the solute
concentration (G, ) at the blood-membrane and the solute concentration (G, ;) at the
membrane-dialysate interface [17,18] (See Tigure 5.1 and Figure 5.2) by simultaneous

convection and diflusion,

To incorporate £q.{3. 16} into an overall description of solute transport during CAVHD, the
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solute fhux has to be expressed in terms of bulk solute concentrations. In general, these bulk
solute concentrations will not be equal to the interface concentrations due to an unstirred
concentration layer in the blood region and due to an unstirred concentration layer in the
dialysate region, The interface solute concentrations can be related to the bulk concentrations

by using thin film theory used by Jaffrin et al [14].

Solute flux from blood bulk to blood-membrane interface
The local behavior of the solute flux at some point (1} in the blood concentration boundary

layer can be described by the equation:

3C, 1
J, =J,C,0)-D, (5.18)

L

where C (1) is the radial solute concentration in the blood boundary layer, D, is the effective
diffusion coeflicient in the blood boundary layer. The continuity relation combined with the
steady-state condition leads to the differential equation
2
a*C, (1 ) i 2C, () o

ar: D, ar 19
The solution for the radial solute concentration (C,, (v)) for Osrzd, is:
J J. o7
G0 = =+ (C, 0 - e (5.20)
J, 7,

where C(0) is the solute concentration at r=0 (the blood bulk). The solute concentration

at the blood-membrane interface (G_) at r=n, follows from eq.{5,20);

i/ (C,0) - i’)e“" (5.21)
wm Jv W J‘. N
in which
d,
9, = JVF:; =R, {5.22)

is the Péclet number of blood boundary layer with Ry, = dy/D,, representing the resistance of

blood boundary layer to diffusion.

Solute flux from membrane-dialysate interface to dialysate bulk
The local behavior of the solute flux at some point (1) in the dialysate boundary concentration

layer can be described by the equation
3CD

Jo=J.CH-D, (5.23)
where Cy(r) is the radial solute concentration in the dialysate boundary layer, D, is an
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effective solute diffusion coeflicient in the dialysate boundary layer. The continuity refation
combined with the stcady-state condition leads to the differential equation
3 C,(n _ i a Cy(n -0

5.24
art D, ar (5.24)
The solution for the radial solute concentration (G, (1)) for d,, <r<d, is:
J J. BT
G, = Ti Gy ~ ji) e (9.25)

The solute concentration at the membrane-dialysate interface (G, ) at r=d; follows from

eq.{5.25):
C

md

J, I e,
= 7 +H(Cyry) - J—v)e (5.26)

in which Cy(r) is the solute concentration at r=r, (the dialysate bulk) and

dy
8, = J"H =J.R, (5.27)
f]
is the Péclet number of dialysate boundary layer with Ry = d,/D, representing the resistance
of dialysate boundary layer to diffusion.

Solute flux from blood buldk to dialysate bulk
Substitution of eq.(5.26) and eq.(5.21) in e¢.(5.16) yields the net solute mass flux from blood
bulk to dialysate bulk:

1= yMehc, - ¢ (5.28)

where G =C (0) and C;=C(d,) represent the solute bulk concentrations in {blood) plasma

water and in dialysate respectively and A represents:

1
1=
(L -y)ee’ 1y vy -1 (5.29)

with B, defined as:

Bf = Jv(Rb+7_-,¥“ +Rd) = eb * em + eﬂ' (530)

m
For y=1 as can be seen from eq.(5.30}, the total resistance (R,y) to diffusive solute transport
becomes equal to the sum of resistances of the membrane, the blood and dialysate

concentration boundary layers:
1 1
— =Ry =R, + — +R (5.31
o B d 31)
Kd Pm
where (K,) represents an overall diffusive mass transfer or permeability coeflicient. Given the
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overall mass transfer coeflicient (K;) for an arbitrary solute, an observed Péclet number can

be defined:

g, = (5.32)

For y=1, the theoretical total Péclet number (6,) equals the observed Péclet number (0,),
Transmembrane solute flux in ¢q.(5.28) can be separated into the convective and diffusive

components explicitly:

Jo =y LU, G, + f,C) + K\ (C -C) (5.33)
with
8, 1
fp=eth - 9 (5.34)
[
1
iz g (5:35)
o

where fi and f; are the factors describing the relative weighting of blood and dialysate
concentrations in the evaluation of the concentration of solute which is dragged by plasma
water info the dialysate region or by dialysate fluid into the blood region in case of a back

fltration.

The second term on the right hand side of eq.(5.33) is the diflusive component and the first
term is the convective component. As stated by Zydney [19] however, the division of solute
flux (J} in eq.{3.28) into separate convective and diffusive contributions as in eq.(3.33) is

somewhat misleading. It must be remembered that the convective flow alters the
concentration profiles due to interaction between the convective and diffusive components.
Also the effect of the convective flow on the concentration gradient is a function of the volume

flux {J, ) which in turn varies with the axial position along the hemofilter length.

Solute sieving coefficient
The solute dragged along by the plasma water flowing through the membrane can be reduced
by a hindrance factor called as the sieving cocflicient of the solute, i.e. the ratio of solute
concentration in ultra filtrate to that in plasma water. In CAVHD, an apparent sieving
coeffictent is calculated as:

2Cf
c.+C

Wi Wik

Yy = (5.36)

with G is the concentration of non protein bound solute that passes through the membrane
during ultrafiltration at zero dialysate {low rate. For practical clinical purposes, the unbound
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free fraction of uraemic solutes and therapeutic drugs (administered to sick ICU patients),
equals the ratio of solute concentration in the ultra filtrate to the mean solute concentration
in plasma water in the hemofilter, thus the solute sieving coeflicient. During clinical use, for
uraemic solutes of up to at least 1000 Daltons, the apparent sieving coeflicient is one.
Therefore the apparent sieving coeflicient is equal to the free fraction of solutes which are

bound to plasma proteins [7].

Solute clearance

In clinical conventional hemodialysis, the ratio of the rate of solute mass removal to its
concentration at the blood inlet is called clearance (Cl) or clearance rate. It is calculated from
the macroscopic {overall) mass balance equations and measured either from dialysate side or
blood side of the hemofilter [12].

Depending on the profile of ultrafiltration volume flux (]}, when solute sieving coefficient (y)
and the overall diffusive mass transfer coefficient (K} are known, the total clearance can be
obtained, in moles per unit of time, by integrating eq.(5.28) over the membrane length and
dividing by C.;:
W opL 8,

Cl = oy fo A (C,e™ - C)dx (5.37)
To express the clearance as the contributions of convective and diffusive transport separately
one can use the solute flux expression from eq.(5.33) in eq.(3.37). Separating the first and the
second terms on the right hand side of eq.(5.33) into convective (Cl.) and diffusive {Cly)
componeiits [13}, we define:

W rL
C[c = ’(Y:'_ fole'{bew +fdca')dr {538)
wkK, .
= -4 ! -
i Co f o (C,-Cpdx (5.39)

In order to determine the solute clearance from eq.(5.37) or eqs.{5.38-5.39), the local flow
raies, the solute concentrations, the solute sieving coeflicient, the overall diffusive mass
iransfer coeflicient {or the individual resistances to diffusion) are required to be known.
Equations governing the local flow and concentration profiles can be solved by using
nunierical integration methods or, instead, can be solved directly from the continuity

equations by using numerical differentiation techniques [20].

5.4 DISCUSSION AND CONCLUSION

This model takes into account the variation of concentration in the blood and dialysate
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boundary layers as well as inside the membrane in the presence of simultancous diffusive and
convective solute transports. The drawback of this model is that it requires an estimation of
blood, dialysate, and membrane resistance and not just their sum to determine the solute
clearance in CAVHD. The boundary layer thickness (d,} of blood side and that {(dy) for the
dialysate sicle are not known. Precise values of Ry, R, and 1/P, can hardly be obtained from
clinical data. To some extend, the d, and d; may be calculated from inner and outer
diameters of the hemofilter fibers as described by Sigdell {1 1]. However, Sigdell’s expressions
are related to the dry or wet state condition of membrane only, not to the operating hemofilter
membrane index (MI} which decreases with time {See Chapter 3), Therefore, depending on
the membrane condition (MI) and the dialysate flow rate (Q,) and the precise values of Ry,
R, and 1/P, have to be determined in in sitre studies. Also, use of numerical models is time-
consuming. We therefore decided to make some simplifications in the modeling of solute
transport in CAVHI, so as to obtain the overall diffusive mass transfer coefficient (I{,) from
clinical data (See Chapter 6) at first and then to analyze the resistances Ry, Ryand 1/P_ under

different operational and clinical conditions {(See Chapter 9).
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ANALYTICAL SOLUTIONS TO SOLUTE TRANSPORT IN
CONTINUOUS ARTERIO-VENOUS HEMODIAFILTRATION

Chapter 6

6.1 INTRODUCGTION

In Chapter 5, a2 mathematical model of sclute and volume transport in continuous arterio-
venous hemodiafiltration (CAVHD) was introduced. The model takes into account the
vartation of concentration in the blood and dialysate boundary layers as well as inside the
membrane in the presence of simultaneous diffusive and convective solute transports. The
drawback of that model is that it requires an estimate of blood, dialysate, and membrane
resistance and not just their sum to determine the solute clearance in CAVHD. However, the
boundary layer thickness {d,) of blood side and that (dy) of the dialysate side are not known.
Precise values of Ry, Ry and 1/P,, can hardly be obtained from clinical data. Also, the use of
numerical models is time-consuming, We therefore decided to make some simplifications in
the modeling of solute transport in CAVHID so as to obtain the overall diffusive mass transfer
coefficient (K) from clinical data under different operational and clinical conditions, The

drawback of mathematical models of others {1-2] was that also in the presence of remarkably
high ultrafittration flow rates, overall mass transfer coefficient {IX;) of a dialyzer is calculated
first at zero-ultrafiliration with standard blood (200 ml/min} and dialysate flow rates (500
ml/min) and then determined by means of the curve-fitting techniques. That of course
resulted from the mass balance errors in their calculations when they calculated the overall
mass transfer coefficient (K,) of a dialyzer at zero ultrafiltration in a flowing system where the
ultra- filtration was indeed not negligibly small. In CAVHD, the dialysate flow rates are low
compared to the rates of ultrafiltration flows, making the dialysis treatment as slow as possible.
Therefore, the overall mass transfer coefficient of a CGAVHD hemofilter has to be calculated

in the presence of ultrafiliration,

In this chapter, analytical solutions to solute and volume transport in CAVHD are presented
in order to calculate the diffusive mass transfer coeflicient (K ) for a solute when blood, filtrate
and dialysate flow rates and solute concentrations are known., We therefore made
simplifications in eq.(3.3) and eq.(5.33), each representing the ultrafiltration volume flux (J,)
and solute mass flux (J)) respectively. In the following sections, we introduce analytical

solutions to solute and volume transport in CAVHD, so as to obtain expressions of the overall
diffusive mass transfer coefficient, depending on ultrafiltration volume flux under the

following conditions;

. K, for zero ultrafiltration volume flux (},=0),
. K, for a constant, mean volume flux {,=],=Q/8),
» K, for a linear decreasing volume flux (J,=a + Bx).
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The overall mass transfer coefficients (K, K, and K,) are derived from the equations

governing the overall mass balance.
6.2 MATHEMATICAL MODEL

Model description and assumptions

This mathematical analysis of CAVHD is valid primarily for a hollow fiber dialyzer or
hemofilter, but with some minor modifications also for parallel plate dialyzer. Sec Chapter
5, Scction 5.2 for the model description and Table 5.1 for the definition of boundary
conditions, The derivation of the mathematical model is based on the following assumptions:

1)) All fibers behave equal. Hence the effective surface area of the hemofilter S=2NmrL;
with r, the inner radius and L; the effective hemofilter length,

2 The hydraulic and diffusive permeability (L, and Ky} are constant along the fiter
length.

33 The solute concentration in the blood (C,) and in the dialysate (G,) are “mixing-cup”
concentrations [1]. This avoids the mathematical complexity of partial differential
equations describing the concentration boundary layers and concentration
polarization. "This is also because we measure the average solute concentrations from
arterial blood and from dialysate line connecting to the collection bag (see Figure 5.1),
not directly from the blood bulk inside the fibers and from the dialysate bulk outside

the fibers.

4} The flow rates and concentrations are time-independent during measurements
(steady-state).

9) The transmembrane pressure gradicnt decreases linearly with increasing longitudinal

distance (x).

6) The sieving coeflicient is one {for solutes such as urea, creatinine and phosphate). The
sieving coeflicient is a constant {0<ys1}, depending on the relative size of the
membrane passing molecules and the membrane pores. It indicates the fraction of the

solute that ultrafiltration drags through membrane.

Solute mass flux
Generally, mathematical analysis of solute transport by combined convection and diffision

in clinical hemodialysis is based on the following solute flux equation:
Js = Y‘Iv(fbcw +fcl’crl) * Kd(cw B Cd) (61)

where J, is local solute mass flux, C,, and G; are local “mixing-cup” solute concentrations in
blood and dialysate compartments, ¥ is sieving coeflicient, K, is the overall diftusive mass
transfer coefficient representing the reciprocal of the overall resistance to diffusive solute
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transport. Further, the f, and f; are factors describing the relative weighting of blood and
dialysate concentrations in the contribution to the convective solute removal. Eq.(6.1) provides
a rigorous expression for the solute {lux for arbitrary values of the transmembrane volume flux
J. along the hemofilter length. In the limit of very high J,, the convective weighting factors
become £,=1 and £;=0, and consequently, independent from the solute sieving coefficient,

eq.{6.1) becomes equal to:
Js = Jv Cw (52)

In the limit of zero transmembrane volume flux (J,=0), eq.(6.1) reduces to:
J; = Ka (C'n B Cd) (63)

where the solute flux is governed by the diftusion only and the overall diffusive permeability
(K,) is determined at zero ultrafiltration. For low and moderate ultrafiltration volume flux (for
small Péclet numbers, v]./K, «l), the (length averaged) weighting factors are equal to
L,=6=0.5 [2,3] (See Figure 6.1). Therefore, for y=1, eq.(6.1) becomes:

5 ¥

Cw + Cd
T T P E(G,- 6) (6.4)

The condition Yy},/K, «] is verified in hemodiafiltration for most selutes with sieving

coeflicient y=1 [2].

2.5

2.0 4

15 4

1.0

0.5

Convective concentration factors

6.0 —— T ——— T T T
0.01 0.10 1.00 10.00

JVth

Figure 6.1: Theoretical convective concentration factors £, and f; {dashed lines)
calculated from eq.{5.34) and eq.(3.35) respectively as a function of total Péclet
number 8,=y] /K,=Y],R,, for sieving coefficient y=1 and y=0.4 [19].
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Pressure -flow relationships

At the beginning of the fibers (x=0, blood intet), the blood pressure (P;) exceeds the sum of
the opposing hydrostatic dialysate pressure (P,,) and oncotic pressure of the plasma proteins
(I,). Since the filtration of plasma water makes the concentration of the plasma proteins (C)
to increase, the net oncotic pressure increases down the fiber axis. From the blood inlet to the
end of the fibers {x=L;, blood outlet) there is a gradual decrease in the effective ultrafiltration
pressure, This decrease is due partly to the fall in hydrostatic blood pressure, which occurs
because of the resistance to {low through the capillary fibers, and partly to the rise in oncotic
pressure. Dialysis fluid flows in the opposite direction to the blood flow. Due to flow resistance
in the dialysate compartment the pressure rises with the axial position (x). The most general
formulation of ultrafiltration or transimembrane volume flux (J,) for simultaneous convection
and diffusion is given by Sigdell [4]. In fact, Sigdell’s formulation was intended for
intermittent hemodialysis or hemodiafiltration, not for CAVHD. After some minor
modifications in the original expression, we rewrite Sigdell’s formulation as for our
conventional symbols (See reference [4] and the appendix for a detailed derivation of eq.{(6.5)):

L (AP -AP

J, =L, TMP,Cosh(xa,) - £ M Sinh(xa,) (6.5)

a L
2 T

where L, is the hydraulic permeability, TMP, is the transmembrane pressure difference at the
hemofilter blood inlet, AP,” is the total pressure drop along the hemofilter length on the

blood side, AP, is the pressure drop along the hemofilter length on the dialysate side of the
membrane, a; and a, are constants, x is the axial position of the hemofilter, Transmembrane

pressure difference at the hemofilter bload inlet (FMP)) is given by:

TMP, = Py — Py, - 11, (6.6)
with Py, Py, and IL;, each representing the hydrostatic blood pressure, dialysate pressure

and oncotic pressure respectively at the hemofilter blood inlet {x=0). Pressure drop along
the hemofilter length on the blood side of the membrane {AP,%) is given by:

AP =Py -P, -1 +IT (6.7)
with Py, and I, each representing the hydrostatic blood pressure and oncotic pressure at the
blood outlet {x=1). Oncotic pressure I ;and I1 ,are calculated from a third order polynomial
from the protein concentrations according to egs.(3.16.-3.18), the Landis-Pappenheimer's
empirical formula [5]. In eq.{G.5), the constants a, and a, represent:

a =% JLa, (6.8)

a, = —(— - — .
? Lf Qb! Qdo

w76 -



Chapter 6

where Qy; and Q,, represent the blood flow rate at the blood inlet and the dialysate flow rate
at the dialysate outlet respectively. For a,<0, direction of ultrafiltration flow is backwards,
indicating the process of back filration. In CAVHD, the wlirafiliration volume flux (J,) is
moderate. It is controlled by membrane hydraulic permeability (L) and local transmembrane
{or ultrafiltration) pressure (TMP). Colton et al [6] has proved that at low transimembrane
pressure differences (up to 200 mmHg), the J, is proportional to the product of TMP and L,
while, at high TMP’, the ultrafiltration volume flux reaches a limit, at which the
concentration polarization takes place. Since in CAVHI, the observed TMP is up to 80
mmHg, we can assume that the ultrafiltration volume flux varies linearly with the hemofilter
length. For small values of a,'s (See Appendix), eq.(6.5) can be approximated by:

Jy=a+px (6.10)
with
« = L, TMPF, 6.11)
L. .
$=- fI(AP,, -AP) (6.12)

Pressure drop along the hemofilter length on the dialysate side of the membrane (AP, ) is
given by:

AP

=P

=P

Py {6.13)
with Py; representing the hydrostatic pressure at the dialysate inlet (x=L;). The dialysatc fluid
{lows in the opposite direction to the blood flow. Due to flow resistance in the dialysate
compartment the pressure rises with the axial position (x). Bui, since the dialysate flow rate
is sinall compared to the blood flow rates, the dialysate pressure drop (AP is small and can
be neglected. Therefore, the pressure {P,, fmmHg]) midway on the dialysate compartment
can be calculated from the height of the {tuid column in the ultra filtrate line (h,, jem})

according to P;=-h /1.36.

Local flow rates
On integrating eq.(5.1) from 0 to x using q.(6.10), we find the local plasma water flow rate:

Q. =0, - W(ax+gx2) (6.14)

where Q,; is the flow rate of plasma water at the blood inlet (x=0). Similarly, one can obtain

the equation for local dialysate flow rate (Q):
Q, = w(ax+~2—x2)— Qo (6.15)
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where (Q,, is the flow rates of dialysate at x=0, See Table 5.1 for the definition of the

boundary conditions.

Net ulirafiltration flow rate
The total ultrafittration rate ((J) is the value of the cumulative flow rate at x=L; which follows
from integrating the second term on the right-hand side of eq.(6.14):

Q =0y~ Q= Qp — @y = SLIMP, 6.16)

where (), and Qg are respectively the flow rates of plasma water and dialysate at x=1;and

TMP,, the mean transmembrane pressure difference:

1 1
IMP,, = S(Py *+ Py) ~ Py - (I, +1L,) (6.17)

The hydraulic permeability L, expressing the ultrafiliration coeflicient per unit of membrane

surface area, can be calculated from eq.(6.16) and eq.(6.17).

Solute mass balance

The mass balance for a particular solute over a differential length (dx) of the hemofilter
implies that the mass removal from the blood compartment is equal to the mass gain into the
dialysate compartment. Using eq.(5.1) and eq.(6.10), we substitute eq.(6.4) in eq.(5.8) and get:

ac, J, (C,.-Cp
= (X Ky 9
i ( 2 2) 0 (6.18)
dcd J (C( Cd)
et QAN SR T B4
i W(2 +Ky) 0, (6.19)

Eq.(6.18) and eq.{6.19) can be solved analytically for C,, and Cg, using eq.(6.10) and eq.(6.4).

Concentration profiles
On integrating the difterence {dC, /dx - dC,/dx} from eqs.(6.18-6.19) over a differential
length {dx) of the hemofilter we obtain:

C.-C, = (G

Wi

R PR (6.20)

where C,; and C,, are respectively the plasma water and dialysate solute concentrations at

x=0 and variables I, 1) and I, represent:

1 than
I=—ln{———
5 ng Qw(“Qd)) (6.213
. X d_}’
I = [V
x fu b, 0., (6.22)
2Ty
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; dy
L= [*
o
_Ey +ay-gm. (6'23)
W
Defining the discriminant gy
q = a2+2ﬁ% {6.24)

where if k=1, q=q,, Q=0 vielding I, and if k=2, q,=q,, .=, vielding I,. The solutions
to eqs.{6.22-6.23) are to be found in standard reference books [73:

for g >0:
A Y
I - Bxva+ /g e+, (6.25)
Jar
for q,<0:
arctan(~——— P+ ) — arctan(—2—)
I, - O % (6.26)
%
2
for q,=0
= 41 - a+i3r) (6.27)

Multiplication of eq.(6.20) by Q,, and subtraction of the resulling expression from eq.(5.13)
yields:
AM+Q(C,,~C, e Kt

C = i 6.28
v 0, - Oy 628

where AM is given by eq.{5.10). In a similar way, multiplication of eq.(6.20) by (3, and
addition of the resulting expression to eq.(5.10) yields:
AM-Q (C ;- )EI‘K"(I'#’)
W

6.29
Qm - Qd.’o ( )

€y =

To solve the concentration equations (6.28-6.29), one needs to know the mass transfer
coeflicient (Ky). Detailed description and derivations of eqs.(6.14-6.18) can be found elsewhere

(83

Concentration profiles at zero ultrafiltration volume flux
In the limit of J =0, the solute transport occurs only by diffusion. The flow rate of the plasma
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water ((,,;=Q,.) and that of the dialysate ((J,,=Q,) do not vary with the distance along the
hemofilter length. Conscquently, eqs.(6.28-6.29), representing the concentration profiles on

both blood and dialysate side of the membrane become:

wk, Qi
"ot s
o L M-, -Cpe & (6.0
! 0~ Oy
- ‘;Xﬁx - %J
c o AM-Q(C,;-Cple ™ 6.31)
]
Qm' - Qdi

Flow rates and concentration profiles for a constant volume flux profile
In most clinical applications however, the ultrafiltration volume flux is assumed to be constant

along the hemofilter length and calculated from the net rate of ultrafiliration flow, using
eq.(6.16):

Q
J = "5: = L, TMP,, (6.32)
With J, as given by eq.(6.32), the flow profiles from eqs.{6.14-6.15) become:
Q, = Q, ~wiJ, (6.33)
Q,=wxJ, - Q, (6.34)

The boundary values of eqs.(6.33-6.34) at x=L give the net total ultrafiltration flow. Using

the mean, constant J,=], in ¢q.(6,20}, the concentration gradient can be written:
K1 Ke 1

€€y = (Cum Gl ity (6.39)
wi d

Multiplication of eq.(6.35) by Q,; and subtraction of the resulting expression from eq.{5.10)

yields:
L
o L MM 0,(Cy -~ CHFD™ ? (6.36)
i Qi ~ Qo

In a similar way, multiplication of ¢q.(6.35) by Q, and addition of the resulting expression
to eq.(5.10) yields

LS
2

(G~ C) F)™ (6.37)
Qm’ - Qdo

¢, - M G

with
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L O x ..
Fy = (- L - =L 2y? 6.38
Qwi Lf Qda Lf ( )

Detailed description and derivations of eqs.(6.32-6.38) can be found elsewhere [9,10}.

Clearance and overall mass transfer coeflicient

In clinical hemodialysis, solute clearance (Cl) is defined as the ratio of the amount of solute

removed per unit of time to its concentration at the blood inlet, with the assumption that

solute concentration at the dialysate inlet (Cy; ) is zero. It is calculated from the flow rates and

measured solute concentrations from either blood or dialysate compartment as:

Civy g, g, oy g S
fe, “fc, fc

swi

(6.39)

a =0, (1~

Wi

where C, , is the solute concentration at the blood outlet. In their evaluation of CAVHD,
Sigler et al [11] and others [12,13] used eq.(6.39) to separate solute clearance into estimates

of diffusive and convective components. We designate these as Cl;, and Cl, respectively:

cl = Cly + Clg (6.40)
with:
C C
=0 . (1-_2y =0 ®

b = Qi Cm-) Qi c. (6.41)

Ct a
cl.=g(--—2)y=c,-L 6.42
¢ / Q‘»sf b Qu’i ( )

However, the Gl in eq.(6.41} is a hypothetical clearance that would produce the same
concentration at the outlet of the hemofilter without ultrafiltration (Q=0). Thus, Cly, is not
the clearance measured at zero-ultrafiltration for the same blood and dialysate flow rates.
Therefore it may not be regarded as the contribution to dialysis to the overall clearance and
eq.(6.41) may not be used to predict the diffusive performance in CAVHD, unless the
outgoing dialysate solute concentration (C,,) is measured at (=0. In conventional
hemaodialysis, since the convective component {Clg) is practically zero, the solute clearance
is mainly by diffusion {Cl=ClIj, for Q=0}. However, we are interested in CAVHD where the
volume flux {J,) decreases along the membrane length as given by eq.(6.5) or by eq.{6.10).
This means that the condition of zero net ultrafiltration (=0} is not necessarily combined
with the condition of J.=0, but for example with the case of ],>0 in the first half' and J <0 in
the second half (back filiration) of the hemofilter, Therefore, in case of CAVHD, Cl, and Cl
in eq.(6.40) are not rigorously defined in terms of true diffusive and convective clearances. For

J=0 and consequently for =0, Cl;, represents pure diffusive clearance.
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For an ultrafiltration volume flux profile, as given by eq.(6.10), clearance calculations of
solutes with small molecular weight, provided by using eq.(6.40), do not (physically) describe
the simultaneous diffusive and convective mass transport processes. Therefore, the solute
clearance has to be calculated from the local solute flux (eq.{6.4)) along the hemodialyzer
length [1,14,15]. In order to determine the convective and diffusive clearance (designated here
as Gl and Gl respectively), we define the convective and diffusive components as in eq.(5.38)

and eq.(5.39) respectively:

Ay I
D=y J, MO GO 643)
SK, .1
cl, = —% [(C, - C)dy
"L, fo (C,~C) (6.44)

In eq.(6.44), the product 8K is the permeation coeflicient or diffusive performance capacity
in ml/min. Given the solute clearance by eq.(6.40), the overall mass transfer coefficient (K)
in egs.(6.30-6.31) is determined from Cl = Cl;, {12,13], At theoretical zero ultrafiltration (] =0,
consequently ()=0), as applied in intermittent hemodialysis, the mass transfer coeflicient can
be obtained by selving 5K, at the boundary values of e¢.(6.30) and eq.(6.31) at x=Lg

-0, 0 J
f2) Wi df
m(—— ) (—
g C[D Qdf Qm' (6. 4,5)
1 1
S(— ~ —)
Qa‘r' Qwi

As a measure of diffusive performance of the dialyzer, the product 8K, fml/min] is termed
the permeation ceeflicient or diffusive performance capacity in ml/min at zero ultrafiltration

[13]. In case of 3,;=Q;, eq.(6.45) may be approximated by using I'Hépital's rule:

4o S -1 (6.46)

Ka C!D er'
Using eq.(6.45), clearance (Cly) of a dialyzer with an overall diffusive mass transfer coefficient
or permeability (K in pm/min), including boundary layer effects, in counter-current

operation at zero ulrafiltration, may be predicted:

SKD Qn(
(— -1
Cy  1-e & Qa
0: g Tl (6.47)
1 -2 Qu Cu
Qﬂ'i

Eqs.{6.45-6.47) correspond to the formula’s used for intermittent hemodialysis [4]. To
determine the mass transfer coefficient Ky for an ultrafiltration flux profile J =c+Bx, we solve
eq.(6.20) for K, at the boundary condition (x=L;) and write it in terms of K ;
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SK (Qm Qa‘r) 2 m( QH'OQdf)
K. - A (6.48)
¢ (L) - L)

in which I;{L) and I,(L} are calculated from eqs.{6.22-6.23) at x=L.. For J,=0, K,/K =1, As
can be seen from eq.(6.48), the term T,(L)-T,(L) is not explicitly determined in terms of

measurable flow rates and solute concentrations.

With |, as given by €q.(6.32), the flow profiles from eqs.(6.14-6.15) become equal to the flow
profiles from eqs.(6.35-6.34). Using cq.(6.33) and ¢q.(6.34) for Q,, and Q, respectively in
£q.(6.22) and in €q.(6.23), the term I;(L}-E,(L) in eq.{6.48) can be written as:

Qua Qdo

I{Ly - L(L —1
L)y - Iy = 0 n( Q. Qd,) (6.49)

On substitution of eq.(6.49} in €q.{6.48), one obtains the diffusive mass transfer coeflicient K,

for & mean, constant volume flux J.:

SK ( Qm th) 2t ln(Ql_IGQ_E_I_)
K - le Qm 2 Qm’ Qﬂ‘a
= (6.50)
9 lﬂ( Qwa Qda)
QO s

which may also be obtained by solving K, from the boundary value of'eq.(6.35) at x=L.
When the overall diffusive mass transfer coeflicient (K) for a given ultrafiltration flow rate is
known, one may predict the solute clearance, by writing eq.{6.50) in terms of clearance from
€q.(6.39):
W
(Qa‘a Quo} Qf 2
-gi - Cu - (6.51)
wi L & (Qda Q‘\‘O)SE; 3
O LaQui

Eq.{6.45) is valid for J,=0, Eq.(6.48} is valid for J,=o+[x. Eq.{6.50) is valid for J . =],=Q/S
and not valid for Q,;<Q),+Q). Using 'Hépital's rule it can be seen that, at zero ultrafiliration,
eq.(6.48) and eq.(6.50) become equal to eq.(6.45).

Boundary values
The flow rate of plasma water ((),; ) at the blood inlet is calculated from the arterial blood

flow rate {Q),,), taking into account the hematocrit (Ht,), the plasma protein concentration

(Cpa) and the rate of substitution fluid infusion (Q,.q) according to:
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Qm’ = Qba(l - Hrﬂ)(} Y Cpa) +era Qba t pred (652)

where 0=0.00107 1/g [6] is a factor to calculate the protocrit from plasma protein
concenfration, /s the fractional volume distribution of solute in blood cells (=0.8 for urea and
J=0 for other uraemic solutes and drugs [17]), A patient treated by CAVHD, will loose a
certain amount of ultra filtrate (plasma water) which must be replaced by an almost equal
amount of sterile substitution fluid. In CAVHD, one injects this fluid into the blood line
before the hemofilter (predilution) or after the hemofilter {postdilution). In this study, the
predilution mode is used. The rate of substitution fluid (Q,.) depends on the overall fluid
balance and desired weight loss of the patient [18}:

Coet =%+ Cu = @~ Qi ~ Y (6.33)

where (Q; is the rate of ultrafittration flow (400-600 ml/h), Q) is the rate of urine, insensible
and GI losses (50 ml/h), ), is the hyperal (hyper alimentation fluid) rate (up to 100 ml/h),
Q... is the fluid of drug administration rate (40 ml/h) and Q. is the necessary rate of
excessive fluid removal from the patient's body (100-150 ml/h). The solute concentration in
plasma water at the blood inlet (C,;) is calculated from the solute concentration in arterial
plasma {C) as:

C,F ¢

= - (6.54)
" l-0 Cpa Q.

The solute concentration in arterjal plasma (Cp) has to be corrected for unbound free fraction
(F) if the solute in question is bound to plasma proteins, because only unbound solutes in
plasma water participate in the process of diffssion and convection. Solute concentration in
plasma water (G,,) at the bload outlet can be calculated from eq.(5.10) at x=L;. Solute
concentration at the dialysate inlet is C;=0 and that at the dialysate outlet (C,,) is measured
from a collection bag. Plasma water flow rate ((Q, ) at the blood outlet equals QQ,; -Q; with Q)
the net rate of ultrafiliration flow. The flow rate of dialysate ((),;,) at the dialysate outlet equals
0, +Qy, with Q) the dialysate inlet flow rate.

6.4 DISCUSSION AND COMMENTS

Eqs.(6.39-6.42) are used for conventional intermittent hemodialysis, where the ultrafiltration
flow rate Qis almost zero and the clearance is mainly due to diffusive mass transport. With
the help of eqs.(6.41-6.42), eq.(6.40) may be interpreted as the suin of diffusive clearance (Clp)
when the ultrafiltration is zero and the convective clearance {Clg} when the dialysate flow is
zero. In conventional hemadialysis, since the convective component Cl, is practically zero,
the interpretation of eq.(6.40) as separate contributions to total measured solute clearance
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may not be wrong., However, as we mentioned earlier in Chapter 3, we are interested in
CAVHD where the volume flux (J,) decreases along the membrane length as given by eq.{6.
10). This means that the condition of zero net ultrafiltration Q=0 is not necessarily combined
with the condition of J,=0, but with the case of ],>0 in the first half and J,<0 in the second
half (back fltration) of the hemofilter. In CAVHD, a theoretical zero local ultrafiltration is not
realistic. To some extend, by equalizing the pressure on dialysate side to the total pressure on
the bloed side of the hemofilter, a net zero ultrafiltration can be achieved. Without such a
pressure cqualizing system (as it is in the elinical applications of CAVHD), a local zero
ultrafiltration is not likely because there is a decreasing pressure drop along the hemofilter
length on the blood side of the membrane.

When the effective siuface area of dialyzing membrane is calculated (or known), flow rates
and solute concentrations are measured, one can calculate the overall diffusive mass transfer

coeflicients (K, for J,=0, K, for J,=Qy/8 and K for J,=a+x).

The numerical vatues of the overall mass transfer coeflicients, as defined in the equations
(6.45), (6.48) and (6.50) may hardly be interpreted in terms of the real mass transfer coefficient
of the hemofilter, since they are all based on the assumptions we made, Separate in vifro
studies, using membrane characterization (permeability measurements) technigues, such as
differential scanning calorimetry and inverse size exclusion chromatography might be helpfut
in providing the real mass transfer coefficient [16]. So far, such techniques are not used to
provide the real mass transfer coeflicient of the hemofilters or dialyzers under clinical

conditions.

6.5 APPENDIX

Woe assume that the transmembrane pressure difference is given by:
T™P = Py - P, {6.55)

in which P,’ is an effective blood pressure on the blood side and Py is that on the dialysate
side of the membrane. The P® and Py may be determined by Poiseuille’s law in differential

form as:
de‘ R
- f
— = -0, (6.57)
dx Lf
dP R
—4 = _fg
Mg (6.56)
dx Lf

where 1), (1) is the apparent blood {dialysate) viscosity and R; (R} is the resistance to the
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blood (dialysate) flow, (y and Q, are local blood and dialysate flow rates respectively. We
assumie also that the viscosities are constant along the x-direction. We integrate eq.(6.55) from

0tox:

R R.M
TMP = TMP, - ~L% [* 0 tndy + -4 [T 4y
P = TMP, » [remdy + i, [Fedny (6.58)
where
TMP, = Py(x=0) - Pfx=0) = Py~ P, -TL, (6.59)

is the TMP at the hemofilter blood inlet (x=0) with Py, Py, and IL;, each representing the
hydraulic blood pressure, dialysate pressure and oncotic pressure respectively at the hemofilter
blaod inlet (x=0). By making use of eq.{5.1) for the blood () and the dialysate

flow rates (Q,), €q.(6.58) can be written as:

TMP-TMP, = OP,~8P)x + G f X f Ywi (@dz)dy (6.60)
a9 2
with
R, AP P_-P - +00
e e (6:61)
L L Ly
Ow - APy _ PyPy
8Py = nyRy—= = —= = 2% (6.62)
da d""fd B
L L L
G MR Ry 1 AP AP, 6:63)
Lf Lf Qbi Qdo

in which AP,® is the pressure drop along the hemofilter length on the blood side of the
membrane, AP, is the pressure drop along the hemofilter length on the dialysate side of the
membrane, Oy, and Q,, represent the blood flow rate at the blood inlet and the dialysate
flow rate at the dialysate outlet respectively, P, and IT,, are hydrostatic blood pressure and
oncotic pressure at the blood outlet {(x=1,). Derivation of eq.(6.60) with respect to x yields:

AP _ sp 5P - wG IRCE (6.64)
dx a
and again derivation of eq.(6.64) with respect to x yields:
2
CIME - wGi ) (6.65)
dx
Eq.(6.65) may be rewritten as:
K*TMP() = wJ (0) (6.66)
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where £ is a constant. The second order derivation of ¢q.{6.66) yields the following differential
equation:

d2J (¥ 2
?ﬁ) - %GJ‘,(I) = alJ (%) (6.67)

where @, is a constant, From eq.(6.67) follows that

k2 2

Fg-=
” a (6.68)
Eq.(6.67) has the solution:

Jx) = ae™ + be™™ {6.69)

in which @ and & are constants. Derivation of eq.(6.69) with respect to x yields:
a7 )

. =aa;e"" -bae " (6.70)
At x=0 (blood inlet), eq.{6.66), £q.(6.69} and eq.(6.70) hecome:
L TMP,
JO) =a+b=a 6.71)
dJ () al .
— o = (@-Da = = BP~8P) 6.72)
From eqs.(6.71) and eq.(6.72) follows that:
a
b= 2(1;(a1’1’MP,.—6Pd+6P;) (6.73)
2 IMF, ¢ e
a= a = E(ﬂt TMP,-8P,+6Py) (6.74)
Using eq.{6.66), a length average TMP can be defined as;
s | opL oW plepo g
T™P = I fa ITMP(x)dx = kTLf RO (6.75)
where
W fof‘fjv(x)dr = 0, (6.76)
is the net ultrafiltration flow rate. Eq.(6.75) may be rewritten as:
N 0
T™MP = —1
KL, (6.77)

From ¢q.(6.77) follows that:
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&

k2 =
LfTMP

Substitution of eq.(6.78) in ¢q.(6.68) yiclds:

al = Y 6-1.¢

D P

S-TMP

in which L, is the hydraulic permeability (See also €q.(3.22} in Chapter 3):

o _
s-TMP 7
Substitution of eq.{6.73) and eq.(6.74) in eq.(6.69) gives:
a
J, = L, TMP, Cosh(xa)) + El (8P,-8P)) Sinh(xa)

Substitution of eq.{6.61), €q.(6.62), €q.(6.79) in eq.(6.81) gives:

L (AP,~AP)
J, = L, TMP, Cosh(xa)) - | P —* " Sinh(xa))
a L
2 !

where a; and a, represent:
a, = F \ijaz
1 AP, AP,

{12 = r
r le Qﬁ'o

For small a,'s the first term on the right hand side of eq.(6.82) becomes
Lp TMP, Cosh(xa;) - LPWP,

and the second term becomes:

L (AP,-AP
L (AP, - AR Sinh(xa) ~ L, (APf - AP)X
a, Lf 7 Lf

From eq.(6.85) and ¢q.(6.86) follows that
J () « L, [TMP, - (AP - A pd)-z"
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ANALYTICAL MODEL APPLICATION TO IN VIVO UREA DATA
IN CAVHD

Chapter 7

7.1 INTRODUCTION

Continuous  arterio-venous hemodiafiltration (CAVHD) differs from conventional
hemofiltration and dialysis by the interaction of convection and diffusion, the use of very low
dialysate flow rates and by the deterioration of membrane conditions during the treatment.
To study the impact of these phenomena on diffusive transport, an analytical mathematical
model of CAVHD swas presented, by which the overall diffusive mass transfer coeflicient (K,
for a solute may be calculated from blood, filirate and dialysate flow rates and solute
concentrations that can be measured in the clinical setting. The mode! was set up as a one-
dimensional analysis of solute transport from plasma water to dialysate by simultanecus
diffusion and convection, Within both the blood and the dialysate compartment, the solute
concentration was assumed to vary in the axial direction but not in the radial direction, i.c.,
calculations are based on local "mixing cup” concentrations. Thus, diffusive solute transport
results from a concentration gradient between plasma water and dialysate only. Furthermore,
the membrane permeability for ultrafiltration and for diffusion was assumed to be constant
over the entire membrane length. The sieving coeflicient of the solute, L.e. the ratio of its
concentration in ultrafilirate to that in plasma water, was taken to be one. The dialysate solute
concentration at the dialysate side inlet was taken to be zero. The model concerns the
countercurrent mode of blood and dialysate flows, A detailed description of the mathematical

derivation is given in Chapter 6.

Our model is the first detailed mathematical description of solute transport in CAVHD. It was
meant as a tool to study the impact of variables such as blood, dialysate, ultrafiltration flow
rates and the deterioration of membrane conditions with continued use of the hemofilter on
solute transport [1]. In clinical practice, as ultrafiltration rate has to he monitored, convective
clearance is easily determined. There is, however, a need for methods to estimate diffusive
(and therefore total) solute transport. Hence we focused on the parameter K, which
represents the mass transfer coefficient of the hemofilter membrane for diftfusion.

In this chapter, the model is applied to clinical data obtained with 0.6 m* AN-69 capillary
hemofilters, This was carried out to analyze the influence of dialysate flow rates and of the
deterioration of membrane conditions with prolonged use of the hemofilter on the hemofiiter
performance. Further, the model equations governing the overall mass transfer cocfficients
(K,, K; and K) are evaluated by applying them to data of urea clearance measurements.
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7.2 METHODS

Clinical conditions

To evaluate the mathematical model equations (6.45, 6.48 and 6.50), data were obtained from
clearance measurements of the urea under various clinical circumstances. Patients were
treated with CAVHD for acute renal failure and either sepsis, circulatory, respiratory or
neurological instability or a combination of these, using the AN-69 0.6 m? capillary dialyser
{ Multiflow 60%, Hospal, France). In all cases blood access was via 8F CAVH catheters in the
femoral artery and vein, Our clinical routine is to infuse the substitution fluid into the arterial
line ("predilution"), to prevent excessive hemoconcentration in case of a sudden decrease in
the blood flow rate. Heparin was given at a dose of 500 U/h unless clinically contraindicated.
Dialysate, heated to 38 °C, was run counter currently at a rate of 0.5 to 3.0 1/h using a roiler
pump (Bellco BL758, Mirandola, Italy). Measurements were performed according to a special

protocol on 15 occasions up to 5 days of henofilter use.

Measurements and calculations

We measured pre- and postfilter hydrostatic bload pressures (Py; and P} in the arterial and
venous tubing. We calculated dialysate pressure (Py) from the ultrafiltrate colurn height
{0.74x column height in centimeters). Following the displacement of an air bubble we
measured arterial blood flow rate {Q),) over a length of tubing, containing a volume of 13 mi.
Arterial hematocrit (Ht,) and arterial plasma protein concentration (C,,) were measured to
calculate the inlet (G;) and outlet (G,) plasma protein concentrations from protein mass
balance equations, eqs.(3.16, 3.18). The pre- (I1,;) and postfilter (I1,,) oncotic pressures were
calculated according to eq.(3.25) by a third order polynomial from the inlet and outlet plasma
protein concentrations respectively. Dialysate flow rate (Q) and infusion rate of the
substitution fluid (Q,,,.q) 'predilution’ were determined by means of an electronic weighing
device. The net ultrafiltration rate (()) was determined by timed collection. The infusion
rate of the subtitution fluid (C),,,.4) was determined according to the overall fluid balance. At
the dialysate nlet, (J,; was set at 1.0, 0.5, 2.0, and 3.0 1/h, and after a suitable period for
cquilibration urea concentration was measured in the mixture of ultrafiltrate plus spent
dialysate {C,,) as well as in arterial blood plasma (C,). Plasma water flow rate {Q, ;) and urea
concentration (C;) at the hemofilter inlet were caleulated according to eqs.(6.52) and {6.54)

respectively.

Statistics

Data were examined by regression analyses. Regression equations are given only when
statistically significant (p<0.01). The goodness of curve-fitting is given by the corresponding
correlation coeflicients {R%-values), or by the coefficient of variation (COV} of the values

predicted by the regression equation,

-93 -



Chapter 7

7.3 RESULTS

Model equations

The model equations have been evaluated for clinical data of urea clearance. Within the
limits of operating conditions by CAVHD (see Table 7.1), urea clearance was measured with
the same type of hemofilters (Multiflow AN-69 Hospal with $=0.6 m? and [,=0.13 m). For
each measurement the hydraulic permeability and the mass transfer coeflicients (or the overall

permeation coeflicients), the diffusive and convective urea clearance were calculated.

Table 7.1: The ranges of measured values during clinical

measuring of urea clearance.

Variables Range of values  Variables Range of values
Q.. [ml/min] 80-345 P, [mmHg] 37-88

Q,; [mi/min] 7-56 P, [mmHg] 12-42

Q; [ml/min] 3-18 -PyfmmHg] 1-65

Qpeca fml/min] - 0- 17 Hi, 0.18-0.38

C,. (/1] 37-85 C,, [mmol/l]  6-39

C, [mmol/1] 9-40 C; [mmol/l] 0

Table 7.2: Urea clearance and overall diffusive mass transfer coefficients for two different
sets of measurements (See Text). The flow rates, clearance and overall permeation
coeflicients (8K, SK, 8K,) are in units of ml/min,

Q. CuwC,| G «a, o, c, o | SK, SK,  SK,
Data 7.3 0.93 23.6 6.8 168 78 158 29.1 310 20.0
set 18.0 0.92 331 166 166 179 152 58.4 60.6 47.8
I 35.5 0.87 46.7 310 157 324 144 88,7 50,8 80.0
51.0 0.80 554 40.9 144 41.9 134 97.7 89.5 92.5
Data 8.8 0.81 11.9 6.9 5.1 7.0 4.9 152 15.5 14,1
set 18.0 0.70 17.2 12.6 46 127 4.5 24.5 24.8 24.0
1 356 057 |22 205 37 202 40 | 350 353 357
53.0 0.51 305 27.1 33 267 37 46.1 46.3 47.2

Data set I Q,;=250.4 ml/min, Q=18 ml/min, TMP,_=78.4 mmHg, MI=13.8 ml/(h'mmHg)
Data set Il: Q,,=81.5 ml/min, (Q; =6.5, ml/min, TMP,=52.6 mmHg, MI=7.4 mi/(h- mmHg)
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In Table 7.2, the results of urea clearance measurenients and calculations are shown for two
set of measurements with different filtration fractions ((Q;/Q), ). Data of the first set of
measurements were obtained with a new hemofilter characterized by a relatively high rate of
ultrafiltrate production. The second one was obtained with a hemofilter used for three days.
Deterioration of the hemofilter conditions is reflected in both a lower value of the hydraulic
perineability index MI and fower values of 8K The diffusive and convective compenents of
the urea clearance were calculated both from the boundary values using eq.(6.41) and
€q.{6.42) and from the concentration and volume flux profiles using eq.(6.43) and eq.(6.44).
The calculated diftusive (Cl, and Cly) and convective (Cl; and Cl) components of urea
clearance are slightly different. The relative difterence, (CiCp)/ G, {%], between the values
of Cly and Cl}, depends on the values of both dialysate and ultraliltration ftow rate. It varied
from 2.4% at 3,;=3 1/h to 13% at 3,=0.5 I/h for Q=18 mi/min and from -1.45% at (J,=3
1/h to 1.42% at Q,,=0.5 I/h for Q=6.5 ml/min. The diffusive clearance increases with
increasing rate of dialysate flow while the convective component decreases slightly, Despite

those small differences, the sum of Cly, and Cl; equals the surn of Cl; and Cl,.

Concentration profiles

The concentration profiles (C,, for the local urea concentration in plasma water and C, for
the local urea concentration in the dialysate compartment) were calculated using eq.(6.28)
and eq.{6.29), assuming that the ultrafiltration volume flux decreases linearly with the distance
along the hemofilter length. The concentration difference AC=C,-C; is responsible for the
diffusive urea removal. The urea concentration that is dragged by plasma water by convection
from blood into the dialysate compartment is given by G, =(C, +C;)/2. In Figure 7.1, the urea
concentration profiles are shown as a function of the distance along with the hemofitter length
for an ultrafiltrate flow rate of (=18 mi/min and the plasma water flow rate of Q,,=250
ml/min at different dialysate flow rates of Q;,=7.3, 18, 35.5 and 5] ml/min.

In Figure 7.2, the urea concentration profiles are shown for a relative low rate of ultrafiltration
and blood flow, namely (3=6.5 ml/min and (), =81.5 ml/min at different dialysate flow rates
of (3,=8.8, 18, 35.6 and 53 ml/min. As can be seen from Figures 7.1 and 7.2, the urca
concentration at the dialysate inlet of the hemofilter (Cy) is zero, The removed urea
concentration (G} at x=0 equals the sum of the urea concentration removed by Jiffusion and
that by convection. Evidently, the high rates of dialysate flow favor the concentration
gradient. At relative low rates of ultrafiltration and blood flow and at relative high rates of
dialysate flow, the concentration profiles seem as those in the conventional hemodialysis
where the concentration profiles develop almost linearly along the hemolilter length,
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Figure 7.1: Uréa concentration profiles in blood (C,) and in dialysate (C))
compartment as a function of hemofilter length (x/L;) for Q,=7.3, 18, 35.5 and 51
ml/min with (3, ;=250 ml/min and ;=18 m1/min {8].
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Figure 7.2: Urea concentration profiles in blood (C,} and in dialysate (C,}
compartment as a function of the hemofilter length (x/L;) for 0,,=8.8, 18, 35.6 and
53 ml/min with ;=82 ml/min and Q;=6.5 ml/min.

The overall diffusive permeation coefficients (SK,, SK, and SK,)
Under the same conditions the overall permeation coefficients SK,, SK, and 8K were
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calculated from eq.(6.45}, eq.{6.50) and eq.{6.48) respectively. The expressions for the overall
permeation coeflicients SK,, SK, and SK,, were derived from the overall mass balance
equations, depending on the profile of ultrafiltvation volume flux, namely J,=0, J,=Q¢/5 and
J=e+Bx. To demonstrate the influence of the ultrafilation (volume flux prolile) on the
overall permeation coeflicient SK,, the ratic K /KK, as well as the ratio K, /K are illustrated
in Figure 7.3 in relation to the dialysate flow rates at 3 different ultrafiltration flow rates (or
filtration fractions). The trend lines show that at high rates of dialysate flow and low rates of
ultrafiltration, the ratio K,/K, approaches to 1 where the value of K;=K,, is independent
from the ultrafiltration flow rate and it represents the permeation coeflicient of the dialyzer
in a conventional hemodialysis. At flow rates for Qud),;«Qy, the effect of ultrafiltration on
the overall permeation coefficient is negligible, as almost the case in conventional
hemodialysis. When the dialysate flow rates are low as compared with the rates of
ultrafiltration flow, the effect of ultrafiltration on the overall permeation coeflicient becomes

significant,
1.4 1.08
KolKa
1.0 4 o
\ 1.06
QQu
0.9 1 —_—
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5 = 9.7/195 106 %
« 181250 €
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Figure 7.3: Ratio of the mass transfer coefliclent K to the mass transfer coeflicient
K, in relation to dialysate flow rate for the filtration fractions /0, ;=6.2/182.5,
9.7/196 and 18/250. The broken lines show the relation between K /K, and the
dialysate flow rate Q; [8].

In order to show the general trend, the ratio K /K, in relation to the ratio ;/Q)y, is shown
in Figure 7.4 for 67 different sets of the urea clearance measurements. The trend line shows
the best fit to the experimental data points with the following regression equation:
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with R?=0.85 and n=67. The K, increases with the decreasing rate of ultrafiliration flow (Q)).
As can be seen from eq{7.1), at O;=0, K, becomes equal to K. The ultrafiltration flow
reduces the overall mass transfer coeflicient due to the reduction of the concentration gradient
{3]. At flow rates for QQ;«Q«(),;, the total mass removal will be dominated by ultrafiltration,
especially at the first half of the hemofilter. For the diffusive transport, the second half part of
the hemofiiter will be important. Lowering the dialysate flow rate rather than the rate of
ultrafiltration can cause dialysate saturation (C,,/G,; ~ 1) or diffusion equilibrium. As can be
seen from Ligure 7.4 , the big departures from K,/K,=1 come out at high values of Q; and
fow values of Q; where the convection dominates the clearance process. The clearance
becomes equal to the ultrafiltration flow (Cl=0);, only water transport) when conditions
Q=0 and C,,/C;=1 are fulfitled (See further Chapter 8).
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Figure 7.4: The ratio K /K, in relation to the ratio of the ultrafiltration flow rate to
the dialysate flow rate (Q,/Q),) for different filtration fractions [8].

In Figure 7.3, the ratio K /K, is Hlustrated in relation to the dialysate flow rates. The
differences between the values of K, and K, at different dialysate and ultrafiltvation {low rates
are refatively small, However, one important condition of using the constant volume flux
modet (],=Q;/5) is that within the hemofilter there is no back filtration from dialysate into the
blood compartment, If the transmembrane pressure gradient becomes negative somewhere
in the hemofilter, the assumption of constant volumne flux is not valid any longer.
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SK max - Wilson’s plot

As can be seen from Table 7.2, the overall permeation coefficient (SK,) increases with the
increasing rate of the dialysate flow. In Figure 7.5 the SK; is shown as a function of the
dialysate flow rate (Q). This curvilinear increase in the SK, is a result of the fact that with
the increasing rate of dialysate flow the dialysate concentration will be better distributed over

the whole membrane surface area and the dialysate resistance to diffusive mass transter will

he smaller.
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Figure 7,51 Wilson’s plot represents the relation between 1 /8K, and 1/Q,;, for urea. The
linear regression lines show the Wilson’s plot at two different values of membrane index,

namely MI=7.4 and MI=13.8 ml/(h nmHg).

The overali permeability coeflicient {SK,)) reaches its maximal value at an infinite dialysate
flow rate. This maximal value, designated as "SK jmax", can be obtained by extrapolation.
In Figure 7.5, the reciprecal of SK, is shown as a function of the reciprocal of (3. The vaiue
of 1/8K max is the intercept of the corresponding regression line with the 1/SK-axis. The
value of 1/K jmax equals the sum of the resistance to difiusion of the blood boundary layer
(Ry) and the resistance to diffusion of the membrane (R ) according to Wilson’s plot [2]. The
maximal value of SK depends also on the membrane hydraulic permeability index (MI), In
Figure 7.5, the (dashed) trend lines represent the following regression equations (with R*=0.99
and n=4):
1 _ 045

i
— = 2y —  for MI-7.4
& o, &’ @1
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! 0.21 i
— = — + — for MI=13.8
SK, Q, 175 f 7.2)
On pertusing a new hemofilter (S=0.6 m?) with a dialysate flow rate of 5 1/h, the maximum
value of 8K was 120 ml/min, which was determined by extrapolation from urea clearance

data{l]. See Chapter 9 for a detailed explanation of Wilson’s plot.

Linear decreasing versus a constant volume flux profile
Using the data from Table 7.4, the urea flux profiles are shown in Figure 7.6 for a constant
ultrafiltration volume flux model (J,=],=Q,/S) and for a linear decreasing ultrafiltration

volume flux (], =o+px) model.

Table 7.4: The urea clearance is separated into the convective and diffusive
components according to the ultrafiltration volume flux models: | =0, |.=L=0Q/8
and J =o+[x.

clearance {ml/min] and | standard depending on volume flux J,
overall permeation £q.(6.40)
coeflicients [ml/min] J.=0 Jo == QS Jo = atpx
Cl 15.7 15.7 15,7 15.7
Cle 13.1 0
Cl, 2.6 15.7
Gl 4.4 6.4
Cly 11.3 9.3
SK, 18.4
SK, 15.2
SK, 0.4

With: Py= -1 mmHg, P,;=73 mmHg, P,,=25 mmHg, C,,=85% g/1, ,,=60 ml/min, Q=8
ml/min, Q=40 ml/min, C,,=12.3 mmol/], Ht,=0.39, C;=32.2 mmol/], Q =0 ml/min.

The total urea flux, calculated from the data in Table 7.4 is separated into the convective
{},C,.) and the diffusive (K ;AC) components by calculating the local solute flux (] using
eq.(6.4), the local volume flux {J,} using eq.(6.10) and the overall mass transfer coeflicient (K,)
using eq.{6.48). The concentration C_=0.5(C,+C}) represents the local solute concentration,
which is dragged by plasma water into the dialysate region. The AC=C,_-C, represents the
local concentration difference (gradient). The same total urea flux is also separated into the
convechve (J,C.) and the diffusive (IK,AC) components by calculating the local solute flux (J))
using eq.(6.4}, the ], using ¢q.(6.32) and the K, using eq.(6.50}. In Figure 7.6, the local
convective solute fhex (J,C,) and the local diffusive solute flux (K,AC) are shown with dashed
(broken) lines. The corresponding cumulative values of the same urea clearance are shown
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Figure 7.7. The measured total urea clearance, calculated from the urea flux profiles in Figure
7.6 is separated into the convective (Cl) and the diffusive (Cl)) components by using eqs.(6.43)
and {6.44) respectively,
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o
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JCm and JuCen [mmolimin*m? 3]
KaaC and KaAC [mmolfmin m? )]

-1.5 0.0
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hemofilter fength (/L)

Figure 7.6: Urea flux profiles as a function of the hemofilter length (x/L,).
L=0.13m [8].
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Figure 7.7: The cumulative urea clearance as a function of the hemofilter

length (x/L,) [8}.
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In Figure 7.7, the same components for ], =],=(/S are shown by dashed lines. According
to the linear decreasing volume flux model, the transmembrane pressure difterence is zero at
about x/L,;=0.58 where (J,.=0 and K;=K) the diffusive flux (K4AC) and the cumulative
convective clearances reach their maximal values. From x/1,>0.58 to x/L;=1 where ], <0,
the diffusive flux and cumulative convective clearance decrease with the length because of
backwards convective flux. According to the urea flux profiles (J,C,, and K AC, shown by
broken lines) of the constant volume flux model, the effect of back filtration on the diffusive
urea flux will not be observed. The backwards dialysate fluid (volume flux) reduces the
concentration gradient from blood into the dialysate side, resulting in a reduced overall

permeation coefficient.
7.4 DISCUSSION

Previous models

Cur model differs from previous models of diffusive solute transport in several respects. The
anticipated differences between CAVHD and conventional hemodialysis and
hemodiafiltration are borne out, first, by the demonstration of the curvilinear solute
concenltraiion profiles in the blood and dialysate compartments (Figures 7.1 and 7.2). Second,
the hemofilter performance had indeed decreased appreciably after three days of use (Table
7.2). It must be remembered that the K, canmot be measured directly, but is calculated from
the resulting solute transport, assuming a constant membrane surface area. A decrease in Ky
may therefore result either from a decrease in the {eflective) membrane permeabilityor from
a decrease in the (effective) membrane surface area, The latter may be due to clotting of
fibers, It might also be due to unequal distribution of the dialysate over the dialysate
compartment, which is likely to occur at very low dialysate flow rates, This influence of
dialysate flow rates on K, was not recognized by Pallone et al [4]. In a recent publication
Pallone et al [4] give a detailed description of solute transport in CAVHD. In that article the
curvilinear changes in blood and dialysate solute concentration along the length of the
dialyser are demonstrated. However, the authors apparently lack a mathematical expression
to calculate K, In their article they assume that K, does not depend on the dialysate flow
rate. Our experiments show that, for the range of dialysate flow rates used in CAVHD, we
cannot safely make that assumption. Indeed, also for the particular plate hemodialyzer that
is described in refl [4], we found that K increases with Q,; [11,12]. Furthermore, a simiiar
finding had already heen reported by Babb et al {13], who also studied solute transport
through the parallel plate dialyzer,

In the classical model of dialysis, as described by Sargent and Gotch [7], the influence of
ultrafiltration is not taken into account, Furthermore, their model is based on the assumption

that there is a linear increase in blood and dialysate solute concentrations along the length of
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the dialyzer. This assumption clearly is invalid in CAVHD [1,4,8,9]. The model developed
by Jaffrin ct al [5,6] is a description of pump-driven hemodiafiltration. In that model,
however, changes in blood and dialysate solute concentrations are not considered and, hence,
that model does not provide a means to estimate ihe diffusive mass transter coellicient. The

same applies to the model by Van Geelen [10].

Overall diffusive mass transfer coefficient

The mass transfer coefficient () represents the overall (apparent) permeation coefficient or
diffusive performance capacity of the hemofilter. Tts value depends on the flow rates,
ultrafiltration, concentration gradient, membrane permeability, the solute molecular weight,
deteriorating conditions such as clotting and other physical conditions such as temperature.
It represents the overall mass transfer coeflicient of a flowing system, from which the lifetime
is limited by some unfortunate deteriorating conditions (MI). Therefore, it cannot he
considered as a constant during the whole operation time of the hemofilter. In conventional
intermittent hemodialysis, where the dialysate flow rate is 5 to 6 times larger than that of
CAVHD and the ultrafiltration flow is practically zero, the mass transfer coeflicient {IK,),
calculated by using eq.(6.45), will not be affected by the dialysate and ultrafiltration flows.
When the dialysate flow rates are low as compared to the ultrafiltration flow rates, the mass
transfer coefficient (Kj) of a CAVHD hemotilter has to be determined in the presence of
ultrafiltration. By using eq.(6.50), one can calculate the mass transfer coeflicient {K ) when the
ultrafiltration volume flux (J,) is given by J,.=¢:+Px. The calculated values of K, and K, show
that the departure of K /K, from one occurs at high values of Q;/ Q.. For QQ; /Qy«l, the
mass transfer coefficient K equals the mass transfer coeflicient K, calculated at zero-
ultrafiltration. Values of the overall permeation coefticient depend not only on the rate of

ultrafiltration flow but also on its direction.

The calculated mass transfer coeflicient K shows that at high values of dialysate flow and
low value of ultrafiltration, the overall mass transfer coeflicient (K} of a CAVHD hemofilter
cquals the mass transfer coefficient (K,) of a dialyzer in conventional intermittent
hemodialysis. Also, the calculated mass transfer coefficient K, shows no significant differences
when the ultrafiltration volume flux is assumed to be constant along the length of the
‘hemofilter if no back filtration occurs in the hemofilter. Unfortunrately, it is not possible to
show the effect of different rates of ultrafiltration flow on the overall permeation coeflicient
at a constant rate of dialysate flow, since the way of ultrafiltrate production in CAVHD differs
from that of the pump-driven intermittent hemodiafiliration. In the intermittent
hemodiafiltration, one can adjust the rate of ultrafiltration flow to a certain value while in
CAVHD it is limited by the spontaneous transmembrane pressure. For the mathematical
simplicity, the diffusive mass transfer coefficient can be calculated from eq.(6.50) which is valid
for a constant volume flux model (J,.=],=Q,/S). Considering a constant ultrafiliration along
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the membrane length will have minor influence on the calculated convective transport, due
to a relatively small decrease of solute concentration in the blood compartment. A similar
conclusion was reached by Jafitin et al [5,6]. If there is no back filtration in the hemofilter, the
use of K, in place of K, is preferable. Nevertheless, assuming a constant volurne flux is risky
concerning monitoring the pressure distributions along the hemofilter length, because, from
a clinical point of view, back filtration needs to be avoided. When the dialysate fluid is filtered
back into the blood of the patient, the back Rltration can cause potentially unsterile dialysis
fluid or pyrogen to enter the blood of the patient,

Shortcomings

This model is based on a linear decreasing volume flux model. A linear decreasing volume
flux model is not always correct, especially at very high transmembrane pressure differences.
The model equations apply to solutes with a sieving coeflicient of one. This condition is likely
to be met for most solutes, which are consicdered to contribute to the uraemic state. I, will

depend on solute parameters, of which the molecular weight or diameter is likely to be most
important. The difference in molecular weight may fully account for the finding (See Chapter
8) that under equal circumstances the value of K for creatinine was 0.75 times that of urea.
For phosphate, the value of K, is likely to be decreased also by its polarity, which will increase
apparent molecular weight by the binding of many of water molecules, while it will be
increased by its negative charge, which increases the sieving coeflicient. Such considerations
are especially relevant when our model is used to analyze the clearance of other clinically
relevant solutes, like drugs, by CAVHD. So far, our analytical model does not apply to solutes
with a sieving coefficient of less than one. According to the specifications of the manufacturer,
with the AN-69 membrane, solutes up to at least 1000 Daltons may be expected to have a
sieving coefficient of one, When applying our madel to the kinetics of still larger solutes, we
should bear this limitation of our model in mind, Also, when considering drugs, protein
binding and its influence on sieving would have to be taken into account, In those cases, the
K, derived from eqgs.(6.48 and 6.50) can be used as an estimator.

7.5 GONCLUSION

Considering some simplifying conditions, the mathematical analysis shows that the diffusive
mass transfer coeflicient K, can be calewlated from the clinical data of CAVHD. The
diffusive mass transfer coeflicient proved to depend on the dialysate flow rate. The calculated
mass transfer coefficient K shows that at high values of dialysate flow and low values of
ultrafiltration, the overall mass transfer coeflicient (K} of a CAVHD hemofilter equals the
mass transfer coefficient (K) of a dialyzer in conventional intermittent hemodialysis. Also, the
calculated mass transfer coefficient K shows no significant differences when the ultrafiitration
volume flux is assumed to be constant along the length of the hemofilter if no back filtration
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occurs

in the hemofilter, We conclude that our model is a useful addition to the existing

moadels of hemodiafiltration, especially since it allows calculation of the diffusive mass transfer
coeflicient. It may be used both as a means to further our insight in the determinants of solute
transport in CAVHD and to adjust clinical settings, e.g. dialysate flow rate, hased on the

predicted clearance of uraemic solutes.
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A SENSITIVITY ANALYSIS OF THE MODEL TO PARAMETERS AT LOW
DIALYSATE FLOW RATES IN CAVHD

Chapter 8

8.1 INTRODUCGTION

In continuous arterio-venous hemodiafiltration {CAVHD), the removal of excess water is

administered by using continuous arterio-venous hemofiltiration (CAVH) while the removal

of wraemic solutes is achieved by continuous slow dialysis, allowing manipulation of
extracellular volume and solute concentration. Since the solute transport in CGAVHD occurs
by simultaneous convection and diffusion, it is necessary to make a clinical protocol
prescribing the amount and with which flow rate the solute will be withdrawn, coupled with
the removal of excess water simultaneously. As we have mentioned earlier, the ultrafiltration
flow rate {(J)) and the solute clearance (C) are used as measures of the removal rate of excess
water and the removal rate of solute respectively. In CAVHD the solute clearance is
determined by the dialysate flow rate (QQ), the overall diffusive permeability coeflicient (SKy)
of the hemofilter, the plasma water flow rate (Q, ;) at the blood inlet and the ultrafiltration
flow rate ()

, its relative low rates of dialysate flow make the CAVHD a unique teatment method,
especially for the acute dialysis patients [1,2]. In CAVHD, the patient is mostly
hemodynamically unstable {2]. Therefore, controlling the patient’s uraemic state with
dialysis as slow as possible is important. In the previous chapters, we have
demonstrated that the dialysate flow rate is the main determinant for controlling the
rate of solute removal by diffusion. However, how stow or how fast the dialysate flow
rate will be Is usually not known, since the adminisiration of dialysate flow depends
on the patient’s uraemic state, According to the clinical experience, a dialysate flow
rate of I 17h is enough to control the patient’s uraemic state [3],

. The rate of solute removal by diffusion depends on the solute concentration driving
force (concentration gradient) and on the overall diffusive permeability coefficient
(K,=SK,). In Chapter 7, we have demonstrated that the overall diffusive permeability
coeflicient (K,=SK ) is an important parameter allowing us to manipulate the diffusive
solute removal in the presence of ultrafiltration {4]. Tt includes the flow rates, the
solute concentrations and the membrane surface arca, which may be obtained from
clinical measurements and manufacturers’ specifications.

. In intermittent hemodialysis, the patient’s blood is dialyzed with pump-driven blood
and dialysate flow rates by adjusting them to their standard values, namely 200 and
500 ml/min respectively. The ultrafiltvation flow rate is negligibly small. In CAVHD,
however, the blood flows spontaneous {not routinely measured in the clinic) and
depends on the patient’s cardiac output and the resistance of the extracorporeal

circuit. The ultrafiltration flow rate {Q;) is also spontaneous. As we have studied in
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Chapter 3 the ultrafiltration flow rate decreases over the treatment time because of the
deterioration of the hemofilter membrane. With prolonged use of the hemofilter,
deterioration of the hemofilter membrane is likely not only to decrease the rate of
ultrafittrate production but also to impair the diffusive solute transport {4].
In this chapter we studied the determinants of uraemic solute clearance in CAVHD. First, on
considering the spontaneous blood and ultrafiltration flows, we analyzed the clearance of
uraemic solutes such as urea, creatinine and phosphate in the region of relative low dialysate
flow rates. Second, by analyzing the eflect of the dialysate, blood and ultrafiltration flow rates
on the uraemic solute clearance we investigated the degree of conditions in which blood-
dialysate solute equilibrium can be achieved. Third, we investigated the diffusive component
of solute clearance in relation to the overall diffusive permeability coeflicient (SK). Fourth,
the diffusive permeability coefficients of urea and phosphate were related to diffusive
permeability coefficient of creatinine, Further, by running a simple sensitivity analysis on the
overall diffusive permeability coeflicient (SK,=K.), we analyzed the dependence of K, on the
flow rates and on the strength of concentration driving force at the bloed inlet of the
hemofilter (C,,/C,;). The sensitivity analysis provides information about the reliability of
predicting the K, from flow rates and solute concentrations.

8.2 METHODS

Solute clearance (Cl) and the overall diffusive permeation coefficient (K,=SK,)
It CAVHD, solute clearance (Cl} is a measure of the rate of solute removal by simultaneous
convection {Cl) and diffusion (Cly). Both mechanisms have effect on each other. Usually, the
solute clearance (dialysance) is calculated from the mass balance equations of either the blood
side or the dialysate side of the hemofilter membrane. Since the inlet dialysate uraemic solute
concentration (Cy) is zero, the uraermic solute clearance may be calculated from eq.{6.39). In
Chapter 6, we derived an expression of solute clearance, which may be calculated from the
flow rates and the overall diffusive permeability coefficient (K,=SK) in the presence of

wltrafiltration. The solute clearance per unit rate of ultrafiitration is given (See eq.(6.51)) by:

K; 1
H A(QdoQMu)s?Z;’E
a G o @1
Qf Qf Q Q Q Sﬁ+l '
IHJ( do oy o 2
Qdo Qd:'QM

where (), is the inlet flow rate of plasma water, Q,; is the inlet dialysate flow rate, ,,=Q.4+
() is the flow rate of outlet plasma water, (},,=Q;+(); is the outlet dialysate flow rate, Oy is
the net flow rate of ultrafiltration, S is the total surface area of the hemofilter membrane and
finally K, is the overall diffusive mass transfer coeflicient. To calculate the solute clearance
from eq.{8.1) one needs the overalt diffusive permeability coeflicient (K,=SK_). Using eq.(8.1)
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and eq,(6.39), the overall diffusive permeability coefficient (K,.=8K_) per unit rate of the

ultrafiltration flow (Qy) can be reformulated as:
Qdo C Qm Cm ]

SKd’ o [ Qm (Cdu ) =t 8.2
Qf Qwa Qdo ( . )
n{—-—=)
err' Qdi

where C,, is the solute concentration at the dialysate/ultrafiltrate outlet, C,; is the solute
concentration at the blood inlet. The overall diffusive permeability coeflicient (K,=SK} per
unit rate of the ultrafiltration flow (Q} represents the relative importance of solute removal
to the removal rate of excess water, This expression is valid only for solutes with sieving
coefficient y=1 and for a constant profile of ultrafiltration volume flux along the hemofilter
length. In previous chapters, we used K, to represent the overall mass transfer coefficient for
a constant profile of ultrafiltration. We have proved in Chapter 7 that assuming a constant
profile for the local ultrafiltration volume flux has negligible eftect on the numerical values of

K. In this text, therefore, the notation “K_” is simply replaced by the notation “K,”.

Sensitivity analysis of K

In eq.(8.2), solute concentrations and flow rates are variables and measured clinically. The
considered values of C,;, C,,, Q,;, Qy and Q; are within the range of clinically measured
values during CAVHD treatment. The variation in each data point, namely AC,; in C,;,
AC,, In Gy, AQ,; in O, AQy in Qy; and AQ; in Q,, will contribute a variation AK, in the
calculated vahue of K, The variation AK, can be estimated by using the following expression:

(AK)? =

3K,
‘ . A )
Wi ac da 3% (AQ,‘,an +(AQ,— aQ. +(AQ, Q} (8.3)

where the derivatives on the right are partial derivatives, cach representing the differentiation
of K, with respect to one variable (C,;, C,,, (s, Qq and Q) while the other variables are

supposed to be constant. All the variations in eq.(8.3) are estimated experimental variations
in measuring the related variable and supposed to be independent of each others. From
eq.{8.2) one can derive the partial derivatives needed in eq.(8.3). The variations of K, with

respect to solute concentrations C,; and C,, are given by:
9K, Q Cpy(Qy- Q)
s _ o= do wi (8.4)
ani k k (G Wi do}
aK: Qf Wi (Q'ni Qdo)
aC, Kk &(C,-Cu

(8.5)

where k; and k, are defined as:
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k= IB(M) (8.6)
wi =i
k2 = Qm'Cm' - Qda Cda (87)

The variations of I, with respect to the flow rates Q). ;, Oy, and Q) are given by:

aK’ — _% Qdocda_ E Qf
6Qm. ki{ Qm'kZ (kl)(Qonni)} (8.8)
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Experimental evaluation

The sensitivity analysis of the model to the parameters at low dialysate flow rates was
performed using clearance data of uraemic solutes such as urea (MW:60 Daltons), creatinine
{113 Daltons) and phosphate {174 Daltons), cbtained from different patients who were treated
with CAVHD for acute renal failure, using the AN-69 capillary hemofilters (Multiflow 60,
Hospai, France, $=0.6 m? and L=0.13 m) [5]. Blood and ultrafiltration flows were
spontaneous. Arterial blood flow rates (Q,,) were determined by the displacement of an air
bubble over a length of tubing, with a relative variation of AQY,/Q,,=10%. The range of
blood flow varied from 82 ml/min to 345 ml/min. An electronic weighing device determined
dialysate flow rates (O, with a relative variation of AQ),;/(3,.=5%. For each blood flow rate,
the dialysate flow rate was varied with ;=0.5, 1, 2 and 3 [/h. The net ultrafiltration rate ()
at each set of blood and dialysate flow rate was determined by timed collection with a relative
variation of AQ/(Q=5%. The measured net ultrafiltration rate varied from 3 to 18 ml/min.
Accordingly, solute concentration (C,; ) in the inlet plasma water and the removed solute

concentration (Gy,} were determined with a relative variation of AC,;/C,;=AG,,/ Gy, =5%.

8.3 RESULTS
Inn T'able 8.1, the operational and clinical conditions and also the results of model calculations
(ML, K,, G, etc.) for the measurement of urea, creatinine and phosphate clearance are shown

in average values within their ranges.
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Figure 8.1: Bload, dialysate, ultrafiltration, substitution fluid flow rate, arterial plasma protein
concentration and hematocrit of a patient during a CAVHD weatment of 3 days.
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Figure 8.2: Overall, diffusive and convective urea clearance of a patient and the hydraulic (MI) and
diffusive (SK ;) performance of an AN-69 capillary hemofilter during a CAVHD treatment of 3 days

Figures 8.1 and 8.2 show an example of bload (Qy,}, dialysate (Q,), ultrafiltration (Q, flow
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rate of substitution fluid (Q,..4), arterial plasma protein concentration (C,,), hematocrit (Ht,),
the overall (Cl), diffusive (Cl;) and convective (Cl) urea clearance and the hydraulic (MI) and
diffusive (SK} performance of an AN-69 capillary hemolilter during a patient treatment of
3 days with CAVHD.

Table 8.1; Urea, creatinine and phosphate clearance under different clinical and
operational conditions measured with Multiflow-60 AN-69 capillary hemofilters and
special CAVH catheters MBCAVHDM4, [ 1.4 long with an internal diameter of 2.7 mm)

for both arterial and venous access.

average [range} value (n=51) average [range] value (n=51)

G fg/l]| 604 [37.6 -85.3] K, -urca [ml/min]| 51.1 [7.5- 111.6}

Oy, [ml/min] 187.2 [82 - 345} | K, - creatinine [ml/min] | 42.3 [7.2 - 108.4]

Ht | 0.27[0.18-0.32] | K, - phosphate [ml/min}{ 31.2 [7.2 - 60.1]

Q,; [ml/min} 27.9[8-56] Ci -urea [ml/min) 28.1 [7.3 - 55]

Q¢ fml/min] 9[3-18]| Cl-creainine [ml/min]| 25,7 [7.1 - 49.6]

Qprea [ml/min] 83{1.7-17]; Cl-phosphate [ml/min]| 22.9 [6.4-42.1]

TMP, [mmHg] 67 [24 - 107] R; [mmHg/mimin}] .24 [3.04 - 0.53]

T(°C) 37 MI [mi/hmmHg] 8.3 [2.5-18.7}
URAEMIC SOLUTE CLEARANCE

Dialysate flow rate {Q )

For conventional intermittent hemodialysis, where the ultrafiltration flow rate (Q) is almost
zero [6,7,8,9], the solute clearance is mainly due to diffusive mass transfer. In CAVHD
however, solute removal occurs by simultaneous convection and diffusion. Since the rate of
ultrafiltrate production limits the solute convective clearance, higher rates of solute diffusive
clearance are achieved by increasing the dialysate flow rate. Depending on the patient’s
uraemic state, it varies between 0.5 and 3 1/h. ITn Figure 8.3, the wrea clearance measured
under the conditions in Table 8.1 is shown in relation to the dialysate flow rate at two
different rates of bload flow, e.g. an averaged blood inlet flow rate of 295 ml/min and 160
ml/min. The corresponding average ultrafiltration flow rates were 12.6 and 9 ml/min
respectively. The values obtained by extrapolating the clearance (dashed lines) at Q=0 are
the convective contributions {Cl)) to the overall urea clearance. The average contribution of
convective clearance was 11.5 for (,;=295 and 7.8 ml/min for Q=160 ml/min.
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Figure 8.3: Urea clearance in relation to the dialysate flow rate {Q,) for two different rates
of the blood inlet flow () and the ultrafiliration flow (C3) [10].
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Figure 8.4: Urea clearance as a function of the blood inlet flow rate (Q),) for dialysate flow
rates of 0.5, 1, 2 and 3 I/h and for an ultrafiltration flow rate of approximately Q=0.51/h.
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Blood flow rate (Q,;}

In CAVHD, the blood {(2,;==50-350 mi/min) and uitrafiltrate ((}=5-20 m!/min) flows are
spontaneous. Since the blood flow depends on the patient’s cardiac cutput and the resistance
of extracorporeal circuit, high rates of blood flow may be difficult to achieve. The urea
clearance mcasured at different blood flow rates is shown in Figure 8.4 for the dialysate flow
rates of 0.5, 1, 2 and 3 1/h. The trend lines show a curvilinear increase in urea clearance with
O, at relative high rates of the dialysate flow. High blood flow rates favor high rates of solute
removal. The fluctuations in the clearance data in Figure 8.4 are due to the fluctuations in the
ultrafiltration flow rate, The blood flow rate is strongly dependent on the resistance of the
extracorporeal circuit to the blood flow (R;), Data of uraemic solute clearance for R>0.4
mmHg/(ml/min) were disregarded. For R¢»0.4 mmHg/(ml/min) the hemofilter was assumed

to he clotted.

Ultrafilivation flow rate (Q,)
Values of the same urea clearance data corresponding to the different ultrafiltration rates are

Hlustrated in igure 8.5

80 1 Qu(SD)[Vh] Oy (SD) [mimin]

0 0.80(0.03) 192.1(76.5)
+ 1.04(0.03) 215.1{78.5) °
42,03(D.16) 198.9(49.7)
o 3.14(0.22) 216.2(60.6)

(4]
=
s

I
o
2

urea clearance Cl fmlmin]
[
(=2
.

0 T T T T T T T 1
0 2 4 6 8 10 12 14 16

ultrafiltration flow rate Q; [mi/min]

Figure 8.5: Urea clearance as a function of the ultrafiltration flow rate {Q)) for
dialysate flow rates of 0.5, 1, 2 and 3 I/h [10].

Evidently, increasing the rate of ultrafiltration () will resuit in an increased urea clearance
since the convective contribution to total urea clearance is proportional to the rate of
ultrafiltration. To some extend the ultrafiltration flow rate can easily be controlled by
adjusting the hemofilter position with respect to the patient’s bed. Furthermore, the hemofilter
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characteristics may change with time due to the binding of plasma proteins to the membrane
or due to clotting, With GAVHD, effectiveness of therapy rests in large part on low solute
clearance continucusly maintained over a prolonged period of time. Hence the effect of
deteriorating conditions over time on the hemofilter performance is important. The
ulirafiltration flow rate rapidly decreases with the treatment time. Afier a variable time span,
ultrafiltration flow rate falls below the level necessary for fluid removal and the hemofilter
must be changed. The fall in the ulirafilration flow rate over time results in a decrease in
solute clearance primarily due to a decline in the convective component. The trend lines in
Tigure 8.5 show that as ultrafiltration is increased the overall {total) urea clearance increases
linearly. Since the sieving coeflicient of urea (and of other uraemic solutes) for the AN-69
membrane is |, the convective clearance is essentially the same as the ultrafiltration flow rate.
According to eq.(6.39), the intercepts of the trend lines with the clearance (Cl)- axis at Q=0
ml/min correspond to the pure diffusive contributions to the overall urea clearance. In Figure
8.5, the data of wrea clearance corresponding to the ultrafitration {low rates less than 3

ml/min were not taken into account.

o lotal clearance
+ diffusive conlribution
5 o convective contribution

-

normalized urea clearance (CUQ)
n “

0 1 2 3 4 5 [ 7 8 9
normatized dialysale flow rate {Q4/Qp)

Figure 8,6: The normalized diffusive and convective contributions of urea clearance
inyrelation to the dialysate flow rate, normalized with respect to (Q,/Q){10].

Diffusive and convective contributions to the uraemic solute clearance

As we have stated earlier in Chapter 5, the division of solute clearance (Cl) into separate
convective (Clg) and diffusive (Cl,) contributions as in eq.(6.41) and eq.{6.42) is somewhat
misleading since the convective flow alters the concentration profiles because of the inter-
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action between the convective and diflusive components. Therefore, model predictions of the
diffusive (Cly) and convective (Cl,) contributions to the total (overall) urea clearance were
calculated according to eq.(6.44) and eq.(6.43) respectively. The overall urea clearance
normalized to the ultrafiltration flow rate {C1/Q)) calculated according to eq.{8.1), the diffusive
component normalized to the ultvafiliration flow rate (C1,/Q) calculated according to
eq.(6.44) and the convective component normatized with respect to the ultrafilivagion flow rate
(CL/Q) calculated according to eq.(6.43) are shown in Figure 8.6 in relation to the dialysate
indet flow rate normalized with respect to the ultrafiltration flow rate (Q;/Qy). Tn the analysis
of regression lines representing the relation between Cl/Qr and QQ;,/Q);, the blood {low rate
varied from 82 to 345 ml/min, yielding an averaged value of 213 ml/min. The lines in Figure
8.6 represent thus the general trends for an average blood flow rate of Q=213 mi/min,

In CAVHD, the dialysate flow is administeved in the presence of ultrafiltration, Therefore,
in the analysis of solute clearance from the ‘dialysate flow’ point of view, the presence of
ultrafiltration flow has to be taken into account. As can be seen from Table 7.2 and Figure
8.6, the convective component of the overall urea clearance decreases (slightly} with the
increasing rate of the dialysate flow. One of the differences between CAVHD and
conventional intermittent hemodialysis is the effect of increasing dialysate flow rate ((),;) on
ultrafiltration flow rate ((J)). In intermittent hemodialysis systems increases in Q; results in
decreases in (¢ because of the increased hydrostatic pressure in the dialysate compartment,
which decreases the net transmembrane pressure difference, However, in CAVHD, increases
in dialysate flow rate do not decrease Q) because the dialysate flow rate is so small in size and
compliance of the dialysate compartment. As can be seen from Figure 8.6, the wrea clearance
per ultrafitiration flow rate (C1/Q)) increases with increasing rates of the normalized dialysaie
flow (Qy/ Q) in a quadratic form. Figure 8.6 shows a linear relation between the normalized
urea clearance and the dialysate flow rate for Q,;/(}=3. Lowering the dialysate flow rate
faster than the rate of ultrafiltration weakens the concentration driving force and eventually
dialysate saturation (diffusion equilibration) takes place. At (3;=0, solute removal accurs only
by convection {CI=()), resulting in the solute concentration in the blood inlet (C,;) becoming
equal to the solute concentration in the dialysate/ultrafilvate outlet (C,,) if there is no clotting

in the hemofilter.

Dialysate-blood equilibrinum (saturation)

In contrast to the conventional intermittent hemodialysis, in CAVHD an excellent dialysate-
blood equilibration is achieved. To determine the degree to which blood and dialysate achieve
equilibration of urea concentration during CAVHD, we analyzed the normalized dialysate
flow rate in relation to the ratio (C,,/C,;) with C,, the uraemic solute concentration at the
dialysate/ultrafiltrate outlet and C,; the uraemic solute concentration at the blood inlet of the

hemofilter.
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Figure 8.7: The ratio of solute concentration at the blood iniet to that at the
dialysate outlet (C4,/C,;) as a function of the dialysate low administered per
ultrafiltration flow rate (QQ;/ Q) (dashed line) and as a function of the ratio of
dialysate flow rate to the blood inlet flow rate (Q,/Q,.) [10].

In Figure 8.7, the ratio (C,,/C,} is related to the normalized dialysate flow rate ((3,;/ Q) and
to the ratio of dialysate-to-plasma water inflow (Q,;/Q, 3. From Figure 8.7 it can be seen that
for approximately /(<3 and 0Q;/(),;<0.2, the ratio C,,/C,; increases frem 0.7 up to 1
where complete blood-dialysate equilibration for urea is achieved. Sigler et al [2] assigned the
reduction of the dialysate-to-blood-urea concentration ratio (C,,/C,;} below 1 to an early sign
of hemofilter clotting. When C,,/C,;<0.6 complete clotting can be anticipated within next
3 to 4 hours. They stated this for a dialysate flow rate of 11/h, In fact, the term Gy, /G

represents the strength of the concentration driving force at the hemofilter blood inlet. The
smaller the ratio C,,/C,; {thus Cy,/C,;«1), the stronger the concentration driving force, Also
in the absence of clotting, by relative high dialysate flow rates, as can be seen From 8.7, values
£0.6 for Cy,/C,; may be achieved, leading to a solute clearance more by diffusion than that

by convection.

In the region of low dialysate flow rates, where the dialysate-blood equilibrium occurs, the
ultrafiltration may improve the dialysis. It is, in fact, a prediction of our mathematical madel
that at low dialysate flow rates and low overall diffusive permeability, the diffusive component
of solute clearance may increase as wltrafiltvation flow rate rises. During simultaneous
convection and diffusion, the ultrafiltrate formed across the hemofilter membrane carries
solute at a concentration (C,,, see eq.(5.15)) that is less than that in the plasma water. By that,
true convective clearance must be less than the rate of ultrafiltration. I the ultrafiltrate so
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formed, particularly near the hemofilter blood outlet where the solute concentration in blood
is least (See Figures 7.1 and 7.2), is to leave the hemofilier at the dialysate/ultrafiltrate outlet
in equilibrium with the bleod side, prior to exit of that ultrafiltrate from the hemofilter, some
additional solute from the blood side must be transported by diffusion. From Figure 7.1 can
be seen that as the dialysate flow rate decreases, nearly complete equilibrium can exist in the
first hall of the hemofilter length, while diflusion transports solute in the second half' from the
blood side. For conditions of perfect blood-dialysate equilibration at the blood inlet of the
hemotfilter, the entire solute carried by the dialysate flow must be transported by diffusion (in
the second half of the hemofilter) so that the total rate of diffusive solute removal will exceed
the rate of dialysate flow (C1>Q;). Nevertheless, Sigdell [9] and other authors [12] have

suggested that, due to solvent drag, increasing rates of ultrafiltration may diminish the
diffusive component of solute clearance by reducing the blood-dialysate concentration

gradient.
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Figure 8.8: The calculated diffusive and convective urea clearance as a function of the
ratio (C;,/C,). The Cl;, and Cl;; represent the diffusive and convective contributions to

the solute clearance respectively in the manner used by Sigler et al [2].

In the analysis of solute transport the fact that C,;,/C, ;= allows the diffusive and convective
components to be computed as separate components of solute clearance. Justification of this
assertion rests on the fact that when there is dialysate saturation (or equilibrium) where
Cy,=C,;, the diffusive transport will alivays be the one value that is the upper limit for a given

solute concentration and volume flow rate. The explicit upper limit is numerically equal to
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the dialysate flow rate ({C1=Q), where Q,» Q. As Q,,; falls or becomes equal to Q; there are
progressive deviations from complete dialysate-blood urea saturation. In intermittent
hemodialysis, dialysate saturation does not occur and it is not possible to accurately compute

the separate diffusive (Cl;;) and convective (Clg) components from eq.(6.41) and eq.(6.42).

Model predictions of the diffusive (Cly) and convective {Clg) contributions to the total (overall)
urca clearance swere also calculated in the manner used by Sigler et al [2] according to
cq.(6.41) and eq.(6.42) respectively. In Figure 8.8, the ratio of diftusive clearance according
to eq.(6.41) to the diffusive clearance according to eq.(6.44) (Cl,/Cly} and the ratio of

convective clearance according to eq.(6.42) to the convective clearance according to eq.(6.43)

(Cl/Cl) are shown for various values of the ratio C,,/C,;.

At about Gy,/C;=0.7, Cl, hecomes equal to Cl, and the Cl; becomes equal to Cl. For
Cao/Cyi20.7, the fraction of urea clearance due to diffusion, as determined by eq.(6.44) was
underestimated by eq.(6,41), As is shown in Table 7.2 this underestimation corresponds to the
values of low dialysate flow rates at relative high rates of ultrafiltration flow. From
Cyo/ C=0.7 up to G,/ C,;=1, the underestimation rises up to 20%. For Cy,/C,;<0.7, the
diffusive clearance by eq.(6.41) with respect to the diffusive clearance by eq.(6.44) is
overestimated by no more than 5%. In contrast to the diffusive clearance, from G,/ C;=0.7
up to Cy,/C,;=1, the fraction of urea clearance due to convection as determined by eq.(6.43)
is overestimated by eq.{6.42). According to eq.(6.41) and eq.(6.42), the dialysate flow rate
normalized with respect to the rate of ultrafiltration flow (Q;/ Q) equals the ratio Gl /Cle.
According to the trend lines in Figures 8.6 and 8.7, we may hardly prove the existence of the
relation Cly/Cl.=Q,./ Qr in CAVHD, since the definition of diffusive contribution (Clp)
(or clearance) according to Sigler et al [2] is a hypothetical clearance that would produce the

same concentration at the dialysate outlet without ultrafiltration,

Overall diffusive permeability coefficient

According to eq.(6.44) the diffusive urea transport (clearance) is praportional to the overall
diffusive permeability coeflicient (K,=SK,) and to the existing concentration gradient, An
increase in the overall diffusive permeability will lead consequently to an increase in the
diffusive solute clearance, The size of this increase depends strongly on the dialysate flow rate,
noting that the overall diffusive permeability coellicient itself depends also on the dialysate
flow rate [5]. In Chapter 7, the effect of dialysate flow rates on the overall diftusive

permeability was demonstrated in Figure 7.5.

In Figure 8.9, the relation between the diffusive urea clearance and the overall diffusive
permeability coefficient is illustrated for the dialysate flow rates of 0.5, I, 2, and 3 1/min,
showing the curvilinear increase of the diffusive urea clearance with the increasing values of
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the diffisive permeability. To calculate solute clearance from eq.(8.1), the overall diffusive
permeability coeflicient (SK;=K,} has to be determined in the presence of ultrafiltration,
noting the fact that we derived the overall diffusive permeability coeflicient as normalized with
respect to the ultrafiltration flow rate (SK,/Q)) from the expression of the normalized urea
clearance (Cl/ () according to eq.(8.1}. The overall diffusive permeability coeflicient (SK Q)
is a measure of the relative importance of solute removal by diffusion with regard to that by
wtrafiltration (convection). At SKy /=0, the solute clearance becomes equal to the
ultrafiltration flow rate (CI=Q),).
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Figure 8,9: Diflusive urea clearance (Cly) as a function of the overall diffusive
permeability coefficient {I) at different rates of dialysate inlet flow (Q),) [10].

Clearance of different uraemic solutes

As can be seen from Table 8.1, uraemic solutes such as urea, creatinine and phosphate were
cleansed from blood with different rates of removal under the same operational conditions,
with the flow rates ranging from ,,=82 to 345 ml/min, ,;,=0.5 to 3 1/h and ;=3 to 18
ml/min. It is evident that the difference in the clearance of uraemic solutes is caused by the
overall diffusive permeability of the hemofilter membrane. Under the same operational
conditions and hemofilter characteristics we calculated the overall diffusive permeability
cocflicients (K =SK ) for urea, creatinine and phosphate. In Figure 8,10, the K’s of urea and
that of the phosphate are shown in comparison to the K| of creatinine, all under the same
operational conditions and hemofilter characteristics. The regression lines, representing the
following regression equations,
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K (urea) = 1.32K (creatinine) R*=094 n =136 (8.12)

K (phosphate) = 0.75K (creatinine) R* = 0.88 n = 36 (8.13)

show that the K| of urea is 32% greater and that of the phosphate is 25% smaller than the K|
of creatinine, With increasing molecular size (weight) of solutes, the overall diffusive
permeability coeflicient was observed to decrease, The data regarding the overall permeability
coeflicients of these solutes were obtained under the conditions where the hemofilter
resistance to blood flow varied between 0.04 en 0.4 mmHg/(iml/min) as we mentioned earlier.
The overall diffusive permeability coefficient () for urea, creatinine, phosphate and other
solutes (some antibiotic drugs ) up to 1500 Daltons are shown in relation to the hemofilter
hydraulic conditien {MI) and the dialysate flow rate ((}) in Chapter 9.
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Figure 8,10; The overall diffusive permeability coefficients of creatinine and
phosphate in relation to the overall diffusive permeability coeflicient of urea. The
permeability coefficients were obtained under the same operational conditions.

SENSITIVITY OF K5 AT LOW DIALYSATE FLOW RATES

As mentioned before, the CAVHD is a unique treatment methad with its very slow dialysis
that is mostly provided by keeping the dialysate flow at relative low rates. In order to
determine the effect of flow rates and concentration gradients on predicting the values of
diffusive permeation coeflicient from clearance data, a simple sensitivity analysis is performed
by calculating the relative variations of the overall diffusive permeability coefficient (AK,/K))

due to the relative variations of flow rates and solute concentrations, according to eq.(8.3).
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The relative variation of the overall diffusive permeability coeflicient (AK /K ) due to the
concentration gradient (Cy,/C. ), is illustrated in Figure 8.11. As can be seen from Figure
8.11, the AK,/K, remains constant {unchanged) up to Gy,/C,;=0.7, probably due to the fact
that the K reaches its maximal value (Kymax) where the concentration driving force at that
moment is the strongest. From C,,/C,;=0.7 up to 1 (dialysate saturation), the AK,/K, shows
a sharp increase of up to more than 30%, resulting from a sharp decrease in K due to blood-
dialysate equilibrium. In Chapter 7, see for example Figure 7.5, we have demonstrated that
the K, increased with increasing rates of the dialysate flow up to its limiung {maximal} value
in a quadratic form. By comparing Figure 8.7 with Figure 8.11, it can be seen that the value
G4/ C,=0.7 corresponds to the value (,;/ Q=3 and Q;/Q,;%0.2. This value may be inter-
preted as the Hmiting value of the dialysaie flow rate to get rid of the trouble of ultrafiltration
in manipulating the diffusive solute removal safely.
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Figure 8.11: Relative variation of K, in relation to the ratio of solute concentrations (C,,/C, )
for varying values of flow rates. (Q ,=0.5-3 I/h, Q) , =82 -345 mi/min and Q ~6-18 ml/min}
[10].

A dialysate flow rate slower than the ultrafiltration {low has consequences for the solute
clearance: As the dialysate flow decreases, the concentration gradient between the blood and
dialysate compartments on each side of the hemofilter membrane, which takes care of the
diffusive solute removal, will be less or not effective on the first half of the hemofilter length
[4,11]). Gradually, the dialysate outlet solute concentration {Cy,) becomes almost equal to the
incoming blood solute concentration (G,). At Cy,=C,;, clearance reaches a critical cut-off and
equals the sum of rates of dialysate and ultrafiltration flows only. As the dialysate flow rate
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becomes lower than the ultrafiltration flow, diffusive solute removal in the first half of the
hemofilter will eventually stop as a result of dialysate saturation or diffision equilibrium, The
ultrafiltration alone reduces the concentration gradient {2], Reducing the concentration
gradient will reduce the ovérall permeability coefficient (K) [9]. Consequently, the solute
removal by diffusion stops while the removal of excess water continues. In Figure 8.12, the
AK /K, resulting from the variation of dialysate flow rates ((Q),;) is shown for comparison at
different rates of the ultrafiliration flow (Q). The AK /K, reaches his imiting (minimal) value
at the highest dialysate and at the lowest ultrafiltration flow rate. This can also be seen from
Figure 8.13 where AK /K, due to the variation of ultrafiltration flow rates {Qy) is shown for
comparison at different rates of dialysate flow ().
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Figure 8.12: Relative variation of K, in relation to the dialysate flow rate (Q; ) for different
values of the ultvafiltration flow rate (Qy) [10].

Concern that concomitant ultrafiltration flow might markedly interfere with the dialysis
process was unfounded by other investigators so far {3}, Figures 8.12 and 8.13 show that the
ultrafiltration flow rate may interfere with the dialysis process by affecting the diffusive
permeability, depending on the dialysate flow rate. The relative variations of K decrease with
the increasing values of ;7 Q. The higher the dialysate flow rates, the smaller the refative
vartations of K,; At relative high rates of dialysate flow, one can predict a maximal value of
K, (8K ymax) with relative small variations. This may be attributed to the fact that on high

dialysate flow rates, the thickness of the dialysate boundary layer will be smaller and the
dialysate fluid will be better distributed over the whole bundle of fibers in the hemofilter,
resulting consequently in a better diffusive performance. At low dialysate flow rates on the
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contrary, the ultrafiliration affects the K| resulting in a poor diffusive performance.
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Figure 8,13; Relative variation of K, in relation to the rate of the ultrafiltration
flow (Qp) [10}.
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Figure 8.14; Relative variation of K, in relation to the inlet plasma water flow
rate (Q,) [10].

In Figure 8.14, the AR, /K, as a function of the bleod flow rate is shown for comparison at
different dialysate flow rates. Blood flow rate apparently docs not affect the AK/K, In a

laboratory setting we have studied the effect of blood flow rates on the overall diflusive
permeation coeflicient {1]. Also from the results of that study, we could not observe any
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relation between the blood flow rate and the overall diffusive permeability coefficient (K,}.
8.4 DISCUSSION AND CONCLUSION

In the previous chapters, we introduced mathematical models to analyze the clinical clearance
data in terms of the overall diffusive permeability coefticient (K,=8K ) as a measure of the
solute removal by diffusion in the presence of ultrafittvation. In this chapter, we analyzed the
determinants of uraemic solute clearance in CAVHD, especially at low dialysate flow rates.
Further, by applying a simple sensitivity analysis to the clinical data of uraemic solutes such
as urea and creatinine, we analyzed the dependence of K, on the flow rates and

concentration gradient,

In CAVHD, the ultrafiltrate {(3=5-20 ml/min) flow is spontaneous. Evidently, increasing
the rate of ultrafiltration (Qy) will result in an increased uraemic solute clearvance since the
convective contribution to total urea clearance is proportional to the rate of ultrafiltration.
Qur results show a curvilinear increase in urea clearance with Q; at relative high rates of
the dialysate flow. Since the rate of ultrafiltrate production limits the solute convective
clearance, higher rates of solute difusive clearance are achieved by increasing the dialysate
flow rate. Depending on the patient’s uraemic state, it varies between 0.5 and 3 1/h. In
CAVHD, the slow dialysis occwrs in the presence of ultrafiliration and may be manipulated
by adjusting the dialysate flow rate to a certain level to control the patient’s uraemic state.
Low rates of dialysate flow provide stow dialysis of small uracmic solutes such as urea and
creatinine. In CAVHD, the blood ((Q,,=50-350 ml/min) flows are spontaneous. High blood
flow rates favor high rates of solute removal. Our results show a curvilinear increase in urea
clearance with Q) at relative high rates of the dialysate flow. Since the blood flow depends
on the patient’s cardiac output, the type of vascular access and the hemofilter characteristics,
an acdequate blood flow rate may be diflicult to achieve. If the resistance of an AN-69 capillary
hemofliter to blood flow (R) is higher than 0.4 mmig/{ml/min), the hemofilter may be

assumed to start clotting,

Model predictions of the diffusive and convective contributions to the total (overall) urea
clearance were calculated in the manner used by Sigler et al [2] (See eq.(6.41) and eq.{6.42))
and also calculated according to eq.(6.43) and eq.(6.44). In cases with the relative high
ultrafiltration How rates, the fraction of urea clearance due to diftusion, as determined by
eq.(6.44) was underestimated by eq.(6.41). The convective contribution to urea clearance
decreases (slightly) with the increasing rate of the dialysate flow. The diffusive clearance on
the other hand increases with increasing rates of the normalized dialysate flow ((Q;/Qjin a
quadratic form. A linear relation between the normalized urea clearance and the dialysate
flow rate was observed for (/<3
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In contrast to the conventional intermittent hemodialysis, in CAVHD an excellent dialysate-
blood equilibration is achieved. Lowering the dialysate flow rate faster than the rate of
ultrafiltration weakens the concentration driving force and eventually dialysate saturation
(diffusion equilibration) takes place in the first half of the hemofilter length, At (3;=0, solute
removal occurs only by convection (Cl=Q)), resulting in the solute concentration in the blood
inlet (C ;) becorming equal to the solute concentration in the dialysate outlet {C,,).

Results of our measurements show a curvilinear increase of the diffusive urea clearance with
the increasing values of the overall diffusive permeability. The size of this increase depends
strongly on the dialysate flow rate, noting that the overall diffusive permeability coefficient
itself depends also on the dialysate flow rate [5,11}. The overall diffusive permeability
coefficient may be calculated from clinical data. In contrast to the intermittent hemodialysis,
this must be calculated in the presence of ultrafiltration, since the diffusive clearance in
CAVIHD is a combined clearance process with ultrafiltration rather than a pure diffusion
process. With increasing molecular size (weight) of solutes, the overall diffusive permeability
cocflicient was observed to decrease. Under the same operational conditions and hemofilter
characteristics, we found that the K, of creatinine is 25% and the K, of phosphate is 45%
smaller than the K, of urea,

In contrast to the conventional intermittent hemodialysis, in CAVHD excellent dialysate-
blood equilibration may be achieved. The concentration profites depicted in Figure 7.1 and
Tigure 7.2 (See Chapter 7), show apparently that adjusting the dialysate flow can manipuiate
the concentration gradient to a certain degree in the presence of ultrafiltration, to controf the
diffusive removal rate of {uraemic) sclutes. By setting the dialysate flow to a certain rate and
by considering the blood and ultrafiltration flow rates, one can predict the rate of solute
removal by simultancous convection and diffusion on the hand of the nomograms from
Figures 8.3, 8.4, 8.5, 8.6, and 8.9. From the relation between C,,/C,;and (Q,/(); and the

relation between C,,/C_;and (},/Q); from Figure 8.7 one can estimate the necessary rate of
dialysate flow to achieve a certain rate of solute removal coupled with the simultancous

removal of excess water.

Sensitivity analysis

On one side, this sensitivity analysis of K| shows that calculating the K| at relative low rates
of the dialysate flow in presence of ultrafiltration is not reliable, especia-lly near or at complete
blood-dialysate equilibrium. The higher the dialysate flow rates and the lower the
ultrafiltration flow rates, the smaller the variations in K. Calculating the overall permeability
coefficient at relative high rates of dialysate flow is therefore important, for example by
extrapolation (Kymax, see further Chapter 9). On the other side, the relative low rates of
dialysate flow make the CAVHD unique for the treatment of hemodynamically unstable
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acute dialysis patients. Within the operational limits of CAVHD, with the upper values of
=20 ml/min and Q,=60 ml/min, the effect of ultrafiltration on the predicted value of the
permeation coellicient is negligible if the condition Q;/ Qg2 3 is fulfilled. In intermittent

hemodialysis this problem does not exist {(3,=200 ml/min and Q<5 mi/min). With slow and
continuous dialysis, dialysate saturation can occur, especially at dialysate flow rates tess than
ultrafiltration flow rates, In that region of flows, the relative variations in the predicted values
of the permeation coeflicient are considerably high (up to 35%), especially for Qu<3Q;.

Keeping this controversial fact and the results of this sensitivity analysis in mind, a dialysate
flow rate at least 3 times the ultrafiltration flow rate is enough to manipulate the solute
removal by diffusion without considering the ultrafiltration. Both mechanisms of solute

removal by sinudtaneous convection and diffusion are subject to the same blood flow.

Two important parameters indicating the hemofilter performance

In therapies such as CAVHD, the membrane hydraulic permeability index (MI) and the
overall diffusive pet'llleation coeflicient (8IS strongly determine the hydraulic and diffusive
performance of the hemofilter. These two parameters are the decisive parameters in
estimating the rate of ultrafiltration flow and diftusive solute removal in the presence of
ultrafiltration. Both parameters decline over time, independently from the hemofilter
resistance {We investigated data of declining of K, in time in a different study.).
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ANALYSIS OF RESISTANCE TO DIFFUSION DURING BULK MASS
TRANSPORT IN CAVHD: A prediction model for antibiotic drug

clearance

Chapter 9

9.1 INTRODUCTION

In Chapter 5, on allowing for bulk mass transport limitations under the combined effects of
solute convection and diffusion, we developed a one-dimensional mathematical model to
analyze the removal rate of solutes in continuocus arterio-venous hemodiafiltration {CAVHD),
The analysis of the combined effects of mass transport by simultaneous convection and
diffusion owing to bulk mass transport is limited to the knowledge of the relative weighting
factors (fi) and (fy) for the convective part and to some extend to the knowledge of the averall
diffusive mass transfer coeflicient (Iy) for the diffusive part of solute transport. The factors (f;)
and (fy) describe the relative weighting of the bulk solute concentration in blood (C,) and in
the dialysate (C,) compartments to the concentration G, =\ #I (  that is dragged by plasma
water during the solute removal by convection. The K, is regarded as the reciprocal of the

sum of the resistaitce to diffusion exerted by the blood concentration boundary layer (R,) and
the resistance exerted by the dialysate concentration houndary layer (R} and the resistance

exerted by the membrane (R).

In Chapter 6 we were able to develop an analytical mathemnatical model for the solute and
volume transport in CAVHD by assuming that the solute concentrations within both the
blood and the dialysate compartments are 'mixing cup' concentrations. By virtue of this
assumption {and some other assumptions of course) we could analytically solve the transport
equations so as to yield an expression of the overall diffusive permeability coeflicient (K =SK)
as a function of the membrane surface area, the blood, filtrate and dialysate flow rates and
solute concentrations {1,2,3]. When we applied our model to data obtained during CAVHD
[4], the data showed that we cannot take the value of K; as a constant because of the
following reasons; 1) The K, of a solute decreases in time. In our interpretation this reflects
an increase of the resistance (R,+R_ ) to diffusion because of ongoing protein adsorption and
gradual clotting. 2) The K, of a solute increases with the increasing rates of dialysate flow.
This may be explained by a fall in the resistance to diffusion (Ry) due to thinning of the
dialysate concentration boundary layer. In simple terms, the improved mixing within the
dialysate compartment lowers the concentration of the solute near the membrane and by that
promotes diffusion {5]. These observations show that the assumption regarding the “mixing-
cup” concentrations may not be valid in the tow rates of dialysate flow as far as the dialysate
compartment is concerned, Consequenily, when our model is used for the prediction of solute
transport rates, the influence of the membrane condition and that of the dialysate flow rate

have to be taken into account.
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In this chapter we described a numerical computational method for solving the equations
governing the mass balance, The method was applied to the clearance data of uraemic solutes
and some antibiotic drugs up to 1500 Daltons and to the data of hemofilter hydraulic
condition measured during CAVHD, so as to determine the convective conecentration factors
(f, and f3} and the resistances (R +R,, and R to diffusion from the overall diffusive mass
transfer caeflicient (K) within the operational limits of CAVHD. Depending on the
hemofilter hydraulic condition (M1} and the dialysate flow rates ((3,), the resistance (R,+R)
of blood and membrane and the resistance (Ry) of dialysate to diffusion were determined by
Wilson’s plots, Further, by making usc of the capillary pore theory, the diffusive permeation
coeflicients (K) of some antibiotic drugs were related to that of the creatinine so as to predict
the clearance of antibiotic drugs from the clearance of creatinine under the same operational
conditions and hemofilter characteristics (a prediction model). By this, it was demonstrated
how, by using the results of this analysis, our one-dimensional analytical model may be
applied to predict transport rates of different solutes under different operational conditions

and membrane characteristics.
9.2 METHODS

The mode! description and equations describing the overall mass balance are given in
Chapter 5. In Table 5.1, the boundary definitions and variables are shown.

Computational methods for local flow and mass balance

Calling Ax a length element on which all variables are considered to be constant, all the first
order differential equations governing the local flow rates, pressure and solute mass balance
along the length of hemofilter membrane are solved by the Euler method {16]. The local

blood pressure is computed from the following difference equation:

Px+Ax) = P(x) - & A
fardx) = Px) 7 0,00 G, (x) Ax ©.0)
T

with its starting value at x=0:
Px=0) = P, = P, - RO, (9.2)

Solution of eq.(9.1) at x=L, results in the postfilter blood pressure Py{L)=P,,. Local blood
viscosity (1)) is related to the local protein concentration (G} and to the local hematocrit
{H1), according to eq.{3.12). The local blood flow rate {(),) is computed from:

Qv + Ax) = Q,(x) - Qfx, x + Av) (9.3)

with its value Q=0 +Q .y at x=0, with Q4 the flow rate of substitution fluid [8]. In
€q.(9.3), the term Qyx,x+Ax) represents the cumulative rate of ultrafiltration flow:
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(e, x + Ax) = %Lp[Pb(x) -P,-IL (] Ax ©.4)

LEq.(9.4) at x=L; results in the net rate of ultrafiltration flow. In the previous equations
governing the local blood flow and pressure, the rate of blood flow entering the extracorporeal
circuit (g} is assumed to be measured. As we mentioned earlier in Chapter 3, the resistance
of blood access components could reasonably be predicted from their geometry, but the
measured resistance of hemofilter to the blood flow was 3 times higher than its predicted
value. We, theretore, determine the blood flow rate (QQ,,) with the condition that the blood
pressure at the venous access, Py, calculated by means of eq.(3.1), becomes equal to the
measured value of mean venous pressure (MVP), The equations are then solved with
successive adjustments of Q, until the following condition is satisfied:

128 L.

MVP - [PL) - d;’“ ML) QL) < 107¢ ©.5)

Va2

where P{Ly), 1,(L) and Q,(Ly) are values of hydrostatic blood pressure, blood viscosity and
blood flow rate at x=1,, which result from eq.(9.1), eq.(3.12) and eq.(9.3) respectively. In order
to compute the local flow rates and solute concentration profiles on both side of the
membrane, which are needed for the conservation of local mass balance, the solute mass
transfer rates {(), C,) and ((,C,) are solved numerically by using the measured or calculated
boundary values as initials. In the blood compartment the solute mass transfer rate is
calculated as:
S
C A0 (x+Ax) = 0 ()C () - 3 Ax J(x) (9.6)
!
with the initial value Q,{0)C (0)=0Q,,C,; at x=0 and J,, the transmembrane solute flux, is

given by eq.(5.33):
5y = VUG £1C) + Ky (€, C) ©.7)

with the convective concentration factors f;, and { and the overall diffusive mass transfer
coefficient (K. The local flow rate of plasma water (QQ,,) is computed from:

0, x+A) = @ (x) - Qfx,x + Av) 9.8)

with its value Q3 ()=0Q),; at x=0. The rate of solute mass transfer in terms of dialysate

variables is calculated as:

C e+ QLx+A%) - %Ax (%) - CLOQ, () ©.9)

with the initial value Q,(0)C,(0)=0,,C,, at x=0. The local dialysate flow rate {((} J is computed
from:

Qfx+Ax) = Qfx,x + Ax) - Q) (9.10)
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with its initial value -Q{0)=0Q, at x=0. In all points along the hemofilter tength, eq.(9.6)
and eq.(9.9) obey eq.(5.10) conserving the overall mass balance.

In calculating the local mass balance, the overall diffusive mass transfer coefficient (K,) is
determined from the selution of analytical model [3,4,17] (See Chapter 6). For solutes with
steving coefficient y=1 and for a constant profile of ultrafiltration volume flux, the overall
mass transfer coeflicient can be predicted from eq.(6.50). In other cases, the overall diffitsive
permeability coefficient is calculated by iterative adjustment techniques using eq.(6.48) as its
initial value, All the equations governing the mass transfer rate are solved by adjusting the K,
successively with the condition that mass transfer rate, Q,(L)Cy(Ly) at the dialysate inlet,
which results from eq.(9.9) at x=L;, must equal the measured or known value of Q;C;=0.
With the condition met all governing equations are then solved with successive adjustments

of K until the following condition is obtained:
QML)CAL) ~ 0pCy 5 1074 ©.11)

As the condition defined by eq.{9.11) is provided at x=L, ¢q.(9.6) and eq.(9.9) obey eq.(5.10)
conserving the overall mass balance in all points along the hemofilter length.

The convective concentration factors £, and

In Chapter 5, the net solute flux across the membrane was expressed in terms of the solute
concentration (G, ) at the blood-membrane interface and the solute concentration (G, ) at
the dialysate-membrane interface 6. See Figure 5.2. Then, by using thin-film theory [7] the
solute interface concentrations were corrected for the bulk mass limitations, namely for the
bulk solute concentrations (G, and Cy). Eventually, the net solute flux was expressed by
£q.(9.7} including the relative weighting (convective concentration) factors {f;, and ). The
convective concentration factors, describing the relative weighting of blood (C)) and dialysate
concentrations (Cy) in the evaluation of the concentration of solute (C,=f,C,+f,C,) that is
dragged by plasma water into the dialysate region or by dialysate fluid into the blood region
in case of back filiration, were given by eq.(5.34) and eq.(5.35) [8]:

8, K .

= z -2 (9.12)
LU peMe D eyeEt -y 1
1 K

fo= - + (9.13)

(1 -peie® -1 eyEt-n YL

where ] is the local ultrafiliration volume flux {density) as given by eq.(5.3) or by eq.(6.5) used
also by Sigdell [9]. 9, represents the sum of the Péclet numbers for the blood (6,), the
membrane (0,) and the dialysate region (0):
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0, =0+0 +0 —J(db+yd"*+d") (9.14)
p T U P Y T Y .
" Db Dm Dd
where d,, d,, and d, are the thicknesses of the blood concentration boundary layer, the
physical membrane and the dialysate concentration boundary layer (See Figure 5.2)
respectively. The Dy, D, and D, represent the effective diffusion coeflicients in blood,
membrane and dialysate respectively. In Figure 5.2, the convective concentration factors were
theoretically demonstrated for two different solutes with sieving coefficient y=1 and y=0.4

as a function of the total observed Péclet number (v],./K,).

Analysis of the overall diffusive mass transfer coefficient
The overall mass transfer coefficient (K,) is to be regarded as the reciprocal of the sum of the
resistances to diflusion exerted by the blood side (R.}, the membrane (R, =1/P_) and the
dialysate side (R} of the hemofilter:

Kld =R, =R, +7,1n—1 * Ry (9.15)
According to Colton [5], there is a linear relationship between Ry and Q™ with the value
of m ranging between 0.5 and 1.0, depending on hemofilter geometry. For the overall

resistance to diffusion, we used eq.(9.15) as:
| b

= +

1
E K max Q,;’,-'

(9.16)

where #Q;™ corresponds to R, At infinite dialysate flow rale, the resistance to diffusion of the
dialysate compartment will be zero and the maximum value of ¥, Kymax, is obtained,

Therefore, the term Ry +1/P, in eq.(9.15) corresponds to the reciprocal of K jnax, See further
Chapter 8 for the sensitivity analysis of K,=SK en the blood, wltrafiltration and dialysate flow
rates [10]. In CAVHD, the maximum value of I; has to be related to the hemofilter
condition (membrane index MI) because K; of a solute decreases in ime, In accordance with
q.(9.16), a linear regression analysis of [/K, as a Rnction of 1/Q; ('Wilson's plots’) yields the
value of K max that is the reciprocal of the y-intercept of the corresponding regression line
and the value of b, which is the slope of the regression line, The value of m is obtained by

using the curve fitting procedure.

Mass transfer coefficient of solutes of different molecular weights

The rate of diffusion through the membrane is influenced by the size, the shape and the
electrical charge of the molecule. The influence of the size, i.e. the molecutar radius (r,) of the
solute, may be theoretically predicted from “capiliary pore model”. For a rigid non-adsorbing
spherical solute diffusing through a cylindrical pore (radius r), the effective diffusion
coeflicient {D,) is related to the free diffusion coefficient (D} in water according to [11}:
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i 2.1E + 2.99(_{5)3 -~ 1'71(f{)5 +0_73(_‘E)ﬁ]
¥ r r 7

D
i ’ : : ’ ©.17)
r Tos
1 -0.76(-)
rp

where solute radius (r,, [A]) may be approximated from published data [12]:
r, = 0.51 MW" (9.18)

with MW [Daltons] the molecular weight of solute. Eq.(9.17) is knowir as the Haberman and
Sayre equation. For practical clinical purposes, if the overall mass transfer coeflicient (K,,) for

creatinine is known, the corresponding values for other solutes may be estimated:

K ¥ r. D p T

dc ] $ ™ 5
— =d,— +d,— [, — +d,—~ 8.19
K, r, "r.. DD, r,

where the subscript ¢ represents creatinine. However, the boundary layer thickness (d,) of

blood side and that () for the dialysate side are not known. The d, and d; may be calculated
from inner and outer diameters of the hemofilter fibers as described by Sigdell {9]. However,
Sigdell’s expressions are related to the dry or wet state condition of membrane only, not to the
operating hemofilter membrane index (MI), which declines over time. Therefore, depending
on the membrane condition (MI) and the dialysate flow rate (), the membrane resistance
(R,,=1/P,) has to be estimated in relation to the total resistance to diffusion using eq.(9.16)

for a known pore radius.

Clinical conditions

Patienis were treated with CAVHD for acute renal failure and sepsis and/or circulatory or
necurological instability [13]. For vascular access we used special 11 em CAVH-catheters
{Medcomp, 8 I) in the femoral vessels. Hemeofilters were prepared by rinsing the dialysate and
blood compartment respectively with 2 { of saline containing heparin 5000 U/1 Filters were
placed in the upright position with the ultrafiltrate outlet up, Standard anticoagulation
consisted of heparin 500 U/h into the arterial line of the hemofilter, No loading dose of
heparin was given. No protamine was used. or fluid substitution Ringer's lactate or saline
was infused into the arterial line (predilution). The amount of substitution fluid was adjusted
hourly to the net ultrafilvation rate. Reasons for hemofilter replacement were clotting of the
filter or an uvltrafiltration flow rate <200 ml/h. For dialysate a commercially available
hemaofiltration substitution fluid was used (HF-21, Fresenius). Dialysate was heated to 38 °C.
It was run counter currently at a rate of 0.5 to 3.0 1/h using a roller pump (Bellco BL758,
Mirandola, Ttaly), The flow rate was adjusted te blood chemistry if necessary. Antibiotic drugs
were given as clinically indicated.

- 132 -



Chapter 9

Measurements and study protocol

The hemofilter we used is the 0.6 m* AN-69 capillary hemofilter (Multiflow-60%, Hospal,
France). AN-69 is a symmetrical high-flux membrane, The hemofilter contains 6000 fibers,
15 cm fong i;lcluding 1 em length of potting at both ends. The inner diameter of the fibers is
220-240 pm [14]}. The pre-and postfilter blood pressure (Py; and P, ) were measured from the
arterial and venous tubing using an electronic pressure monitor. The pressure in the dialysate
compartment (P was calculated from the ultrafiltrate column height (h). Oncotic pressure
(IL) was calculated from the average plasma protein concentration {C_,) according to Landis-
Pappenheimer equation [15]. The arterial blood flow rate ((},,) was measured by air bubble
displacement over a length of arterial tubing, containing a volume of 13 ml or by using an
electronic flowmeter with a clamp-on probe around the blood line. The net ultrafiltration flow
rate (())) was measured by timed collection. Dialysate (Q),) and substitution fluid ((),,,.q) flow
rates were determined by an electronic weighing device. First, the infusion pumps of dialysate
and substitution fluid were turned off. We measured the hemofilter resistance (R} to blood
flow and the hydraulic permeability index (MI) to determine the hemofilter condition.
Samples of arterial blood plasma (G} and ultrafiltrate (C)) were taken to determine the
apparent sieving coefficient. Then, the infusion pump of substitution fluid was turned on and
the sieving coeflicient was again determined. After that, the dialysate flow rate was set to
=1 I/h. Dialysate samples (Cy,) were taken from the collection bag to determine the solute
and drug clearance and the overall mass transfer coefficient (I{) from eq.(9.2) and numerical
iterations [16] provided that the condition defined in eq.(9.11) is fulfilled. Finally, the dialysate
pump was turned off and MI and R; were determined again to control the hemofilter
condition according to eq.(3.21) and eq.(3.3) respectively, Hemofilters had been used for up
to 3-3 days. If the value of R; was higher than 0.4 mmHg'min/ml, clotting of fibers was
assumed and the data were discarded. The same procedure was repeated at dialysate flow
rates of 0.5, 2 and 3 I/h,

9.3 RESULTS

Relative weighting factors f, and £

In order to determine the effect of relative weig'hting {convective concentration) factors (f, and
{3 on the convective solute removal, the local creatinine concentrations (G, and C) along the
hemofilter length were calculated from the data of creatinine clearance, which was obtained
with (=199 ml/min, Q=6.2 ml/min, Q=5 ml/min, Q;=8.5 ml/min, H,=0.3, C,,=80
g/1, P,=60, P,,=20 and Py=-3 mmHg, C,=22% and C,;,=193 mmol/L. The overall diffusive
mass transport coeflicient was caleulated as Ky=21.2 pm/min (21.6 ym/min according to
€q.(6.50)). The creatinine clearance by combined convection and diffusion was Cl=11.8
ml/min (eq.(5.26)) and the convective clearance Cl.=5.9 ml/min (eq.(5.27)). The relative
importance of removal of plasma water to that of creatinine was 0,~Q/SK,;=49%. The
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contribution of convention to the creatinine clearance was Cl,/Cl= 50%.
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Figure 9.1: Creatinine concentration profiles and the concentration factors f;, and £
in relation to distance along the length of hemnofilter and in relation to the local Péclet
nomber (J,/K,) [18].
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Figure 9,2: Length averaged convective concentration factors fy and £, in relation to
the overall Péclet number (Qy/SK,) and to the ratio (Q./Q,) (dashed lines) [18].

In Figure 9.1, solute concentrations contributing to diffusive {C -Gy} and convective
(f,C,+,Cy) creatinine clearance are shown as a function of the distance along the length of
the hemofilter and as a function of the local Péclet number (J./K,). The average contribution
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of blood side to the convective creatinine removal was §;=54% and that of the dialysate side
was [;=46%. In calculating the factors f), and £, we used R:R R, =10:50:40. In fact, as can
be seen from eq.(9.12) and eq.(9.13), the factors &, and f; depend on the local Péclet number
{J./Ky), not on the ratio Iy, : R : Ry, In Figure 9,1, the f and f; are shown as a function of
J./K; and as a function of the distance along the hemofilter length. The factors f} and {,equal
0.5 at J,=0. At J <0, where the filtration takes place from dialysate into blood (back filiration},
the concentration factors become £,<0.5 and {;>0.5. Within the conventional ranges of
operational conditions (€,,=50-343 ml/min, (=5-20 ml/min, Q=0 -15 ml/min and
0,;=5 -60 ml/min), we calculated the length averaged values of f, and {j in relation to the
overall Péclet numbers (Q/SK) and in relation to the ratio of dialysate flow rate to the rate
of ultrafiltration flow (Q,/ Q). As can be seen from Figure 9.2, the length averaged values of
fi, and {) depart from 0.5 up to 10% with increasing values of (O,/SK,) and with decreasing

values of (Q,/ Q).
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Figure 9.,3: Relationship between extrapolated vakue of R,+R, and membrane
liydraufic permeability, as expressed by the value of MI. The drawn curve represents
prediction of R, +R,, according to the equation: R,+R,=0.075/MI for MI <12 and
R,+R,,=1/160 for MI> 12 {18].

Predicting the overall mass transfer coefficient and solute clearance

Under different operational conditions, we calculated the overall mass transfer coefficient (K, )
for creatinine. For the calculation of R, +1/P,, from q.(9.16), 16 times regression analyses
were performed. With our data, a linear relationship was best approached when we
substituted 1.0 for the value of m, where dialysate flow rate was varied between ;=05 and
3 1/h. The average stope of the regression equations, which indicates the influence of Qy; on
Ky, was 6=0.15 (s.c.m. 0.05). For each data set, Kymax was determined by taking the
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reciprocal of the y-intercept of the corresponding regression equation. Further, 1/Kgmax of
creatinine was calculated at different values of the membrane permeability index (MI).The
relation between Ry +R, and M1 is shown in igure 9.3. The relationship was then described
by the following simple empirical equation for MI<12 ml/(h'mmHg):

1 _ 0075 015
. {9.20)
dc

Mg,
and for MI>12 mi/(h-mmHg):
41,0
K, 160 @,
By combining eqs.(9.20} and (9.21), we estimated the SK, for creatinine. We then compared
them with the observed SK; values, which were calculated by using eq.(9.11) at different

values of Qy; and MI. The value of Q; varied from 0.5 to 3 I/h.

(9.21)
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Figure 9.4: The observed diffusive permeability coeflicient (SK,) and the observed
clearance of creatinine in relation to the values calculated by prediction. The broken

lines show the 95% reliability intervals [18].

In Figure 9.4, the observed SK, is shown versus the predicted SK ,for creatinine. The average
difference between observed and predicted values was 5% according to the regression
equation: SK;, (observed)=1.05-8K,, (predicted) -3.02 with R*=0.77 and n=112. Using both
the observed and predicted values of K, we calculated the observed and predicted creatinine
clearance by eq.(6.51) and compared to each other in Figure 9.4, The average difference
between observed and predicted values was 3% according to the regression equation: Cl
{observed}=1.03CH1 (predicted)-1.25 with R*=94 and n=112.
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Table 9.1: Observed values of the ratio K /K, for different uraemic solutes
and antibiotic drugs with their free fractions in plasma water measured with
an AN-69 membrane [2].

solute MW [Daltons] K, /K, n free fraction n
urca 60 1.32 109

lactate a0 0.93 2

creatinine 113 1 109

uric acid 168 0.93 123

phosphate I74 0.75 125

vitamin B, 1355 0.24 5

imipenem 317 0.68 20 1.00 22
ciprofloxacin 351 0.85 2 1.02 6
cilastatin 384 0.56 21 0.68 20
cefuroxime 424 0.72 21 0.80 21
cefotaxime 455 0.37 li 0.76 14
tobramycin 468 0.72 26 0.82 19
ceftazidine 547 0.66 22 (.92 12
vancomyein 1449 0.37 5 0.67 5

Mass transfer coefficient of solutes of different molecular weights
Further, by calculating the overall mass transfer coeflicients of other uraemic solutes and
antibiotic drugs (See Table 9.1) up to 1500 Daltons, a fixed relationship was found from the
following regression equation:

__Ifg - (MW -0.42

K, 13

(9.22)

In Figure 9.5, the ratio K /K, is shown in relation to the solute molecular weight (MW,
{Daltons]). Using Wilson’s plots, we estimated the contribution of membrane resistance
(R/R,) to the total resistance from our data.

Table 9.2: Membrane resistance as a percentage of the total
resistance to diffusion for different dialysate flow rates and
membrane hydraulic permeability index (MI, fml/h-mmHg}}).
Qg [1/h]  membrane resistance to diffusion, R, [ of R g

for MI=4 for M1=8 for MI=12
0.5 34 -51 20 -34 26
| 45 -68 43 -51 41
2 54 -81 56 -68 58
57 -96 63 .76 68

As shown in Table 9.2, the R, may vary between 26% and 86% of the total resistance,
depending on MI and Q. At MI=8 ml/(h'mmHg} and Q,;=1.0 1/h, a realistic estimation of
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R,/R, would seem to be 50%. Using eq.(9.20), the contributions of R, and R to the total
resistance (R,y) were estimated by adjusting the parameters d,,, d,, and d; in eq.(9.19) so that
the values of K /K, according to eq.($.19) become equal to the values of K;/K,. from
eq.(9.22).
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Figure 9.5: Relationship between observed values of K, /K, of different uraemic
solutes and antibiotic drugs and their molecular weight. See text. Data were obtained
with the 0.6 m® AN-69 capillary hemofilter (Multiflow-60%, Hospal, France} {18].
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Figure 9.6: Nomogram for the estimation of resistances R, R, and R of
solutes up to 1500 Daltons [18].
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In Figure 9.5, the calculated values of K;/K,, from eq.(9.19) are shown for pore radii r,=30
Aand r,=60 A. With the AN-69 membrane, the pore radius is approximately 60 A, From
Figure 9.5, we estimated that for creatinine, with an average membrane index {(MI=8
ml/th-mmHg)) and at a dialysate flow rate of 1 [/h, the resistances R, R and R, are related
to each other as Ry R R ;=10:50:40, In Figure 9.5, the curve ! represents the regression
cmrve: K/ Ky =(MW/ 113Y%* with R?=0.76 and n=15, the curve 2 represents the K,/K,_
curve according to Haberman and Sayre equation for pore radius r,=60 A with
RyR,:R4=10:50:40 and the curve 3 represents the curve 2 fo r =30 A. In Figure 9.6 a
nomogram is shown for estimating the relative values of the blood (Ry), the membrane (R}
and the dialysate (R,) in relation to molecular weight up to 1500 Daltons.

Predicting the antibiotic drug clearance
Clearances of some antibiotic drugs were measured during CAVHD at the dialysate flow rates
of | and 3 I/h (See Table 9.3). The clearance data were obtained with the AN-69 capillary

hemofilters at different operational conditions,

Table 9.3: Range of antibiotic drug clearance during CAVHD at two different
rates of dialysate flow. Data obtained with the AN-69 capillary hemofilter [2].

Drugs Q) {ml/h] Cl [ml/min] Cl [m]/min] n
Qu=11/h Qs =31/h
imipenem 180-720 8-34 17-49 23
ciprofloxacin 410-490 18-23 24.39 4
cilastatin 200-720 6-20 1-24 24
cefuroxime 270-990 7-26 10-42 22
cefotaxime 380-990 9-20 17-25 13
tobramycin 240-880 13-24 17-32 30
ceftazidine 240-890 13-30 17-38 24
vancomycin 330-740 8-20 11-20 6

The overall diftusive permeation coefficients of drugs were calculated using the iterative
adjustment techniques with the condition described in eq.(9.11). The overall permeation
coeflicients calculated on this way we call “SK, ohserved”. From the relation between the
SK, of creatinine and the SK, of other solutes, as described by eq.(9.22), we predicted the
overall diffusive permeation coeflicient of drugs, which we call “SK, predicted”. Using the
predicted values of the overall diffusive permeation coeflicients, we predicted the clearance
of antibiotic drugs from eq.(6.51). In Figure 9.7, the observed values of SK,; and drug
clearance are shown in relation to their predicted values. The average difference between the
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observed and predicted values of 8K, was 4% according to the regression equation: S,
(observed)=1.04-SK,, (predicted) -1.72 with R*=0.65 and n=106. The average difference
between the observed and predicted values of clearance was 7% according to the regression
equation: Cl {observed)=0.93Cl (predictedy+1.89 with R*=86 and n=112.
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Figure 9.7: The observed diffusive permeability coeflicient (SK,) and the observed
clearance of antibiotic drugs (See Tables 9.1 and 9.3) in relation to the values
calculated by prediction. The broken lines show the 95% reliability intervals [18}

9.4 DISCUSSION AND CONCLUSION

Within the conventional ranges of operational conditions, the factors f, and £; contributing to
the convective clearance for uraemic solutes can be best taken to be equal to 0.5 with a
variation of maximat 10%, so that the condition “f,={;=0.5" for the validation of eq.(6.4) is
fulfilled. The empirical equations, eq.(9.20) and eq.{9.21), in which the resistances R #+R and
R; are related to the ultrafiltration coeflicient (M) and to the dialysate flow rate (Q)
respectively, are aimed not to gain a true physical picture of resistance to the diffusive solute
transport in each region of the hemofilter, but rather to show the impact of the dialysate and
the ultrafiltration flow rate on estimating the creatinine clearance by combined effect of
diffusion and convection. The "'Wison’s plots’ allowed us both to determine Ry+R | and R,
separately and to quantify the influence of dialysate flow rate on Ry, This analysis serves three
purposes: First, the estimation of K;; allows our model to be applied in the prediction of solute
transport under diflerent operating conditions. Second, quantitative information about the
effect of the dialysate flow rate on the overall diffusive permeation coeflicient (SK ), i.e. the
slope of the regression line. Third, if the contribution of R, is determined within certain limits,
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the Haberman and Sayre equation may be applied so as to predict the transport rate of solutes
of different molecular weight, The actual results showed that, in CAVHD, the precise
determination of Ry, R, and R is of little importance. The method allows a crude estimation
of the refative contribution of Ry, R, and R, to the overall hemofilter resistance to diffusion.
The latter may be of importance when one attemipts to extrapolate to transport rates of solutes
of different molecular weights, We previously reported on our one-dimensional analytical
model of continuous arteriovenous hemodiafiltration (CAVHI) 3, 4, 10, 17]. In that model,
the possible effect of bulk-mass limitations (the ‘unstirred layer effect’) was not taken into
account. Unfortunately, as in CAVHD the dialysate flow rates are low and variable, the
influence of dialysate flow rate on the resistance to diffusion cannot be disregarded. Therefore,
this mathematical model can be used to take the effect of bulk-mass limitations into account.
This is, however, a numerical model that requires time consuming iterative calculations,
Moreover, it takes for input a number of variables (R, R; and R, ), the value of which can be
estimated by using Haberman and Sayre equation, as it is demonstrated in Figure .5 and in
Figure 9.6. But, in our view, a more practical solution is to separately analyze the
determinants of the resistance to diflusion, and incorporate the relevant regression equations

(9.20, 9.21 and 9.22) into the analytical model.

So far, the overall diffusive permeability coeflicient (IK,.=SKy were calculated by using

€q.{6.50) as an initial value of numerical iterations so as to provide the condition given by
eq.(9.11) is fulfilled. Eq.(6.50) was derived from the analytical solutions of the overall mass
balance equations as we carlier described in Chapter 6. The overall diffusive permeability
coefficients calculated by both computation techniques were compared to each other. For
urea, creatinine and phosphate, we found that the K, on the hand of analytical model was
caleulated with an average (n=65) difference of maximal 5% in respect to the K calculated
according to the numerical adjustment techniques. The use of the predicting the overall
diffusive permeability coefficients on the hand of the relation between the overall diffusive
permeability coeflicient of creatinine and other solutes, depending on the solute molecular
weight as given by eq.(9.22) resulted in a fairly accurate estimation of the clearance of drugs.
Furthermore, this prediction model can be used to estimate the clearance of other drugs of

solutes used in case of self-poisoning.
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EFFECT OF ULTRAFILTRATION, DIALYSATE SODIUM
CONCENTRATION, TREATMENT TIME AND UREA CLEARANCE ON THE
TRANSCELLULAR FLUID SHIFT: A simulation study of sodium therapy

Chapter 10

10.1 INTRODUCTION

As we have mentioned in Chapter 2, the most frequent complication of conventional
intermittent hemodialysis and hemodiafiltration therapy is the dialysis-induced hypotension
{1}. An important factor in the development of hypotension during hemodialysis is a decrease
in blood (plasma} volume, due to ultrafilration and an insuflicient refilling the intravascular
volume. The (rate of) plasma volume refilling, a measure of the fluid transport from
interstitium to the intravascular space during ultrafiltration, is one of the major determinants
of vascular stability during conventional hemadialysis [2]. Previous reports pointed out a
transcellular fluid shift from the extracellular volume (V.) compartment to the intracellular
volume (V) compartment during conventionat (low dialysate sodium) hemodialysis, leading
to a decrease in V that might interfere with the process of repleting the intravascular volume.
This insufficient refilling might be caused by a transcellular fluid shift from the V,
compartment to the V; compartment [3]. It has been stated that the rapid fall in plasma
osmolality during dialysis causes a fhiid shift from the V, into the V), so called disequilibrium
syndrome [2,4,5]. This internal fluid shift together with external flaid removal by
ultrafiltration results in a decreased intravascular volume and hypotension {3,6], Plasma
refilling is ote of the major determinants of vascular stability during hemodialysis, It has been
shown that the magnitude of hypovolemia and resultant intra dialytic hypotension is
dependent upon the rate of fluid removal and vascular stability {7,8,9]. It has also been
demonstrated that dialysate fluid with a high sodium concentration can imduce a transcellular
fuid shift from V; compartment to the V, compartment [3,8,10,11,12]. The reduction in the
incidence of hypotension [2,13], disequilibrium syndrome {10], and muscle cramps [14] by
high-sodium hemodialysis may therefore be related to changes in fluid balance between the

V; and V, compartments.

In this chapter, we introduced a mathematical simulation model of sodium kinetic which may
be usefu for the clinical practice. The simulation is based on a 2-pool sodium kinetic model.
By means of such a simulation maodel, the changes in the concentration, the volume, and the
osmolality in both the intracellular and the extracellular compartments can be predicted
during modeled dialysis sessions. We analyzed the influence of dialysate sodium concentration
and the rate of ultrafiltration and dialysis duration on the transcellular fluid shift during
treatment with modeled dialysis sessions of 1 to 8 hours. The simulation results show that the
magnitude of fluid shift from V_ to V; decreases with slow dialysis, high sodium concentration

- 143 -



A simulation study of sodium therapy

it the dialysate fluid and low rate and amount of ultrafiltration. Refilling of the intravascular
volume is faster at high than at low rates of the ultrafiliration flow. To some extend, this
reduces the fluid shift from the V, into the V; compartment. Increasing the dialysate sodium
concentration has therefore the greatest effect on the transcellular fluid shift at low rates of

ultrafiltration flow.
16.2 MATHEMATICAL MODEL

Previous models

Previous investigators have developed mathematical models to calculate sodium mass balance
[15, 16, 17} and to predict the volume changes in extracellular and intracellular space that
occur during hemodialysis [18,19,20,21,22,23]. These models have made important
contributions to the understanding of sodium therapy. However, these models do not include
the effect of transcellular urea gradients on fluid shift; these models also assume that this fluid
shift occurs instantaneously, so that osmotic equilibrium exists between V_and V,; at all times
during a dialysis session. These assumptions may be invalid for short-time, high-efliciency
dialysis, where the difference between transcellular urea and nonurea osmolar gradients may
be large and time insufficient for equilibrium to occur. In their mathematical model,
Heineken et al [24] have included the effects of urea osmolar gradient, and osmotic
disequilibrium and were able to successfully simulate the high- and low-sodium dialysis
experiments and calculate a whole body ultrafiltration coeflicient. However, in this model the
correction factor for plasma water (F,), Donnan ratio {¢,,) of dialyzer plasma water sodium,
transcellular reflection coeflicient (0,) for urea, and hematocrit (Ht,) dependence of sodium
dialysance ([y,) were not included. Furthermore, the convective transport of urea from V,
to V, was incorrectly calculated. By accounting these factors in their model, Pastan et al {25]
were able to calculate the changes in osmolality, fluid shift and sodium and urea mass balance
during dialysis. In their model, however, the changes in hematocrit and plasma protein
concentration during a dialysis session were not included and the Donnan ratio was taken to
be constant, In fact, the Donnan ratio is dependent on the plasma protein concentration
which may also change due to ultrafiltration. Since sodium removal occurs from plasma water
only, the changes in plasma water as a result of changes in hematocrit and plasma proteins
have to be taken into account. These factors were accounted for in our model. Our madel
incorporates diflerential equations describing the mass balance of intra- and extracellular
urea, nonurea and plasma water as a function of treatment time {t;). Owr mode! formulation
is similar to that of Pastan et al [25], but not identical.

Model description
We assumed a 2-compartment model consisting of V,_ and V. Urea is constantly generated
in the fiver and assumed to directly enter to extracellular volume (V,) [26]. During dialysis,
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urea transport between V; and V_ and its removal across the dialyzer membrane occur by
diffusion and convection. For the purpose of the mathematical model, all impermeant
nonurea solutes (NaCl, KCl, mannitol, etc.) are lumped together as a single nonurea solute.
The only other additional extracellular osmotically active solute is assumed to be sodium
(Na") at a total {free plus bound) concentration C, »,. Between the V; and V, compartments
ion exchange occurs by diffusion and plasma water is transported with an ultrafiltration
coefficient (Kg). The Donnan-ratio is taken to be dependent on the plasma protein
concentration. We assumed that the changes in the plasma protein concentration and

hematocrit depend on the changes in the extracellular volume.

Intracellular water, urea and Na* mass balance

The rate of volume flow between V, and V; equals the change in the V; during dialysis and

is taken to be proportional to the difference between the osmotic pressure in these spaces:
ﬂ,—i = = K .RT AOsm (10.1)

F . .
where Kp=149.4 I Atm/mmol °K is the whole body ultrafilivation coeflicient [24], that is, how
quickly water enters or leaves the plasma volume from the interstitial space, R is the gas
constant, T is the temperature. The magnitude of the net osmolar driving force is defined as:
AOsm. = ¥,{C,p, — C) + 0,(C,, - C) (10.2)

where Ky,=1.846 is a factor that converts the molar concentration of Na* and its
accompanying anions into its osmotically equivalent osmolar concentration [27], C, y, is the
extracellular Na* concentration, C; is the intracellular concentration of osmotically active
nonurea, ¢,=0.95 is the transcellular urea reflection coeflicient [28}, C_, is the extracelluar
urea concentration and G, is the intracellular urea concentration. The rate of nonurea solute
mass transport is assumed to be constant:
ay,c
T d
The rate of intraceflular urea mass transport is due to the sum of diffusive and convective

=0 (10.3)

transport from V; into the V.

4,6 @,

— = -K/(C, - ) +sC —

dt Cou Mt

where K, =800 ml/min is the diffusion coefticient of urea {24,29,30}, s=1 is the urea trans-

cellular sieving coeflicient [25].

(10.4)

Extracellular water, urea and Na* mass balance
The change in the extracelluar volume (V) during dialysis equals the sum of the rate of
volume flows from or into V; and that from dialyzer:
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av,  av,

o @ o) (10.5)
in which Q) is the net rate of ultrafiltration flow through the dialyzer. The mass balance of
extracellular Na* is given by:

d(V e, i\ﬂ) Q
d! - D.Na(l - _f} (Ca‘i‘f\‘a LN Ce,!\-’a) - Qf e Ce,.g\'a (106)

wi

in which Gy, is inlet dialysate Na* concentration, Q, ; is the inlet plasma water flow rate, ¢y,
is Domnan ratio {15, 31] and Dy, is the dialyzer sodium dialysance [15}.The terms on the
right-hand side of eq.(10.6) includes the rate of Na" mass transport by diffusion as well as by
ultrafiltration through the dialyzer membrane, The Na* concentration in plasma water
(C,sna) at the dialysate blood inlet equals the Na* concentration in the extracellular volume
(Ce o). Plasma water flow rate (Q, ) is calculated from the inlet blood flow rate (Q,,,) as:

(1-0.96 Hr,)
Qm’ = Qba‘—”"F_—

W

(10.7)

in which F,=0.927 is a correction [actor for plasma water [31,32} and Ht, is the arterial
hematocrit. The rate of extracellular urea mass transport is given by:
dv,CG.)

A1 dV Q
- K(Cu=Cud sCu— fIDAI-ai)+QGQﬂ (10.8)

where the first term on the right-hand side is the rate of diffusive and the second term is the
rate af convective urea transport, the third term (G,=0.083 mmol/miny} is the urea generation
rate [15,38] and the last term is the rate of urea removal by diffusion and convection through
the dialyzer membrane with 1, representing the dialyzer urea dialysance (clearance). Since
the dialysate inlet urea concentration (Cy,) is zero, the urea dialysance is the same as the urea
clearance [15]. The urca clearance can be calculated from eqs.(6.45-6.47) using the flow rate
of blood in place of plasma water. According to Pastan et al {25], the Na® dialysance may be

derived from the urea dialysance as:
Dy, =D (1-096H:) (10.9)

because Na® is removed only from plastma water.

Donnan factor ¢y,

The impermeability of the dialyzer membrane for charged proteins causes a Donnan-effect.
The so-called Donnan-factor is defined as the concentration (measured by flame photometry)
ratio of electrolyte ions between plasina and dialysate after reaching an equilibrium. The
Daonnan-factor (ratio) is calculated according to the NCE “net cation equivalency” of proteins.
Part of the sodium in plasma water is covalently bound or “complexed” to proteins, This
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amounts to no more than 1% according to Van Lecuwen [34], and 1.37 mmol per 100 gram
of hydrated proteins according to Bosch et al [35]. Depending on the plasma protein
concentration, the Donnan-factor for Na* varies up to 1.0. According to Bosch et al [35], the
Donnan factor has to be calculated as the ratio of Na® concentration in ultrafilirate to that
in plasma water both measured by ion selective electrode (ISE). In this way, for sodium
plasma concentrations within the range of 136-146 mmol/l, Man et al [36] has calculated the
Donnan ratio from the ratio plasma-to-dialysate concentration at equilibrium and found to
be ¢y,=0.954. According to Stiller et al [31] and Sargent et al [15], the Donnan ratio

amouitts to 6.94. Shaldon et al {37] derivated an empirical formula to calculate the Donnan

ratio from the plasma protein concentration:
cC, +C
ty, = 1.007 - 9-10-4_3% (10.10)
with G, and C,,, each representing the plasma protein concentration at the dialyzer blood
inlet and at the blood outlet respectively, G, and C, are calculated according to eq.(3.16) and

€q.(3.18) respectively, with Q,.,=0, noting that G becomes equal to C,,.

Hematocrit and plasma protein mass balance
The arterial plasma protein concentration and arterial blood hematocrit are conserved with

the following protein and hematocrit balance:

= G, OV,0
T (10.11)
He (O)V,(0)
Hi, = =5 (10.12)

£

in which G, (0), Ht,(0} and V (0} represent the predialysis (at t=0} values of arterial plasma

protein concentration, arterial hematocrit and extracellular volume respectively,

Dialysis efficiency index
The delivery of a dialysis treatment is highly dependent on adequate solute removal, adequate
fluid removal and the stability of the patient’s treatment. The quantity of urea removed during
dialysis is the product of dialyzer clearance (D, [I/min]) and the treatment time (t;,[min}). An
adequate dialysis treatment is achieved if the total amount of urea clearance per treatment
approximates the predialysis volume of urea distribution (V, =V =0+ V{t=0), {I]) in patients
who have negligible residual renal function. This statement is characterized by an efliciency
index (DP) as:
DP = Dty _ In Ced = n—1

V. Clly  1-FRU,

a

(10.13)
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where G, (0) and G, (t,) are the pre- (t=0) and postdialysis (t=ty) extracellular urea
concentrations respectively and FRU, represents the removed fraction of urea (urea reduction

ratio) from extracellular volume:

cC O -C )
FRU - £ eu™ @ 1
[%] “ew (10.14)

DP index is used as a measure of the effective dialyzer performance and also as a measure of
the amount of dialysis {dose of diaiysis), a fractional volume which is cleared per dialysis
session. When the efficiency index (DP) is grater than 1, the treatment is considered adequate.
An efficiency index of DP=1 corresponds to an urea reduction ratio of 60 to 65%. To remove
60 to 65% of the predialysis urea in a given patient, a dialyzer with a low urea clearance will

require a longer treatment time than a dialyzer with a high urea clearance,
10.3 SIMULATION RESULTS

All equations governing the urea and sodium mass balance are numerically integrated by
using the Runge-Kutta-Merson method {38] in the simulation programme Psi/e [39]. See
Appendix for the Psi/e listing of simulation. The computation times were short enough to
perform the simulations, In Table 10.1 the constanis and variables used for this simulation

work are shown.

Table 10.1: Values of parameters used for the mathematical simulation of Na*

and urea transport.

Parameter Value  Units Parameter Value Units

Ciixa variable mmol/t s 030r0.2 1/min

Cup o mimnol/] Qs Vur/ts 1/min

G(0) 140 mmaol/] plasma | Vip 1-3 1

C, 0 140 mmol/l plasma | V(0) 16.4 1

C. 0 40 mmol/] plasma | V{0) 28.0 1

G0 40 mmol/i plasma | V, 44,4 1

Ht, {t=0) 0.3 o, 0.95

G,,(t=0) 70 g/l R 0.08206  IAtm/{*Kmmol)
T 310 °K Ke 149.4 ml/{minAtm}
K, 800 ml/min G, 0.083 mmol/min
Kys 1.846 s 1

F, 0.927 DP 05-1.5

The simulations were performed for an ideal 72 Kg patient, with an initial vale of
V. (t=0)=16.4 { and V,(t=0)=28  prior to dialysis. Initial values of C, y, and C; were 140
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mmol/l in plasma. In calculations, the urea and nonurea plasma concentrations were used
in units of mmeol/] in plasma water on dividing plasma concentrations by F,=0.927. Initial

urea conecentrations G;, and C,, were 40 mmol/1. Throughout each dialysis session we used

€,,,=9.2-0.3 1/min, Ht (0)=0.3 and C,,(0)=70 g/1. The modelec urea dialysance {clearance}
was calculated from different values of dialysis performance index, eq.(10.13), namely
DP=0.5, 0.75, 1, 1.25 and L.5 for varying treatment durations (;=! to 8 hours). The
predialysis volume of urea distribution was V,=44.4 /. For cach dialysis session, the ultra-
filtration flow rate (Q; =Vyp/ty, Vyr represents the amount of ultrafiltration in Hters) was
adjusted so that Vi;;=2.4 | plasma water was ultra filiered fiom the V, compartment.

dialysis index DP
0.5 .75 1 1.25 1.5 1.75 2
0_5 i i L b M 1 i I3 s i L 90
0.4 - 80
=
£
= 70
g 0.3 4 L fg
p=4 L 60 L3
e 2
= A X
& 0.2 1 [Ty
S - 60
&
R
. - 40
0.0 . . . . . . . . . y . . . 30
60 120 180 240 300 360 420 480
treatment time ty [min]

Figure 10.1: Theoretical urea dialysance (clearance) for modeled dialysis sessions from I to 8 howrs
at different values of dialysis performance index {DP). An achievable urea clearance even with
short, high efficiency treatments is maximal 0.33 1/min. The dashed line represents the urea

reduction ratio (FRU,) versus the dialysis index.

In Tigure 10.1, the urea clearance for values of different dialysis index is shown as a function
of modeled dialysis sessions from | to 8 hours, Figure 10.1 shows how a “short-time, high-
efficiency dialysis” may be modeled from the parameters of dialysis performance index (DP),
the patient volume of urea distribution (V) and treatment time (ty) under the condition that
the same amount of urea and the same amount of water are removed at the end of each
dialysis session. The dialysis indexes DP=0.5, 0.75, I, 1.25 and 1.5 correspond to an urea
reduction of 40%, 53%, G3%, 71% and 83% of the predialysis volume of urea distribution
{V,) at the end of dialysis session respectively. In short, high efficiency treatments (8,<240
minutes), an urea clearance of 0.26 1/min can be achieved with a blood flow rate of 0.3
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1/min, dialysate flow rate of 0.5 1/min and a dialyzer with an overall diffusive permeation
coefficient of SK_=1.0 1/min (K, : overall diffusive mass transfer coefficient and S : membrane
surface area, see eq.(6.43)). With a blood flow rate of 0.4 [/min and dialysate flow rate of 1.0
1/min and a dialyzer with SX,,=1.0 [/min, an urea clearance of 0.33 1/min can be achieved.
For urea clearance of D, >0.33 |/min, higher blood flow rate than 0.4 1/min and higher
dialysate flow rate than 1.0 1/min are needed. In conventional intermittent hemodialysis, an

urea clearance of 0.12-0.18 [/min is achieved with a dialysis session of 3-4 hours.

Effect of urea clearance on the fluid shift

In the simulations, the ultrafiltration rate {(J,) was adjusted so that at the end of each
treatment session 2.4 liters of plasma water was ultrafiltered. The dialysate sodium
concentration was Gy, =140 mol/L The urea clearance was adjusted so that for each dialysis
session of a period of 1;=4 hours, the dialysis index DP=0.5, 0.75, 1, 1.25 and 1.5 is obtained.
Further, we calculated the time courses of transcellular urea osmolar gradient, (Ce'u-Ci,,; ), the
nonurea osmolar gradient, Ky, (C_ x,-C)), and resultant (net) osmolar driving force, AOsm.=
00 -G JH 1 (Cepe- C), the changes in the intracellutar volume, AV;=V,-V{(0), the changes
in the extracellular volume, AV =V -V, (0}, for different values of DP index. In Figure 10.2
and Figure 10,3, these time courses are shown,

240 180 120 60 o

«
o
N

nenures gradient

o
x

(A
@
net osmolar gradlent [mOsmA]

urea and nonurea osmolar gradient
[mOsm/T]

1.5 urea gradient

7 T T T -2.8
[ 60 120 180 240
treatment time mlautes]

Figure 10.2: Time courses of urea, nonurea and net osmolar gradients for modeled
dialysis sessions of 4 hours with Cy; ;=140 mmol/} and Q=0.01 [/min,

Figure 10.2 shows that almost always in the first hour of each dialysis session, the nonurea
{positive) and the urea {negative) osmolar gradients result it a (negative} net osmolar gradient.

Urea osmolar gradient causes the water to move from V, to V; while the nonurea osmolar
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gradient works in the opposite direction, As water flows from V_to V;, the plasma sodium
concentration rises slightly, This resulis in a nonurea osmolar gradient that is of the same
magnitude as the urea gradient, but of opposing direction. A small water shift results in a
relatively large increase in’ extracellular sodium concentration because the extracellular
sodium mass is so large. This small degree of water shift is also a result of the dialysate sodium
concentration Gy, =140 mmol/1 (See the following section “Efiect of sodium concentration
on the fluid shift”.). As the magnitude of the net (negative) osmolar gradient (driving force)
increases with the increasing rate of urea removal as a result of the fact that the nonurea
gradient develops slower than its counter part, towards the end of dialysis time the net osmolar
gradient reaches a zero value resulting in equilibrium or a positive value resulting in water
movement from V; to V.. The faster the urea is removed, the faster the {negative) osmolar
urea gradient develops. The time delay in developing both osmolar gradients results from
barriers to solute diffusion (noting the fact that the equilibration rate is less than infinite) and
from a decrease of extracellular osmolality more quickly than the intracellular osmolality with
increasing rates of urea rernoval, Since the amount of ultrafiltration (and ultrafiltration flow
rate) is the same for each dialysis session, the changes in V; with urea clearance may he
attributed to the urea clearance by diffusion through the hemodialyzer membrane.

0.4 )
AV, DP =08 DPF = 1.6
03 1.5 126
—
£ 3
= =
s e
F%%1 0.75 o
L ‘s
> =Y
i A
b oz o
<
ot 0.5
AV,
] T T T -3
o 60 120 180 240
{realment time [minutas]

Figure 10,3; Changes in AV, and AV, in time for modeled dialysis sessions of 4 hours
with DP=0.5, 0.75, 1, 1.25 and 1.5.

The time courses of the changes in V, and V; due to the net osmolar gradient and ultra-

filtration are shown in Figure 10.3. The magnitude of fluid shift from V., to V;, AV,=V-V{0),
is determined from the increase in V,, The sum of postdialysis values of AV; and AV, reaches
the predefined amount of ultrafiltration volume, V,{t,)+ AV (t)=-V; =2.4 { of water, which
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means that at the end of each modeled dialysis session, 2.4 liters of plasma water is filtered.
The size of fluid shift increases with increasing rates of urea removal. An increase in the rate
of urea removal steepens the osmolar gradient between V; and V, compartments, resulting

in a fluid shift into cells, thus contributing hypotension.

Table 10.2: The relative changes in V, and V, compartments as a result of
different rate of urea removal at the end of a dialysis session of t;=4 hours

with a fixed (~=0.01 1/min.

DpP D, I/min] AV{t)/V{0) AV [t/ V (0) ey,
[%] [%] [min] after start
0.5 0.093 0.32 -15.18 113
0.75 0.139 0.58 -15.62 145
1 (.185 0.79 -15.98 148.5
1.25 0.231 0.96 -16.28 143.6
1.5 0.278 i1 -16.51 136

In Table 10.2, the relative changes in V; and V, as a result of different rates of urea removal
at the end of a dialysis session of t;=¢ hours with AV, {t,)=V, (t)-V; (0) and AV, {i)=V, (13-

V. (0). As the urea clearance increases, the V; volume increases and the V. volume decreases.
However, the relative changes in size of both compartments because of different rates of urea
remaval are small. The time at which an osmolar equilibrium occurs does change with the
increasing urea clearance. In Table 10.2, t,, represents the time of reaching equilibrium (zero
net osmolar gradient) after starting the dialysis session. Model predictions show for example
with an wrea clearance of D,=0.139 I/min, water movement from V, to V, stops at =t )=
145th minute and from that time to the end (t=t;=240 min.} of the dialysis treatment time

water removes from V, to V.

Effect of treatment time on the fluid shift

We madeled dialysis sessions in which the same amount of urea and the same amount of
water are withdrawn in different treatment durations. The urea clearance and ultrafiltration
flow rate were adjusted so that the dialysis performance index DP=1 is obtained and 2.4 liters
of ultrafiltration volume is filtered during and at the end of each dialysis session respectively.
In Figure 10.4, the time courses of the osmolar gradients are shown for DP=1, G5, =140
mmol/l and Q=2.4/t; during dialysis session from ;=1 to 4 hours. During a dialysis session
with the Jongest treatment time, the net {(negative) osmolar driving force is the lowest, e.g., the
rate of fluid shift from V, to V; is the slowest with the longest treatment time, The time
courses of the changes in V, and V,; due to the net osmolar gradient and ultrafiltration are
shown in Figure 10,5, It is evident that as the duration of dialysis treatmment increases, the size
of transcellular fluid shift decreases, noting that a zero or relatively more positive net osmolar
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gradient is achieved earlier in short than in long duration of dialysis treatment, In Table 10.3,
the relative changes in V, and in V_ at the end of each dialysis session are listed for Gy 5, =140
mmol/t, V=241, DP=1, V{()=28  and V {0)=16 4 /. Fram both Table }3.3 and Figure
10.5 it can be seen that the magnitude of water shift from V_ to V, is relatively small. This
magnitude becomes smaller with longer duration of dialysis treatment and smaller dialysis
performance index, namely with slower dialysis. The shorter the dialysis duration, the longer

time is needed to achieve osmolar equilibrium.,
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Figure 10,4: Changes in nonurea, urea and net transcellular osmolar driving
force AOsm. in time for modeled dialysis sessions from | to 4 hours.

Table 10.3: The relative changes in V,, AV{{t)=Vi{t)-V{0) and in V,
AV (1)=V (t,)-V.(0) as a result of varying treatment times with a fixed DP=1,

ty D, Q; AV e/ V(0 AV /V0) t, [min] after

[minutes] [ml/min] [ml/min] [%] %] start

60 740 40 [.4 -17.03 49.9

90 493.3 26.7 1.27 -16.80 64.8

120 370 20 1.12 -16.54 80

150 296 16 1.6 -16.34 97.5

180 246.7 13.3 0.91 -16.19 116.8

210 2114 11.4 0.84 -16.07 137.3

240 185 10 0.79 -15.98 158.5

In Figure 10.6, the magnitude of fluid shift from V, to V; is shown in relation to varying
dialysis duration and dialysis performance index. Dialyzing the patient in the shortest duration
of treatment with obtainable highest urea clearance results in the greatest magnitude of fluid
shift.
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Figure 10.5: Time courses of changes in AV, and AV,. The dashed lines represent the
postdialysis values of AV, and AV,
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Figure 10.6: Fluid shifi at the end of dialysis sessions modeled for I to 8 hours at different values
of DP= Dt,/V, with V, = 44.4 /.
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Effect of dialysate sodium concentration on fluid shift

The main effect of sodium in dialysis therapy is the regulation of the water distribution
between the intra- and extracellular space. To demonstrate the effect of dialysate sodium
concentration on the transcellufar fluid shift, we simulated dialysis schedules for a 4 hours
treatment, keeping the rate ((Q,=0.01 1/min) and amount (Vp = 2.4 /) of ultrafiliration and
urea clearance (D, = 0,185 I/min) constant and varying the dialysate Na* concentration
(Cyiny from 120 to 150 mmol/L. In Figures 10.7a and 10.7b time courses of the osmolar

gradients areshown.

From the time courses of the transcellular urea, nonurea and net osmolar gradients in Figures
10.7a and 10.7b, it is evident that an increased Na* concentration leads to an increased
nonturea (positive) osmolar gradient while the urea (negative) osmolar gradient was almost
unchanged. An increased sodium concentration in the dialysate fluid leads to an increased net
osmolar gradient, but in the early hours or minutes of dialysis treatment this net osmolar
gradient is moreAnegativc at low than at high dialysate sodium concentration. Not only the
size of nonurea osmolar gradient is increased with increasing values of Na' concentration, but
also the time necessary for equilibrium (t,,) is shortened. A zero or relatively more positive

net osmolar gradient is achieved earlier with a high than with a low dialysate Na'

concentration.

The time courses of the changes due to varying dialysate Na* concentration in the fluid shift
are shown in Figure 10.8. Lower dialysate sodium concentration results in much larger
transcellular volyme shift from V, to V; while higher dialysate sodium concentration show
reversal with shift occurring from V; to V_In Table 10.4, the relative changes in V; and in V,
due to varying dialysate sodium concentration ave listed. Up to almost Gy, =140 mmol/I,
the fluid shift occurs from V, to V,. The equilibrium time is sensitive to the dialysate Na®
concentration. The higher the dialysate sodium concentration, the shorter the equilibrium
time is. It is evident that in the very early minutes of treatment, lesser amount of fluid is shifted
from V, and te V,; at higher than at lower concentration of dialysate sodium, therefore
relatively lesser time is needed to diminish the fluid shift. With highest Cy;,, where the size
of water shift from V_ to V; reaches its minimal value, the shortest time is needed to refill the
V. compartment. This may indicate that with high dialysate sodium concentration water is
shifted earlier from interstitium to V; than from plasma volume to V,. The lower the dialysate
sodium cancentration, the lower the rate of refilling the V, compartment. For example with
this particular setting of modeled dialysis session, if Cy; 5, =120 mmol/1, one deals with an
insufficient refill. As the amount of water shifted from V, to V; together with the amount of
water withdrawn from V to the dialyzer outlet reaches its maximal value at the end of

treatment, the maximal size of decrease in plasma volume is reached.
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Figure 10.7a: Effect of dialysate Na*concentration on the urea and nonurea osmolar
gradients for a modeled dialysis session of 4 h with a fixed Q=0.01 1/min and a fixed
D,=0.185 1/min,
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Figure 10.7b Effect of dialysate Naconcentration on the net transcellular osmolar
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Figure 10.8: Effect of dialysate Na‘concentration on the fluid shift for 2 modeled
dialysis session of 4 hours with a fixed ultrafiltration flow rate 3;=0.01 1/min and a
fixed dialyzer urea dialysance of D,=0.185 1/min.

A fluid shift from the interstitium toward the intravascular space forms the only compensatory
mechanism o overcome or diminish hypovelemia. It is evident that dialysate sodium with
high concentration prevents the fluid shift from V| to V; and further improves it from Vito V,

Table 10.4: The relative changes in V, and in V. at the end of dialysis session due
to the changes in the dialysate sodium concentration. (=4 h, (3;=0.01 I/min.

Cixa AVt )/ V(0 AV (t,)/V (0) t,, [min]

[mmol /1 [%e] %] after start

120 6.90 -26.42 insufficient

125 5.35 -23.76 insufficient

130 3.81 -21.13 insuflicient

135 2,29 -18.54 insufficient

140 0.79 -15,98 149

142 0.19 -14.97 62

144 -0.39 -13.96 44

145 -(0.69 -13.46 39

146 -(.98 -12,96 36

148 -1.56 -11.97 30

150 -2.14 -10.98 26

Hypotension is more likely to occur with lower dialysate sodium concentration. If the dialysate
sodium concentration is lower than the plasma sodium concentration, the effects of osmotic
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transcellular fluid shift consequent on the removal of urea will be exaggerated because the
plasma will become even hypoosmolar relative to the cells as the result of movement of
soditm from plasma to dialysate compartment. A high dialysate sodium conceatration is,
therefore, particularly important at the beginning of dialysis treatment when osmolar gradient
between V; and V, compartments is greatest as is shown in Figures 10.7a and 10.7h.

Consequently, a high plasma sodium concentration will counterbalance the effects of
transcellular fluid shift. As can be seen from Figure 10.7b, the sodium concentration may
better be decreased slowly towards the end of dialysis, by taking care of time which is
necessary for the refill. After being reached a critical rate of sufficient refilling, the sodium
concentration may later be Increased again. But administration of too high sodium
concentration may lead to an excessive water intake as a result of thirst, which may cause

further problems for the next dialysis sessions.

Effect of ultrafiltration on the fluid shift

During the course of a single dialysis sessien of 3-4 hours, an ultrafiltration volume in
magnitude equal to the entire plasma volume (several liters of fluid) are removed by
ultrafiltration. The eftects of the amount of ultrafittration or flow rate on the fluid shift were
investigated by simulating dialysis sessions of 4 hours. Hereby the urea dialysance was fixed
to 0.185 1/min and the ultrafiltration flow rates were varied from 0 to 0.04 I/min. The
postdialysis volume of ultrafiftration was modeled 2.4 liters ultrafiltrate per .01 ml/min (3.6
liters ultrafiltrate with ;=0.04 1/min). Further, the Gy, was fixed to 120 mmol/l for low,

140 mmol/] for normal and 150 mmol/] for high dialysate sodium concentration. In Figares
10.9a, 10.9b and 10.9¢, the effect of varying ultrafiltration flow rate on the changes of
nonurea, urca and net transcellular osmolar gradient is shown for high, normal and low
dialysate sodium concentration respectively. The time courses of the changes in both V, and
V., due to varying ultrafiltration flow rates are shown in Figures 10.10a, 10.10b and 10.10c
for high, normal and low dialysate sodium concentration respectively. With high and normal
dialysate sodium concentration, ultrafitiration has effect on the urea gradient in the early
hours and on the nonurea gradient in the lfate howrs of treatment. In the first hour of
treatment, the nonurea gradients were almost unchanged. With the low dialysate
concentration, the nonurea osmolar gradient decreases in the early minutes and increases
again within the first hall hour. As the magnitude of osmolar urea gradient decreases with the
increasing rate of ultrafiltvation flow, the osmolar nonurea gradient increases in the opposite
direction. The relative change in the magnitude of osmolar urea gradient with increasing
ultrafiltration flow rate did not alter with the dialysate sodium concentration. The equilibriumn
time is also sensitive to the ultrafiltration flow rate. The higher the rate of ultrafiltration flow,
the shorter the equilibrium time is. It is evident that the equilibrium time is shorter with

higher dialysate sodium concentration.
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Figure 10.9a: Effect of ultrafiltration flow rate on the transcellular osmolar gradients

at high dialysate sodium concentration. G, =150 mmol/L.
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Figure 10.9b: Effect of ultrafiltration flow rate on the transcellular osmolar gradients

at normal dialysate sodium concentration. Gy, 5, =140 mmol/L.
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Table 10.5: The relative changes in V;, V, arterial hematocrit Ht, or plasma
protein concentration C,,, and oncotic pressure IL. Dialysis duration t,=4h.
AHt(1)=Ht,(0)-Ht (t,), AT {t)=I{0)- IL{t)) with Ht,(0)=0.3 and C,,(0)=70 g/1,
11,(0)=25.63 mmHg

Q  AVE/V(0)  AV()/VI0)  AHuE)/HL0) ATL{)/T(o) t, [min] after

[1/min] [%o] %) %] [%o] start
Dialysate sodium concentration Cy, ,=140 mmol/I

0 1.48 -2.52 2.59 4.04 insufficient
0.01 0.79 -15.98 19.02 31.91 149
0.02 -0.09 -29.12 41.08 75.65 62
0.03 -1.25 -41.77 1174 149.77 44
0.04 -2.96 -53.49 115.01 284.51 36

Dialysate sodium concentration Cyy,=120 mmeol/]

o 8.11 -13.85 16.08 26.65 insufficient
0.01 6.9 -26.42 35.091 64.71 insufficient
0.02 54 -38.48 62.56 125.83 insufficient
0.03 34 -49.77 99.07 230.46 202
0.04 0.47 -59.33 145,89 405.08 139

Dialysate sodium concentration Gy 5, =150 mmol/1

0 -1.65 2.82 -2.74 -4.19 28
0.01 -2.14 -10.98 12.34 20.13 25
0.02 -2.717 -24.55 32.53 571,79 23
0.03 -3.61 -37.73 60,59 120.89 21
0.04 -4.88 -50.21 100.83 236.15 18

In Table 10.5, the relative changes in V;, V,, arterial hematocrit Ht, or plasma protein
concentration G, and the colloid osmotic pressure II, due to varying rates of ultrafiltration
are listed for high, normal and low dialysate sodium concentration. With high dialysate
sodium concentration, the fluid shift accurs from V; to V, . The size of this fluid shift from V,;
to V., increases as the ultraliltration flow rates increase. At the same time the intracellular
voluine decreases more with the higher ultrafiliration flow rates. At zero ultrafiltration,
however, fluid shift occurs from V; to 'V, due to high sodium concentration in the plasma, At
low dialysate sodium concentration, fluid shift occurs from V, to V; . Higher uitrafiltration
flow rates result in more decrease in the size of fluid shift from V, to V; on one side and more
decrease in the plasma volume on the other side. With a normal dialysate sodium
concentration, the fhid shift occurs from V, to 'V, at zero ultrafiltration and at a rate of 0,01
1/min, At even larger ultrafiliration flow rates, the fluid shift occurs in the reverse direction,
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Arterial hematocrit, plasma protein concentration and oncotic (calculated according to
¢q.{3.20}, Landis-Pappenheimer formula) pressure increase as the ultrafiltration flow rate rises,
Our simulations showed that the removal of 2.4 | of ultrafiltrate over a 4 hours of period
causes about 16% decrease in the extraceltular volume with normal, 11% with high and 26%
with low dialysate sodium concentration, In spite of a relative decrease up to above 50% in
V., sessions with the ultrafiltration flow rates higher than 0.0! [/min may not be tolerated
because of high tevels in the changes of hematocrit and oncotic pressure. Removal of such
ultrafiltration volumes greater than 2.4 | should be better realized with sessions in longer time

(slow dialysis).

The hydraulic pressure of the interstitial fluid and the oncotic pressure in the plasma volume
are important determinants of the rate of change of plasma volume. The interstitiat fluid
hydraulic pressure may decrease and even may become more negative if the interstitial
volume falls below normal. This may further result in a decreased water shift from interstitial
volume to the vascular volume. On the other hand, as the plasma volume decreases, the
colioid osmotic pressure increases due to the increased plasma protein concentration retained
in the plasma volume. According to Starling’s law, the transvascular ( and transcellular)
pressure difference decreases as the colloid osmotic pressure increases [53], which will result
in an increased refiliing rate of plasma volume by extravascular fluid because of reverse
osmosis, When refilling of the intravascular (plasma) compartment by extravascular fluid does
not keep pace with the rate of ulirafiltration flow, a variety of compensatory mechanisms (as
acute stimulation of the sympathetic nervous system) come into play to maintain blood

pressure.

Our simulations showed that the fluid shift depends on both ultrafiltration flow rate and
dialysate sodium concentration. For a specific setting of dialysis session of 4 hours with an urea
clearance of D,=0.185 I/min, we calcutated the “critical” dialysate sodium concentrations
which are necessary for diminishing the fluid shift (zero fluid shift) at different rates of
ultrafiltration flow, From Figure 10.11, which suggests 2 control mechanism that could
account for the limitation of dialysis-induced fluid shift, we derived a correlation between the
rate of ultrafiltration and the dialysate sodium concentration. In Figure 10.12, these “critical”
dialysate sodium concentrations are depicted in relation to the ultrafiltration flow rates. It is
very evident that the higher the dialysate sodium concentration, and the lower the rate of
ultrafiliration, the smaller the magnitude of fluid shift from V, to V.
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110.4 DISCUSSION AND COMMENTS

Strategies

In particular the dialysis doctor is interested in the question “How can we prevent the

conditions which cause a serious fall in the blood pressure during the dialysis ?”. This question

may be formulated as “How and with which means the dialysis-induced hypotension can be

prevented ?° Further, the following questions may form the basic of understanding the sodium

and ultrafilération characteristics towards the improvement of hypotension:

. How (with which model and measwrements} can the transport of urea and sodium be
accurately predicted during a dialysis treatment ?

. How can the sodium concentration be varied in the dialysate fluid during a dialysis
session ?

. How can the effect of varying the sodiumn concentration in the dialysate on the course
of the body voluime and the blood pressure be evaluated ?

Many clinical studies have demonstrated the benefits of high sodium concentration in the

dialysate fhuid [3,10,11,12]. But, it is still not clear, in which measure and to which pattern the

sodivm concentration has to be administered. In the recent literature, there are lot of

examples of different patterns of varying high and low rate of ultrafiltration and sodium

concentrations which might be optimal for the individual patients [21,40-48].

Examples of different strategies of sodium administrations are according to De Vries et al

[49]:

I, normal sodium concentration of 140 mmol/},

2. socium concentration profile between 140 and 150 mmol/],

3. sodium concentration profile (140-150) and ultrafiltration flow profile from high to
low rates,

according to Raja et al [50]:

I, constant ultrafiltration flow rate and constant dialysate sodium concentration (140
mmol/1),

2. sequentially decreasing ultrafiltration flow rates (50%, 30% and 20% in the first,
second and third hour of treatment) and constant dialysate sodium concentration,

3 sequentially decreasing ultrafiltration flow rates (50%, 30% and 20% in the first,

second and third hour of treatment) and sequentially decreasing dialysate sodium
concentration (from 150 to 140 mmol/1},
and according to Acchiardo et al [51] for high-flux dialysis:

1. constant sodium concentration (140 mmol/1),

2, linear decreasing sodium concentration 9% (149 mmol/l),
3. step drop sodium concentration,

4, exponential drop sodium concentration,

with volumetric ultrafileration control and bicarbonate dialysis fluid,
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Refining the sodium modeling

So far, the mathematical description of the mass balance of urea, plasma water and non-urea
hetween body fluid volume and dialyzer was based on a 2-pool volume model where the
plasma volume (PV) and interstitial space were lumped together as a single volume, the so
called extracellular space. In such models, the transport barriers between interstitium and
plasma volume such as vascular wall are not taken into account. From a 2-pool model
considering the plasma volume as one (separate) pool and the rest of body fluid volume as the
second one, and including transcapillar filtration, Ahrenholz et al [52] was able to calculate
the time courses for plasma sodium, total protein concentration and hematocrit during
hemodialysis. However, in this model, the osmotic gradient through the cell-membrane which
is caused by the decrease of urea concentration was not taken into account. By assuming a 3-
pool modet of intracelular volume, interstitial space and plasma volume, we have simulated
also the sodium and urea kinetic. According to 3-pool niodel, the plasma volume is taken as
a single compartment and the trancapillar pressure difference is taken into account so that the
effect of colloid osmotic pressure and hematocrit on the fluid shift is better modeled. (The

sintulation results are not shown).

Evaluation and atomized conirolling the blood volume during a dialysis session
The predictions may be tested by measuring the osmolality and by determining the exact mass
balance of both urea and sodium from the hemodialysis patients. The predicted values with
regard to the mass balance of urea ¢n sodium may be evaluated by an apparatus which can
measure the exact velumes and by continuous sampling the dialysate {luid. An electronic
counter may be connected to a balance unit of dialyzing machine and mixing unit of dialysate
fluid shich 6 m!/min in a 2 liters bag is recycled. The diffustve gradient of sodium may be
determined by measuring the concentrations of sodium ions in plasma water and in the
dialysate fluid. To measure those concentrations, an ion-selective electrode may be used.
Further, the technical requirements for sodium modeling are in principle availahle [54-64].
Nowadays, all dialyzing machines offer the possibility of adjusting the mixing-pump to achieve
different levels of sodium concentration in the dialysate fluid. In the modern machines it is
also possible to choose a sodium concentration which changes further during the dialysis time
according to a certain pattern. So, by means of measuring the conductivity of blood or
dialysate, indirectly the sodium concentration can be measured. The signals representing the
sodium concentration can then be feed-backed to the mixing-pump of the dialyzing machine.

Clonclusion

We analyzed the influence of dialysate sodium concentration, the rate or amount of
ultrafiltration, dialysis duration and urea clearance on the transcellwlar fluid shift during
treatrment with modeled dialysis sessions of { to 8 hours. The simulation results showed that
the magnitude of fluid shift from V, to V, decreases with slow dialysis, high sodium
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concentration in the dialysate fluid, low rate and amount of ultrafiltration and low rates of
urea removal. Refilling of the intravascular volume is faster at high than at low rates of the
ultrafiltration flow. To somte extend, this reduces the fluid shift from the extracellular into the
intracellular fluid compartment. Increasing the dialysate sodium concentration has therefore
the greatest effect on the transcellular fluid shift at low rates of ultrafiliration flow. Use of the
conventional hemodialysis even with a better sodium modeling is contraindicated for the
treatment of patients of serious hemodynamic instability. With slow dialysis, the size of fluid
shift decreases. Manipulating the sodium and ultrafileration profiles during a long duration
of treatment (such us CAVHD) is easier than the shorter one. This means that the continuous
arterio-venous hemodialysis is a good alternative for patients with serious hemodynamic

instability.
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10.6 APPENDIX: LISTING OF THE PSI/E MODEL SIMULATION

AOsm
AV
AV,
D,

INT

INT

INT

INT

INT

INT

PAR
PAR
PAR
PAR
PAR
PAR
PAR
PAR

PAR

PAR
PAR
PAR
PAR
PAR
PAR

PAR
PAR
PAR

VAR
VAR
VAR
VAR
VAR
VAR
VAR
VAR
VAR
VAR
VAR
VAR
VAR

Cex!
Cey
ot
G
%
\Z

151.1 {V. sodium concentration}
43.15 {V, urea concentration}

151.1 {V, nonurea concentration}
43.15 {V; urea concentration}

16.40 {extracellular volume}

28.00 {intracellular volume}

140 {dialysate sodium concentration}
70 {plasma protein concentration at t=0}
0.927

1 {dialysis performance index}
0.083

0.3 {arterial hematocrit at t=0}
0.1494

1.846

0.800

0.20r0.3 {arterial blood flow rate}
0.00008206

1.0

0.95

310 {temperature}

240 {duration of dialysis treatment}
2.4 {ultrafiltration volume}

16.4 {extracellular volume at t=0}
28 {intracellular volume at t=0}

1.007-0.0009-(C;+C,.)/2

Do (1-Q/ Q) (Coies F2- Qe T/ VAV Copia Ve
{Cey VMHT3-Vis G - FA+G)/V,

{-VIIV)G

(K/VP (G Co )t (s- 1 G VIV,

G Vo'V,

Cpa Qi (1-Ht )/ (Qp(1-H))

Cpo Qe (I-H)/(Qy,,(1-He,)-Qy)

Ko (Cepa C)H0,4(C. -G {net osmolar gradient}

VeV {changes in V,}

V-V, {changes in V; = fluid shift}
D,(1-0.96-Ht)

DP-V,/t, {urea dialysance}
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¥ VAR
¥3 VAR
F4 VAR
Ht, VAR
NUgradient VAR
Q. VAR
Q VAR
Ugradient VAR
V! VAR
A VAR
v, VAR

Oy Cepva

K ACiuCe)

Co Dy (1-Q/ Q)

Ht,-V../V,

Ko {CopeaCi) {nonurea osmolar gradient}
Q.. (1-0.96-Ht )/F,

V i/t {ultrafiltration flow rate}
C.. Gy {urea gradient}

V-0

KR T (K (Cona-CFH0,(Ce-Gi)

V,, TV, {patient’s volume of urea distribution ai=0}

INT: integral, PAR: parameter, VAR: variable
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Chapter 11

Chapter I:

In this chapter, a short historical background and physical principles of continnous arterio-venous
hemofiltration {CAVH), intermittent hemodialysis (HID) and continuous arterio-venous hermodia-
filtration (CAVHD) are viewed. CAVHD ywas first introduced in the Dijkzigt University Hospital in
[984 by Van Geelen and Vincent. The aims of this thesis are to describe the physical transport
processes in CAVIHD, to investigate the determinants of blood, ultrafiltration and dizlysate flow rates
and their influences on the uracmic solute and drugs clearance during CAVHD, to formulate the
physicat relationships between the hemofilter characteristics and operational quantities, and to access
the eflicacy of CAVHD compared to intermittent hemodialysis or hemediafiltration for the treatment

of patients with hemodynamic instability.

Chapter 2;

In this chapter, a short overview is given of the clinical problems encountered with conventional
intermittent hemodialysis or hemodiafiliration, The indications and contra-indications of CAVHD are
outlined. Further in this chapter, the clinical equipment and the guidelines for priming the hemofilter
and initiating the CAVHD are reviewed. The most frequent complication is the dialysis-induced
hypotension, The most important indication of treatment by CAVHD is the combination of renal
failure and cireulatory instability. If the extracorporeal circuit interferes with the mobilization of the

patient, the CGAVHD is contraindicated.

Chapter 3:

In this chapter, the results of feasibility of predicting the hemolilter performance are given. The
feasibility of predicting the hemofilter performance was studied by examining the determinants of
blood and ultrafiltration flow rates under clinical conditions, In patients who were treated with
CAVHD, serial measurements of blood flow rate, blood pressure and ultrafiltration rate were
performed, so as to determine the hemofilter resistance {R;) to blood flow and its hydraulic
permeability index (MI). Further, we predicted the blood flow rate circulating the extracorporeal
circuit of CAVHD [rom the manufacturer specifications of the drcuit components and from the blood
viscosity in each circuit component depending on patient’s arterial hematocrit, plasma protein
concentration and temperature. During continuous treatments the net ultrafiltrate production was

measured at least once every hour and the substitution infusion rate was adjusted accordingly.

Observed hemofilter resistance to bload flow was two to three times higher than the predicted value,
To explain this discrepancy we considered clotting of fibers, underestimation of bleod viscosity,
turbulent flow, additional pressure losses due to the sudden changes in the blood path diameter and
deviations of the internal diameter of the fibers. Comparison of the actual blood viscosity with the
predicted value showed that blood viscosity was grossly underestimated. Herewith, part {43%)} of the
discrepancy between measured and predicted values of blaod flow rates could be explained. Further
the discrepancy between the observed and predicted hemofilter resistance could be explained if the
fiber diameter would be 8-10% less than the value given by the manufacturer (See Chapter 4). We
observed a logarithmic fall of the ultzafiliration flow rate () in time. The fall in Q) over time may be
explained both by changes in the membrane permeability, presumably resulting from protein
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adsorption to the membrane, and by a fall in the available membrane surface area, e.g. due to
unsuspected clotting of fibers. Under clinicat conditions unsuspected clotting of fibers is unlikely to
occur during the treatment. Indeed, the hemofilter was clotted just toward the end of the treatment.
Therefore, the decrease in membrane permeability with time is more likely to be due to ongoing
protein adsorption. Estimating the blood flow rate from patients output such as arterio-venous pressure
difference, protein concentration, hematocrit and hemofilter manufacturer specification, is not reliable

as far as the hemofilter is concerned.

Chapter 4:

This chapter gives the results of resistance to blood flow and membrane permeability index (MI)
measured in a laboratory setting, In laboratory setting, for some of the CAVH(D) capilfary hemofilters
the resistance to flow was measured with fluid solutions of different viscosity. The hemofilters were
perfused with saline, sucrose solution, pig bload and human blood as perfusion fluid, The effect of
hemofilter resistance on the hydraulic performance {ultrafiltration) was investigated by measuring the
membrane permeability index {MI) and the resistance to (human) blood flow simultaneously over a

survival time of ahout 220 hours.

The resistance of the hemofilter, perfused with saline or a sucrose solution, was 40% higher than
expected. Furthermore, it was to some extent flow dependent, suggesting that turbulence does occur,
most likely at the hemofilter inlet, When we applied Bernouilli's law to estimate the pressure drop that
results from the sudden changes in diameter at the filter inlet and outlet, 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 8-10% lower than the given value. With pig blood, the hemofilter
resistance to blood flow was 136% higher than expected and it seemed no longer flow dependent,
probably indicating that twbulerce is diminished by the higher viscosity of bleod. Comparison of the
actual (pig) blood flow with the value calculated, confirmed cur suspicion that we had grossly measured
the pig blood viscosity with a (Viscomat) viscometer. The measured average resistance (R() to blood
flow was 0.16 mmbg/{ml/min} when the hemofilter was perfused with human bleed. On considering
a fiber diameter 8-10% less than the manufacturer specification (for the AN-69 capillary hemofilter)
and using the actual blood viscosity (1.43 times the calculated blood viscasity, see Chapter 3) we
overestimated the effective blood flow rate by no more than 20%.With human blood as have observed
in the clinic, we observed also a logarithmic fall of the membrane permeability index (M) in time.
According to some investigators the hemofilter hydraulic permeability may fall even after contact with
water alone, To our knowledge, however, this finding has not been reproduced by others, For the AN-
69 capillary hemofilter we did not observe a fall in hydraulic permeability between 1 and [50 hours
of saline perfusion. The resistance to flow of the hemofilters studied was low enough to ensure an
adequate blocd flow rate in most cases, By using laboratory data on the hemofilter resistance and a
more accurate estimation of bload viscosity, a reasonably accurate prediction of blood flow rate under

clinical conditions is feasible,
Chapter 5:
In this chapter, a mathematical model of solute and volume transport during CAVHD is introduced.

Existing models of conventional hemodialysis are not likely to be useful for the analysis of solute
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transport in CAVHD, since solute transport in CAVHD differs from that in intermittent hemodialysis
or hemodiafiltration in several respects. The most important differences are 1) With CAVHD, solute
transport occurs in the presence of simultaneous diffusion and convection. 2) Dialysate (Q,;,=10-60
ml/min) and bloed (Q,,=50-350 ml/min) flow rates are relative low compared to those in conventional
hemodialysis {((2;=500 ml/min and ;,>200 ml/min), 3} Ultrafiltration flow rate is not negligible
small {(3=5-15 ml/min} compared to that in conventional hemedialysis {(Q;<5 ml/min) and small
compared to that in intermittent hemodiafiltration (Q= up to 60 ml/min). 4) CAVHI is a continuous
technique, With prolenged use of the hemofilter, deterioration of the hemofilter membrane is likely
not only te decrease the rate of ultrafiltration flow, but also to impair diffusive permeability.

In view of the shortcomings of previous medels, we developed a new mathematical model of CAVHD.
We made the following assumptions: [} All of the hollow fibers in the hemofilter behave as a single
capillary tube, 2} The permeability coefficients are constant along the hemofilter length. 3) The flow
rates and concentrations are time-independent for a given set of measurements (steady-state). The
overall solute mass balance is based on the solute flux {J) equation: J =y J(LG, HC HKLC,-Cy. This
model takes into account the local variation of concentration {C,) in the blood plasma water and
dialysate fluid (C,} as well as the concentration inside the membrane (f,C, . +,C}) in the presence of
simultaneous diffusive and convective solute transports, depending on the local ultrafiltration volume
flux profile (J,). In calculating the weighting factors {f, and f;) and the overall diffusive mass transfer
coeflicient (K ), this model requires an estimation of the resistance of blood (R.), the resistance of
dialysate (R, and the resistance of membrane (R, =1/P ) to diffusion and the solute steving coeflicient
{¥), so as to determine the solute clearance in CAVHD, Precise values of the resistance to diffusion of
blood, membrane and dialysate can hardly be obtained from clinical data. Therefore, depending on
the membrane condition (MI) and the dialysate flow rate (Q,) the precise values of R, Ryand 1/P,
Lave to be determined in in vifre studies. We therefore made some simplifications (See Chapter 6) in
the modeling of solute transport in CAVHD, so as to obtain the overall diffusive mass transfer
coeilicient (K} from clinical data at first and then to analyze the resistances Ry, Ry and 1/P_ under
different operational and clinical conditions (See Chapter 9).

Chapter 6:

In this chapter, analytical solutions to solute and volume transport in CAVHD are presented in order
to calculate the diffusive mass transfer coefficient (K} for a solute when blood, filtrate and dialysate
flow rates and solute concentrations are known. Next to the assumption we made in Chapter 5, we
made the following major assumptions: 4) The solite concentration in the bloed (C,} and in the
dialysate (C,) are “mixing-cup” concentrations: in radial direction the solute concentrations in blood
and dialysate are homogeneously distributed over the respective compartmnents. 5) The sieving
coefficient is 1 {for small solutes such as urea, creatinine and phosphate). Following the assumptions,
first we made some simplifications of the ultrafiltration volume flux {}.) and solute mass flux {J)
equations. Then, we introduced analytical solutions to solute and volume transport in CAVHD, so as
to obtain expressions of the overall diffusive mass transfer coefficient, depending on the ulirafiltration
volume flux profile under the following conditions: K, for zero ultrafiltration volume flux (J,.=0), K,
for a constant (mean) volume flux (J.=],=Q/8) and K, for a linear decreasing volume flux (J,=e+fx).
The relative weighting (convective concentration) factors for blood {f) and for dialysate (f3) equal 0.5.

-175-



Summary

The overall mass transfer coefticients are derived from the concentration profiles along the length of
hemofilter. Further we derived expressions of solute clearance in relation to the overall mass transfer
coefficients K, K, and K. By virtue of the expressions of the overall mass transfer coefficients related
to solute clearance, the model is well suited for the analysis of diffusive transport in CAVHD. This

model can easily be implemented in any spreadsheet,

Chapter 7:
In this chapter, the analytical model is applied to clinical data obtained with 0,6 m? AN-69 capillary

hemofilters. The model equations, governing the overall mass transfer coefficients (K, K, and K) are
evaluated by applying them to data of urea clearance measurements,

The K, proved to depend on the dialysate flow rate (Q,). As the dialysate flow rate rises from 0.5 1/h
te 3 17h, the overall mass transfer coeflicient (K,) increases curvilinearly, At a dialysate flow rate of
about 5 I/h, the K, reaches a maximal value (Kymax). The K max, obtained by extrapolation, is not
dependent on Q. At relative high values of Q3 and low rates of ultrafiltration flow ((3), the overall
mass transfer coefficient (K ) becomes equal to the K, which is used for the overall mass transfer
coeflicient for a dialyzer in intermittent hemodialysis. At relatively high values of Q; and low values
of Q;, the solute concentration profiles along the length of hemofilter seem to be the same as those in
the conventional hemodialysis. Also, the calculated mass transfer coeflicient K shows no significant
differences when the ultrafiltration volume flux is assumed to be constant along the length of hemofilter
if no back filtration occurs in the hemolilier. With a linear decreasing volume flux model, one can
observe the ocainrence of back filtration, which with a constant volume flux model is not possible. Our
model is a useful addition to the existing models of hemodiafiltration, especially because it allows
calculation of the diflusive mass transfer coeflicient from the clinical data of CAVHD. It may be used
both as a means to finther our insight in the determinants of salute transport in CGAVHD and to adjust
clinical settings, e.g. dialysate flow rate, based on the predicied clearance of uraemic solutes.

Chapter 8:

In this chapter we studied the determinants of uraemic solute clearance in CAVHD, Clearance and
its diffusive and convective components of uraemic solutes such as urea, creatinine and phosphate were
determined in the region of relative low dialysate flow rates (Q,;) at varying blood (Q, ) and ultra-
filtration flow rates {Q)). The degree of conditions in which blood-dialysate solute equilibrium can be
achieved was investigated. The diffusive permeability coefficients (K,=SK,) of urea and phosphate were
refated to diffusive permeability coefficient of creatinine. Further, by running a simple sensitivity
analysis on the overall diffusive permeability coefficient, we analyzed the dependence of K| on the flow
rates and on the strength of concentration driving force at the blood inlet of the hemofilter. The
sensitivity analysis provides information about the reliability of predicting the K, from flow rates and

solute concentrations.

Urea clearance increases curvilinearly with ultrafiltration and blood flow rates at retative high rates
of the dialysate flow. The convective contribution to urea clearance decreases (slightly) with the
increasing rate of the dialysate flow, The diffusive clearance on the other hand increases with
increasing raies of the normalized dialysate flow (Q,;/ Q) in a quadratic form, There is a linear relation

- 176 -



Chapter 11

between the normalized urea clearance (C1/Q)) and the normalized dialysate flow rate (Q,/Qy) for
Q4/ Q3. Thisindicates that the removal of urea is only due to the ultrafiltration when blood-dialysate
equilibrium is achieved. In contrast to the conventional intermittent hemodialysis, in CAVHD an
excellent dialysate-blood equilibration may be achieved by manipulating the dialysate and ultra-
filtration flow rates for Q,./(}<3. Results of our measurements show a curvilinear increase of the
diffusive urea clearance with the increasing values of the overall diffusive permeability (i), The size
of this increase depends strongly on the dialysate flow rate, noting that the overall diffusive
permeability coefficient itself depends also on the dialysate flow rate. Under the same operational
conditions and hemofilter characteristics, the K, of urea is 32% greater and the K of phosphate is 25%
smaller than the K| of creatinine. Within the operational limits of CAVHD, with the upper values of
Q=20 ml/min and ;=60 mi/min, the effect of ultrafiltration on the predicted value of the
permeation coefficient is negligible if the condition Q,,/Q>3 is fulfilled. In the region of flows where
blood-dialysate saturation occurs (especially for Qy<3Q)), the relative variations in the predicted values
of K| are considerably high (up to 35%). On one side, the sensitivity analysis of K, shows that
calculating the K| at relative low rates of the dialysate flow in presence of ultrafiltration is not reliable,
especially near or at complete blood-dialysate equilibrium, On the other side, the relative low rates of
dialysate {low make the CAVHD unique for the treatment of hemodynamically unstable acute dialysis
patients. Keeping this controversial fact and the results of this sensitivity analysis in mind, a dialysate
flow rate at least 3 times the ultrafilvation flow rate is enough to manipulate the solute removal by

diffusion without considering the ultafiltration.

Chapter 9:

In this chapter we described a numerical computational method for solving the equations governing
the mass balance in Chapter 5, The method was applied to the clearance data of uraemic solutes and
some antibiotic drugs up to 1500 Daltons and to the data of hemofilter hydraulic condition measured
during CAVHD, so as to determine the relative weighting factors of bload () and dialysate (f)} solute
concentrations contributing the convective uraemic solute transport and the resistances (R, *R, and
R, to diffusion from the overall diffusive mass transfer coefficient (K,) within the operational limits of
CAVHD. Depending on the hemofilter hydraulic condition (ME) and the dialysate flow rates (Q,5), the
resistance {R, +R, ) of blood and membrane and the resistance (Ry) of dialysate to diffusion were
determined by Wilsen's plots. Further, by making use of the capillary pore theory, the diffusive
permeation coefficients (K,) of some antibiotic drugs were related to that of the creatinine so as to
predict the clearance of antibiotic drugs from the clearance of creatinine under the same operational

conditions and hemofilter characteristics (a prediction model).

Our results show that the length averaged values of factors f, and f; equal 0.5 with a variation of

maximal 10%, so that the condition “f={;=0.5" for the validation of analytical model is fulfilled. The
Wilson’s plots allows us both to determine Ry+R and R, separately and to quantify the influence of
dialysate flow rate on R,. There is a fixed relation between the ratio of the K, of drugs to that of

creatinine and the molecular weight of the drugs: If the K of creatinine is known, the K, of drugs can
be predicted. This allows us further to predict the clearance of drugs from the clearance of creatinine.
Predicting the clearance of drugs from the clearance of creatinine is accurate enough to be used in the

clinic.
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Chapter 10:

In this chapter, we introduced a mathematical simulation model of sodium kinetic, By means of such
a simulation model, the changes in the concentration of both urea and sodium, the volume, and the
osmolality in both the intracellular velume (V) and the extracellular volume (V) compartments can
be predicted during modeled dialysis sessions, We analyzed the influence of dialysate sodium
coneentration, the rate of ultrafiltration flow, dialysis duration and urea clearance on the transcelular
fluid shift during treatment with modeled dialysis sessions.

The sirnulation results show that the magnitude of intercompartmental fluid shift can be minimized
by keeping either the rate and amount of ultrvafiltration flow low or by keeping the sodivin
concentration in the dialysate high and either by prolonging the dialysis treatment time ( slow dialysis)
or by keeping the rate of urea removal low, Refilling of the intravascular volume is faster at high than
at low rates of the ultrafiltration flow. Fo some extend, this reduces the fluid shift from the extracellular
mto the intracellular fluid compartment. Increasing the dialysate sodium concentration has therefore
the greatest effect on the transcellular fluid shift at low rates of ultrafiltration flow. Use of the
conventional hemodialysis even with a better sodium modeling is contraindicated for the treatment
of patients of serious hemodynamic instability. With slow dialysis, the size of fluid shift decreases,
Manipulating the sodium and ultrafilivation profiles during a long duration of treatment (such as
CAVHD) is easier than the shorter one. This means that the continuous arterio-venous hemo-

diafiltration is a good alternative for patients with serious hemadynamic instability.
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Chapter 12

Hoofdstuk 1;

In dit hoofdstuk wordt een overzicht gegeven van de historische achtergrond en de beginselen van
continue arterio-vencuze hemofiltratie (CAVIH), intermitterende hemodialyse (IHD) en continue
arterio-veneuze hemodiafiltratie (CAVHD). CAVHD is in 1984 geintroduceerd in het Dijkzigt
Academisch Ziekenhuis te Rotterdam door Van Geelen en Vincent. De doelstellingen van de
onderhavige studic zijn de volgende: het beschrijven van de fysische transportverschijnselen in
CAVHD, het bepalen van de determinanten van blaed-, dialysaat- en ultrafiltratiestroomsnelheden
en de invloed daarvan op de klaringssnelheden van ureum, kreatinine, fosfaat en drugs tijdens
CAVHD, het afleiden van wiskundige relaties tussen de hemofilter-karakteristieken en operationele
grootheden, het bepalen van de efficientie van CAVHD voor de behandeling van patiénten met
hemodynamische instabiliteit in vergelijking met intermitterende hemodialyse of intermitterende

hemodiafiltratie,

Heofdstuk 2;

In dit hoofdstuk is ‘een kort overzicht gegeven van de problemen zoals die in de kliniek kunnen
ontstaan tijdens de behandeling met conventionele intermitterende hemodialyse of hemodiafiltratie.
De indicaties en contra-indicaties van CAVHD zijn samengevat. De klinische benodigdheden zijn
opgesomd en een leidraad is gegeven voor het gebruik van CAVHD. De meest voorkomende
complicatie tijdens de dialyse is de veroorzaakte hypotensie. De belangrijkste indicatie voor de
behandeling met CAVHD is de combinatie van nierfalen en circulatoire instabiliteit. CAVHD is

contra-geindiceerd als het extracorporele circuit interfereert met de mobilisatie van de patiént.

Hoofdstuk 3:

In dit hoofdstuk is de theoretische voorspelling gedaan van de prestatie van het hemofilter. De
uitvoerbaarheid van continue technieken zoals CAVH en CAVHD hangt sterk af van de werking van
het hemofilter welke kan lalen door technische storingen of door te lage bloedstroomsnelheid (Qy,).
Lage bloedstroomsterkte kan leiden tot excessieve hemoconcentratie welke tot een toename van de
bloedstromingsweerstand (R,) kan leiden, met als gevolg een snelle stolling van het hemofilter. De
theoretische voorspelling van de prestatie van het hemofilter is beschreven aan de hand van de
bloedstroomsnelheid en ultrafileratiestroomsnelheid (Qy) onder klinische omstandigheden. Voor
capillaire- en plaathemofilters kan de R, worden voorspeld met behulp van de wet van Poiseuille en
de door de fabrikant opgegeven specificaties. De bloedviscositeit is berekend uit de waarden van het
arteriéle hematocriet, de eiwitconcentratic en de temperatuur, Om de stromingsweerstand en de
hydraulische permeabiliteitsindex (MI) van het hemofilter te kunnen bepalen zijn bij patiénten die
werden behandeld met CAVHD metingen uitgevoerd van de bloedstroomsnetheid, de bloeddruk en
de ultrafiltratiestroomsnelheid. Gedurende continue hemodialysebehandeling van patiénten is de netto
ultrafiltratiestroomsnelheid gemeten over korte tijdsperioden. De infirusstroomsnetheid van de

vervangende vloeistof was daarbij ingesteld rekening houdend met het waterverlies van de patiént.

De waargenomen bloedstromingsweerstand was twee tot drie keer hoger dan de theoretisch voorspelde
waarde. Als mogelijke oorzaken van deze discrepantie zijn verondersteld: bloedstolling, onderschatting
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van de bloedviscositeit, turbulentie in de bloedstroom, extra drukverliezen in het hemofilter en
afivijkingen van de interne diameter van de vezels t.o.v. de specificaties. Vergelijking van de gemeten
bloedviscositeit met de voorspelde waarde toonde aan dat de voorspelde bloedviscositeit veel te laag
is. Een belangrijk deel (43%) van de discrepantie tussen de waargenomen en de berekende waarde van
R;kan hiermee worden verklaard. Een deel van de resterende discrepantie zou kunnen worden
verklaard door aan te nemen dat de interne diameter van de capillaire vezels 8-10% lager is dan de
door de fabrikant opgegeven waarde {Zie Hoofdstuk 4), De voorspelling van de bloedstraomsnelheid
uit de gegevens van de patiént (arterio-veneuze drukverschil, eiwitconcentratie, hematocriet) en uit de
specificaties van de componenten van het dialyse circuit is niet betrouwbaar gebleken, voor zover dit
het hemofilter zelf betreft. Ideaal voor een goede voorspelling is de continue meting van de
bloedstroomsnelheid. Continue meting van (), is uit te voeren met een echo-Doppler techniek. Helaas
is deze apparatuur niet beschikbaar voor de routinematige klinische dialyse. Als alternatiefis de ),
bepaald door de snelheid te meten van een luchtbelletje dat geinjecteerd is in de arteriéle bloedlijn.
Zowel ( als MI vertonen als functie van de tijd een logaritmisch verloop, De daling van Q; wordt
veroorzaakt door de daling van de hydraulische permeabiliteit. Deze daling van de hydraufische
permeabiliteit wordt waarschijnlijk veroorzaakt door de oplopende elwitadhesie op het membraan en
door de verkleining van het membraan opperviak als gevolg van bloedstolling. Toch was het hemolilter
pas geheel verstopt door bloedstolling tegen het eind van de behandelingsduur. Daarom is het
waarschijnlijk dat de daling van MI veroorzaakt wordt door de toename van eiwitadhesie gedurende
de behandelingsduur, Een voldoend hoog Q) indiceert dat het systeem goed functioneert. Een te lage
Qckan indiceren dat er bloedstolling aan de veneuze zijde van het hemofilter is opgetreden. Wanneer

de Q) onder 200 mi/h is gedaald dan moet het hemofilter worden vervangen.

Hoofdstuk 4:

In dit hoofdstuk worden de resultaten gegeven van de i #ifre metingen aan het hemofilter betreffende
de weerstand (Ry) en de hydraulische permeabiliteitsindex (MI). In een in vitre opstelling zijn de Ry
wazrden van enkele CAVH(D) hemofilters gemeten. De hemolilters zijn geperfuseerd met oplossingen
met verschillende viscositeit, namnelijk zoutoplossing, sucroseoplossing, varkensbloed en mensenbloed.
Het verloop is gemeten van de permeabiliteitindex (MI} en de weerstand (R} van het hemofilter voor
mensenbloed gedurende de gebruiksduur van ongeveer 220 uren,

De gemeten weerstand {R) van een toevoerslang is in overeenstemming met de berekende waarde. Bij
perfusie met een zout- of sucroseoplossing is de weerstand (R} van het hemofilter 40% hoger dan de
berekende waarde. Bovendien bleck de R, (eniger mate) athankelijk te zijn van de stroomsnelheid.
Vermoedelijk wordt dit veroorzaakt doordat in de bloedstroom bij de bloedingang van het hemofilter
turbulenties optreden. Dit kan echter niet de enige verklaring zijn voor de grote afwijking met 40%.
Op grond van de wet van Bernouilli, is uitgerekend hoe groot het drukverlies is bij een vernauwing of
verwijding in de diameters van zowel bloed in~ als uitgang van het hemofilter. Het berekende
drukverlies is slechts in de orde van 1 mmIlg. Als de diameter van een vezel 8-10% minder zou zijn
dan volgens de door de fabiikant opgegeven waarde, dan voorspelt dit een grotere weerstand met 40%,
De R; van het hemofilter voor varkensbloed was hoger dan de R voor zout- of sucroseoplossing.
Voor varkensbloed is de discrepantie tussen de gemeten en berekende hemofilter weerstand [56%.

Vermoedelijk is de viscositeit van het varkensbloed gemeten met een (Viscomat) viscometer in
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vergelijking met de bloedviscositeit in het hemofilter lager. De R, voor varkensbloed is niet afhankelijk
van de bloedstroomsnelheid zoals voor zout- of sucroseoplossing, waarschijnlijk doordat bij grote
viscositeit de bloedstroom geen turbulentie vertoont. Bij toevoeging van een hoge dosis heparine aan
het varkensbloed is de stromingsweerstand praktisch gelijk aan die voor mensenbloed zoals bepaald
in de klinick. Voor de gemiddelde weerstand van het hemofilter (AN-69 capillaire hemofilter)
geperfuseerd met mensenbloed is 0.16 mmHg/(ml/min) gevonden. Wanneer R, wordt berekend uit
de gegevens van de fabrikant, waarbij rekening wordt gehouden met een 8-10% kleinere vezel
diameter en de gemeten bloedviscositeit (die een factor 1.43 groter is dan de berekende waarde), dan
wordt de ()., nog altijd met 20% overschat, Evenals in de kliniek verliepen in de vitro metingen met
varkens- en mensenbloed zowel de Q; als de MI logaritmisch dalend in de tijd. Voor het AN-69
hemofilter is bij perfusie met zoutoplossing gedurende een periode van [ tot 150 uren geen
vermindering van de hydraulische permeabiliteit gevonden. In de meeste gevallen was de R; van de
onderzochte hemofilters laag genoeg om een voldoend hoge bloedstroomsnelheid te verkrijgen.
Uitgaande van de i vitre data van de stromingsweerstand en van een verbeterde predictie van de
bloedviscositeit is een redelijk nauwkeurige predictie mogelijk van de bloedstroomsnelheid zoals die
zich bij klinisch gebruik zal voordoen,

Hoofdstuk 5:

In dit hoofdstuk wordt een mathematisch model voor het massa- en watertransport in CAVHD
beschreven. De reeds in de literatuu beschreven modellen van het massatransport voor intermitieren-
de hemodialyse of hemodiafiltratie kunnen niet worden gebruikt voor de analyse van het massatrans-
port voor CAVHD, Belangrijke verschillen tussen het massatransport bij CAVHD en conventionele
hemodialyse zijn: 1) Bij CAVHD vindt het massatransport plaats door diffusie en convectie. 2) De
stroomsnelheden van zowel bloed (Q,,=50-350 mi/min) als van dialysaat ((} ,;=10-60 ml/min) zijn laag
in vergelijking met de stroomsnelheden (Q,;>200 mi/min, (3,=500 ml/min) in conventionele
hemodialyse. 3) Bij CAVHD is de stroomsnelheid van ultrafiltratie niet verwaarloosbaar klein (Q=5-
I5 ml/min) zoals dat wel het geval is bij conventionele hemodialyse (y<5 ml/min) terwijl deze klein
is in vergelijking met die bij intermitterende hemodiafiltratie (= tot 60 ml/min). 4) CAVHD is een
continue techniek. Door het langdurig gebruik van het membraan, zal, athankelijk van de hydraulische
mernbraan conditie (MI), de ultrafiltratie-stroomsnetheid () in de tijd afnemen, als ook de

permeabiliteit voor diffusie.

Voor het beschrijven van het massa- en watertranport bij CAVHD is een nieuw model ontwikkeld,
Hierbij zijn de volgende aannamen gedaan: 1} T.a.v. transmembraan massatransport gedragen alle
vezels van het capillaire hemofilter zich als een enkele capillaire buis, 2) De permeabiliteit voor zowel
ultrafiltratie als voor diffusie is over de gehele lengte van het membraan constant. 3) De stroomsnelhe-

den en concentraties zijn constant (steady state),

De totale massabalans is gebaseerd op de massaflux (J,) vergelijking: ].=y JARC,+,C HHKLC,-Cy.
Bij dit model wordt rekening gehouden met zowel de lokaal variérende concentraties in het bloed-
plasmawater (C,) en in het dialysaat (Cy) als ook de concentratie in het membraan ({,C,+,C,). Voor
de berekening van de gewichtsfactoren {f, en £} en voor de totale massatransfercoéfficiént (K ) voor
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diffusie dienen wij enerzijds de afzonderlijke waarden van de weerstanden (R,, R,, en R,) tegen diffusie
en anderzijds de “solute” sievingscogfficiént (y) te kennen. De Ry, R, en R, staan respectievelijk voor
de weerstand van de bloedlaag, het membraan en de dialysaatlaag voor het massatransport door
diftusie. De precieze waarden van Ry, R, and R kunnen niet uit de klinische data worden verkregen.
De waarden van Ry, Ry and R, zijn bepaald in i ¢ivo studies op basis van de membraanpermeabiliteits
index (MI} en de dialysaatstroomsnelheid (Q,). Eerst is een model ontwikkeld voor het massa- en
volumetransport bij CAVHD (Hoofdstuk 6) waarbij de totale massatransportcoéfliciént () kan
worden bepaald uit de Klinisch verkregen data. Later zijn de afzonderlijke waarden van Ry, Ryjand R,
onder verschillende werk- en Kinische condities bepaald {(Hoofdstuk 9).

Hoofdstuk 6:

In dit hoofdstuk worden analytische oplossingen van het massatransport in CAVHD gepresenteerd om
daaruit de massatransportcoéfficiént (K} voor diffusie te kunnen afleiden op grond van de stroom-
snelheden en concentraties in bloed, filtaat en dialysaat. Veor dat vereenvoudigde model zijn naast
de hierboven genoemde aannamen nog de volgende extra aannamen gedaan: 4) De sievingscoéfficiént
is 1. 5) De berekeningen worden gebaseerd op lokale “mixing-cup” concentraties voor de concentratie
in het bloed {C,) en die in het dialysaat (Cy) zodat de radiale gradiénten zowel in het bloed als in het
dialysaat niet in de beschouwing zijn betrokken. Tencinde de differentiaalvergelijkingen van het
massatransport analytisch te kunnen oplossen en om de formules voor K te kunnen afleiden zijn de
volgende condities gedefinieerd: K, voor (zero) ultrafiltratie volumeflux (dichtheid), J,.=0; K, voor een
constante (gemiddelde) volumeflux, ], =].=Q,/S; K, voor een lineair afnemende volumeflux, J =o+Px.
De gewichtsfactoren voor de bloedconcentratie () en voor de dialysaatconcentratie (f)) zijn gelijk aan
0.5. De coéfliciénten (K, K, en K ) zijn afgeleid uit de concentratieprofielen in de lengte richting van
het membraan. Verder worden uit de analytische oplossingen relaties afgeleid tussen de klaringssnel-
heid en de coéfficiénten K, K en K. Het model is geschiki voor de analyse van het massa- en water-
transport in CAVHD en kan gemakkelijk worden geimplementeerd in een werkblad voor klinisch

gebruik,

Hoofdstuk 7:

In dit hoofdstuk wordt het analytische model toegepast op de klinische gegevens van ureumklaring,
verkregen met 0.6 m® AN-69 capillaire hemefilters. De vergelijkingen, betreffende de coéfliciénten
voor diffusie (K, K, en K)) zijn geévalueerd aan de hand van de ureumbklaringssnelheden.

K, blijkt afhankelijk te zijn van de dialysaatstroomsnelheid ((Q,). Het neemt curvilineair toe met de

toenemende Q; (van 0.5 tot 4 I/h}, Pe maximale waarde van K, (dus K max) die door de waarde van
K, te extrapoleren op Qy= 5 1/h is berekend, is niet langer afhankelijk van Qg Bij grotere Qg is de
totale permeabiliteit voor diffusie groter doordat de dialysaatweerstand voor de diffusie kleinerisen
doordat het effectieve diffusie oppervlak groter is. Analyse van K toont aan dat bij hoge waarden van
Q,; en bij lage waarden van de ultrafiltrate-stroomsnelheid (), de K, van een CAVHD hemofilter
overeenkomt met de K van een dialyzer in conventionele hemodialyse. Bijf waarden van relatiel hoge
Qs lage Oy en lage bloedstroomsnelheid () lifken de concentratieprofielen gelijk aan die bij inter-
mitterende hemodialyse. Ook de berekende waarden van K, vertonen geen significante verschillen

indien de K op basis van een constante volumeflux berekend wordt onder de voorwaarde dat er geen
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“back filtration” is. Met een lineair afnemende volumeflux wordt het optreden van “back [itration”
uit de volumefluxgrafieken voorspeld. Wij concluderen dat het ontwikkelde model voor CAVHD
klinisch bruikbaar is. Het maakt de berekening mogelijk van de massatransport- coéfliciént (K, ) voor
diffusie uit de klaringsdata onder verschillende klinische condities. Ons model vergroot het inzicht in
de deteriminanten van het massatransport in CAVHI. Het biedt de mogelijkheid om de dialysaat- en
ultrafiltratiestroomsnelheid in te stellen voor een gewenste ureumklaring,

Hoofdstuk 8:

Bij tocpassing van CAVHD is de behandelde patiént hemodynamisch instabiel. Het is daarom
belangrijk het ureum- en waterniveau van de patiént onder controle te houden door een zo laag
magelijke urewmklaring (C) en ultrafiliratiesnelheid {(Qy) in te stellen. In CAVHD vindt het massa-
transport plaats door gelijktjdige diffusie en ultrafiltratie. Het manipuleren van het massatransport
door diffusic hangt af van de concentratics aan de heide zijden van het hemofilter membraan en van
de grootte van de permeabiliteitscoéfliciént (K,=SK,) voor diffsie van het totale membraan. In de
voorgaande hoofdstukken is aangetoond dat voor manipulatie van het massatransport door diffusie de
diatysaatstraomsnelheid () de belangrijkste factor is. De Q,; wordt ingesteld op basis van het ureum-
niveau van de individuele patiént. Tach is vaak niet bekend hoe groot de Q; moet zijn. Volgens
Klinische ervaring met CAVHD is de snelheid van de dialysaatstroom van 1 1/u toereikend om het
urenmniveau van de patiént onder controle te houden. Bloedstroomsnelheid {Q), ) en ultrafiltratie-
stroomsnelheid (Q) hangen af van de patiént en van het extracorporele circuit. De ), kan enigszins
worden ingesteld door de positie van het hemofilter ten opzichte van het bed van de patiént te

veranderen,

In hit hoofedstuk worden de kKlaringsmelheden van wreum, kreatinine en fosfaat bestudeerd bij relatief
lage dialysaatstroomsnelheden met variérende bloed- en ultrafiliratie-stroomsnelheid. Verder wordt
de invloed van Q) en Q;op de afzonderlifke componenten van ureumklaring door convectie en diffusie
beschreven. Ook de condities waaronder een “bloed-dialysaat saturatie” plaats kan vinden, wordt
beschreven, De permeabiliteitscoéfficiénten (K's) voor diffusie van diverse toxische stoffen als ureum,
creatinine en fosfaat worden bestudeerd. In dit haofdstuk wordt ook een gevoeligheidsanalyse van K|
uitgevoerd voor de variaties in de stroomsnelheden en de concentraticgradiént in het hemofilter.

Bij relatief hoge snelheden van de dialysaatstroom (Q4) neemt de ureumklaringssnetheid curvilineair
toe met toenemende bloed- en ultrafiltratiestroomsnelheid. Met een toename van de dialysaatstroom-
snelheid ten opzichte van de ultrafiliratiestroomsnelheid (,,/Q) neemt de difusiecomponent van
ureumklaving curvilineair toe terwijl de convectiecomponent van de ureumbklaring enigszins afneemt,
Voor Q,/ Q<3 is er een lineaire relatie tussen de genormaliseerde klaringssnelheid (C1/()) en de
genermaliseerde dialysaatsiroomsnelheid (070, Dit toont aan dat, wanneer een bloed-dialysaat
evenwicht wordt bereikt, de ureumklaring plaatsvindt door alleen ultrafiliratic, Bij trage dialyse kan
saturatie van bloed-dialysaat optreden, vooral bij waarden van Q) dat tager zijn dan die van ;. In
tegenstelling tot conventionele hemodialyse of hemodiafiltratie kan in CAVHD bloed-dialysaatsatura-
tie worden bereikt door de dialysaatstroomsnelheid relatief laag te houden ten opzichte van de
ulirafiltratiestroomsnelheid, Het massatransport door diffusie wordt niet alleen beinvioed door de Q)
maar ook door de permeabiliteitscoéfficiént (K) voor diffusie. Onder dezelfde omstandigheden {met
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een hemofilterweer stand van 0.24 mmHg/(ml/min)) is de K, voor ureum 32% groter en de K, voor
fosfaat 25% kleiner dan de K, voor kreatinine. Volgens de resultaten van de gevoeligheidsanalyse is
het berekenen van de permeabiliteitscoéfficiént (.} voor diffusie in een gebied met een relaticf lage
dialysaatstroomsnelheid () bij relatief hoge ultrafiliratie, onbetrouwbaar, Naarmate de Q ten

opzichte van ultrafiltratie groter is, des te kleiner zijn de variaties in de K. De relatief lage Q,; bij de
CAVHD maakt dit tot een unieke behandelingsmethode voor acute nierpatiénten die hemodynamisch
instabiel zijn. Een dialysaatstroomsnelheid die 3 maal groter is dan de ultrafiltratiestroomsnetheid
maakt het mogelijk om het massatransport door diffusie te manipuleren zonder dat met O rekening

behoelt te worden gehouden.

Hoofdstuk 9;

In dit hoofdstuk wordt een numerick rekenmaodel uitgewerkt om de vergelijkingen van massabalans
in Hoofdstuk 5 op te lossen, De massatransportcoéfficiénten (K 's) van verschillende stoffen (b.v,
antibiotica tot 1500 Daltons) als ook de gewichtsfactoren § van bloed- en £ van dialysaatconcentratie
zijn berekend uit de klinisch verkregen data. De massatransportcoéfficiént voor diffusie (K} is
gerelateerd aan de membraanpermeabiliteitsindex {MI) en aan de dialysaatstroomsnetheid (Q,).
Vervolgens zijn de relatieve bijdragen van het membraan (R,), het bloed (R,) en het dialysaat (R ) aan
de totale weerstand (1 /K ) in afhankelijkheid van de diffusie berekend. Aan de hand van de
zogenaamde Wilson-plots zijn de weerstandswaarde R, +R , en de weerstand R afzonderlijk bepaald
en is de invloed van Q; op R, gekwantificeerd.

Binnen de grenzen van praktische waarden bij CAVHD wijken de gewichtsfactoren (f, en f) maximaat
10% van hun gestelde waarde 0.5 af. Daarmee is de conditie "{;=f;=0.5" voor de analytische model-
benadering gerechtvaardigd. Er blijkt een relatie te bestaan tussen de verhouding van de K, van een
antibioticum ten opzichte van de K, van kreatinine en de verhouding van het molecuulgewicht van
het antibioticum ten opzichte van het molecuulgewicht van kreatinine. Als de K, van kreatinine
bekend is, dan kunnen de waarden van de K, van verschillende antibiotica dus worden voorspeld.
Vervolgens kunnen de klaringssnelheden van de antibiotica worden voorspeld. Het gebruik van de
voorspellingsformule van de K, van kreatinine tesamen met de verhouding van de K, van het
antibioticum t.o.v. de K, van kreatinine, levert een klinisch goed bruikbare voorspelling van de

klaringssnelheden van de antibiotica op.

Hoofdstuk 10:

Hypotensie is één van de meest voorkomende complicaties tijdens intermitterende hemodialyse of
hemodiafilirate. Een belangrijke factor bij het ontstaan van hypotensie is de daling van het plasma-
volume dat door zowel ultrafiltratie als door de ondervulling van het intravasculaire volume wordt
vergorzaakt. De ondervulling van het intravasculaite volume wordt veroorzaakt door een
waterverschuiving uit het extracellulaire compartiment naar het intracellulaire cornpartiment. In dit
hoofdstuk wordt een madel beschreven voor het effect van natrilumbehandeling op de waterverschui-
ving. Door simulatie met het modet kunnen de tjdsveranderingen in volumes en concentraties, zowel
van natrium als van ureum en de osmolaire gradiénten in zowel extracellulaire als intracellulaire
compartimenten worden gevolgd. Met dit simulatiemodel wordt de invleed van de natriumconcentra-
tie in het dialysaat, de ultrafiltratiestroomsnelheid, de klaringssnelheid van ureum en de dialyse
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behandelingsduur op de intercompartimentele waterverschuiving onderzocht.

Bij hoge ultrafiltratiesnelheid ontstaat een snellere “refilling” van het intravasculair compartiment,
waardoor de waterverschuiving naar intracellulair al enigszins wordt beperkt. Verhoging van de
natriumconcentratie in het dialysaat heeft daarom bij een lage ultrafiltratiesnelheid grote invioed op
de transcellulaire waterverschuiving, Resultaten met het simulatiemodel tonen aan dat de door de
dialyse veroorzaakte intercompartimentele waterverschuiving kan worden geminimaliseerd door de
ultrafiltratiestroomsnelheid laag of de natriumeoncentratie in het dialysaat hoog te houden en door
de dialyse behandelingsduur te verlengen of de ureurnklaringssnelheid te verlagen, De conventionele
intermitterende hemodialyse en intermitterende hemodiafiltratie worden contra-geindiceerd als de
patiént hemodynamisch instabiel is. Door de dialyse behandelingsduur te verlengen {“slow dialysis”)
neemt de grootte van de waterverschuiving af. Om een gewenst profiel te handhaven is het
manipuleren van de natriumconcentratie in het dialysaat en de ultrafiltratiesnelheid gemakkelijker bij
een lange {zoals in CAVHD) dan bij een korte dialyse behandelingsduur. Dit betekent dat CAVHD
een goed alternatief is voor de behandeling van patiénten met hemodynamische instabiliteit voor de

intermitterende hemodialyse of hemodiafiltratie,
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Symbol Explanation Units
ARY acute renal failure
BWG hody weight-gain M or [Kgl
BUN blood urea nitrogen
CAVH continuous arterio-venous hemofiltration
CAVHD continuous arterio-venous hemodiafiltration
Cy local solute concentration in dialysate compartment [inmol/]
Cyi solute concentration at dialysate inlet fmmol/l]
Cio solute concentration at dialysate outlet {mmol/]]
C; solute concentration in ultra filtrate fmmol/{]
Cl solute clearance in general [ml/min]
Cl, convective component of solute clearance in CAVHD [ml/min}
Clg, convective contribution to solute clearance in hemodialysis [mi/min]
Cly diffusive component of solute clearance in CAVHD fml/min]
Coia sodium concentration at the dialysate inlet [mmol/1}
Cyin urea concentration at the dialysate inlet [mmol/1]
Cyora sodium concentration at the dialysate outlet frnmol /1)
Ceon urea concentration at the dialysate outlet [mmol/1]
Cly pure diffusive clearance in the absence of ultrafiltration [mi/min}
Ceu extracellular urea concentration [mmol/1]
Cexa extracellular sodium concentration [mmol/1]
G, intracellular nonurea solute concentration [mmol/]]
Ciy intracellular urea concentration [mmol/1]
C, effective local solute concentration describing the convective

contribution to total solute flux { in membrane) fmmol/i]
Cou local solute concentration at membrane-dialysate interface frmol /1]
G, local concentration of plasma proteins [g/dl]
Cpa concentration of arterial plasma proteins [g/dl]
G blood inlet concentration of plasma proteins [g/dl]
Gy solute concentration in arterial blood plasma {mmol/l]
Com mean concentration of plasma proteins [g/di]
Con normalized plasma protein concentration [g/d]]
Cro blood outlet concentration of plasma proteins [g/dl]
CRF chronie renal failure
C, local solute concentration in blood plasma water [mmol/1]
C. solute concentration in plasma water at blood inlet [mmol/l]
Com local solute concentration in plasma water at

blood-membrane interface fmmol/]]
G solute concentration in plasma water at blood outlet {mmol/1)

wo
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Symbol Explanation Units
d internal diameter of any segment of the CAVHD circuit fm]
d,, internal diameter of arterial access (catheter + tubing) [m]
d,. internal diaineter of arterial access catheter [m]
d,, internal diameter of arterial access tubing [m]
d, thickness of blood concentration boundary layer {pm}
dy thickness of dialysate concentration boundary layer [pm}
d., thickness of membrane [1em]
d,, internal diameter of venous catheter [m]
d,, internal diameter of venous tubing [m]
D free diffusion coefficient in water [m?/min]
D, effective diffusion coefficient in blood {m?/min]
D, effective diffusion coeflicient in dialysate [m?/min]
d; internal diameter of a fiber [}
d; internal diameter of the segment (i} of any circuit element [m]
D, urea dialysance (clearance) {1/min} or [mi/min]
Dy sodium dialysance {1/min] or [ml/min]
d, thickness of membrane or fiber wall [nrn]
D, effective diffusion coeflicient in membrane [m?/min]
Dp dialysis {dialyzer) performance index

d,, diameter of venous access (tubing + catheter) fm]
dx differential length {m}
dt differential time fmin] or [hrs]
e, friction loss factor

f fractional volume distribution of solute in blood cells

f, weighting factor of solute concentration in blood to convective transport

fy weighting factor of solute concentration in dialysate to convective transport
f friction factor

F, correction factor for plasma water

G, urea generation rate fmmol/min]
h slope, variation coefficient

by blood channel half-height [m]
h, height of fluid column in ultrafiltration fine jem]
HD conventional hemodialysis

Ht local hematocrit

Ht, arterial hematocrit

Hy, hematocrit at blood inlet

Ht, hematocrit at blood outlet

IHD Intermittent hemodialysis
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Symbol Explanation Units
Ja mean (constant) ultrafiltration volume flux (density) [pm/min]
J local transmembrane solute flux (density) [pmol/(min-m?)]
Je local ultrafiltration or transrembrane volume flux (density) [pm/min]
K, overall mass transfer coeflicient for a constant volume flux [pra/min]
Ky overall mass transfer coefticient or effective diffusive permeability fum/min]
K, overall mass transfer coeflicient for creatinine fpm/min]
Kymax maximum value of the overall mass transfer coeflicient [pm/min]
K; whole body ultrafiltration coefficient {I'Atm/mmol°K]
K, overall mass transter coeflicient for ], = 0 [t /min]
K, diffusive permeability coefficient or index = 8K, [ml/min]
K, urea transcellular diffusion coeflicient [ml/min]
L length of any CAVHD circuit element [m]
L, length of arterial access components [m]
L, length of arterial access catheter fm]
L. length of arterial access tubing [m]
L. effective length of blood channels fm}
L eflective length of hemofilter fm]
L length of i-th segment of extracorporeal circuit [m]
L, membrane hydraulic permeability [ pm/{min'mmHg)}
L. length of venous access (tubing + catheter) [m]
L. length of venous access catheter [m]
L, length of venous access tubing fm]
MAP mean arterial blood pressure [mmHg}
Ml hydraulic permeability index [ml/{h-mmHg]}
MVP mean venous blood pressure [mmHg]
MW molecular weight [Daltons]
n number of measurements or number of data points

N number of fibers

N, number of blood channels

B, local hydrostatic or hydraulic pressure in blood compartment [mmHg]
Pf effective blood pressure in blood compartment fmmHg]
P, prefilter hydrostatic or hydraulic blood pressure fmmlHg]
P, postfilter hydrostatic or hydraulic pressure [mmHg]
P, {average or mean) hydrostatic pressure on dialysate compartment [mmHg]
Py dialysate pressure at dialysate inlet [mmHg]
Py, dialysate pressure at dialysate outlet [mmHg]
P, intra-arterial blood pressure {mmHg]
P, intra-venous blood pressure [mmHg]



Abbreviations

Symbol Explanation Units
B, diffusive solute permeability of embrane frm/min]
Q local blood {tow rate [ml/min]
Qs measured arterial blood flow rate [ml/min]
Q. effective blood flow rate circulating hemofilter ml/min}
Qy; blood flow rate at blood inlet = (I-Ht,JQ,,+Q,,..q fml/min]
Qo blood flow rate at blood outlet = (I-Ht,)Qy, + Q... Qs [ml/min]
Qy local dialysate flow rate [ml/min}
Qu; flow rate of dialysate at dialysate inlet [ml/min}
Qo flow rate of dialysate at dialysate outlet = Qu+Q); [ml/min}
Qi flow rate of drug administration [ml/h]
Q. flow rate of desired fluid loss [ml/h]
Q (net) flow rate of ultra filtrate fmi/min]
Q) flow rate of heparin administration [m]/min]
G discriminant
0y dummy flow rate (= (),; for k=1 and = (), for k=2) [m!/min}
Qprea flow rate of substitution fluid {predilution) Iml/min]
Qu flow rate of urine loss jml/h]
Q.. local flow rate of plasma water [ml/min}
Q. plasma water flow rate at blood inlet [ml/min}
Q.o plasma water flow rate at blood outlet = () -Q); [ml/min]
R gas constant
R? square of the sum of residues
R.. measured resistance of arterial access to blood flow [mmHg min/ml]
R.., predicted resistance of arterial access to blood flow [mmHg min/ml}
R, resistance of blood boundary layer to diffusion [min/pm]
Ry resistance of dialysate houndary layer to diffusion [min/pmj
r radial coordinate fm]
I inner radius of fiber [pm]
T, molecular radius of creatinine TA]
R, Reynold number
B measured resistance of hemofilter to blood flow [mmHg min/ml]}
R Ry predicted resistance of hemofilter to bload flow [mmHg min/ml}
28 resistance to bload flow of i-th scgment of

extracorporeal circuit fmmHg min/ml]
K molecular radius [A]
R, resistance of membrane to diffusion = 1/P,, [min/pm]
R, normalized resistance of arterial access to blood flow [10%/ml]
R normalized resistance of venous access to blood How [10°/ml]
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Symbol Explanation Units
R, nornalized resistance of hemofilter to blood flow [10°/mi]
R, normalized resistance of segment (i) of dialysis circuit to blood flow [10°/ml]
r, radius of membrane pore (Al
R, predicted total resistance to blood flow frnmHg min/ml|
R, measured total resistance to blood flow [mmHg'min/ml]
Ry total resistance to diffusion = 1/K, [min/pm]
R.. predicted resistance of venous access to blood flow [mmHg min/mi}
R. measured resistance of venous access to blood flow [mmHg min/ml]
5 urea iranscellular sieving coefficient

S effective surface area ol hemofilter [m7]
S, cross sectonal area of wide part of a circuit element [m?]
SK, overall permeation coeflicient for a constant J =], = (/S fml/min]
SK, overall permeation coefficient for J, = a+px [ml/min]}
SK, overall permeation coefficient forJ, = 0 [ml/min]
S, cross sectional area of narrow part of a circuit element [m?]
t treatment time [hour (h, hr))
ty duration of dialysis treatment [hour (h, hrj]
tey equilibrium time [min]. or [h}
T temperature [°Celsius]
TMP local transmembrane pressure difterence or gradient fmmHg]
TMP, transmembrane pressure difference at blood inlet [mmHg]
TMP,, mean transmembrane pressure difference [mmHg]
v, friction loss factor

V; intracelludar volume i
V. extracellular volume |
v, predialysis patient’s volume distribution of urea {at t=0) ]
Vi average longitudinal fluid velocity [m/s]
Vur ultrafiltration volume M
W membrane width (= 5/L1) [m}
W blood channel width [m]
X axial coordinate or position of hemofilter or dialyzer fm|
y dummy length variable or function

Greek letters

o ultrafiltration volume flux at blood inlet [pm/min)
; ratio of measured to the predicted resistance to blood flow

Oy, Donnan factor (ratio} for dialyzer ptasma water sodium



Abbreviations

Symbol Explanation Units
[ slope or dummy variable

¥ apparent sieving coeflicient

All, change in oncotic pressure {mmHg]
Al postdialysis change in oncotic pressure [mmHg]
AC local concentration gradient = C - G, [mmel/l]
AHt, change in arterial hematocrit

AHt ft) postdialysis change in arterial hematocrit

AX, variation, error in K [m!/min]
AK /K, refative variation of K, or relative error in K,

AM difference in mass transfer rate at blood inlet [umol/min)
Aosm. net osmolar gradient [mOsm/l]
AP pressure loss [mmHg]
AP, pressure drop in blood compartment [mmHg]
Sp,f total pressure drop in blood compartment per unit length [mmHg}
APS total pressure drop in blood compartment [mmHg]
or, pressure drop in dialysate compartment per unit length [mmHg]
AP, pressure drop in dialysate compartment [mmHg]
AX variation, error in X (X=0Q, Q.,;, Oy, C.s, Cuo) [ml/min]
AV, change in V, M
AV (t,) postdialysis change in V, i
AV, fluid shift, change in V, m
AV{ty) postdialysis fluid shift i
Ax difference length fm]
Naa blood viscosily in arterial access [mmHg min}
s, local blood viscosity [mmHg-min)]
N; blood viscosity at blood inlet [mmHg min]
Mo blood viscosity at blood outlet [mmHg-min]
My local dialysate viscosity [mmHg-min]
3 blood viscosity of i-th segment of extracorporeal circuit [mmHg minj
1, local plasma viscosity fmmHg min]
Ao normal plasma viscosity = 1.54x107 mmHg min framHg min)
MNea blood viscosity in venous access [mmHg'min]
um local plasma water viscosity [mmHg min]
8, Péclet number for blood boundary layer

8, Péclet number for dialysate boundary layer

0., Péclet number for membrane

0, observed Péclet number

0 total Péclet number
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Abbreviations

Symhol Explanation Units
Kxa molar to osmolar concentration conversion factor

A dummy variable

i, local colloid osmotic or oncotic pressure [mmHg]
II; oncotic pressure at blood inlet {mmHg]
I, mean oncotic pressine {mmHg]
o, oncotic pressure at bload outlet ImmHg]
p fluid density [ kg/m’
o fractional volume distribution of solute in blood cells 17g]
o, transcellular reflection coeflicient for urea

dK, /90X variation of K| with respect to variable X
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