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Sili~ENVATTING 

Een artericveneuze fistel (AVF) is een operatief aan~ebrachte verbinding 

tussen een slagader en een ader. die zich meestal in de arm bevindt. 

Deze verbinding 1s noodzakelijk voor een continue toegang tot de bloedbaan 

zoals die nodig 1s ten behoeve van de bloedzuivering van nierpatienten 

(hemodialyse). Een AVF kan zowel vroegtijdig als laat tromboseren (stolling 

van bloed) en complicaties veroorzaken als gevolg van het veranderde 

bloeddruk en bloeddoorstromingsgedrag in het vaatstelsel. 

De hemodynamica (leer der bloeddoorstroming) van een AVF is onderzocht 

door middel van studies van een stromingsmodel van een AVF. Drie asnecten 

Z1Jn nader bekeken: 

I, De drukverliezen over een AVF Z1Jn onderzocht als functie van de 

geometrie van de fistel. ~et behulp van de verkregen inzichten kunnen 

criteria voor verbeterde fistelchirurgie worden gegeven vooral ten 

aanz1en van vaatanastomose. 

2, Een analyse is gemaakt van de interactie tussen een extracorporaal 

dialyse-circuit (bestaande uit twee naalden en een dialysepomp) en 

de parameters van het AVF bloedvatstelsel. Het onderzoek laat z1en 

dat de traditionele manier van nrikken bij twee-naald dialyse kan 

leiden tot een snelle collaps van de aangeprikte ader, alsmede een 

daling van de vingerdruk. Bij patienten die hier gevoelig voor Z1Jn. 

wordt een afwijkende vorm van Prikken gesuggereerd. 

3. Om vroegtijdig een vermindering van de fistelcapaciteit te kunnen 

signaleren, is een eenvoudige en betrouwbare methode nodig om AVF

cauaciteiten te meten. Een techniek, gebaseerd oP continue injectie 

van kleurstof is in vitro uitgewerkt. Daarbij wordt gebruik gemaakt 

van het aanwezige dialyse circuit waarbij de pomprichting wordt 

omgekeerd. De betrouwbaarheid van de meetmethode in modelstudies 

bleek <25% bii stationaire stroming en 5-15~ bij stationaire stroming. 



SUMHARY 

An artericveneus fistula (AVF) is a surgically created conneetion 

between an artery and a vein, which is normally located in the arm. 

This conneetion is necessary for a contineus access to the vascular 

system for the purnose of hemodialysistreatment. Early as well as 

late failure of an AVF can occur, and the nresence of an AVF can 

cause comnlications due to a change in the blood pressure and blood 

flow behaviour in the vascular system. 

The hemodynamics of an AVF has been the subject of this study, which 

is bases on experiments with an in vitro flow system. The report focusses 

on three aspects: 

1. The relation between the pressure losses due to an AVF and the 

geometry of the fistula has been investigated. 1,Vith the obtained 

results criteria for improvements in AVF-surgery can be given, 

especially with reference to the anastomosis, 

2, An analysis is made of the inter action between an extracornoreal 

dialysis circuit (consisting of two .needles and a dialysis numn) 

and the parameters of the vascular system, It is shown that the 

traditional way of needle nunture is two needle dialysis can 

lead to collans of the nunctured vein and to a dron in finger 

nressure, It is suggested that natients, who are liable to these 

nhenomena can be punctured in a different way. 

3. Early detect of a decrease in AVF capacity requires a simnle and 

reliable methad for AVF canacity measurement. A technique, based on 

continuous injection of an indicator is investigated in a set of 

in-vitro experiments, The nresence of a dialysis-circuit is used 

in the set-:un: the direction of extra cornoreal bloodflow is reversed. 

An accuracy of 5% in stationary flow~ and 5-15% instationary flow is 

obtained, 
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Chapter 1. Arteriovenous fistulas and hemodialysis. 

1-1 Ristorical review. 

Patients suffering from a terminal renal insufficiency can be kept alive by 

means of hemodialysis-treatments two or three times a week. Bemadialysis is 

a treatment, in wich blood is lead through an artificial kidney (figure 

1.1.): the blood is being cleared from taxie agents (e.g. urea, creatinine, 

but water as well) that are normally removed by the human kidneys. The 

proces involves a combined use of diffusion and ultrafiltration across a 

semipermeable membraroe (for details see Drukker, 1978). 

Fit;ur·e 1-1 ConvenLiou!il hemodie.lysis circuit 

The first succesful application of artificial kidneys is performed by Kolff 

and associates in Kampen, Holland (Kolff 1943). Their patient, a 29 year 

old woman, was treated 11 times. The conneetion with the artificial kidney 

was made by needle-puncture of veins. The treatment had to be ended, so the 

patiënt died, because there were no more suitable veins available. Kolff 

concluded that the vascular access is of key importance in hemodialysis: 

"We believe to be able to keep patiënts suffering from uremia and anuria 

alive so long as bloodvessels for punction are available. (Kolff 1944)". 
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Allwal et al.(l949) used glass canul@s, wich were inserted in an artery and 

a vene. Outside the body the canul~s were connected by a rubber tube. This 

was the first extracorporeal shunt. Problems associated with this kind of 

vascular access are a small number of canulating sites and thrombosis of 

the shunt, which makes them unsuitable for long-term use. 

The development of materials like Teflon created a new generation of arte

rio-venous shunts which had an average lifetime of 7 to 8 months. Telfan is 

a highly indifferent plastic that enabled the construction of rigid, thin

walled canules with a smooth surface. Associated with these shunts are the 

narnes of Scribner (1960) and Quinton (1962). Though regular dialysis-treat

ment was now possible, the use of extracorporeal shunts still was associa

ted with several complications. 

A new surgical technique was developed by Brescia and Cimino (Brescia et 

al. 1966); they created a permanent conneetion between an artery (radial 

artery) and a vein (cephalic vein) located near the wrist: the so-called 

arteriovenous fistula (furtheron referred to as the AVF). Nowadays, 

numerous types of AVF's are being created, each meeting specific demands 

set by the vascular system of the patient, skill of the surgeon etc. They 

involve variations in the location (anatomical snuffbox, wrist, elbow, leg, 

groin), geometry and dimension (side to side, end to side, end to end) and 

use of material (natural vessels, artificial graft, bovine graft). In 

conventional hemodialysis though, the Cimino Brescia AVF remains the most 

frequently used AVF (figures 1.2.-1.4.). 

The most important hemadynamie consequence of the construction of an AVF is 

the shortcircuiting of the peripheral vascular bed. The AVF represents a 

lowresistance conneetion between an artery and a vein, wich previously were 

solely connected by the high resistant peripheral vascular bed. This de

crease of the total extremity-resistance is the cause of several changes in 

the circulatory system. 

One of these changes is the increase in cardiac output: the heart, acting 

like an ideal pressure source, tends to maintain an almost constant pres

sure in the central aorta. Therefore it (mainly) increases cardiac output 

(up to several liters/min) and the bloodflow through the arm. 

Most of this flow (e.g. 80%) passes through the AVF. In response the 

proximal venous part of the AVF will dilate (6-10 mm) and offers an 

increased area suitable for needle puncture giving previous sites time to 

heal. 
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The increased flow through this so called arterialized vein ( 600-1000 

ml/min) enables reasonable treatment-periods. The lenght of one 

dialyse-treatment is shorter, if the exta corporeal bloodflow can be larger 

(see appendix E). 

Thus, the AVF (in all its variations) seems a very suitable tool in 

assuring permanent vascular access for the purpose of hemodialysis. 

l-2 Physiological aspects of arteriovenous fistulas 

The increase of cardiac output and the venous dilatation are only two exam

ples of the circulatory changes that take place due to the construction of 

an AVF. In fact, most of these changes tend to be complications, 

endangering the patency of the fistula and its surrounding tissues. 

Therefore, because the life of a patient can depend upon the presence of an 

adequate functioning fistula, a re-operation will be necessary. Depending 

upon the type of fistula, the skill of the surgeon etc. these re-operations 

can vary from 0.43 (Mandel, 1977) to 0.62 (Giacchino, 1979) 

operations/year/patient. There are patients who will have to be re-operated 

up to 10 times in one year. 

For the purpose of creating a broad framework for this study, a short 

discussion on these circulatory changes and complications wil be given. 

An excellent review of hemodynamica! and medica! aspects of AVF's is found 

in Strandness and Summer (Strandness and Summer, 1975). They discern be

tween the short-term effects of an acute fistula (directly after opening) 

and the long-term effects of a chronic fistula. Figure l.S. give a 

schematic representation of these changes. The most marked features of an 

acute AVF are the increase of proximal artery flow, reducion of pulsati

lity,and the reversal of distal artery flow directed through the 

anastomosis. Chronic fistulas are characterised by dilatation and 

elangation of the adjoining vessels (especially prominent in the proximal 

vein). Furthermore there is valve incompetency in the distal vein and an 

excessive growth of venous (and arterial) collaterals. 

FLrure 1-5 ,....... __ ..., 

Ptttol weift Diatal ort." 
t.rac _ .. .,.._ ilaula. liloud

ia die- 011afJ _, 11o ......, .. or Nllopodc. a. 
vonod- ia- .... _ ... .., ............ . 
·- l'aiplloral .--. lood il ............. ...., bJ ........... --.. 
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A set of overall systemic compensation mechanisms responds to the 

decrease of total peripheral resistance; consisting of an increase in 

heart rate, stroke volume, cardiac output, peripheral resistance 

(vasoconstriction of the capillaries) and bloodvolume (mainly an 

increase in blood plasma volume); the mean arterial pressure tends to be 

(slightly) reduced. 

Another set of (short-term) hemadynamie changes takes place during the 

hemodialysis-session (Goss et al.1967): a significant fall in cardiac 

output & stroke volume was noted, probably caused by a decrease in blood 

volume. However, these effects dep ·end upon the specific kind of 

treatment (hemodialysis, hemofiltration etc.). 

All these effects lead to a set of complications that can arise, once 

again depending upon the kind of fistula, surgeon, condition of patient 

(e.g. diabetes causes vessels to become sclerotic) etc. A survey of 

these complications is given by Haimov (1975 a and 1975 b), Mandel 

(1977), Rohr (1978) and VanderWerf (1978, 1983). They can he dividid 

into two groups: 

~ Hemadynamie complications 

a. short-term fistula thrombosis (within 24 hours after creation); 

failure-rates of 11% (Rohr) to 22% (Elfström and Thomsen, 1981) have 

been reported. It is associated with low AVF-flow eg less than 100 

ml/min (Elfström). 

b. long-term fistula thrombosis: associated with formation of atheroscle

rosis in the arterial or venous parts of the AVF. Rohr reports failure

rates of 24.3%. 

c. ischemia: (also known as "steal-syndrome") decreased perfusion of the 

peripheral tissues, sametimes leading to amputation of a finger. 

Seldomly reported in the traditional Cimino-Brescia AVF at the wrist, 

but quite aften in fistulas at the brachial artery (17%, Mandeli 1977). 

d. cardiac failure, due to the enormous increase of cardiac output. 

e. arterial & venous aneurysms: caused by hyperthropy of the vessel wal! 

and (in the latter case) needle puncture (Haimor, 1975a). 
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II.Non-hemodynamic complication 

f. venous hypertension: valve incompetence of the distal vein causes high 

pressures at the venous side of the peripheral bed, leading to massive 

swelling of the hand (Haimov 1975a). This can be prohibited by ligation 

of the distal vein. 

g. infections. 

h. anemia: due to the expanded plasmavolume, the relatieve contribution of 

the red blood cells to the blood volume diminishes. Complications due to 

anemia are extrQmely rare. 

Most complication require an adequate re-operation, thereby ensuring a suf

ficient AVF-flow capacity. And even in the case of a succesful re-opera

tion, the patient is confronted with another problem: the arterialisation 

of the proximal vein takes some time (maturation) befare it can yield an 

adequate flow. 

Overviewing this set of complications it is of key importance that 

a. on first-time construction of a fistula, the most suitable AVF, tailored 

to the patients demands and possibilities is created, thereby minimfzing 

short-term complications; 

b. detection of late-term failure is clone in an early stage. 

This work wil be concerned with a study of the hemadynamie complications 

and its causes. 

1-3. Hemadynamie aspects of arteriovenous fistulas. 

One of the most important tools in the early detection of fistula-failure 

is the determination of AVF-flow. This is of particular importance if a 

patient in a hemodialysis-session yields low extracorporeal flow: one has 

to decide whether this is due to incorrect needie placement or a decrease 

of AVF-flow. This requires a simple, non-invasive assesment of the fistula 

capacity. 

Two of these methods were developed and tested in the St. Joseph hospita! 

in the past two years: 
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a. the measurement of systolic finger pressure difference at open and 

compressed fistula (figure 1.6.) 

b. the measurement (by means of ultrasound-Doppler) of the ratio of 

averaged brachial artery-velocity at open and compressed fistula 

("veloci ty-index") ( figure 1. 7). 

Light souree Photocell 

Tensionme~er 

Fi gure 1 - 6Method ofmeasuring thesystolic finger pressure. p ~ pressurein thecuff; Pf = cuff 
pressure at the moment of the return of the finger pulse; PPG .. photoplethysmograph 

Figure 1-7 

FistuJa compressed FistuJa open 

Original tracing of the transcutaneous CW-Doppler velocity waveforms during 
comprmion of the fistuJa and undisturbed now through the fistuJa 

Both serve as a hemadynamie indication for the functional capacity of AVF's 

(Van Gerwen et al.l983). 

The results of this work and a thourough study of literature lead to the 

conclusion that no overall consistent description of AVF-hemodynamics 

exists up to date. 
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One of the few attempts in this direction (Strandness and Sumner 1975) 

utilizes a d.c. electric analogon of the vascular arm-system. 

Using this approach as a basis for further studies, Van Gemert and 

Bruyninckx (1983a) made an analysis of several types of fistulas and their 

specific hemadynamie consequences, in terms of finger-pressure losses, 

AVF-flow etc. 

In a more theorical approach (V. Gemert et al.1983b) the concepts of 

AVF-hemodynamics are analysed with references to systolic pressure and 

velocity index-measurement, as well as the interaction of AVF-flow with an 

extracorporeal dialysis-circuit. (Appendix C.). 

In order to check the validity of the assumptions and conclusions decribed 

in these studies, the need for in-vitro rnadelling of AVF and ECD-flow was 

felt. This work, carried out in a close cooperation between the departments 

of Medical Technology, Surgery and Dialysis of the St. Joseph Hospital, in 

collaboration with the Department of Applied Physics, University of Techno

logy, Eindhoven, is presented in this report. 

1.4. Scope and arrangement of this study. 

Based on in-vitro experiments in AVF and ECD-flow this work focusses on 

three fundamental aspects of AVF-hemodynamics. 

The in-vitro flow system that is used throughout the whole study, as well 

as its design considerations, are decribed in chapter 2. 

Chapter 3 will discuss the pressure-flow relationships that can be found in 

the vicinity of an arteriovenous fistula. The influence of three parameters 

on these relationships is investigated. These parameters are (a) location 

(b) geometry (c) dimension of the AVF. 

The interaction of an extra-corporeal dialysis-circuit, consisting of a 

pump, bloodlines and needles, with bloodflow in an AVF is investigated in 

chapter 4. Combining this analysis with the previous one, a one-dimensional 

model is presented of the vascular arm-system, including different types of 

AVF and the presence of an ECD-circuit. This model, once again descrihing 

only short-term effects, is an extension of the model presented by Van 

Gemert et al.(1983b). 

A relatively simple, "non-invasive" method for determining the AVF-flow is 

described in chapter 5. It is based on the dye-dilution technique. 

Knowledge of in vivo-AVF flow is argued to be useful. 

Conclusions and recommendations for further work are given in chapter 6. 
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Chapter 2. A model of the arteriovenous blood system 

2.1. Model assumptions 

The study of hemodynamica in genera!, and of arteriovenous fistulas in par

ticular is undoubtely a complex one. In genera!, bloodflow is unsteady and 

non-uniform, the fluid is non-Newtonian and the vessel walls are flexible. 

Furthermore, one is dealing with a complicated geometry and a set of highly 

non-linear roetabolie and nerve regulation mechanisms. 

In performing model studies it is impossible to incorporate all these ef

fects: after careful consideration, some basis assumptions have to be made, 

and an estimate of the errors due to these simplicications have to be 

given. 

In the underlying report, many of the experiments are performed using a spe

cially constructed flow-system ("in-vitro modelling"). This chapter will 

discuss the assumptions (section 2-1) and sealing conditions (section 2-2), 

on which the model is based, the basic set-up (section 2-3) and some 

properties of the system (section 2-4). 

Blood is a complicated fluid from a rheological point of view: it consists 

of blood plasma (a salution of salts, waste products, albumins etc) contai

ning several kinds of particles: red and white blood cells, platelets etc. 

The presence of these particles are responsible for the non-Newtonian 

character of blood. This means that the viscosity of blood (n b) is nat a 

constant but depends on the specific conditions set by the surroundings. 

The viscosity of non-Newtonian fluids is defined as 

n 

in which T is the shear stress (N) and ov/'ax is the shear-rate (s-1) 

(the derivative of the blood-velocity in the radial direction). Consiclering 

bloodflow in the larger bloodvessels, the viscosity depends on two factors: 

a) the relative amount of red blood cells (hematocrit) (figure 2.1.) 

b) the apparent shear-rate (figure 2.2.) 
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A result of the colloldal character of blood is the aggregation of red 

blood cells at low shear-rates ( < 10 s-1); this yields a higher viscosity. 

With increasing shear-rates, these aggregates break down. The stiffnes of 

red cells at low shear-rates also forms a contribution to the elevated 

viscosity. However, when shear-rates exceed 100 s-1, visocity becomes a con

stant: in this region, blood can be treated as a Newtonian fluid (1st 

assumption). 

In normal persons, the bematoerit reaches values of 45%, which corresponds 

with a viscocity of 3.5 cPoise (0.0035 Ns/m2). Renal patients often suffer 
,_.,. 

from anemia, which decreasas their hematocit resulting in viscosities 

ranging between 1.5 - 2.5 cP. (Skalak et al.1981, Milnor 1982). 

One of the marked features of blood flow is the occurrence of pressure- and 

flowwaves. This is due to the compliance of the vessel wals. The 

fundamental frequency of these waves corresponds to the heart-rate: f = 1 -

2 Hz. The waves travel at a speed Co of several meters/second (aorta: 4 ) 
which yields wavelengthes of À 4 - 8 m, much larger than the dimensions 

of the arterial system. Phase differences between separated observation 

spots can therefore be neglected. 

The occurrence of wave-travel causes several complicated effects. 

One of them is the reversal of blood flow in arteries during a fraction of 

the cardiac cycle (figure 2.3.). 

Figure 2-3 Bl oodfl ov1 in the 
Femora 1 Artery 
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This effect is associated with the preserree of a high-resistance terminal 

impedance, formed by the peripheral vascular bed, and can be explained in 

terms of wave-reflection. 

On construction of an AVF, this bed is short-circuited: this has an imme

diate consequence for the wave-form in the arteries surrounding the AVF 

(figure 1.7): it becomes less pulsatile and almost time-independant. 

This enables the simulation of blood flow through an AVF by means of con

stant flow (2nd assumption). 

In this way, the occurrence of wave-phenomena is argued to be of minor 

importance. In consirlering the pressure generated by the heart in the vas

cular system, one only needs to be concerned with the time-averaged compo

nent. As stated in (section 1-1), the heart tends to function as an ideal 

pressuresource, maintaining a constant pressure in the central aorta of 

about 100 mmHg, independant of its output (up to several litets/minute). 

Thus the construction of an AVF has a minor influence on the central aortic 

pressure (figure 2.4.). This means that, combining this argument with the 

former, the driving force in the flow-system can be a simple constanthead 

differential pressure souree (3rd assumption). 

Figure 2-4 
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By neglecting wave-phenomena, it also becomes superfluous to consider ves

sels with elastic walls: so vessels (arteries) can be represented by rigid 

tubes. The simulation of veins poses a somewhat more complicated problem: 

in contrast with arteries, veins have a large compliance, which enables 

them to cope with enormous ranges of bloodflow (100-1000 ml/min) without 

significantly changing the central venous pressure (several mmHg). However, 

the vein used in an AVF has normally reached its maximum dilatation, so it 

can be considered as a wide artery ("arteralisation"). Simulation of this 

vein can also occur with a rigid tube. The pressure of the rest of the 

venous system can be considered as zero (4th assumption) (figure 2.5.). By 

treating the venous system in this way, another aspect of veins, the 

presence of valves to prevent retrograde flow, can be discarded. 

Fi,:;ure 2-5 
VIIN AlTlil 

Blood prcuurc in thc limba or an acute cxpcrimcntal fcmoral ar
&crlovcnoua fiatWa. Meut~remcall wcrc made onc ccntiiDC&cr away rrom lM 
llo&llla orili<c. NOC& 1111 low -ure ia 1111 prOAilllal voin, 1111 drop ill _...,. 
r.- proa;..~ 10 diul UWJ, ud 1111 oquivoloal "_..,. ill llil&al artorJ ud .... 

As far as the complicated geometry of the vascular system is concerned, 

this will be reduced to its fundamental features: vessels are considered as 

straight tubes, while the AVF is taken to be an idealised bifucation of 

several tubes (Chapter 3.). The formation of collateral vessels is neglec

ted, and the peripheral vascular bed is considered as a high flow-resis

tance. The occurrence of vasoconstriction and vasodilatation can be treated 

by varying this resistance csth assumption). 

A summary of these assumptions can be found in table 2.1. One of the goals 

of the experiments is to find concrete values for the parameters introduced 

in this theoretica! model. 

Table 2-1 

Modelassumptions 

1 Blood is a Newt onian fluid 

2: Bloodflow thr ough an AVF is time-independant 

3: The heart is anideal constant pressure souree 

4: Arteries behave as flowresistances: pressuredrops 
over the venous system are neglected. 

5: The peripheral vascular bed behaves as a flowresistance. 
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2.2. Sealing conditions. 

Next to these basic simplifications, it is necessary to consider the simi

larity-conditions, which must be fulfilled to assure the correct relations 

(and translations) between the real data (index "r", also referred to as 

"in vivo") and the model-simulation data ("m", or "in-vitro"). 

The similarity-conditions, based on the use of dimensionless numbers, are 

determined using two fundamental considerations (Young and Calvin, 1966): 

a) The veloei ty of a bloodvolume element v can be expressed in a number 

of independant variables xl xi 

x.) 
l 

0 2-1 

The IT -theorem of Buckingham states that this system can also be 

described by an equivalent set of dimensionless numbers 1T 
1 

1T j , which 

are formed by rearranging the variables x1 xi• The index j equals j 

= i - n, where n is the number of basic dimensions required to describe 

F' (7T
1 
........ Tij) = 0 2-2 

b) In studying the instantaneous velocity v of a blood-volume element, it 

is convenient to choose these dimensionless numbers as the ratios of the 

forces, which determine v. 

This guarantees the invariance of the Navier-Stokes equation (expression 

2-3) to sealing of its parameters. 

It can be shown that the amount of dimensionless numbers, constructed in 

this way, corresponds exactly to the criteria of the Buckingham-theorem. 

The Naviar stores equation for an incompressible flow is (~ = - gradgh) 
2 

+ p ~.grad V = -grad (p+pgh) + n\7 V 2-3 

The 7 variables of the problem are 

y_, D, .1, p, p, w, V 

which can be reduced to 4 dimensionless numbers 
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1 

rr 
4
: ~ D ( w/ v) 2 

Index of ratio of pressure 
forces to stationary inertial 

effects. 

The Reynolds-number (Re), the 

index of the ratio of stationary 

inertial forces to the viseaus 

effects; in long, straight 

stationary pipe flow, Re determi

nes the velocity-profile (eg 

Re)2300 : turbulence). 

This parameter guarantees the 

geometrie similarity of the real 

and the model-system: L is any 

characteristic length in the 

system, while D is the diameter 

of a reference vessel. 

The :Womersley- a", descrihing 

the oscillatory inertial effects 

with respect to the viseaus 

effects. 

The boundary conditions, have to be scaled in a similar way. 

It is of interest to determine the range of the dimensionless numbers in 

the human circulatory arm-system (which is the system to be modelled 

after all). The ranges of Re and a ·are 

Re 400 - 4000 

2.2 - 3.1 

Application of the similarity criteria means the equivalence of the 

dimensionless numbers for the real system ("r") and the model simulation 

("m") 1 (7T.) = (n.) 
J m J r 

2-4 
This yields expressions for 2., L, p and w , as well as 

derived paramaters, after determining the model parameters p ,v and D. 
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Expressions are given in Table 2.2. 

Parameter Expression value 

v lv (v lv ) ID ID )-1 0.25 
m r m r ' m r 

L IL ( D I D ) 2 
m r m r 

pml Pr (v lv ) 2 
( DmiDr) -

2 
( Pml pr) 0.0625 

m r 

mi r (v lv ) (D ID )-2 0.125 
m r m r 

Qml Qr (v lv ) ( D ID ) 1 flow 
m r m r 

R IR (v lv ) ( D mi D r ) - 3 ( P mi P r ) 0.0625 flowresistance 
m r m r 

c) By defining the values of\! m,P m and Dm, together with the knowledge of 

the corresponding values in the real vascular system, all modelpara

meters are determined in a fixed ratio to their corresponding real 

values. 

Using this relationship enables the correct translation from experimen

tal values to in-vivo values. 

The choice of\! m, P m, and Dm is based on several considerations: 

a. (Water is a suitable fluid), may be used because a Newtonian fluid, 

Pm = 103 kg/m3 \! m = 10-6 m2js 

b. The diameter of the glass tubes wille be chosen somewhat larger than 

the normal arterial vessel diameter: Dm = 5 mm. This is based on 

easiness of tube handling (small tubes break easy) and flow vislialisa

tion. It also allows fairly large needles for pressure- measurements 

without disturbing the local flow pattern. 

The sealing factors can be determined, consiclering that the diameter of a 

normal artery in the arm is D = 2. 5 mm and that p 10 3kgjm3 and 
r 

\! r = 2 * 10 -6 m2Js. This yields \! m/ Vr = 0.5, DmiDr = 2, Pm/Pr = 1. 

Values of sealing factors are given in table 2.2. 
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2.3. Design of the experimental flow-system. 

The design of a flow-system for studying AVF-hemodynamics must not only in

corporate the model assumptions and sealing conditions discussed in the far

mer section (2-1), but it must also meet some practical needs. 

One of them is the flexibility of the system. The experiments, described in 

the next chapter, require their own specific arrangement of components. 

Thus it seems best to construct a modular system, in which it is easy to 

change the set-up. 

An important concept in the model studies to be performed is the accurate, 

continuous and reproducible measurement of pressure and flow at several 

sites in the system. 

Furthermore it must be possible to gain information on local flow patterns 

by means of flow visulation (especially in AVF-bifurcation studies). 

A system meeting these demands wil! be discussed below using figure 2.6.: 

this figure shows the features of the flow system in a set-up wich is used 

to represent flow through a long, straight tube. 

A constant differential pressure, ranging for 0 - 600 mm H20 (0 -5.89*103 

Pa) is provided by means of two tanks: the head tank (1)(capacity 7.17 1) 

and the dump tank (2) (capacity 1.35 1). These tanks maintain a constant 

fluid level above the outlet resp. inlet, wich is connected to the system. 

The amount of water that exceeds the overflow level is drained off and 

collected in a reservoir (3). From this reservoir the water is recirculated 

using two Gambro dialysis pumps (4) and serves to provide the inlet flow 

for the head tank. 

In case of a constant pressure source, the flow through the system is deter

mined by its total resistance. Given a certain set-up, the flow can be regu

lated with a valve (5) connected to the dump tank. 

Using a tube of Dint = 5 mm, L = 30 cm, a maximal flow capacity of 800 

ml/min (Re = 3400) was measured. 

The experiment is conducted on a table (6) with a perfect horizontal 

surface. The construction of the table is solid in order to avoid distur

bances of the water levels of the tank and thereby altering the experiment 

conditions. 
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The glass-tubing is suspended 5 cm above the table-surface by small waoden 

blocks (7): the ends of the tubing are connected to two "stilling cham-

bers" (8), which farm an interface between the tanks and the flow system 

under study. The chambers are constructed of PVC tube (diameter 8.5 cm, 

length 8.7 cm). Holes in the top and bottom, which can be sealed whith a 

stop, serve to remave air from the system, and to quickly empty the system, 

when this is necessary. 

Bearing in mind the flexibility of the system, an amount of glass tubes was 

provided, varying in length (80, 40, 20, 10 cm) and (internal) diameter 

(5/6/7/8 mm). 

The conneetion between two glass-tubes was made with a piece of Latex-tu

hing, the gla~-tubes having smooth surfaces at the edges (9), thereby 

minimizing the influence of the conneetion point on the local flow-pattern. 

Pressure-measurements are performed by determining the height of a 

fluidcolumn in a vertically positioned glass-tube (10). These tubes are 

placed against the waoden framework (11), which suspends the head-tank. The 

internal diamter is 4 mm, the length is 1 meter. Five pressures can be 

measured simultanously. 

The bottam of the column is connected via silicon-tuhing with the delred 

pressure-point at a flow tube. One of the problems in performing 

pressure-measurement is its interaction with the flowing liquid itself. 

This interaction disturbs the local flow pattern and therefore the local 

pressure-distribution. For this reason a pressure point (12) was 

constructed, using a small dril! hole (~ 1 mm) in the wal! of the 

glass-tube. Directly above this hole a glass capillary was glued, serving 

as a support fora needle (D int 0.8 mm, L 40 mm). This needle is attached 

to the silicon-tuhing mentioned above (luer-lock system). It can be 

inferred from Shaw (1960) that the pressure-deviation caused in this way is 

in the order of 0.2 mm H20 (2 Pa). 

Smal! tubes are associated with the phenomenon of capillary drag: the 

actual levelreading is distorted by a meniscus with an angle of contact 

(figure 2.7.) : 0 < 9 < 90°. This is associated with an increase of the 

waterlevel hcap = 4 a cos ( 8) / pg • a is the surface tension of a 

water-air boundary: 0.073 N/m (20°C). The angle 9 depends on the tube wal! 

material, but also on the presence of fat and dust on the wallsurface. A 

variation in cappillary height is possible between 0 < hcap < 7.4 mm. 
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This is an explanation for the fact that the pressure-readings of a certain 

flow-situation reproduce within 0-3 mm HzO (10- 30 Pa), which is much 

larger than the systemic errors mentioned before. This experimental error 

can be judged by "nulling the system", that is, closing the flow control 

valve. All pressure-readings should now be identical, reaching the 

overflow-level of the head-tank, but vary within a range of 0 - 3 mm 

H20. This zero setting of the system reproduces within a few hours, but 

varies when longer time scales are considered. Each experiment will there 

fore have to be corrected for the zero-flow reading of that moment. 

This way of pressure-measurement can only be used in time-independant flow

situations. The response-time Ton a step-wise alteration in pressure is 

n2/16 v (v = kinematic viscosity, D =diameter tube). In this case T is 

1 sec. Typical varfation-times in physiological pressure patterns are of 

the same magnitude, which makes this approach to pressuremeasurement 

unsuited for dynamic studies. 

The measurement of (time-averaged) flow is clone by means of the collection 

method, determining the outflow of the dump-tank which equals the flow 

through the system (if the tank is completely filled). The flow can be 

collected in a calibrated glass-reservoir during a certain time (13) 

(typically 60 sec). Depending on the accuracy of the reservoir, flow can be 

assessed with an experimental error of 10 ml/min. 

Flow visualisation is performed for the purpose of studying local stream 

line patterns, especially in the vicinity of geometrically complicated 

configurations (e.g. arteriovenous fistulas). 

A simple dye-injection metbod is used: a perfusor pump (14) (B. Braun, Mel

sungen, Germany) injects a constant amount of dye (Parker fountain pen ink) 

at a rate of 1 2 ml/min via a needle inthefluid stream (15). The needle 

is inserted in a pressure point of the system: leakage is prevented by a 

special conneetion using the pressure-point enables the visualisation to be 

performed at several spots. 

The top of the injection-needle can be positioned between Y = 0 and Y = D. 

If Y > 0.5 D an increasing disturbance of the local flow pattern takes 

place, involving formation of vortices.(Figure 2.8). 
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At low Reynolds nubmers (Re< 500), the flow will not become turbulent, but 

due to vortex-formation the stream-line of dye wil! not enter the 

fluidstream at points Y > 0.5 D. 

Increasing Re of the stream will induce local turbulence at Re 950. 

This method is only suited for the study of low Reynolds numbers. On the 

other hand, Re may not be too low, because the specific mass of the dye is 

larger than that of water. Especially the study of flow patterns along the 

wall gives a high sedimentation of dye at the bottorn of the tube. 

Although this method has a small range of operation, it may nevertheless 

serve as an indication of fluid mechanica! processes taking place in an 

AVF-system. 

2-4 Properties of flowmodel components. 

Before commencing flow experiments, which introduce geometrie complications 

as bifurcations and needles (simulating fistulas and extra-corporeal dialy

sis-circuits), it is of interest to know wether the range of operation of 

the system meets the required conditions. Furthermore, the calibration of 

the pressure differences of the inlet-part, the tube set and the outlet 

part of the system are necessary.(figure 2-9) 

Figure 2-' In vitro experiment setup 1'or determining !Jressure 
drops in straight tubes. 

SC1 

L 

The calibration of the "inlet-pressure difference" is performed by measu

ring the flow that leaves scl and the corresponding pressure difference: 

this difference is defined as Ph- P1 (Q) : Ph= P1 (Q = 0). One obtains 

Pinlet (Q) = P1 (Q = 0)- P1 (Q): the results are given in figure 2.9. 
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A non-linear character is observed, even for low flow-values. This is 

associated with the narrowings and widening that takes place when flowing 

through the stilling chamber. 

The outlet-pressure differences are much higher: this is due to the presen

ce of the flow-regulation valve. A pressure-difference diagram is given in 

figure 2.10. This pressure difference is recorded with a fixed position of 

the valve. Closure or opening of the valve will accordingly give higher or 

lower pressure-differences. The non-linear character, due to the presence 

of the valve, is prominent. 

500 

t.p(xl 
mm H20 

Figure 2-10 Inlet and outletl'ressures as a function of the 
tubeflow Q. 

50 

t.p (o) 

rrvn H2o 

Tube flow in rigid, straight tubes depends on the value of the Reynolds num-

ber Re = vD/v v = averaged velocity of fluid-flow 

D =diameter tube 

V =kinematic viscosity. 

When Re < Recr (Recrit = 2300) then the flow is laminar: it consists of 

parallel flowing layers and the velocity-profile is quadratic The 

pressure-difference is given by Poiseuille's law: 

(:.,p = 3 2nL L l 2 
'TTD 4 • Q = f . D . pv 

-1 
f = 16Re 2-5 
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The flow becomes turbulent if Re > Recrit: the flow has a statistica! cha

racter with an averaged component in the forward direction: the velocity 

profile becomes pluglike. 

Pressure loss is described by 

f=0.079 
-0.2 5 

Re 2-6 

These relationships are valid for fully developed flow. If tubeflow deve

lopes from a reservoir where the veloei ty - 0, then a characteristic 

entrance length is defined (figure 2.11): numerical solution and 

experiments (Friedman 1968) yield the following relations 

-- D -- ----
Velocity profiles in steady laminar flow at the entrancetoa tube, showing the increasing width (Ö) of the 

bounciary la ver corresponding to the the change from an initially flat profile toa fully developed parabolle profile. 

Lentrance 0.056*Re*D (100( Re < 2000) 

Lentrance = 112.*D (Re > 2000) 

These concepts can be applied in discussing the calibration of the glass 

tubes (D = 5/6/7/8 mm) of the system. 

2-7 

This calibration is performed by measuring the pressure difference6P= P1 -

P2 as a function of the flow Q. The results are given in the figures 

2.12-2.15. 

The maximal entrance-length of the tubes is 59.5 cm (as calculated form 

formula (2 -7)), and can therefore not be neglected. On the other hand, as 

is explained before, the flow enters the tube from the stilling chamber, 

where it already has a velocity Vi 0. Thus the effective entrance length 

for this system will be considerably shorter. 

Allthe calibrations yield pressure-differences that are higher than the 

pioseuille differences: this is due to the remaining entrance-effects. The 

occurence of turbulence and the associated increase in pressure difference 

occurs at Re-numbers of Reerit = 2300 (D = 5 mm) and Reerit = 1765 (D = 6 

mm). 
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Chapter 3. Pressure-losses in arteriovenous fistulas. 

3.1. Introduction. 

Studies of flow through bifurcations have been reported in literature, 

dealing with different aspects of the problem: 

1. Viscous energy dissipation and pressure losses as a function of flow 

division rates, geometry and Reynolds-numbers. 

2. Local fluid-mechanical phenomena, such as velocity and wall-shear stress 

distribution. 

3. The bifurcation as in a geometrie and distensibility transition, causing 

partial reflection of the pressure and flow. 

The concepts introduced in each of these approaches can be utilised in the 

dis~ussion of hemodynamics of an arteriovenous fistula. The AVF can be 

treated as a junction of blood vessels, consisting of two blood vessels, an 

artery and a vein, which are connected through an (artificially created) 

anastomosis. lts basic form is therefore "H"-like (figure 3.1.). The four 

legs are called the proximal and distal artery, and the proximal and distal 

vein (proximal = closest to the heart; distal = away from the heart); the 

distal veinis normally ligated to avoid venous hypertension (section 1.2). 

In this report the AVF consists of three legs. The directions of the flow 

in the proximal artery and proximal vein are directed towards resp. away 

from the anastomosis. The direction of the flow in the distal artery can be 

either towards or away from the anastomüsis, depending on the site of con

structing of the AVF. (Ingebritsen 1960). 

, 

Fi ,c~ ure 3-1 

Venoua Arter~ol 
Collottfol tollottrol 

Dlo,.l- Oitlel....., 
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At this point, it may be of interest to notice that the geometry of an AVF 

is unique in the human vascular system: conventional arterial junctions, as 

the aortic and carotid bifurcations have small bifurcation-angles. 

The cross section-ratios, flowd ivisonratios and Reynolds numbers differ 

significantly from an AVF. Most important of all, however, is the possible 

occurrence of retrograde flow, that is, distal artery flow towards the 

anastomosis. This combining-flow phenomenon is a unique feature of 

AVF-hemodynamics. The three approaches towards such a study are mentioned 

in the beginning of this section. A careful consideration leads to the 

hypothesis that a study, based on the viscous energy dissipation (point 1) 

seems the most promissing. This is based on the large pressure-gradient 

that can be found when following the flow downstream e.g. from the proximal 

artery to the proximal vein. By means of cathether-pressure measurements, 

pressure drops as large as 50 mm Hg over a distance of 10 cm have been 

observed (Strandness and Summer, 1975; Van Gerwen, unpublished results). 

These pressure gradients are larger than can be expected from normal 

vessels with an equivalent length: therefore it seems that viseaus energy 

dissipation due to the specific geometry of the AVF plays an important role 

in the hemodynamics of this part of the vascular system. 

Local velocity-distributions (point 2) play a role in the formation of 

arteriosclerotic plaques (Fry (1968), Caro 1971)). It is also important in 

a analysis of the application of fluid-mechanical conservation laws. This 

aspect wil be used in the development of branching-flow theory (section 

3-2). 

The occurrence of wave reflection (point 3) is not releveant to this 

specific study, because the blood flow has been argued to be stationary. 

Teh relationship between pressure and flow in an AVF will be the subject of 

this chapter. 

The theory of branching flow provides the concept of loss-coëfficiënts, 

which are an index of the losses, that occur at a junction. 

These losses are shown to depend on a number of parameters, such as the 

bifurcation angle, the cross section of the composing vessels and the 

anastomosis, the flow division rate, Reynolds number and the aceurenee of 

combining or dividing flow. 

Experiments are performed with two sets of junctions. 



....-------------------------~-

26 

Group I is of a simplified geometry; study of this group may provide in-

sight in the overall trends of pressure-losses at a junction. It also ena

bles a comparison with literature. 

Group II represents the more realistic geomtry of an AVF. 

A following chapter (eh. 4) will discuss the interaction of a specific AVF 

and its properties, and the rest of the vascular arm-system. The model pre

sented enables the prediction of flow and pressures on construction of an 

AVF. 

3.2. Theory of branching flow. 

Most of the studies on blood .flow through bifurations are focussed on the 

analysis of velocity - and wall shear stress distributions in the internal

external carotid junction and the aartic bifuration. The reason for this 

interest is the possible relationship of these local fluid mechanica! 

effects to certain farms of arterial disease. One of them is atherosclero

sis: the build up of fatty and/or fibrous plaques occluding the vessel and 

destroying the elasticity of its wall, wich has a focal tendency to be 

found near arterial branches. 

Less attention has been paid to the viscous energy losses at arterial bifur

cations. Work has been performed by Pedley (1980) and Round et al.(1976). 

In general the contribution of bifurcation-pressure loss is considered of 

minor importance. Therefore it's not surprising that the main interest in 

this phenomena comes from a totally different branch of fluid-mechanics: 

hydraulics. 

The design of drainage and irrigation-networks incorporates the frequent 

use of branches and junctions. In order to obtain a good estimate of the 

driving pressure source, required to maintain adequate flow, knowledge of 

pressure-losses at pipe-junctions is necessary. 

Studies in this field have been performed for more than 50 years, to begin 

with the so called "Munich"-experiments (Thoma, 1923/ Vogel 1926 and 1928/ 

Petermann 1929/ Kinne 1931). Most studies are performed at high Reynolds 

numbers ( - 105), but Jamison and Villemonte (1971) also covered the range 

of Re between 10 and 104. 
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Variatiens in geometry, as well as dividing or combining flow 

configurations are carefully analysed. Reviews are given by Williamson and 

Rhone (1973) and Ward-Smith (1981). 

The theory of branching flow will be based on the use of the three conserva

tien laws of fluid-mechanics: the continuity, momenturn and energyequations. 

( Tab le 3 • 1. ) • 

Two flow configurations will be considered: dividing and combining flow 

( figure 3. 2.). 

The three governing conservation-laws of fluidmechanics. (Table3-1 ). 

The following assumptions are made: 

a control volume with boundary surface F is considered 

the fluid is incompressible:'Vp = 0 

the flow is time-independant:av/at= 0 

gravitional effects are neglected 

.§.'=ZnD 

Conservation of mass: 

jj (v.n)df = 0 

F 

Conservation of momentum: 

Jf {p~(~.~)+ p ~ }df 

F 

IJ {pv.(v.n)+ pn.}df 
~ - - ~ 

F 

Conservation of energy: 

S' is the Cauchy stress-tensor 

D is the deformation-tensor 

ll is the viscosity 

siJ. = n{avi + avh= 
dX. dX. 0 ij i ,j =1 ,2 ,3 

J l 

fJ ~·~· df 

F 

Jf 2: n. a .. df 
j J l J 

F 

JJ { t p v 
2 

+ ep + p } ( ~ . ~ l d f = J J ( ~ . .ê.. • l . v d f 

e = potential 

energy of a 

fluid-element F F 
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Ma in 

(a) Combinng flow 

Di viding flow 

FiP"ure 3-2 
0 

The geometry of comhinin~ and 

dividin;~ flow 

Marn 

( b) Dividing flow 

The discussion of dividing flow will involve the following aspects: 

1) Energy- and continuity-equations are discussed for a bifurcation 

consisting of three branches. 

2) Total pressure-loss coëfficiënts are introduced and the effect of the 

velocity-profiles and the pressure losses is discussed. 

3) Expresslons for the loss-coëfficiënts, based on theoretical 

considerations, will be given. 

4) It is argued that the dependance of empirical loss-coëfficiënts on the 

flow division rate can be described with a parabalie expression. 

The treatment of combining flow has the same approach: only essential 

results will be discussed. 

1) Energy- and continuity-equations 

Figure 3-3 

The ge ometry of 

Az 
Pz 
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Let's consider the branched tube of figure 3.3. The tubing consists of 

three branches with circular conduits with cross sections A0 , A1 and A2• 

Far away from the branching point (the intersectien between the three 

axes of the branches), the velocity profiles are fully developed, which 

means that they do not vary in the flow direction, and the pressures Po, 

Pl and P2 are a constant in the cross-section. 

The pressure-differences 6 P 01 = P 0 - P1 and 6 P02= P 2 - P 0 are caused 

by different processes: 

1) A change in kinetic energy of the flow (!pv2). 

2) Viseaus energy dissipation along the tube walls. The pressure losses, 

due to this dissipation, can be separated into two parts: 

a. the friction loss, which is defined as the pressure-loss that 

would have existed in the same tube of the same length if the flow 

was not disturbed by the branch (figure 3.4. by Ward-Smith). 

b. the mixing-losses, due to the branching flow. 

The friction losses are nat accounted for in the further discussion of 

this section. In sectien (3.3.), a pressure loss extrapolation methad is 

suggested, which takes these losses into account. 

------~ 

10 5 0 5 10 15 

l/0 l/0 
20 25 

Figure 3-4 
Pressure distribution in dividing 
flow. The mixing losses t..p 01 , 6p02 

are seperated frorn the frictionlosses 
in the straight branches. 1/D is the 
dirnensi onless di stance t o the 
bra nchi ng point • 

The laws of conservation of mass- and energy are applied to the control 

volume, defined by the boundary A. (figure 3.3.). 

The surfaces A0 , A1 and Az are choosen perpendicular to the axis of the 

branch. In a fully developed flow, this means that v o dA = vdA. V is 

the magnitude of ~· The remairring part of the boundary satisfies the 

condition v.dA = 0. 
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The continuity - and energy-equations b~come: 

Continuity: JJ vo 

A 
() 

Energy: 

JJ r 1 2 
l_ 2 r-: \' + p 

0 0 

A 
0 

dA L: 
i= 1, 2 

+ e r }v dA 
0 0 

r 
i= 1, 2 

A. 
l 

P. + e.o}v.dA 
l l l 

3-1 

3-2 

Assuming that Pi and ei are constant in the cross-section Ai; and introdu-

cing the averaged velocity 

v.A. 
l l 

A, 
l 

V. by 
l 

the equations gain the following form 

Cont:...c· 
V A 

0 0 

(P +ep)vA + Energy: JJ 
0 0 0 0 

A 
0 

3 
tov dA 

0 
L: {P.+e.o)v.A.+Jf(tov

3
1
.dA} 

i=1 2 l l l l ~ 
A. 

l 

It is convenient to write the kinetic energy-transport as: 

JJ tov
3
l.dA = S .. tov~. v.A. 

l l l l 

A. 
l 

is the so called "kinetic energy flux correction". It has the form 

f\ = - 1- ff (V i) 
3 

dA. 
A. V, 

1 A. l 
l 

Clearly, the value of Sidepends on the form of the velocity profile. For 

turbulent pipe flow, S reaches values of 1 < S < 1.05. 

In the case of a two-dimensional parabolic velocity profile 

(Poiseuilleflow), S = 1.54 (see appendix A). 

The energy-equation becomes 

-2 -
(P +eo+tov .s )vA 

0 0 0 0 0 0 
L: 

i=1,2 

-2 }-{p +e()+tov .. S. v.A. 
i i~ l l l l 

3-3 

3-4 

3-5 

3-6 

3-7 

3-8 
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The over-all loss-coëfficiënt for a junction, K , will now be defined as 
-2 the decrease om the total energy flux divided by t pv • v A 

0 0 0 

-2 -
K.tpv .v A 

0 0 0 

-2 -
" (P +~pv .. S.lv.A 1 [_, i l l l 

i= 1 '2 

3-9 

It should be noted, that if ~~ = 1 and no viseaus friction is present, the 

Bernoulli law holds, meaning 

-2 -2 
p +!pv = P.+ !pv. 

0 0 l l 

3-10 

This means that 

K= 0 

From the overall energy equation, it is possible to express K in terms of 

the change in internal energy e: -2 
Ll pv 

0 

v1A1 v2A2 
{e p-- + e p-- - e. p} 3-11 

I - 2 - 0 
V A V A 

0 0 0 0 

A positive value of K implies a net increase in internal energy, caused by 

viseaus dissipation farces. 

A third equation will be necessary to solve the equations presented. This 

is the momentum-conservation law. However the application of this equation 

requires knowledge of the velocity-distribution in the vicinity of the 

junction. 

2) The local velocity-pattern 

The development of numerical techniques, such as finile difference- and 

finite - element methods make it possible to solve the fluid mechanica! 

equations for almast any given geometry in the laminary flow case. An 

application of these methods to flow bifucations is given by several 

authors. 

An example is given by Liepsch et al.(l982) in figure 3.5 •• 

These studies are made for two-dimensional flow at low Re-numbers. Flow 

visualisation in bifurcations with a circular conduit reveals a good 

correspondance between theory and experiment. 

In general the flow distribution behaves according to figure 3.6 •• 

The stream lines are given for a straight tube, Which is intersected by 

a lateral branch under an angle e. 



Figure 3-5 Numerical 
salution of two-dimensional 
dividing flow: streamlines 
and centerline pressure in 
a 90° bifur·cation· 
(Re=49(J, q =0.44) 
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Figure 3-6 

Flowdivision in a bifurcation. 
Two separate streams can be 
observed within the boundaries 
F01 and F02 . They are divided 

by a plane Ad. 
lV 
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The most important feature is the presence of a dividing stream line, which 

impinges on the farthest edge of the lateral-tube intersection. Only a 

well-defined part of the entrance-flow enters the lateral branch. 

Two separate boundarys can be defined: Fo1 and Fo2 in which the 

energy-equation can be written down. A flow divisonrate qi = vi:A:i_/vo-~o is 
assumed. In the entrance channel, the cross-section Ao is divided into 

two sub-sections: the one belonging to boundary Fo1 has a 
surface aol Ao 

the other one has a surface ao2 
AO: a01 + a02 = 1. The common part of the 

two boundaries is formed by the plane of dividing stream lines(s): it is 

referred to as Adiv• 

Continuity and energy-equations obtain the following form: 

IJ 
a, . A 

01 0 

V dA 
0 JJ 

A. 
1 

V dA = q.v A 
i 1 0 0 

' 

3-12 

JJ JJ {!pv~+Pi+eip}vidA+ ff i 2 + e P }v dA (n . S)vdA {!pvo + p 
0 0 0 

a. .A A. Ad. 3-13 
01 0 1 1V 

It is assumed that Pi and ei are constant over Ai. A kinetic energy -

distribution coëfficiënt ~i is introduced by 

JJ tov
3

dA = a.a ·lrr tov
3

dA = a.a .B .tp~2 
V A 

0 1 01 ~ 0 1 01 0 0 0 0 

a, .A A 
01 0 0 

3-14 

~L is the ratio of the actual kinitic energy flow through the coss section 

a Oi A El to the kinetic energy flux through the same cross section in case 

of a constant distribution of the kinetic energy flux over the whole cross 

section of the tube. For a given velocity profile, a . anda. can be 
Ol l 

calculated as a function of q. In the case of a flat profile Bi and 

a. a o· are equal to unity. 
l l 

Cl i 

1 2 
~ecause n n 

JJ (n1
. s') vdA 

Ad. 1V 

JJ 
Ad. 1V 

3-15 
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These terms describe the work exerted by the fluid rnaving in the lateral 

direction on the fluid rnaving in the forward direction. The 

energy-transfer-coëfficiënt T is defined by ex pres si on 3-1 5. 

A positive value of T correspondens with an energy transf@r from volume F01 
to volume F 02 • 

It can be expected that for q = 1 the value of T will have a positive 
T 

value. Therefore1 -~ can reach considerable values. 
The energy-equations become 

( p + C2 p) ;r ( V dA + a . a. . f3 
0 0 ~ 0 l Ol 0 

,A 
Ol 0 

. t -2 pv 
0 

(Pi +eip) Jf vidA + Si.tp-;
2

. viAi 

A. 
l 

". 
The loss-coëfficiënts Koj are now defined as 

p -P. 
0 l 

-2 
tpv

0 

+ a. 
l 

a. . 2 A 2 
Ol f3 _ f3, (~) ::: 

o l A. 
l 

V A 
0 0 

V A 
0 0 

<e.-Q )p 
l 0 

-2 
tpv 

0 

* 
K . 

Ol 

3-16 

3-17 

• The terros K01 • and Ko2 are the loss-coëfficiënts, expressing the loss 

of internal energy due to the flow-bifurcation. 

The relation with the overall loss coëfficiënt of a junction K is given 

by • 
K = Z:: K .• q. 

Ol l 
3-18 

i=1,2 

In appendix A the constauts cXjaoi/qi 
two-dimensional parabalie flow-profile. 

and ~j are evaluated for 

In turbulent flow, these parameters are (almost) equal to unity. 

For this case, the loss-coëfficiënts can be calculated as 

* f.,p 
2 

A 2 
K 

oi 
1 (~) --- + - qi 3-19 

oi -2 A. t pv l 
0 
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In practice, these expressions are also used to calculated 
t

and K0z 
in situation, where the flow is not turbulent (and the parameters a a /q 

i Oi i' 
S. are not equal to unity). The loss coëfficiënts obtained are an 

l 
approximation and are termed K01 and K0z . In the experiments to 

be performed, these approximated values will be calculated • 

The relationship between 

* 2 Ao 2 
K . = K . -q. (-) 

Ol Ol l Al 

Koi 

( B. -1) 
l 

• and Koi 
a . 

Ol +a-
i q. 

l 

Table 3.2. gives EOi = KOi - KOi 

Table 3-2 

q 0.0 a. 1 0.2 0.3 0.4 0.5 

E: 01 -1 • 0 -0.48-0.16 0.09 0.3 0 0.40 

is given below: 

B -1 
0 

0.6 0.7 0.8 

0.45 0.44 0.36 

0.9 1 . 0 

0.24 0.0 

E:02 0.0 0.24 0.36 0.44 0.45 0.40 0.3 0 0.09-0.16-0.48-1.0 
---· --·-

ll_ Theoretical loss-coëfficiënts 

r ~o--- ---- - - - - -~-- - -- ------1 Vz 
Ao r- ~ Az 
-1-- ·-·-·-v·---·-. --
Po !-.--------------~---------r-.... P2 :X"-)Vx 

;L \v 
. Vy 

I Figure 3-7 

Theoretical analysis of 
bifurca ti on flow by a pplying 
the momenturn eqeation to 
the controlvolume A 

3-20 
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In the case of a simple geometry (Ao=A2), as given in figure 2.7., the 

momenturn equation can be aplied. A boundary A is given. Velocity-profiles 

are assumed to be one-dimensional (turbulent-flow). Friction losses are 

neglected. 

The velocityaveraged V at the surface, entering the lateral branch, is 

assumed to have an x- and a y-component. 

v = y.v 
x 0 

sin8 

This approach is an adaption of the analysis proposed by Katz (1967) and 

Bajura (1971). Katz also assumed that the momenturn exerted in the 

y-direction at the wall opposite to the lateral is p0A1 but there 

seems to be no sound theretical basis for this assumption. Therefore a 

simple theoritical prediction of Ko1 cannotbe given. 

The momentum-equation yields 

2 2 
(pv + p )A = pv vlyA. + (pv2 + p2)A2 

0 0 0 0 l 

An expression can be found for 

K = q 2 - 2q(1-y) 
o2 

If y = 1,that is, if the axcial velocity is equal to the 
2 

entrance-veloei ty, then K
0 2 = q • This can be expected for small angles 

3-21 

3-22 

If the axial velocity is equal to v 1cos 8, which means that the velocity 

at the entrance of the lateral branch is equal to the v , downstream, then 
A 

2 { 1 +2 ~ cos e} - 2q 
K = q Al o2 

3-23 

~ Empirical coëfficiënts. 

The theoretical analysis may have its limited value, as far as the 

expressions for the loss-coëfficiënts are concerned. Nevertheless, it 

gives an indication of the trends to be expected. One of the suggestions 

is that the loss-coëfficiënts can be expressed in a polynomial of the 

form 

2 
K.=a.q +b.q+c. 

Ol Ol Ol Ol 3-24 
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This approach is followed by several authors (Ito&Imai 1083, Blaisdeil and 

Manson 1976, Gardel 1957). The total-loss coëfficiënt K is given by: 

K = (a o 
1 

- a o 2 l q 
3 

+ ( b o 1 - b o 2 +a .. o 2 l q 
2 

+ ( c o 1 -co 2 + b o 2 l q + c. o 2 3-25 

The loss-coëfficiënts, listed in table 33, can be corrected for the form of 

the velocity-profile, and the distribution of kinetic energy , yielding E
01 

and E 
02 

• For Reynolds numbers of 105, a B = 1.05 is assumed, and a 

kinetic correction a. a
0

. /q9s given by figure A4 
l l l 

The values for E01and E
02

are indications, and the overall trends are the 

following: (Eoi defined in table 3.2) 

a) q =0 E 01 =-1 E02 = 0 

b) <! <0 >0 

c) >! >0 <0 
d) 1 0 -1 

1.0 
L 
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Escobar (1954) suggested that these corrections explain the occurrence of 

slight negative values of Ko
2 

for small q, that are sametimes observed 

(e.g. Ito and Imai 1973). The correction enlarges K02for these q-values 

and these negative losses do not exist. 
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He made a study of the flow division - boundary in junctions with circular 

branches and compared it with computations, based on a 

velocity-distribution, described by the v6n Karman equation (valid for high 

Re), and assuming a straight dividing line. These results are comparable 

with the ones presented in this study (figure 3.8.). 

Though this explanation may seem correct, the consequent use of the profile-

-correction yields negative values of 

only shifted to another range of q. 

K 
02 

for q = 1 ; the problem is 

The existence of negative values for K 02 f or q =1 can be 

understood as follows: 
1 -2 -the energy-transfer T.2pv .v

0
A

0 
from the flow going into the lateral 

branch to the flow in branch 2 is "large" because a considerable change in 

momenturn will accompany the change in flow direction form branch 0 to 
l -2 -the lateral branch. Therefore, the value of T. 2 pv • V oA 0 

can be large enough to account for these negative values: 

Of course, the overall-loss coëfficiënt, introduced in equation, always has 

to be positive. 

Calcula tion of K from the data by Gardel and Ito & Imai (table 3.3.) 

confirm. this conclusion. This is also true if the corrected overall-loss 

coëfficiënt K._ is calculated: for K02 may be negative for q =1 but 

the contribution to K is small, due to the multiplication with 1-q. 

Combining flow 

Ao 

Figure 3-9 
The ge ometry of 
flow 

The treatment of combining flow (figure 3.9.) is similar to the one of 

dividing flow. Nevertheless, a few differences can be noted. Firstley, this 

kind of configuration is seldomly found in literature. 
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The arterial system does not incorporate such a pattern of vessel-junction, 

whilst it is also highly unusual way of combining two streams a far as 

hydraulics are concerned. Ito & Imai report on a rectangular junction 

(0=90°) of this type. 

Secondly, the local velocity-distribution is a rather unknown factor. 

Roach, Scott and Ferguson (1972) report on a visualationstudy of 90°-degree 

junction at Rel= 500 (q=t). They observed local turbulence in branch 1 and 

the aceurenee of "whip lash" ins tabili ties wi th a period of T = 1 s • Fr om 

studies in combining and dividing flow they noted the decline of the 

critica! Reynolds number (Recr) with increasing angle of a symmetrie 

bifurcation (figures 3.10). 

~-

1 r Steady 
flow 

Propegoled lurbulen~ [ · Steody 
2'SCC~ flow 

• Steody 
flow 

Propagated turoutence \ 

i 
I o, -i 

I 

'I I(] ' ' '<5 ., 
' " :lulsutile 

! floW 

~--~~~~~ 45" 90" 135° 180" 45" 90" 135" 180" 0" 45" 90" 135" 180" 
45° ?,~.o '35° ISG 0 'J0 

91turcot10n ongle 
Bifurcolion oogle 

~iaure 3-10 'l'he r:ritical ReynoldsnUi11ber of x-~hal?ed gla::;smoclel 
:..;,.;;.~..;:__;;....__ bifurca ti ons during forward ( f) and backward ( b) flow. 

No numerical studies have been performed of the configuration under 

discussion. 

A lack of knowledge of the velocity-pattern obstructs the application of 

the momenturn theorem, and thus the derivation of theoretica! expressions 

for the !oss-coëfficiënt. 

The concepts of the energy-correction factor will also be of limited value. 

The loss-coëfficiënts K~1 and K~ 1 (the su perscript "c" is used to 

distinguish these coëfficiënts from those obtained in dividing flow, which 

will be referred to with a superscript "d"), are defined as 

2 
p. + ! pv. 

J J 

2 c 2 
P1+!pv1+Kj1 .!pv1 

A 2 
(~) -1 
A. 

J 

3-26 
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3.3. Model studies of bifurcations-losses 

The theory, presented in the previous section, provides a suitable way of 

determining losses in junctions. However, predictions of loss-coefficients 

on a theoretical basis, are shown to be of limited valve. Each specific 

geometry presents its own unique combination of cantrolling parameters, and 

loss-coëffociënts can therefore only be assessed experimentally. 

trom 
headtank 

-.- .. -

130.Q 30 , 

FL,ur-e 3-11 

In vitr-e experiwental Get-up 
f or det er mini ng mixing 1 os s es 
in bifur-cating flow. Mixing 
lossas are 6p01 and6p02" 

, ... - ... -.. 

30 

O.z 

· valve 1 
to dumptank 

The flow system, described in chapter 2, will be used for this goal. The 

setup, (figure 3.11.) is choosen in such a way, that an easy exchange of 

junctions is possible. In this section, only dividing flow-configurations 

will be considerd. The diameters of the up stream and down stream tubes 

are equal to those of the three branches of the junction. 

In all cases, Do = n2 = 5 mm. The length of the upstream branch is 950 mm: 

wich is sufficient to assure a fully developed flow at the entrance of the 

junction ( L entrance < 550 mm, as was shown insection 2.3.). 

Pressure-points surrounding the junction are placed at a distance of 20-30 

diameters (150 mm) from the branching point. 
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Liepsch et al (1982) and Walburn and Stein (1981) have shown intheir nume

rical and experimental work that the "propagation" distance for disturban

ces at junctions is in the range of 8-15 diameters (geometry and Reynolds 

number comparable to those used in the underlying report). Therefore the 

pressure differences 6p
01 

=po - p
1 

all mixing losses. 

and 6 p =p . - p
2
incorporate 

02 c-

An experiment consists of a number of operations in a fixed sequence: 

a suitable flow Q0 (Re0 ) is choosen which is kept constant throughout 

the experiment (within 5%): Q
0
is measured indirectly as Q1 + Q2 

Kinetic energy-contenct ~pv2 is set equivalent to ~p( Q 
0

/ A 0 ) 
2 

the flow divisonrate q =Q
1 

/ Q 
0 

is varied from 1 to 0 in steps of 

6 q = 0.1 • The experimental error oq =0. 05. 

for each value of q the pressures Phigh' Plowand Po, P1, P2 are read. 

Pressure differences are defined as oen ti oned a b ove. 

Zero-readings are performed before and after each experiment. 

Data-processing is done with the aid of the computer program BIFFIT. It is 

written in BASIC and runs on an APPLE !I-computer. A listing, with notes on 

the program structure, is to be found in appendix B 

Loss-coefficients are calculated from the inputdata 

(Po-P2) 

-2 
1pv 

0 

Q1 2 
+ 1 - ( 1 - -) 

Qo 

A parabolic fit is made, according to the expression (3.24) 

3-27 

The data set ( a 01 , •••••••••• c 02), and the corresponding plots will be 

presented in the next section as the result of each experiment performed. 

One remark on the calcutions, performed by BIFFT, must be made. 

In the pressure differences only the mixing loss-component is of 

importance. 

Therefore a correction for the friction loss is necessary. This is clone 

essentially by extrapolating the pressure-differences to the branching 

point.(figure 3.11). 

Yet fluctuations (randomized) in the pressure-readings for one value of q 

can cause deviations in 6 p oi • Because the asymptotic pressure-gradient 

is known from the calibrationexperiment (section 2.3.), the pressure 

dif ferences 6 p 01 
and6 p

02 
are found by means of the extrapolation 

procedure indicated in figure 3.11. 
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So only the knowledge of P0 , P1 and P2 and the calibrated pressure 

difference for the flow values Qo, 01 and 02 is necessary. The errors 

introduced in this way are not larger than in the extrapolation method 

using Phigh and Plow and only three pressures have to be measured instead 

of six. 

3.4. Loss coëfficiënts obtained by other authors. 

Research in dividing flow has been performed by several authors. 

A large amount of attention is paid to the study of junctions with straight 

branches "O" and "2", with a side branch "1" intersecting at an angle 8 

The range of Reynolds numbers is 105 < Re< 2 x 105 • Area ratios a=A1/Ao 

are in the range 0 < a < 1. 

Data for 8 = 90°, a =1 are given by Ito & Imai (1973) and Gardel (1957). 

They are compared with the theoretica! expressions (3.22./3.23.): (table 

3.3.) figure 3.12. 

Gardel also obtained data for angles 8 in the range 0(8( Tr and cross sec

tions a: 0 < a < 1. Ris expression for K is given in table 3-3. 
o1 

K 0z-emains identical to the value at 8=90°. 

The model expression for K 02 is also given. 

GardelIs data show an increase in K o1 for increasing e and decreasing 

a. Data form Williamson and Rhone (1973) show a slight decrease in K
02 

for decreasing a. This is in conflict with the niodel-expression forK
02

• 

The influence of the Reynolds number on the loss-coefficients has been the 

subject of research of Jamison and Villemonte (1971). They observed a rise 
-1 in the loss-coefficients for lower Reynolds numbers: K Oi rvRe • This re-

veals a striking analogy between the mixing-loss K0i and the friction 

loss-coefficient f, which both seem to behave in the same way. To extend 

the analogy, it is observerd (Ito and Imai) that for high Reynolds numbers 

the loss K 0iis almost independent of Re (rememer: f =constant at high 

Re!!). 

Data on combining flow are few. Ito & Imai (1973) obtained a parabolic 

expression for the loss-coefficient in the case of a sharp-edged 90° 

junction, equal cross sections and Re = 105. 
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1{) 

(a) 

0·3 

0·1 

0 

0 ... 

fficients for dividing flow. <P = 90°; A 1/A6 = 1. (a) Kp,; (b) K0~; (+l Vogel_ 0·1 
e (1932); (0) McNown (1954); <•l Milier (1971); ('Y) Ito and Imai (1973): 

<D correlation of Williamson and Rhone (1973). 

----~----- ·-----------
It o & Gard el Gard el (e#90° ,a#1) 

:T i-

2 
1.02 1.45 0.65+~(11- a)+(1.3-0.4(1-tu)).tan(~ q a a 

d ( 1 +a) ( · (11-e)) IK'o1 q -0.82 -1 .1 0 -1.90+0.4-a- .tan ~ 

1 0.99 0.95 0.95 

2 
0.65 0.58 1+2 (TI) .cos (e) q 

d 
-0.29 -0.26 -2 K02 q 

2 ... 

(rr -e)) 

1 0 0.03 0 Expres si on 

( ) 
q3 0.37 0.87 

IKd 2 
0.12 -0.26 q 

q o. 70 0.66 

1 0 0.03 

2 
1 .341 q 

K~i 
q -0.95 

1 0.80 

2 
1.34 q 

c 
-1 • 73 21 q 

1 1.19 
·-

l 
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3.5. Experimental loss-coefficients of AVF's. 

Two groups of bifurcations are stuclied in a set of 36 experiments: only the 

dividing flow-configuration is considered. Experiments in combining flow 

will be an object for further study. 

Group I is a set of test junctions (figure 3.14). Their geometry 

corresponds to junctions, stuclied in literature. 

Group II represents an AVF-junction (figure 3.15). Several parameter~, 
I 

determining the geometry are varied in a systematic way. 

These varfatons are believed to represent possible choices for a sur eon in 

creating a fistula. 

The parameters varied in these experiment are: (table 3.4.) 

* 
* 
* 
* 

inlet flow Qo (Reynolds number Re0 ) 

angle between downstream branches 

diameter-ratio D1/D0 

anastomosis-ratio Dan1D0 

Each experiment yields a set of loss-coëfficiënts K 01and K 02 , as a para

bolie function of the flowdivision q. Results are given as the fit-cöeffi-

cients ( a 01 ••••••••••••••• c 02 ) (table 3.5.). 
i 

Plots of the loss-coëfficiënts are grouped together in a set of figu~es: 

each figure contains several experiments, in which one parameter is faried, 

while the others are kept constant.(figure 3.16(1.16). 
I 

Figures 1-8 deal with the experiments of group I, and 9-16 represent lthe 

loss-coefficients of the AVF-geometries (group II). 

Group I. 

1-3: the bifurcation angle 8 is varied between 30° and 150° for various 

Reynolds numbers. The loss coefficient K 
01 

and K 
02

show an increase 

for larger 8 • Exceptions are 8 = 120° (figure 1), 8 = 150° (figure 

2) and 8 = 60° (figure 3). 
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These trends are in agreement with the data by Gardel. Measurements 

at low Reynolds numbers tend to be less reliable, because of tapidly 

decreasing pressure gradients. A larger relative error is the result. 

Remarks on the occurrence of negative values have been made in sec

tion ( 3-4). 

A decrease of Qo (Re0 : 3060 + 970) corresponds to an increase in 

( 8= 90°). This increase is the most prominent for Re0 = 970.'The 

ashed line gives the data of Gardel, obtained at a Reynolds n*mber of 

105 • The form of the curves is not similar, but dependsOf the 

Reynolds number. Therefore a quantitative comparison with thefrela

tionship KOi = C. Re -1 (Jamison and Villemonte) is not possi~le. The 

results for K Oi are not unique: a decrease for smaller Re is ~een 

except for Re0 = 970. I 

The diameter-ratio D1/Do is changed from 1 to 1.6 for àiffereht Re (8 

= 90°). A larger ratio corresponds with smaller loss coefficiènts. 

This trend is an extrapolation of the Gardel-expression (table 3.3.), 

which was obtained for 0 <D1/Do < 1: it now seems valid for 

diameter-ratio larger than 1. A decrease in K 02 is to be expected 

according to model expression (3.23.). 

The input pressure data Po, P1 and P2 of the data processing 

BIFFIT are distured with a random-error 

P. 
l 

- L1P < P. > P.+ L1P max l l max 

program 

I 

11 p has values of 
max 

1, 2 or 3 mm H2o. These values corresponds to the 

pressure-read out errors, that are common in the experiments. The ana-

lysis is performed for a 90°-junction at Reo 1730. 

The random-variation gives rise to a deviation in the loss co~ffi

cients: I 11K I =0.15 

Overall conclusions for group I-junctions are a decrease in 

loss-coefficients for smaller bifurcation-angles 8 , larger R~ynolds 

numbers and larger diameter-ratios D1/Do· These findings cor~esponds 

to the general trens observed in literature. A quantitative 

comparison is not possible though. Because the reference-val 

measured at large Reynolds numbers (lOS). 

Loss-coëfficiënts as a function of q also show a behaviour 

to those observed literature-studies. E.g. K 01 ( q =0) ~ 1 nd 

K02 (q =0) ~ 0 • For large q, they show a rise to 

ranging between 1.5 -2 resp. 0 -0.5. 
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Group II. 

9-10: Variations in the diameter-ratio D1/Do do not show a profound influen-

ce in K
01 a slight increase for larger D1/Do can be noted. These 

measurements are performed in a junction with an anastomosis-ratio 

Dan/Do= 2. Pressure-drops in this junction are small (figure 11-14), 

so data obtained with this junction tend to unreliable, especially 

not at the low Reynolds numbers of figure 10 (Re= 970). See e.g. the 

curve for K 01CD1/Do = 1.4), showing a negative curvature. 

11-14:A diameter-ratio Dan/Do~ 1.1 shows a marked increase of K01 (for 

large q-values in the order of 150%). Larger ratios show no signifi

cant mutual differences. This conclusion is valid for large, as well 

as small Reynolds numbers. A corresponding increase in K 01 is found, 

especially at larger values of Re. 

15-·16:A decrease of the Reynolds number in studying, a snecific ~eometry 

does not alter the loss-coefficients. 

Once again, the influence of the anastomosis-ratio ~s demonstrated: 

the high Kvalues on figure 15 associated with a small value of 

D /DO ( 1. 1), an 

The nressure-flow behaviour of AVF geometries is somewhat different from 

the groun I junctions. The influence of the Reynolds number and the diameter 

ratio D/Do is not so auuarent. Most significant, however, is the diameter 

of the anastomosis. If D /D0 ~1.1~ a remarkable rise in uressure-losses an 
~s observed, for K01 as wellas K02 , For ratios > 1.8. the influence 

~s negligible, 

This offers an imuortant tool in cantrolling the flow throu~h an AVF 

ueroueratively. On construction of a fistula, a large anastomosis has to 

be chosen, thereby, ensurin~ minimal nressure~losses in the AVF. ~low 

measurement can lead to the advice of diminishing the flow~ this can best 

be done by narrowing the anastomosis, 

The diameter of the efferent vein (D 1) ~s argued to be of minor imuortance 

~n determining uressure losses, as long as it is lar~er than the diameter 

of the afferent artery (D
0
). 

These conclusions are in accordance with clinical findings, as renorted 

by Holman (1952), who states that on construction of an AVF, the anastomosis 

should be lar~er than the diameter of t~e uroximal artery (D /D
0

> 1). an · 
Ingebritsen (1960) found that AVF-flow deuends on the ''size of the fistula·' 
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without g~v~n~ exulicit relations and criteria. Johnson (1970) reuarts 

succesful AVF-oueration with anastomosis ratios of 4-7 mm. On the other 

hand, Strandness and Sumner (1975) suggests a diameter ratio 

D /D
0 

= 0.6 - 0.8, based on theoretical considerations. 
an 

However, for practical puruoses, they state, ''a surgeon usually makes 

his side-to-side radiocephalic fistula with a ratio of 2-3 D /D 1, an 
reducing the danger of early acelusion due to fibrosis ar thrombosis". 

Information on the local velocity-distribution can be obtained by means 

of flow-visualisation, as described in section 2-2. Exueriments in our 

laboratory show that the flow disturbance in the downstream branches 

disappears after several diameters. 

These studies can be useful if a camparisou with e.g. numerical studies 

of flow distribution is nossible, 

The calculation of pressure- and flow distributions will also enable the 

theoretical evaluations of loss7coefficients as a function of several 

parameters, 

Additional studies have to be nerformed in combining flow studies in order 

to give an adequate descrintion of the pressure drous with retrograde flow 

~n the distal artery (occurring in radioeenbalie fistulas). However, the 

contribution of this flow is roughly 20% to the fistula flow, sa the direction 

of the flow in the distal radial artery will probably nat have a significant 

influence on the nressure-flow relationshiu of an AVF, 
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Figures 3-13 and 3-14, Table 3-4 

BIFURCATIONEXPERIMENTS 

gr oup I 

1 . 0 30 5 6 7 
60 14 1 5 16 
90 1 2 3 4 

120 17 1 8 1 9 
150 8 9 1 0 

1.6 90 11 12 13 

Q 0 ( ml/ min) 
- ---- - - - - - - - - - - - - - -

725 690 500 450 410 

1 . 0 2.0 20 21 
1.2 2.0 22 23 
1.4 0.8 24 25 

2.0 26 27 
3.0 28 

1 . 6 1 . 1 34 35 36 
1 . 8 31 32 33 
2.0 29 30 
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1.93,-.92,1.10,1.92,-1.5~,-.o: 
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Chapter 4. The interaction of an AVF and the extracorporeal 

dialysis-circuit 

4.1. Introduetion 

The blood flows and pressures in the vicinity of an AVF do not only depend 

on the geometry of the AVF itself, but also on the properties of the 

surrounding vascular system, as was stated by e.g. Holman (1952). 

Van Gemert et al. present a simple theoretical model of the arm-vascular 

system, incorporating an AVF and an extracorporeal dialysis-circuit (fur

theron refferred to as ECD). A short summary of the properties of this 

model is given in Appendix C. 

In this chapter, an extension of this model will be presented. 

For convenience, the extension will be termed "Model 2", whereas the origi

nal model by Van Gemert is referred to as "Model 1". 

Model 2 incorporates several non-linear components (which has been the sub

ject of discussion in chapter 3) such as (1) the AVF (2) the ECD, consis

ting of needles, blood lines, pump and artifical kidney and (3) a stenosis: 

a partial acelusion of a blood vessel. 

Sectien (4-2) will first discuss the pressure-flow relation for a single 

dialysisneedle, based on theoretical and experimental considerations. A 

dialysiscircuit, consisting of two needles, a dialysis pump and blood 

lines, is analysed in a similar way insection (4-3). The flow through a 

stenosis is treated insection (4-4). Finally, a computer simulation of 

Model 2 enables the study of the behaviour of blood pressures and flows as 

a function of several cantrolling parameters, such as extra corporeal blood 

flow etc. (Section 4-5). 

4.2. The dialysis-needles 

In conventional hemodialysis-treatment, two needles are used for the purpo

se of vascular access. They are placed in the proximal vein of the AVF. 

(Figure 4.1.). The needle placed near the anastomosis is used fortheblood 

supply of the articifial kidney. This needle will be termed "arterial 

needle" or "supply needle". Normally, the opening of this needle points 

towards the anastomosis. The second needle is the "return"needle or "veneus 

needle". 
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It points ~n the downstream direction. The cross section of a needle A with 
n 

reference to the vessel cross section A is in the order of 20%. 

of glass needle segment li. Figure 4-2 Ge ome!ti( 

"t ~ ~~I~l __ 2_=~t-'---.---, ~:.::::--;:;;:.. -;-;-iJ========== 
~ 25 mm-. x 

Front Side 

Flow studies are made of the hemadynamie behaviour of needles in the 

blood stream. For this purpose, a set of two identical glass-needles 

was made: the geometry of a needle sticking in a bloodvessel was 

simplified, as shown in figure 4.2. The ratio n=A /A is choosen to be 
n 

n = O.I6. 

The neediesegment ~s inserted in the flowsystem (figure 4.3.). A dialysis 

pump is connected to the outlet of the needle, providing a flow 0 ·ec 
The outflow Q of the system is measured. Pressures P

0
, PI' P

2 
and P

3 
are recorded upstream and downstream of the needle branching point X. 

This point is defined as the plane where the extracorporeal flow Q 
ec 

enters or leaves the tube/vessel. 

Pressure sites are situated respectively IOS and 25 tubediameters up

stream (P0 resp. PI) and IS and 55 diamters downstream(P2 and P3). 

I 
I 

'·,·!----------. --r· 
: ÓPn 
I ---------

Figure 4-3 
Determination of needle 
pr es s u r e l os s es 6 p as a 

n 
function of the flow Qtot 

~-----; --§Lt:::. ::::-'' --+---.-=-!- ~;: 0 
105.0 25D X 150 55.0 Qt.t 

'---------~~------~~~--------~---------
upstream downstream 
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The needle-pressure loss 6 P is found by extrapolation of the pressure 
n 

gradients P0-PI and P
2
-P

3 
towards the branching point X. 

A needle-pressure los-coefficient 
6p 

K = n 
n ~ 

2pvtot 

is defined as 

4-1 

Vtot 1S the averaged velocity 1n the part of the vessel with the combined 

flow otot . . 
A positive value of Kn corresponds with a pressuredrop over the needle, 

go1ng in to the downstream direction. Kn can be expressed as a para

bolie function of the flowdivisionrate q 0 /Qtot. 
ec 

2 
K = a. q + b q + c 

n n n n 4-2 

The experiments are performed at Reynolds numbers Re ranging 
tot 

from 2200-4400. 

Two configurations have studies: configuration I consists a needle 

with the opening pointed in the downstream-direction. Extra corporeal 

flow 0 is inJ"ected in (I+) of withdrawn from the main flow (I-). ·ec 
Configuration II has a reversed needle-opening direction. Definitions 

+ of II and II are identical to the ones given above. The configurations 

are listed in table 4. I. 

The experimental loos-coefficicients Kn as a function of q are drawn 

in fi~gre 4.4., (dashed line). The parabalie equation is listed in 

table 4. I. 

Theoretical express1ons for Kn can be found by applying the momenturn 

equation to a control volume contianing the needle. These control volumes 

for the four different cases are defined in table 4.2. The boundary-

planes with a corss section A are taken far upstream an downstream from 

the branching point, as to allow an undisturbed velocity-profile across 

this section. A uniform velocity-distribution is assumed, and wall-friction 

losses are neglected. The rest of the boundary is defind by the needie

surface A , and the opening of the needle (area: nA). ns · 
The force, exerted by the streaming flow on the needle, sticking 1n the 

by 

nA A ns 

± P nA± Kneedle 
ec 

S' is the Cauchy stress tensor (see table 3-1). 

p 1s the pressure in the opening of the needle. K is the force exerted 

4-3 

ec 
on the rest of the needel. These terms are unknown, but contribute to the 

loss-coefficient Kn. The continuity and momenturn equations for each 

configuration are written down in table 4. 2. : 
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Table 4-1 

K =a q2 + bnq n n 
+ c 

n 

n ~n f t:xperiment: 
-4.62 3.30 ~~ v vee ~ -1003 

:::::: ... Vtot 1 theoiy. 
0 D. ! -14.5 4 

I 

~ ~V 16.40 2 46 465 

125 4 0 

11 ~Vhj 8.11 -12.10 465 
-12.5 -4 0 

11~ n 3.22 -3.16 3.30 ~V tot 145 -4 0 

Continuity 

P1 

~Ytot A - vA • 0 (p1 + 
2 

V A - V pvtot)A -tot ec 

gYrof V A - vA .. (pl + 
2 

V A - pvtot)A -tot ec 

~Vhj vtotA - V A - vA • ( (po+ pv
2 

)A -ec tot 

n 
-<Po+ 

2 

~V tot vtotA - V A - vA .. C pvtot)A -
ec 

Kn 

(Peen- fneelèle/A 
2q { 2 -q (I+ I /n) } -

2 
!ovtot 

n t fneelèle/A 
2 q { 2- q ( I -

1 
/n) } 4 

(P 
ec 

2 
!Pvtot 

-2q{2-q ( 1+ 1/n)} + 
(P n + Fneelèle/A) ec 

!pv2 
tot 

-2q{2-q ( 1-
1
/n)}-

lP n - fn e e 1 d è I A) 
ec 

2 

I ;ovtot 

Momenturn 

(p + pv2) + pv
2 l nA A - (P + Knee1èe & 0 0 ec ec 

(p + pv2) (P + pv
2 

) nA + A + Knee lèle .. ( 
0 ec ec 

(p + pv2) A + (P + pv
2 

)nA + l<nee lde 1 .. c ec ec 

(p + pv2) + ov
2 

l nA A - (P + Kneelde .. ( , 
ec ec 
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The theoretica! curves for Kn (n = 0.16, p 
ec 

'T = Ü. = 0) are drawn ~n 

figure 4.4. (drawn lines). 

A good agreement between theoretica! and expermintal curves ~s observed 

especially for the figurations I+ and II . 

I+: For q=O theoretica! values are too low, because p and K are 
ec 

neglected in equation 4-3. For larger q, a good agreement between 

theory and experiment is observed. 

Negative values of Kn correspond to a pressure rise over the needle 

in the downstream direction. This principle ~s used in injection 

pumps, e.g. fuel-injection in an engine. 
+ II : The trends of theory and experiment are similar. Differences are 

-

once ag~an caused by neglecting P and K. Pressure losses can be
ec 

come fairly high if fluid is injected in the upstream direction. 

I : Experimental values tend to remain constant, whereas the theory 

prediets a rise in pressure losses. 
-

II : The theory seems to give a good agreement for -0.3<q<O if the 

theoretica! curve is translated upward over a distance of6Kn = 3.75 

to larger negative q-values yield smal! positive values for Kn: 

theory prediets negative values ofr q <- 0.4. 

Two remarks can me made on the study of needle flows: 

I) The loss coefficients Kn are determined as a function of q = Q /Q • 
ec tot 

As a consequence of the experimental conditions, the main flow Q has tot 
notbeen kept constant. It varies between 520 and 1060 ml/min 

(2200 <Re tot< 4500). 

Nevertheless the loss-coefficients obtained in this way are argued to 

be the same as though they were measured with a constant main flow Q tot" 
This is based on the fact that the loss-coefficients Kn (q=O) seem 

to be constant for flow values Q > 500 ml/min. (Figure 4-5). This is 
tot 

a consequence of the high Reynolds numbers, associated with this flow 

range (Retot>2100), leading to flow independant loss-coefficients. This 

type of behaviour is also expected for Kn . .(q·:f 0). However, this state

ment needs further experimental verification. 
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2) The flow from the dialysis pump impinges on the tube-flow as a jet 

(if V ). V b ). Aftera certain distance the jet is "dissolved", due ec tu e 
to the viscous interaction with the rest of the streaming fluid. This 

distance is termed as the "Jet Penetrection Depth (JPD)". A rough meassure 

of the JPD can be given with the aid of flow visualisation. Dye is injec

ted ~n the bloodline and is pumped through the needle into the stream. 

The distance from the branching point where no clearly distinuishable 

jet of dye is visible anymore ~s defined as the JPD. Results for the 

configuration I/II are presented in figure (4.6.). Jets injected down

streams (I) survive longer than those injected upstream (II). JPD varies 

between 0 and 8 tube diameters. 

The JPD-concpet corresponds to the "entrance-length"-concept which 

indicates the distance needed for a velocity-profile to be fully developed. 

It is used before in relation with the placement of the pressure

monitoring site in AVF-studies. 

Pressure-sites in needle-studies are at a distance of 75 or 125 mm 

from the branching point X , which exceeds the JPD. This means that the 

pressure recordings can reliably be used in the extrapolation procedure 

described earlier. 



t 

' 

58 

4.3. Needle-placement and hemodialysis 

In this section a set of in-vitro experiments ~s described, studying 

the behaviour of an ECD, consisting of two glass needles, a dialysis 

pump and a blood line. Three different configurations are tested 

(figure 4.7.). 

1 2 3 
- + O.ec - + - + ........... -- -

i I ! I 
I I 

' 
I I 

I I Uf!.. _; I-----~ - [ lk-~ - L d --I 

dl :~ l f I --.. --+- -j ~ I I --* 
I 

.; 40d j I :. l I 

~~ -
40d p1 40d Po 

Figure 4-7 Ge01netry of the three needle configurations 

Configuration (I) is the normal configuration, used in conventional hemo

dialysis-treatment. Configuration (2) is also used in dialysis-treatment. 

The third configuration (3) is unusual in hemodialyse-practice, but it is 

also considered here for completeness of the experiment. A fourth configu

ration, with the two needles sticking ~n the upstream-direction, will be 

a subject for further study. The flow direction of Q is considered posi
ec 

tive, if the arterial needle serves as s~pply-needle. Values of Q < 0 are ec 
not used in hemodialysis-treatment, but are of importance in the discussion 

of Chapter 5. 

The flows Qf and Q (in ml/min) are measured, tagether with the pressures ec 
P2 , P1 and P

0 
(mm H20): 

6 P2 = P
2 

- P0 denotes the pressure drop over the arterial and venous 

needle; 6 P 
1 

= P 
1 

- P 
0 

is the pressure drop over the venous needle and 

consequently, 6 P 
2 

- 6 P 
1 

is the pressure drop over the arterial needle. No 

extrapolation to the needle-branching-points is performed. 

The result for each configuration is given as a plot, showing 6 P 
1

, 6 P 
2 

and 

Qf as a function of Q (figure 4.8.). Characteristic points of these con-
ec 

figurations are given in table 4-3 as a set of data blocks: Qf 6P2 

Qec 6p1 
A hemadynamie comparison of the three configuarions is made with respect to 

(1) recirculation (2) venous collaps and (3) total needle resistance. 

__,. 
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Figure 4-8 

Ex:perimental data for three needleconfigurati ons 
(1 )-(3): the fistulaflow Qf, and the pressure 
drops over the arterial (6p

2
) and the venous 

(6p1) needle vensus extracorporeal bloodflow Qec. 

Table 4-3 

Q - 0 Qec = Qf /\!2 = 0 /\p1 = 0 Llp2- /\p1 =0 ec 

1 435 100 51 0 -87 470 0 
0 58 51 0 ? 330 ? 

2 415 90 470 -25 440 0 465 35 395 12 0 
0 55 470 -70 395 -40 280 0 -375 12 0 

410 100 390 175 455 0 415 70 3 0 65 390 150 -590 80 -375 70 

(11 
00 
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(I) Recirculation 

The aceurenee of recirculation (Qec ~ Qf) poses a limitation to the 

efficiency of renal dialysis: the optimum is found at Qec = Qf. The 

definition of dialysis-efficiency, as well as a proof for this state

ment, is discussed in appendix D. Therefor it is of importance to 

campare the recirculation values of the three configurations (table 

4-3, column. 2 ). The value of Q at the onset of recirculation 
ec 

r 
will be denoted as Q e·c 

Configuration (I) is normally used in conventional dialysis. 

It has be the highest value of Q:c(SIO ml/min) and is therefore the 

most efficient condition for treatment. The recirculation value 

of configuration (2) is 470 ml/min, which is only slightly less than 

the value of configuration (I); this is contrastwithor (3), which ·ec 
is only 390 ml/min. 

Although configuration (I) should be preferred for hemodialysis prac

tice, based on these arguments, it is shown in Appendix D that is nat 

critically related to the dialysis-efficiency, as long as Q r) 400 ec 
ml/min. In practice, only marginal differences between the 

dialysis-efficiences of the three configurations can be expected. 

2) Venous collapse 

A second limitation to dialysis-efficiency is the aceurenee of the 

collapse of the bloodvessel between the needles. A criterion for 

venous collapse (V.C.) is that the transmural pressure difference 

over the vessel wall is negative. 

Negative pressure between the needle can occur if the pressure-rise 

over the venous needle ~ P
1 

is larger than the pressuredrop over 

the downstream efferent vein assuming a zero pressure ~n the rest 

of the venous system. Therefore 6 P 
1 
< 0 is necessary for the aceurenee 

of venous collaps. 

From figure 4.8., it is suggested that for Q ~ 0, configuration ec 
(3) never can show venous collapse. This makes the use of (3) of 

particular importance in the hemodialysis treatment of patients, 

who show V.C. with conventional needle-placement. Clinical evalua

tion of this statement will be necessary. 

For configuration (2), the lower limit of Q for venous collapse ec 
is given by Q = 280 ml/min. Values of 6 P

1 
have not been measured ec 

~n the experiment concerning configuration (1). 
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(3) Needle resistance 

In the model of Van Gemert et al., 6P2 represent the pressure

losses in the blood vessel between the needles. The inter-needle

resistance rnn' 1n ·l·erms of this model, is a constant (Appendix C). 

The losses in the vessel due to the needles themselves are neglected. 

In the foregoing di~scussion the influence of the needle pressure

drop and its interrelation with the dialysisconfiguration used, is 

illustrated. A new needle-resistance r *" can be defined, which 
nn 

can be correlated to the simple resistance-conditions of Model I. 

The de fini tion of r *' is (see Appendix C) 
nn 

4-4 

The values of r ~ for the three different configurations ared 
nn 

depicted in figure 4.9. A wide range of r ~ is covered, so it 1s 
nn 

far from a constant. Infinite values of r~ corresponds to nn 
pressuredrops over the needle-system, which are nat zero at the 

onset of recirculation. 
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The observation on the interaction of AVF with the extra corporeal 

circuit have to be described by an expanded model (Model II) which 

incorporates the specific pressure-losses induced by a certain 

needle-configuration. 

Final .ly, a few remarks can be made. Firstly, the increase in Q also 
' ec 
causes a change in Qf. However, at conventional hemodialysis values of 

Qec (250 ml/min), configurations (I) and (2) show an increase of 2%, resp. 

4%, while (3) shows a ~ecrease of 3%. 

These changes are small, confirming the conclusion by Van Gemert et al. 

(1983), that extra-corporeal dialysis-treatment does nat induce an 

increased cardiac output (at least nat through this mechanism). 
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A second remark concerns the pressure-flow relations derived seperate

ly for each needle (section 4-3). From these expressions, values of 

L}Pl and L} P 
2 

can be calculated for each configuration as a function of 

Qf and Q • These values turn out to be lower than the experimental values ec 
of L1 pI and liP 2. One explanation l.S that the pressure losses in the 

remairring part of the tubing are not accounted for. 

A further explanation incorporates the interaction of the two needles. Sepa

rate needle-studies are based on a fNlly developed flow upstream and down

stream of the needle. In the experimental situation, the distance between 

the needle-branching points is 20 cm. Flow between the needles could be 

disturbed, causing additional losses. An experiment with a large inter

needie distance may solve this problem. 

A last remark may be made on the pressure-distribution in the extra-corpor

real dialysis circuit. This is not of interestas far as phenomena such as 

recirculation or verrous collapse are discussed, but is important in explaining 

the limitation of extra-corporeal flow. 

It concerns the observation that the increase of the rotation speed of a 

dialysis-pump will not result in higher extra corporeal flow. 

A discussion on this phenomenon is given in Appendix D. 

4.4. Stenosis 

A stenosis 1.s a narrow1.ng of a blood vessel, which can lead to a 

diminished blood flow in the vessels downstreamof the stenosis. If 

this occures 1.n one of the vessels in the vicinity of an AVF blood 

flow in the AVF can decrease and eventually cease (e.g. due to 

thrombosis). Thus it farms a threat to the patency of a fistula. 

Research in early stenosis-detection, based on the disturbance of 

the velocity-profile, is a current hot-topic in the hemodynamics of 

the carotid bifurcation, (see Deshpande et al. 1976, Strandness 

1977). A stenosis is sametimes not easy to detect: the pressure-fall 

over a stenosis does nat rise significantly, until the acelucled 

area amounts 70-80% of the original area. From here on, a small 

reduction in size will cause a large pressure gradient and a 

corresponding decrease in flow. 

Modelling of a stenosis in the flow system of chapter 2 is clone by 

placing an adjustable scre,damp over a piece of flexible (silicon) 

tube with a circular cross section (figure 4.10). 
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Geometry of in vitro stenosis 

tTT g= 
1 

The calibration-curve of A/A0 1s given as a function of D
1 

(figure 4.11). 
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The pressure-losses 6 P over the stenosis are measured as indicated sten 
in figure 4.I2. Pressure gradients P

0
-PI and P

2
-P

3 
are extrapolated to the 

stenosis-point. Measurements are performed at Re = I350 'q = 320 ml/min). 
0 \ 0 

The loss-coefficient Ksten is defined as 
~p 

sten K = 
sten 1 2 

2 pv 
0 

4-6 

Ksten is plotted as a function of the area-ratio a = A/A
0

; a was varied 1n 

the range 0. 04 < a <I (figure 4. I3.). 
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In flows through an expansion, the pressure-loss coefficient is g1ven by 

K 
2 2 

(1-a )/a 

A The area-ratio a= 1/A
0

. This result is basedon the 

application of the momenturn equation in simple one-dimensional flow. 

A theoretical expression for Ksten can nat be given. The curve shown 1n 

figure 4.13., can however bedescribed by 

2 2 
Ksten= 0.46(1-a )/a 

For smaller values of a, experimental erros 1n a of 50% can occur. This 

is sufficient to account for the difference of the experimental values 

4-7 

4-8 

and the expression suggested. So expression (4-8) seems valid for the whole 

range of a values: 0.04 <a <1. 
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4. 5. Computer simulation of AVF and ECD behaviour 

In the foregoing sections, an in-vitro study of the interaction of AVF-flow 

and ECD-flow is made. Using the data of these experiments, it is possible 

to develop an extension of the model by Van Gemert et al., which incorpo

rates the non-linear pressure-flow behaviour of the AVF and the dialysis 

needles. In the rest of this section, a Cimino-Brescia AVF will be considered 

constructed near the wrist, Figure 4.14. and table 4.4. define the confi

guration of the arm-vascular system and the extracorporeal circuit. The 

value of the vascular of the vascular resistances R and cross sections A, 

listed in table 4.4., correspon to the "normal" values, defined by Van Gemert 

et al. The pressure in the central aorta is choosen to be IOO mrn Hg. The 

pressure loss in the AVF is described with the aid of a set of loss coeffi

cients, defined by expressions (3.I9) and (3.27). 

Because reversal of flow can occur in the distal radial artery (4), dividing 

as well as combining flowconfigurations are taken into account. The only 

data present on a bifurcation, descrihing both configurations, are those 

obtained fora 90° junction by Ito & Imai (table 3.3., Ist column.) This 

will be the fistula of choice in the present model. 

The pressure losses over the arterial and veneus needle are calculated with 

the use of expression (4.2.) and the data of table (4.I.). 

As an illustration of the influence of a stenosis in the vascular system, 

a partial acelusion between the AVF-anastomosis and the arterial needle is 

considered. A partial acelusion of 50 and 70% is choosen. 

The pressure-flow behaviour of the stenosis is described according to ex

pressions (4.6) and (4.8). 

The interaction of the components (AVF, stenosis and needles) is neglected: 

their pressure flow behaviour is considered as if they sufficiently far 

apart in the system to neglect the presence of another component (by dis

turbing the flow between two components). 

The behaviour of the system is analysed by the relation between the extra

corporeal bloodflow Q and five parameters. These are ec 
I) the fistulaflow Qf 

2) the pressure downstrearn of the veneus needle P0 
3) the pressure downstream of the arterial needle PI 

4) the pressure upstream of the arterial needle P2 
5) the pressure over the peripheral vascular bed P3 
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The computerprogram AVFSIM is used to calculate the pressure and flows 

1n the system, defined by figure 4.14. AVFSIM is written in Algol and runs 

on the Burroughs B 7700-computer of the Technical University of Eindhoven. 

A listing is given in appendix The salution is based on a least squares-

approximation: the calculation of the actual approximation is clone by the 

procedure MINIQUAD, which is a part of the THE-B7700 procedure library. 

The results of the calculations are shown in figure 4.15. The parameters 

P 0 .. J> 
3 

and Qf are plotted as a function fo the extracorporeal bloodflow Qec. 

The calculations are performed for four needle-configurations (NC): the 

first three configurations correspond to the ones stuclied in the in-vitro 

experiments of sectien 4.4. 

The fourth one was left out in the experiments. 

The degree of partial acelusion of the vessel between anastomosis and 

arterial needle is varied: an acelusion of 0, 50 and 70% of the original 

vessel cross sectien is considered. 

The fingerpressure in the vascular system, without a fistula being present, 

1s indicated by (3 c0 ): it has a value of 90 mm Hg. 

On creation of an AVF, the fingerpressure decreases and becomes 57 mm Hg 

(in figure 4.4., NCI, this is indicated by ~3). Ischemia of the hand 

(section 1.3.) is assumed to occur at P3 = 50 mm Hg.Low values of P3 
therefore can cause complications. 

The rate of decrease depends upon the specific kind of AVF created, 1n relation 

with the properties of the surrounding vessels. No further research into this 

aspect of AVF behaviour is presented in this section. The corresponding 

values of the fistulaflow and the pressure in the veinare shown as ~f, 

resp. t:> 0, r:::-- I and t::::o- 2. 

When the two dialysisneedles are inserted in the ve1n, (without any extra

corporeal flow: Q = 0), the total resistance of the fistuleus circuit ec 
increases: this causes a decrease of Qf and a rise in P

3
• In this case, 

the geometry of the needle and its way of being punctured is the determining 

factor of the changes in Qf and the different pressures. 

Large needles corresponds to a large change, where small needles induce 

small chages. In these calculations, the configuration of the glass needles 

sectien 4.4. is considered. 

Increasing the extracorporeal bloodflow 0 reveals that the overall ·ec 
behaviour of pressure-flow can he divided intwo two groups: 
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NC I and 2 (which are characterised by a venous needle pointing downstream) 

show a decrease of pressures PI' P
2 

and P
3 

and a corresponding increase in 

Qf. No recirculation occurs for this range of Q observed. However, venous 
ec 

collaps (associated with PI~O), is seen for Q = 340 resp. 280 ml/min. 
ec 

Though these configurations yield a high fistula flow, they are thus limited 

by the phenomenon of venous collaps and the occurrence of low fingerpressures 

P3 : large values of Q could induce ischemie complaints. It is suggested 
ec 

that patients who are liable to v.c. or ischemia could better be punctured ~n 

an alternative way, e.g. with the venous needle pointing upstream. 

This is the main feature of NC 3 and 4: their behaviour is different from 

the one observed before. An increase of Qec hields a decrease of Qf' tending 

towards zero for Q = 280 resp. 360 ml/min. It is an object of discussion 
ec 

whether this can really happen in a real situation. Several compensation-

mechnisms will play a role in this behaviour, which of course are not 

accounted for. 

Recirculation occurs for Q = 240 resp. 280 ml/min. The dialysis-efficiency ec 
~s argued to be optimal at this value of Q , (appendix E) and the magnitude 

ec 
of Q corresponds to conventional values used in hemodialysis. Furthermore, 

ec 
the rise in PI and P

3 
indicates that nor venous collaps, nor finger ischemia 

can occur in these cases. These NC are argued to be sensible ways of 

puncturing, at least from a hemadynamie point of view. This is an important 

conclusion with clinical implications, which needs further research. 

The influence of a stenosis is illustrated by the overall decrease of Qf 

and pressures P0 •.• P2. The fingerpressure P
3 

shows a slight rise. These 

changes are not dramatic, which is to be expected. A 50% or 70% partial 

acelusion of a vessel is known to cause little complications. 

Calculations for large stenoses were not yet performed, due to numerical 

instahilities in the computerprogram, which occur for these cases. This 

is apparent, because a rapid increase ~n pressure-drop for a slight in

crease in the occluded area is expected. 

In this section it is shown, with the aid of a mathemical model of the 

arm-vascular system, that the way in which a dialysis-patient is punctured, 

can be of considerable importance in descrihing recirculation, venous 

collapse and finger-ischemia. Especially the role of the venous needle 

is prominent. A deviation of the conventioanl way of puncturing can be 

useful in cases where these phenomena present complications. 
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Figure 4-14 The geometry of the arm vascular systern and 

AVF 

Needle 

Need le 

the extra c~or·poreal c·ircuit, as it is used jn the caleulation 
of Llw CüllilJlLt::rprot;rum Ell<'.!<'l'l'. 'l'he fj;>LuluJ'low C),i' unu the 
pressures P 0-P 3 are calculated as a function of 1,1 • Four. 
different ways of needle Functuring are studied, a§ wellas 
the influence of u (small) stenosis between the anastomosis 
and the artecial Ilt~eule. 

The numbers of the resistanees and flows 1-8 corr·espond to 
t he va lues li st e d i n tab le 4- 4 

Table 4-4 

( PRU} 2 ( mm ) 

Vessel Resistance Area 

brachia l artery 0.026 4.9 
ulnar artery 0.2 08 11 

pr oxi mal radial artery 0.104 11 

distal radial artery 0.1 04 11 

peri pheral vasc ular bed 1 • 1 7 11 

post a nast omic AIJF vein 0.005 11 

inter need le AVF vein 0.011 11 

d ownstream AVF vei n 0.023 11 

* 1 mm Hg 
1 PRU = 1 ml/ min 
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Chapter 5. AVF capacity measurement with an indicator technique 

S.J. Introduetion 

Measurement of AVF-flow 1s one of the keys to the study of AVF-hemodynamics. 

Two simple non-invasive methods for this purpose have been developed by 

VanGerwen et al. (1983) (section 1-3). The clinical relevanee of this 

methods has been shown in a qualitative sense. Obtaining quantitative 

results (actual values of AVF flow) requires the use of a more direct way 

of flow measurement. 

Two other non-surgical techniquesare reported. Firstly, the Doppler-ultra

sound technique is employed by Forsberg et al. (1980). This method yields 

an averaged blood-velocity. Knowledge of the vessel cross section 1s 

neacessary to obtain flow-values. Donppler-ultrasound measurement can be 

used in evaluating flow through an AVF flow: the cross section of a graft 

at the moment of implant is known. (Smits, Groningen, private communications). 

The second technique is the indicator-dilution method. 

An indicator is injected 1n the upstream part of a vessel. The degree of 

dilution is monitored at a certain point downstream of the injection site 

(e.g. by takinga bloodsample, or inserting a cathether); it is directly 

related to the flow in the vessel. Van der Werff (1978) describes the use 

of radioactive technetium as an indicator. Forsberg et al. (1980) use a 

bolusinjection of indocyanine green to calibrate the Doppler-ultrasound 

method. In this case the experimental conditions prevent routine clinical 

application of this type of measurement. Nevertheless, a method for AVF 

flow measurements, based the concept of dilution-techniques is feasible 

when the following requirements are set for such a method: 

I) The method sould be simple and "non-invasive" and preferably not time

consum1ng. A measurement preformed while the patient is on dialysis

treatment is acceptable. This suggests the use of t~e blood pump and 

the needles, that already provide an access to the vascular system 

2) The indicator has to obey several demands: 

- it must be non toxic 

- an accurate concentration determination must be possible 

- it must not be removed from the blood between the point of injection 

and the point of measurement 

- after the measurement, remaval from the body must occur 1n a natural 

way. 
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An indicator that meets these demands ~s broomsulphaline (BSP): it ~s 

removed by the liver. A maximal dosis of 5 mg per kg bodyweight may be 

used in the flow experiment. ~erlag, private communications). Because 

of its molecular weight of 838 Dalton it is even partially removed in 

hemodialysis (artificial kidneys remave molecules up t© 5000 Dalton). 

In the next sections, the theory of the indicator-methad will be discussed. 

The validity of the theory is tested in an in-vitro model. 

5.2. Theory of AVF indicator flow measurement 

pump (b) 

-I 
I 
I 
I 

- Qf~Clec~- --1-. O.t+Oo 
-+~~~----~(~1---~--~~ Cds 

(C) 
( a) (dl 

Fip;ure 5-1 

Geometry and 
parameters of an 
AVF flow measurement 
c onfigura ti on. 

The basic set up for the AVF-flow measurement is described in figure 5.1. 

The configuration consists of the proximal vein of the AVF (a) and the 

extracorporeal dialysis circuit, including a dialysis pump (b) and the 

arterail (c) and venous (d) needles, sticking into the proximal vien. 

The articifial kidney has been by-passed in order to minimize the extra

corporeal blood volume (see page '}'i). The direction of the extracorporeal 

blood flow is inverted with respect to the pump direction used in con

ventional hemodialysis: this means that blood is withdrwan from the vessel 

by the venous needle and returned by the arterial needle. 

The blood flow upstream of the arterial needle and downstream of the venous 

needle is defined as Qf(t): the time averaged flow is given by Qf. The 

dialysis pump yields an extracorporeal blood flow Q (t). An indicator having 
ec 

a well known concentratien c0 is injected into the ECD-circuit at a constant 

rate of Q0 (6 ml/min). The site of injection is choosen as close as possible 

ot the arterial needle. Blood samples are taken at a side in the ECD-circuit 

as close as possible to the venous needle. After injection, the indicator 

~s diluted in the blood flows of the ECD-circuit and the proximal vein. 
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The concentrations are referred to as indicated in figure 5.1.: they are 

considered to be constant over the cross sectien of a tube/vessel. This is 

termèd "ideal mixing". 

In the analy$iS to follow three assumptions are made: 

(a) 

(b) 

(c) 

The injection of indicator started at t = ~ and is continous. 

The concentratien distribution in the system does no-t change 

anymore. 

The flows Qec and Qf are time-independant: Q (t)=q-- and ec ec 
Qf(t) =Q-;. 

The upstream concentratien C is zero during the whole 
US 

experiment. 

Under these conditions, a simple mass-balance over the controlvolume A 

(figure 5. 1.) yields 

Knowledge of c0 and Q0 , tagether with one measurement to determining Cds' 

enables the assessment of Qf. Characteristic values of the parameters are 

Qf = 600 ml/min and Q0 = 6 ml/min so that c0/ Cds = IOI. 

5-1 

Each of the assumptions (a), (b) and (c) are studied, in relation to clinical 

application, and their influence on the AVF-flow measurement is discussed. 

(a) The first assumption is a steady-state condition of the system with 

respect to the concentratien distribution. 

This is associated with the fact that a contineus injection of indi

cator is assumed, starting at t =- oo • 

In practice, the injection will start t = 0. It will be shown that 

the concentratien distribution tends towards an equilibrium, but 

never reaches. 

The behaviour of the system at a certain time t can be described by 

the mass-balance at the points (I) to (4) in figure 5.I. 

It is useful to introduce the propagation-times ti to t 4 : 

the time a fluid-element with a certain concentratien C. 
~ 

travel frompoint i to I+I (i= I, 2, 3, 4, I, ). It 

t. represents 
~ 

needs to 

~s determi-

ned by the bloodvolume V. between i and i+I, divided by the time
~ 

averaged flow Q.: 
~ 

t. = Vi/Qi 
~ 

5-2 
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T is the circulation time of the system. In case the 

needles are placed a short distance from each other, t 2 << T • Then 

T~ V /Q : the circulation time of the system equals the extra ec ec 
corporeal blood volume V d divided by the extracorporeal bloodflow 

ec 
Q . Using the concept of propagation-times the concentrations 1n a 

ec 
straight tube between two points i and i+I are related as: 

C. + l (t) = C. (t-t.) 5-3 
1 1 l. 

The mass-balances 1n point (I) to (4) are: 

c Q + Q c
4 

(t-t .) = (Q + Q ) c
1 

(t) 
o o · ec l.f ec o (injection point) 5-4a 

(Q +Q) c
1 
(t-t

1
) = (Q +Qf +Q) c

2
(t) ec o ec o (arterial needle) 5-4b 

(venous needle) 5-4c 

(sample point) 5-4d 

The mass-balance at point (3) and (4) are based on the fact that 1n 

a diverging flow, the concentratien in the two daughter flows is equal 

to the concentratien in the mother flow, provided that the indicator 

1s ideally mixed. The significanee of balance (3) 1s that the concen

tratien Cds in the downstream vessel is equal to the concentratien 

behind the venous needle. Samples taken there (at point (4)) represent 

the blood concentration. 

So equation (5-1) applied toa steady state system, can also be 

written as C -c (oo) 

Q /Q = 0 4 
f 0 C (oo) 

4 

No extra venous punctures are necessary 1n this way. 

In order to solve the mass-balance equations initial conditions for 

the concentrations have to be given. All initial concentrations are 

zero. 

Continuous injection starts at t=O: 

5-5 

c (t) 
0 

c 
0 

t~O 5-6 

0 t2:0 

Solving the mass-balance of equation (5-4) in a sequential way, leads 

to the graphically presented solution of figure 5.2. 

At t = n~ t. = nT , the flow has recirculatedntimes. 
1 
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Fi1~ure 5-2 

Th e r e 1 at i v e in di ca t or 
con~entration at the sample 
site c4(n)/c 4(oo) versus time t. 

... .. ---··- - ·-~ T: 
Injection starts at t=ü . 
Discontinuous changes are 
observed at t= nT-t 4 . 

- ~-----) 

t4; 
I I 

1 n 2 3 4 

Of special interest is the relation between C4ft' and Q0 , because the 

smaples are taken at point (4). From equation (5-4) by substituting 

eq (5-4c) in (5-4d), eq (5-4b) in (5-4c), and eq (5-4a) in (5-4b), a 

recurrent express1on for Ch(t) is found. 

Qo Qec 
C4(t)-Qec+Qf+Qo Co +Qec+Qf+Qo.C4(t-T) 

Setting QeJ'~ec+Qf+Q0 ) =X and defining c4 (n+l)= c4((n+l) ~) 
~igure 5.2.), the salution of this equation yields: 

It follows that 

lim c
4

(n+1) c
4

(oo) 

n-+ oo 

{1+x+ ... +x"} 

-1 
{1-x} 

5-7 

5-8 

The expression for c4 (n+l) for n+oo 

of expression (5-5). 

yields the steady-state salution 

Confining the expression for c
4 

to n terms, and making use of the pro

perties of a geometrie series, the sum of the series will be 

c
4 

(n+1) = 

An estimate for Qf' written as {ff is g1ven by 
c - è 

0 4 
c4 

The relative error 

6Qf Qf - Qf 
= 

Qf Qf 

6 Qf/Qf is given by 

Qo n+1 
(1 

x +-) 
Qf 1-x 

n+1 

The estimate Q!f will always exceed the real value Qf 

5-9 

5-10 

5-11 
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Table 5-1 Table 5-2 

time in units T1 

0.6 0.4 0.2 .0.1 0.8 0.6 0.4 0.2 0.1 

n n 
1 .67 2 .5 5 10 1 0.24 o. 16 0.09 0.03 0.008 1 1.25 

2 0.09 0.06 0.02 0.005 2 2. 5 3.34 5 10 20 

3 0. 04 0.02 0.007 3 3.75 5 7.5 1 5 30 

4 0.02 0.007 4 5 6.67 1 0 20 40 

5 0.007 5 6.25 8.34 12 .5 25 50 

Table 5-1 lists the relative errors 1n Qf as a function of n (n 1s 

the number of total circulations in the system) and Q /Qf. 
ec 

Variations in Q0 /Qf<~1. It is seen that an increase in n and a decrease 

in Qec/Qf yields better estimates for Qf. The index n however only 

indicates a relative amout of time. The real time, at which the sample 

1S taken, 1S t = (n+ 1) T . If Qo/Qec« 1 and t 2 <<t
1
+t

3
+t4 , then 

sample 
V 

eed 
Q -1 0 -1 

t3 + t4~{v1 v4} /Q { ec ·} -ec T ~ t + + v3 + -- = T {-} 5-1: 1 ec Qf Qf 1 Qf 

Table 5-2 lists the time t 
1 

, at which the samples with a relative samp e 
error, indicated in the left table, are taken. It becomes clear that 

a small relative error in Qf 1s associated with a large ratio Qec/Qf. 

A practical value for T1 is: 

vecd = 100 ml 

Qf = 600 ml/min 
T 1 = 1 0 sec ond s 

This means that an error range of JO%, 5% and 1% (for Q /Qf=O.S) is ec 
reached after 31, 60 resp. 78 seconds. 

It now becomes apparent that for the reduction ofTl, the artificial 

kidney should be by passed: the extracorporeal bloodvolume Vol d ec 
should be as small as possible; the value given here refers to the 

volume of a coupled arterial and venous blood line. Smaller blood 

lines, ar perhaps the use of a specially developed "flow-line", can 

reduce Voleed and thus T1 • Also, t 4 -~i needs tobe minimised: this 

is clone by injecting the indicator as close as possible to the arterial 

needle, and taking the sample directly after the venous needle. 

A set of arguments can be given for the necessity of minimizing the 

extra corporeal bloedvolume. 

1. The methad is basedon a continuous injection of indicator (BSP). 

if a sample is taken at t 
1 

, the injection can stop. samp e 
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A total amount of Mmg 

patient. 

Q x c x t 0 0 sample 
1s injected 1n the 

60 

A maximum close M may be administrated. This sets an upper limit 
ma x 

to the injection-time and sample-time. For BSP, M = 350 mg ma x 
setting Q0 = 6 ml/min and c

0 
= 50 mg/ml yields t 1 < 70 seconds. samp e 

V d must be as small as possible, because the measurement has to ec 
be performed within this upperlimit of t 

1 
. 

samp e 

2. A large value of Q influences the determ!.nation of Qf. This pheno-
ec 

menon is stuclied in chapter 4. 

For performing the flow-measurement, the direction of pump flow is 

reversed with respect to the one, used in hemodialysis-treatment. 

Because one is interested in the AVF-flow, the value of Qf to be 

measured should nat differ much from the value of Qf under treatment. 

In section 4-4, it was stated that a needle configuration with bath 

needles pointing downstream (configuration II) approximtly satisfies 

this condition. 

The value of Qf does hardly change in the repo -1 <. Qec/Qf (0) < 0. 

Operating the pump in the normal pump-direction, a 5% increase of 

Qf is rnted at Q = 250 ml/min. ec 
This is contrast with the needle figuration normally used; the 

arterial needle pointing upstream, the venous needle downstream 

(configuration I). 

(b) The second assumption that was made in the theory of AVF-flow measure

ment, is that the concentration of indicator upstream of the arterial 

needle (Cus) is zero. However, because of the blood circulation through 

the human body this assumption will nat hold. This is one of the 

limiting factors in the indicator-dilution technique. Averaged recricu

lation times in the cardiovascular system are in the order of 15-20 

seconds (Burton 1965). 

Recirculation-times of an indicator, measured in an aretriovenous 

fistula, have nat be reearcled up till now, but are assumed ót be in 

the same range. This means that the maximal sample-time t 
1 

is samp e 
reduced to T+ t 1 + t 2 seconds. Judging from table 5-2, this results 

in large errors in Qf if the extracorporeal blood volume is high. An 

error range of 10% could be obtained, if t 
1 

= 2.5!
1 
~ samp e 

indicating an V d of 50 ml or less. ec 

15 sec, 
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Another way of avoiding the recirculation problem 1s the direct use 

of expression (5-4) yielding 

- 1) Q - Q o ec 5-13 

This expression (5-13) suggests that Qf can be measured directly after 

the indicator passes the sample-site for the first time. Experiments 

will have to show now the approximation of Qf obtained in this way, 

compared with the value of Qf. Another advantage of this methad is a 

considerable reduction in amount of indicator injected. 

In stationary flow-situations, a approximation ~ for Qf 1s g1ven by 
c -c 

Q /Q = 0 4 
f 0 c 

4 
The error Qf-Qf becomes smaller for larger Qec' and langer intervals 

between injection and sampling. lf recirculation times are short, a 

small extracorporeal volume is argued to be necessary, in order to be 

able to use expression (5-5) if this is nat possible, Qf can be calcu

lated from 

- 1) Q - Q 
o ec 

(c) Until now, all flows have been considered as stationary (third 

assumption). The consequence of pulsatile flow is a decrease of 

accuracy in the determination of the time-averaged flow Q. The flow 

Q can be written as 

Q (t) = Q (l+q (Wt)) 

The magnitude of the deviation depends on (Von Reth 1983): 

the ratio of the amplitude of the variatien in the flow to the 

time-avaraged flow: the relative aplitude q; 

the ratio of the period of the flowWand the time-interval in 

which the concentratien-samples are taken: the dimensionless 

frequency w/ l:lt sample 

The moment of inection in relation to the phase of the variatien 

of the flow: wt. . / 2rr 
lllJ 

5-14 
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TJndPr rhP conditions that qf <.<I and t 1 ::>::> 27r/l ec the AVF-flow 
samp~e 

~L<>~ur<c-l~lent can l)e regarded as a st.c_::Lu"d'·y f~_r,,, l"Rsurern;·•,' .• 

':'i.c a;osJmption qf<<l and tsample<< ~lî/'~ are saLisfied ut an AVF-flow 

measurement. It was already argued that AVF-flow can be considered 

as stationary fora larger part of the period: therefore qf<< I. 

The value of Zf'î/'!ec in rotation-pumps operating at an extracorporeal 

flow Q = 250-400 ml/min ranges between 0.66 and 0.38 seconds. 
ec 

Sample-intervals ~ t 
1 

of 10 seconds are sufficient to satisfy 
samp e 

this second conditions. 

5.3. In vitro flow experiments 

O.t 

--+ -

arteria l 
need le 

tran 
headtank 
(and 
teartpump) F=t=in:Jje~ct~ion~ 

-

-

pump 

venous 
needle 

-o ____. 
to 

dumptank 

_____..F l--Ä t sample 

tsampte 

Figure 5-3 In vitro experimental setup for AVF capacity measurements 

The theory, described in section 5-2 is tested by model experiment. The 

basic set-up is described in figure 5-3. 

The proximal veinis simulated by a long straight tube (D = 5 mm): the 

flow is Qf ml/min .. A conventional dialysis configuration is used, 

consisting of two glassneedles and a dialysis pump (Drake-Willock M 5404). 

A single blood line is used in theECD-circuit (V d=65 ml). The indicator ec 
is Parker black fountain-pen ink. It is continuously injected into the ECD-

circuit at a constant rate of 6.33 ml/min by a perfusor pump (B. Braun, 

Melsungen, Germany). Injection starts at t=O. Samples are taken with a 

syr~nge between t 
1 

and t +At . In these experiments, samp e sample sample 

Atsample = 5 sec. 
The concentratien of indicator is measured with a colorimeter (Vitatron, 

Holland): the trasmitted lightintensity I is proportional to exp (-C/C0). 

The concentratien of the sample is C, and c0 is a reference-value, choosen 

as the concentratien of the injected indicator. Therefore 
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The calibration-curve for the colorimeter 1s given 1n figure 5-4. 

2 

1 

0 0.02 0.04 

Figure 5-4 

Calibration curve 
of the Vitatron 
colorimeter. The 
transmitted light 
intensity I versus 
the relative 
indicator coneen 
tra ti on C I C 0 

Six experiments are preformed: experiment (I) - (4) are performed with a 

time-independant flow Qf. Experiments (5) and (6) incorporate the measurement 

of a pulsatile flow Qf(t). The pulsatile flow is generated by a specially 

constructed "heartpump" (figure 5-5): Two syringes, driven by a modified 
I' 

Gabra-dialysis pump, provide the pumping-action. The pump period Tf 

as wellas the maximal volume displacement V can be varied: I.35<Tf· <5.5 max 
sec, and IO <.V < 50 ml. The pump is placed between the head tank and the ma x 
tube set. A set of one way valves prevents back flow during a part of the 

pump cycle. 

The flowfarm 1s given 1n figure 5.5a. 

Figure 5-5a Typical 
fl owf or m genera ted by 

···- 920mVrrin 

~~--.. 43...----~-ec _ _.,.: 

t 
It corresponds to the farm of the flow found in an AVF: during I /3 of the 

heartcycle a peak, followed by a diastolic level. The relative amplitude 

q = I.53, which is realtively high with respect to real AVF-flow situations. 



Figure 5-5 
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Figure 5-6 
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The dialysis pump also provides a pulsatile flow Q (t) (figure 5.6.). ec 
The interaction with the pulsatile flow Qf in the straight tube ~s shown 

in figure 5.7. The influence of Q on the flow measurement can be neglec
ec 

ted becaus w is high with respect tow f" 
ec 

Samples are taken at t 
1 

= nT (n =I, 2, 3, 4, 5, 6): the concentration 
samp e 

is C4(nT). The estimate Qf· is defined as 

Figure 5-7 Interaction heartpump ard dialysispump 

40 

80 100 
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The value for Qf is measured as the time-averaged outflow of the dump-tank. 

The relative error in Qf is calculated for each experiment, and it is 

compared with the theoretical error, basedon expression (5-11) (figure 

5.8). 

The experiements (1)-(4) yield positive values of ~Qf/Qf' decreasing with 

increasing n, as was predicted by expression (5-11). Experimental values for 

experiment (I) yield a good correspondance with theory, while (2)-(4) yield 

somewath largervalues than was expected on a theoretical basis. This is 

probably due to the nature of the sampling-method. Samples are taken with 

a syringe and a needle, inserted in the ECD circuit. Neither the speed of 

sampleing nor the sample-interval was reproducible. Furthermore, the 

concentration-determination of C/C
0 , when C/C

0 
is small, has a non-negligible 

experimental error (error bar in (4)). 

Eventually, an accuracy of 5% is obtained ~n every experiment for n=5. In 

clinical terms, this is a very good result. 

Pulsatile flow (5) and (6) yields negative raltive errors: the estimate 

Qf is smaller than Qf. This is probably due to the fact that the conditions 

for the application of expression (5-5) are not fulfilled: qf is not small 

enough. Still an error of 5-15% ~s very acceptable from a clinical point of 

view. However, flow measurement of pulsatile flow will be the subject of 

further study. In this report, a continous injection-method was choosen, 

based on the simplicity of such a method. The concentration-monitoring can 

also be performed optically. Such an approach enables the use of methods 

developed for pulsed-injection (e.g. von Reth 1983). 
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Table 5-3 

S/P Qf Qec Qo 

1 s 490 115 6.33 

2 s 460 265 

3 s 490 11 5 

4 s 440 11 5 

5 p 600 115 

6 p 660 11 5 

7 

7 

Figure 5-8 
The relative error 6Qf/Q 
in the AVF flow measurem~nt 
experiments (1 )-(6). 
Th e or et i cal are ex peri men tal' 
errors as a function of the 
amount of recirculations of 
the system. 

T 2TI/wec 2TI/wf 

35 2.5 

1 5 1 • 2 

35 2.5 

30 2 .5 

30 2.5 4.3 

30 2.5 4.3 
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Chapter 6 Conclusions and recommendations 

In this study the hemodynamics of an arterio venous fistula are situesti

gated by means of in-vitro experiments. 

A short summary of the three aspects studied will be given below, tagether 

with some suggestions for extension of the research in AVF-hemodynamics. 

Measurement of the loss-coefficients has been performed in two sets of 

junctions: one representing a simplicied form, which is described aften 

in the literature of hydraulics. The second one represents a side-to-side 

AVF with a ligated distal vein. 

In general, the loss-coefficients, indicating the pressure m~x~ng losses 

due to the junction, show an increase for larger bifurcation angles, 

lower Reynolds number, and smaller anastomosis ratios. 

The pressure difference over an AVF is not only determined by the mixing

losses, but also by the change in kinetic energy. This means that the 

diameter of the efferent vein with respect to the afferent artery ~s of 

importance: the smaller this ratio is (I ratio 2), the larger the 

pressure difference. \fuen discussing the role of an AVF in the arm-vascular 

system, this is of importance. The consequence for the surgery of AVFS is 

the fact that the pressure drop over an AVF (and therefore the fistulaflow) 

can be effiectuely regulated by the anastomosis-ratio. A disadvantage of 

this methad ~s a small anastomosis is more sensible to thrombosis. 

Experiments have been performed in dividing flow-configurations. 

Combining flow can occur in radiocephalic AVFS. Therefore research in 

dividing flow will have to be performed, but results are not expected to 

yield large differences, because the main flow will go from the proximal 

artery to the proximal vein. 

Further experiments with an extended range of bifurcation forms are 

preposed: a decrease of the diameter of the mdoels, tagether with an ~ncrease 

in the viscosity of the experimentfluid yields larger pressure-drops and 

therefore a more reliable assessment of loss-coefficients, even at small 

Reynolds number. 

Theoretical calculations of loss-coefficients can be performed with the 

aid of numerical techniques, the finite element-method. With the aid of 

these techniques the coupled mass and continuity equations can be solved 

in the laminary flow regime. See e.g. Liepsch et al. (1982). From the 

velocity and pressure distribution values for the loss-coefficients can 

be calculated. 
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The interaction of the extracorporeal dialysis circuit and the arm vascular 

show a considerable influence of the extra corporeal bloodflow 0 on the 
·ec 

systemic parameters of the arm. Four needie configurations are studied: 

the one used in conventional hemodialysis, and three others. 

The behaviour of the system as a function of Q depends mainly on the way 
ec 

of puncturing of the venous needle. If this needie is pointing downstream, 

an increase in Q shows a corresponding increase in Qf, and a decrease in ec 
finger pressure and interneedie pressure, eventually leading to ischemia 

and venous collaps. A venous needie poining upstream corresponds to a 

decreasing Qf and an increasing finger pressure and interneedie pressure. 

Therefore, reversal of the venous needle can be useful in the treatment 

of patients with ischemie complaints or fast venous collaps. 

The relation between dialysis efficiency and recirculation is shown in 

Appendix D. The coupling of a hemadynamie and a chemical model approach 

of bemadialysis treatment can he explored further leading to an overall 

description of hemodialysis. The chemical aspects of dialysis can be 

described by socalied "pool" roodels (Sprenger, 1983). 

The relation between venous collaps and dialysis efficiency has nat 

been investigated. This can be done in a set of experiments with 

collapsable tubes simulating the punctured vein. 

The pressure distribution in the extra corporeal circuit is influenced by 

the pressuredrops over the needles: this is e.g. of importance in the 

calibration of dialysis pumps. The use of small needies can lead to a 

considerably smaller value of Q as is assumed on the basis of in vitro 
ec 

calibration. 

The model calculations of the pressure flow behaviour in the arm vascular 

system can be extended to a large range of configurations, invalving 

several bifurcation farms, collapse of vessels, vasoconstriction and 

dilatation of the peripheral vascular bed etc. 

AVF flow measurements are based on the injection of an indicator (e.g. 

broomsulphaline). For the sake of simplicity of the method, a contineus 

injection is choosen. Determination of the concentration of the indicator 

in the bloodsample is sufficient to yield an estimate for the value of the 

fistulaflow. In order to avoid unnecessary vascular access procedures, 

use ~s made of the extra corporeal dialysis circuit. The pumpdirection 

of the dialysispump is inverted. 
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The accuracy of the methad is detennined by the time at which the samples 

are taken, as well as the pulsatility of the flow. An upper limit 1s set 

to the sample time by the recirculation of the indicator through the 

human body. The pulsatility of the flow decreases the accuracy of the 

determination of the time-averaged flow. 

An improved technique can be developed, based on a pulsed injection of 

indicator. The concentrations can be measured optically (e.g. when 

using indocyanine green), because the bloodlines used in the extra 

corporeal circuit are transparent. 

In vivo experiments (e.g. on dogs) are necessary to validate the 

conclusions of the modelstudies presented here. 

It can he concluded that the modelstudy of AVF hemodynamics is able to 

yield useful implications for the surgical, as well as the dialysis 

approach to the treatment of patients suffering from renal insufficiency. 

It is hoped that they will be the ones that profit from the results of 

these and comparable studies. 
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Appendix A Calculation of kinè.tic energy correction 

Poisseuille-flow ~na two-dimensional branch ~s described by (figure A. 1). 

3 - 2 3 2 ·V V(x) 
2 

V (1-x ) =- Q ( 1-x ) 
4 A-1 

1 x= r/R 

=f Q v(x)dx 2 V 

-1 Figure A-1 

A bifurcation in general shows the following flow-distribution pattern: 

(Figure A. 2). 

Q,_ 

Figure A-2 Flowdivision =-~ P 

hifurca ti on. 

Assuming a parabalie flow-profile at the entrance, and a straight 

divisionline, the value of (r/R)q can be calculated from 

qQ 

x 
q 

j v(x)dx 

-1 

which is equivalent to 
3 

3 
-Q 
4 

xq- 3xq+ 2(2q-1)=0 

x 
q 

L 2 (1-x )dx 

The graphical salution of x ~s g~ven in figure A.3. 
q 

The kinetic energy flux in the fraction of the flow, gl.Ven by -1 <.x<. x , 
q 

will nat be equal to the averaged kinetic energy-flux between -1 <.x~ I. A 

correction factor will he introduced, defined as 

1 +x 
q 

2 

-1 
q 

-1 
q 

x 

-'l-~qv 3 (x)dx 
q 1 3 

} v (x) dx 

-1 
-1 

= -1 { 35 35 3 21 5 5 7 tq 1 +-x - -x + -x - x } 
16 q 16 q 16 q 16 q 

A-2 

A-3 

A-4 
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In figure A.4 the plot of ai~(I+xq)/q is g~ven for two-dimensional 

Poiseuille flow, turbulent flow, and one-di mensional flow. 

The total kinitic energy flus ~s given by 
1 1 

J ~pv 3 dx = J (1-x 2 ) 3dx ~p(%) 3 Q 3 
= ~p~ 2 .Q.~ 

-1 -1 
The value for f3 = I. 54 flow. In turbulent flw reaches va lues I < G< I. 05. 

One-dimensional plug-flow is characterised by B = I. 

A-5 
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4918 l1 = 79:l2 = 8 
4928 FOR XF = I TO I STEP 8.81 
4941 XP = <XF - Xl1l I <XL - Xl1l I 288 + 79 
4961 IF P = 3 THEN YF = Al I XF • 2 t BI I XF + Cl 
4988 I F P = 4 THEN YF = A2 I XF ' 2 + B2 I XF t C2 
5181 YP = <Yl - YFl I <Yl - YHl I 135 
5128 liPLOT l1 ,L2 TO XP, YP 
5141 L1 = XP:l2 = YP 
5161 NEXT XF 
5188 VTAB 23: CAll Cl 
5111 INPUT 'GRAFIEK NAAR PRINTER?(Y/Nl:' ;GM 
5121 VTAB 23: CALL CL 
5141 IF GM = 'N' GOTO 5288 
5168 PRI 2 
5188 PRINT : PRINT : PRINT 
5211 CALL - 15654 
5221 PRINT·~·; INT <X<Il I 1811 I 188; TAB< 8>;'8='; INT (X(2) I 118l I 118; TAB< 16!;'1>'; INT <X<3l 1 188) I 188 

5241 PRI I 
5268 VTAB 23: CALL Cl 
5281 INPUT 'NIELUE GRAFIEK? (Y/Nl :' ;Nili 
5311 VTAB 23: CALL Cl 
5321 I F NGt = 'N' THEN 5488 
5341 GOTO 4188 
5418 RETURN 
6111 REM FIT Kli<W HBV HHOLDER 
6111 FOR N = 1 TO tff\X 
6128 A<N,Il = U<N,Il • 2 
6141 A<N,2l • U<N,Il 
6161 A<N,3l = I 
6181 IF P = 3 THEN B<Nl = U<N,4l 
6218 lF P = 4 THEN B<Nl = U<N,5l 
6228 NEXT N 
6231 N = 3:11 = tft\X 
6311 FOR K = I TD N 
63285=8 
6348 FDR l = K TO H 
6368 S = 5 t A< l ,KJ ' 2 
6388 NEXT I 
6418 IF A(K,Kl l I THEN D<Kl = - SQR <SJ 
6428 IF A<K ,Kl < • 8 THEN D<Kl " SQR <Sl 
6448 A<K,Kl = A<K,Kl - D<Kl 
6468 BA= - D<Kl I A<K,Kl 
6488 IF K a N GOTO 6788 
6518 FOR J = K t I TO N 
65285•8 
6541 FORJcKTOH 
6568 S = S t A() ,Kl t A( J,Jl 
6588 t~EXT I 
( 1 !ln r: - ·~ 0...:\ 

ë.Oofd M\1
1
JI.; M'i 1JI- ~ lt M',J 1 r,J 

6oo~ NEXT I 
668~ NEXT J 
6718 NEXT K 
ó721 FOR K = 1 TD N 
6741 s " 8 
6761 FOR I = K TO H 
6788 s = s I A<l ,KJ I B<ll 
68U NEXT I 
6828 S " S I ( - D<Kl I A<K,Kll 
6841 FOR I • K TO H 
6861 8(J) = B<ll - s I A<l ,Kl 
6888 NEXT I 
6911 NEXT K 
ma FOR K " N TO I STEP - I 
6948 H = 8 
6961 IF K = N THEN 7848 
6988 FOR J = K + I TO N 
7UI H • H + A<K,Jl I X(J) 
7128 NEXT J 
7141 X<Kl • <B<Kl - Hl I O<Kl 
7161 NEXT K 
7888 lf P = 3 THEN Al = X<ll :BI = X<2l :Cl = X<3J 
7111 IF P • 4 iiEH A2 • X<ll :82 • X<2l :C2 • )(( 31 
7211 REl~ 



SHUNT HEMODYNAM!CS AND EXTRACORPOREAL DIALYSIS: A~ FLECTRICAL RESISTANCE 

NET WORK ANAL~SIS 

1. time independent 

2. arteries and veins act as resistances to blood flow 

3. the souree of blood pressure is located in the central aorta; hence, 

the aorto-brachial resistance is taken into account 

4. the systemic blood pressure and vascular resistances are independent 
M.J.C. van Gemert*, C.M.A. Bruyninckx** and M.J.H. Baggen* of blood flow 

Departments of Medical Technology* and Surgery** 
St. Joseph Hospital, Eindhoven - The Netherlands 

ABSTRACT 

A time independent resistance model is used to study hemodyna

mica] aspects of hemodialysis treatment. In the first part of the 

paper one model circuit, consisting of a pressure source, upstream and 

downstream resistances and a branching resistance, is shown to represent 

the hemodynamics of any type of arteriovenous fistula (AVF). Simple 

algebraic relations are derived for the hemadynamie determinants of 

AVF's, including finger ischemia and AVF-maturation. The second part 

of the paper analyses the influences of a two-needle extracorporeal 

dialysis (ECD) circuit on the systemic vascular hemodynamics. The main 

result of the analysis is that the ECD-circuit can be considered as 

virtually independent of the systemic circulation. Consequently the 

dialysis flow does not depend on systemic vascular determinants and 

there are no instantaneous changes in the systemic circulation after 

switching on the ECD-circuit. TheECD-flow at onset of AVF-collapse 

is shown to be (slightly) larger than the undisturbed AVF-flow. Hence, 

onset of collapse strongly depends on the systemic blood pressure and 

vascular resistances. It can be used diagnostically to assess AVF-capa

cities. Optimization of hemodialysis through the ECD-circuit is argued 

to be inefficient. 

5. total arm blood flow passes through the hand 

6. the central venous pressure is zero mmHg 

Fig. 2A Schematic representation of the arm vasculature in absence of 

an arteriovenous fistula (in section 3 assumed to represent the 

arm vasculature at compressed AVF). CA= Central Aorta; EB = Elbow 

Bifurcation; PA = Palmar Arch (the two palmar arches, the deep 

and superficial ones, are assumed to act asonepalmar arch only). 

A) 
ICAI IERI 

aorta- bracht al 
system 

venous sys em 

artericles 
captilartes 
venules 

B Electric model circuit. P = central aartic (systemic) blood ca 

pressure; Rab' Ru, Rr and RP are, respectively, the aorto-brachial, 

ulnar, radial and · h 1 · t IQ 10 0 0 penp era res1s ances; b' u' Ir and lp are, 

respectively, the volume blood flow through aorto-brachial, ulnar, 

radial and peripheral resistances; P~ is the pressure fall over RP 

representing the finger pressure. The superscript zero (0) is used 

to ind1cate absence of fistula flow. 

8) 
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Fig. 3A Electrical analogue of a radiocephalic AVF. Fistula hemodynamics is 

represented by fistula resistance, Rf, and fistula blood flow, If; 

AN = anastomosis. rr1; rr2 are the blood flows in the proximal and distal 

parts of the radial artery. Note the direction of rr2• Blood flows and 

finger pressure are without superscript to indicate the presence of an 

AVF. Other parameters as in figure 2. 

B Equivalent circuit using delta-star transfarms X branch point 

r1 = R 1R /(R +R ), r u r u rus= Rab + r1, 

r2 Rr2R/(Rr+Ru), rds= r2 + R , p 

r3 = Rr1Rr?/(Rr+Ru). rbr= r3 + Rf. 

C Basic AVF-circuit using upstream, downstreamand branching resistances: 

rus' rds and rbr' respectively defined in equations (4) - (6). 

Measurement of I ;r 0 by 
b b 

Doppier methods is used clinically to assess AVF-capacities (the 

so called "velocity index", see Van Get et al., 1983). 

Defining 6P as the difference 1·n f inger pressure at closed and 

open AVF (to be referred to as "loss in fingerpressure") AP = pO - p 
p p' 

R » r + r or PO P P us 2 • p - ca 

I R P0;p 
f us p ca • 

6P -

Also 6P is used as a clinical d eterminant to assess AVF-
capacities (Van Gerwen et al., 1983). 
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Fig. 4A ~1odel circuit o& an AVF in ~nteraction \·IÏt;, a t~10-ne2~-,e eY~"<>.çor~·:'-:ca~ 

dialysis (ECD)syste~. Location cf ':he need1es are irr~;:2':ed ~y ::1 ac~ 

N2. ïhe vascular resistance betv1een N1 and N2 is Rnn; ~LJed flo1 is 

indicated by I~n' and pressure difference by P~n· R
2

ç is the resistan(e 

of the ECD-system, consisting of the two needles, blood tubes and arti

ficial kidney. IEC denotes the flow capacity (current soureel of the puc 
' 

Uec is the pressure difference over the pump. CVP is Central Venous 

Pressure, assumed to be 0 mmHg. The prime in the blood flow and blood 

pressure parameters indic0.tes the presence of the ECD-circuit. FistiJla 

resistance is subdivided into the anastomoses resistance, Ran' the re;i; 

ance between the needles Rnn' and the remaining resistance, Rrv' 

equation ( 18). 

B. Equivalent scheme between X and CVP using IEC Rnn as the "internal 

pressure source" caused by the ECD-circuit, equation (D4) of Appendix D. 

C nasic scheme of an AVF in interaction with an ECD-circuit. 

{he systemic hemadynamie --'terminants !~, I~ and I~ in relation to the 

ECD-pump capacity IEC reaJ 

' ' 
1f\1Ecl=If(0){ 1 + (IECRnn1PcaÎ( 1 + rusfrds)l' If 

' 
If(O)=lf= Pca rd/Dl, pp 

' 
Ib P~(IEcl=P~(O){l-(IECRnn/Pca)(rus/rbr)}, 

P~ O)=PP=PcaRprb/D 1 , 

I~(!Ecl=I~(0){1 + (IEC Rn/Pca )/(1 + rb/rds)}, 

' 
Ib(O)= Ib = Pca (rbr + rds)/D1, 

(IEC) C;) 

(I EC) ( ;> 

(I EC) (~) 

' 

R 
er. 

If(O) = If, 

' 
p ( 0) = p ' p p 

' 
Ib (0) = Ib, 

.-_, R 
nn 

Recirculation of blood between the two needles could be a limiting factor with 

respect to the efficiency of dialysis. 
the pump capacity, I~c· where 

blood flow recirculates between needles N1 and N2 is given by 

A second thread of hemodialysis treatment is collapse of the efferent 

vein (an introduetion to physics of collapsable tubes can be found in: 

Shapiro, 1977). It is assumed here that venous collapse will occur 

when the local intra-mural blood pressure becomes negative (Strandness 

and Sumner, 1975, p. 626) I~c· the pump capacity of venous collaps. 
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Appendix D Efficiency of hemodialysis and recirculation 

The funciton of the artificial kidney is the remaval of roetabolie waste

products (such as urea, creatinine and vitamin B12) which are not removed 

~n a natural way, due to renal insufficiency. In conventional hemodialysis 

this remaval takes place by means of a diffussion proces across a semi

permeable membrame. 

Blood:flows along one side of the membraroe of a rate Q , and dialysate 
ec 

streams along hte other side of the membraroe in the opposite direction 

(Qd). The ultrafiltration-rate is neglected (Sprenger, 1983, Drukker 1978). 

FigureD.l defines an AVF (flow Q ) in interaction with an ECD-circuit, ec 
consisting of an artificial kidney, two needles, a dialysis pump, and two 

bloodlines, as well as the supply and return of the dialysate-fluid. 

Figure D -1 

Concentration of 
wasteproducts in 
several sites of 
an ECD circuit. 

-- t- artificial 
._.__ kidney 

Cecu 
--, 

~~~---------------------------r•_--. __ Cou 
O.t •- - - - - - -®- - -- --_, 

Lets consider the remaval of a certain substance: the concentration of this 

substance at several sites is defined in figure D.I. Of improtanee is the 

rate of remaval of this substance from the human body. A simple mass-balance 

learns that this removalrate is equal to 

D-1 

The term DE is 1 - Cou/Coi is defined as the Dialysis Efficiency. Del corres

ponds to a total remaval of the substance, whereas DE=O indicates that no 

substance has been removed at all. 

Criteria for the optimalisation of DE will he discussed ~n the rest of this 

section. 
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A mass balance over controlvolume A indicates that: 

Q (c -c )=Q (c .-c l 
f oi ou ec ec1 ecu 

Clearance 
QfC .. DE = Q D .. 01 ec ecl 

c . -c 
ec~ ecu 

c = Qec.Ceci· Q 
ec ecu 

Ceci-Cecu . 
The definition for Clearance = Q ~s valid if Cd~ = 0 ec cec~ .._ 
(Sprenger, 1983). The clearance of an artificial kidney depends on 

a. the molecular weight of the substance M 
s 

b. the membrame-area A 
m 

c. the membrame-permeability k :k =k (M ) 
m m m s 

d. the flows Q and Qd ec 

Several theoretica! models for the clearance of a membrame have been 

developed. Two of them are given below (Frost, 1978) 

CL/ = 
(I) Qec 

(II) 
CL/ 

Qec 

1 - exp(-d/x) 

x 
(1-g)/1-g-) 

y 

d=R A /Qf m m 

d x g=exp (- -(1- -)) 
x y 

x=Q /Qf ec 

n-2 

A comparison with in-vivo values of an artificial kidney is given ~n figure 

~.2. The dashed curve represents the model I and II curvr for R = 71.33 a 
resp. 76.28. A good correspondence is seen. The model-expression will be 

u.sed furtheron. 

200 HOSPAL RP 610 

Cl 

~ ml/mn 

(DLrea 
Q)cr&Jtnne 

100 

Q)vitamin812----

o ll!-o _ ___,'----~ IS1J----=;(S:T-+---=400=-l 
1 \ ~ ml/min 

~ . ···· ... ~-
0)'-------

~ :500 ml/nin 
oL-~------------------~ 

Fi!~urc 1:)-2 

In vivo clearance (Cl) and 
reduced clearance Cl/Q 
of typical metabolic wH6te 
products in a Hospal RP 610 
Plate Dialyser. The dashed 
corresponds to expression -3. 
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Fr om express1on (D. 2) it follows that 

Qec c 
eci CL 

DE = --
Qf c oi Qec 

The value of Ceci/Coi 1s determined by the sign of Q -Q : 
f ec 

D-4 

Q <Q : C . =C . 5 ec ·f ec1 01 D-

Q > Q • C = C (recirculation) 
ec f · ou ecu 

The argument for this statement 1s found on page 5-5 after manipulation of 

expressionD.2. The expression for DE becomes: 

x < 1 

x > 1 

Cl 
DE= x.-

Qec 

DE x • CL I { 1 + (x-1) • CL } 
Qec Qec 

o~---------------------. 

Cl! !lee= c 
jo'j f' U!'C 'tJ.- 3 

Dialysis efficiency 
DE versus X= Qec/Qr: 

D.E 

Three different roodels 
for Cl/Qec are used. 

" 
" 

' ..... 

' 
" " 

x 

(: 0.25 
' ....... 

' --- C=0.5 -------
" " c=1 

ar-------------------------. 
Cl!Oa:=1-exp[ -d/x) 

D.E 
d=O 5 

d = 1 
----- ------

d= 5 

x 2 

\; 
·,~ __ 

,, d=1 y= 0.5 ..... 
''-~--- = _y_::l1__ 

..... --- -------.......... ---- d=2 .t.=U. -· 
....... ------·-

g=exp(-dh(1- x /yll 

D-6 



102 

Figure l1.3 shows DE as a function of x = Q /Qf. Three cases are considered: 
Cl Cl ec 

/Q = constant, and /Q behaves according to models I and II (expres-ec ec 
sion D.3). It can be concluded that for realistic values of Cl/Q the dia-

ec' 
lysis-efficiency DE reaches a maximum for x= I, that is Qec = Qf. 

This is the onset of recirculation (Q ~ Q ~).!or X> I, a slight d,ecrease ec ~ 

1n DE 1s noted. 

So it 1s argued that the highest dialysis-efficiency (in the sense of the 

definition in this section) is reached when Q = Qf. 
ec 

Therefore a fistula does not have to be able to yield a larger flow than 

Q . The clinical implication of this statement might be important. ec 
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Appendix E Flowlimitation ~n the ECD-circuit 

In conventional two-needle hemodialysis, an extra corporeal bloodflow Q of 
ec 

250 ml/min ~s required. 

Puncturing of the AVF with two needles and connecting them with the arti

ficial kidney by means of two bloodlines (an "arterial" line and a "venous" 

line), yields an insufficient bloodflow (50-100 ml/min), because normal 

blood pressure is too small with respect to the high extracorporeal resis

tance. 

In order obtain sufficient values of Q , a dialysis pump is inserted in the 
ec 

ECD. The pressure-distribution in the ECD-cirucuit with a dialysis pump ~s 

given in figure E.I. Measurement in our laboratory indicate that the 

pressure drops over the arterial and venous needle are (Greenwood 1972) 140 

and 25 mm Hg at Q = 250 ml/min. Pressure drops over the artificial kidney 
ec 

are in the order of 25 mm Hg.A differential head of +165 mm Hg is present 

over the dialysis-pump. The differential head at maximum pump capacity is 

700 mm Hg. 

Figure E-1 

PRESSURE DISTRIBUTION 
IN BLOOD CIRCUIT 

+ 

PRESSURE DISTRIBUTION 
IN DIALYSATE CIRCUIT 

+ 

0 ;ïfLOW 
'A' NEEDLE 

BLOOD 

PUMP DIAL YSER 

BLOOD FLOW 

DIALYSATE FLOW 

RETURN 
V NEEDLE 

PROPORTIONATING 
SYSTEM 

HEAO I 
TANK 

..------, 

EFFLUENT FLOW DIALYSER VARIABLE 
PUMP CONTROL RESTRICTOR 

The pressure distributtons in the blood and dialysate circuits In a conventional he· 
modlalysls system. 
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The dialysis pump (Drake Willak M5404) 1s of the roller-head type. The 

arterial bloodline contains a flexible segment, which is inserted into the 

pump (Figure E.2.). 

0 0 Dialysi5p..rnp 
Drake-Willock M45 04 
l f"ClJ view) 

Figure E-2 

(One of) the roller head(s) compresses the segment, and displaces a 

blood volume, equivalent to the volume of the pump segment V . Increasing 
ps 

the rotationspeed w of the pumphead lead to a proportional increase ec 
in the extracorporeal bloodflow Q . This is expressed in the following 

ec 
equation: 

Q = x V ec pc ec 

The rotationspeed w 1s regulated by setting the pumprate PR: ec 

tJ 
ec 

-2 
= 7.33 . 10 PR ( 0 < PR < 100) ' 

(W in rad/s) 
ec 

E:-1 

E:-2 

Experiments 1n our laboratory showed a limitation of extracorporeal blood

flow during dialysis, if the rotationspeedw was increased: this means 
ec 

that Qec 1s less than proportional to w .ec 
Two sets of in-vitro experiments were performed to analysize this phenomenon. 

top 

FigureE-3 In vitro experimental set-up l'or 
flow limi tati on experiments in the 
extra corporeal circuit 
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The first experiment ~s described in figure E.3. Water is circulated with 

a Drake Willoek dialysis pump: a bucket, standing at the same height as the 

pump, serves as a reservoir. A Hospal NL A 49 arterial bloodline is used. 

In the arterial (supply) side of the bloodline an adjustable screwclamp was 

placed. The pressure P in the bloodline just before the pumpsegment was 
ps 

monitored with a vacuummanometer. The pumprate PR of the pump is gradually 

increased: by adjusting the screwclamp, the pressure P was kept at a 
ps 

constant value (-50 mm Hg\P '-- 300 mm Hg). Figure E.4. presents the 
' ps : 

result of this experiment. 

For -50W > - 200 
ps 

mm Hg, the pumpflow Q is proportional to PR: lower values 
ec 

~s of P corresponds 
ps 

with a smaller proportionality constant. Because Q ec 
described by equation (E.I.), is suggested that the volume V of the pump-

ps 
segment decrease with lower values of P 

ps 
The reason for this behaviour 

is that the pump-segment is made of flexible tubing. If a negative transroural 

pressure difference (P ) is applied between the inside of the pumpsegment 
ps 

and the outside (atmosferic) pressure, the tubewall partially collapses and 

the corss section decreases: so does the volume of the pumpsegment. For a 

detailed treatment of these "collapsable tubes" see Shapiro (1977). Figure 

E.5. from this work show the relation between the cross section and the 

transroural pressure difference 

V /V ( P = 0) = f { P } 
ps ps ps ps 

Figure E-5 

The dimensi onless area ratio f 
of a thin walled latex tube as 
a function of the dimensionless 
transmural pressuredifference 
Pps/Kp: KP is a material constan 

Typical forms of deformed cross 
sections are given. 

f (P ) < 1 
ps 

p < 0 
ps 

E-3 

The date for P = -250 and - 300 mm Hg show a deviation of this behaviour: 
ps 

the deacrease of the cross section apparently not only depends on the 

transroural pressure difference. It ~s suggested that instahilities in the 

pressure measurement account for this observation. 

In a second set of experiments the screwclamp is replaced by a dialysis 

needle at the supply-side of the bloodline. 
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Assuming that the needle has a flow resistance R dl , and that the inlet-nee e 
pressure is zero with respect to atmospheric pressure (remember the reservoir-

waterlevel is at the same height as the dialysis pump~), the transmural 

pressure difference over the wall of the pump segment P ~s given by 
ps 

p = -Q . R 
ps ·ec needle E-4 

Combining express~ons (E.I. to E.4.), gives 

Qe/Qec (O) = f{ -Qec · Rneedle} < 1 
E-5 

In which Q (O) is the pump flow at P 
ec ps 

0. For increasing Q , and larger 
ec 

R dl , the value of Q /Q (0), becomes nee e ec ec 
smaller. The data in figure F.6, 

are abtairred fo 4 different cases: 

(x): Arterial line Hospal NL A 49 (no needle: this curve ~s reffered 

to as Q (0) ec 
(0): Terumo supply needle (Dint 1.63 mm, L = 25 mm) 

(+): Avon supply needle (D. 
~nt 

1.40 mm. L 25 mm) 

( ) : V inca Flo II supply needle (Dint I. 23 mm, L = 32 mm) 

The conclusions of the theoretical analysis, expressed by express~on (E.5.) 

are confirmed: for a larger value of Q , the ratio Q /Q (0) decreases: 
ec ec ec 

A larger needle resistance R dl (corresponding with a smaller internal nee e 
needle diameter D~nt) yields lower overall vlaues of Q /Q (0). 

... ec ec 
These experiments show that the maximal pump capacity of a dialysis pump 

0 in an ECD circuit depends on the resistance of the arterial 'ma x 
(supply) needle. Of course, the bloodpressure at the puncture-site is 

also of importance: the larger this pressure is, the higher 0 will be. 
'ma x 

The material of which pumpsegment is made, determines the function f in 

expression (E.3.). 

Clinical implications of this analysis are twofold: 

I. Given a certain combination of pumpsegment, bloodline and needle, the 

maximal flowcapacity can be arti~icially increased by the construction 

of an air-tight housing, which can be placed over the pumphead comparti

ment. Removing the air above the pumphead would reduce transmural 

pressure differences. This can be of clinical importance, if a dialisys

patient yields an unsufficient extracorporeal flow. 
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2. No actual flowlimitation occurs 1n the mathematical sence of 

êlo -ec 
êlPR = O 

E-6 

This can been seen be differentation of expression (E.S) with respect 

to the pumprate PR: 

êlQ êlQ (0) -ec ec 
êlPR = êlPR 

êlf 
. f (P ) I { 1-R dl . Q (0) . "P } 

ps nee e ec a 
ps 

E-7 

Condition (E.6), implies that f(P ) = 0, which is equivalent to 
ps 

total collaps of the pumpsegment. In this way (condition (E.S.) it can 

be proved that Q (PR) = 0 for all PR. 
ec 
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.t'l&:ure E-6 Extracorporeal blood flow Q c 
of a dialysispump versus pumprate. The e 
resistance of the arterial needle is 
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Figure E.-4 Extracorporeal blood flow 
of a dialysispump versus pumprate. The 
transroural pressure difference is varied. 
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8100 
8200 
8300 
8400 
8500 

FILE IN CKIND•kEMOTEii I 200 1.34,-0,Y5,0.Bo1.34•-0•9S•O•B• 
%-------------------------------------~· 300 0.026,0.208,0,104r0•104r1.1lr0•00S,O.Oll,(J,023' 

PROCEDURE GRADRESCAHii 400 4,Y,4.Y•4.Yo4.Y,4.Yo4.Y• 
REAL AHiBEGIN ENDi 

1 5 oo 37~,10S,2J0,-60,50,330, 

x-------------------------------------~-------------------
REAL PROCEDURE DPAVFCUloU2,U3oAVF,RHii 
INlEGER RHiREAL UloU2oU3iREAL ARRAY AVFl*li 

BEGIN 
REAL U2loUJ2oKEloKE2,KE3oK12DoK13D,K12CoK32Ci 

02lt~02/Uli032t=03/02i 

KE1l=1.048~-3*CU1/Al3JI**2iKE2l=1,048~-3*CU2/Al6JI**2i 

KE3l=1,048~-3*CU3/Al4Jl**2i 
K12Dl=AVFl1J*021*t2tAVFL2J*U2ltAVFl3Ji 
K13Dl=AVFL4l*021*t2+AVFl5J*U21+AVF[6Ji 
K12Ct=AVFl7J/CU21**2l+AVFl8J/U21tAVFl9Ji 

K32Cl=AVFll0JtU32tt2tAVFllll*U32tAVFl12JI 
IF 03>0 THEN 

lF RH•12 THEN DPAVFl~CK12D-11*Kl1+KE2 

ELSl DPAVFl•CK13D-lltKl1tKE3 
ELSE 
IF RH=12 THlN DPAVFl=<K12Ct1l*KE2-KE1 

EL!:>l DPAVFl•CK12C-K32Cl*Kl2tKE3-KE1 
END llPAVF i 

x--------------------------------------------------------------------
REAL PROCEDURE DPSTEN<STENoNli 
REAL STENilNTEGER Ni 
BEGIN DPSTENl=0.46tC!:>TEN/Cl-STENllt*2*1•048~-3*C~lNJ/AlNl1**2l 
END WSTENI 

x---------------------------------------------------------
REAL PROCEDURE DNCPoFli 
REAL PoF; 

BEGIN REAL UHoKli 
IF P=l lHEN 

~EGIN UHl=UEC/<UC6J-UECII 
Kll•1,04H~-3*C<Ul6J-UlCl/Al6Jltt2i 
IF F= 1 THEN 

END 
ELSE 

lF UEC>O THlN DNl=C0.4*UH**2-2.4l*UHt4.65ltKE 
ELSl DNt~<16.4*UHtt2t2.46*UHt4.65l*KE 

lLSE 
lF UEC>O THEN DNl=<2.Y2*UH**2+3,85*UHtJ,3ltKE 

lLSE DNl•C-10.03*UHt*2-4.62tUH+3.31tKE 

BEGIN UHl=OEC/Ul6JIKEl=l.04B~-3tCUl6l/A[6JI**21 
lF F=l THEN 

END 
END DNI 

IF UEC>O THEN IINl=(16.4tUH**2t2.46lUHt4.651*KE 
lL!:>E DNl=(0,4*UH*t2-2.47*UHt4,65ltKE 

ELSE 
lF UEC>U THEN DHl•C-10.03*UH**2-4.62lUH+3·3>*KE 

ELSE DNl•C2.Y2*UH*t2t3.H5*UHt3,3>*KE 

%---------------------------------------------------~~--~---------
PROCEDURE RESIDUALCUoRESollf -
INTEGER IIREAL RESiREAL ARRAY Q[*ll 

BEGIN 
IF 1•1 THEN RESl=R[ll*U[lltR[3J*UC3J+<RC6ltR[BJtR[JJ*<l-UEC/U[6Jll 

*U[6J+DPAVFCU[3J,U[6loUC4J,AVFo12ltDNCl•Zll 
+DN<2ol2>-PCAi 

IF I•2 THEN RESl•Rl2llU[2J-Rl31*UC3J-R[4l*U[41-DPAVFCU[3J•U[6J,Q[4Jo 
AVFo13li 

IF 1•3 THEN RESl•R[1l*UC1JtR[2l*Ul2ltR[5l*UC5J-PCAi 
IF 1=4 THEN RESl=U[1J-U[2J-Ul3Ji 

IF I•5 THEN RESl=-U[2J-Ul4JtU[5Ji 
IF 1=6 THEN RE!:>l=U[4JtU[6J-U[3Ji 

END kESillUAU 
x-----------------------------------------------------------

PROCEDURE MINIUUAD<M•N•U•RESIDUAL•GRADRES,IHFO,METHOD,STOPCR!ToEPSAo 
EP!:>RoiMAXoOUTPUToVARCOVoOUlli 

VALUE MoNoiNFO,METHUD,EP!:>AolP!:>RoOUTPUTi 
INTEGER MoNoiNFOoMETHODo!:>TOPCRITolMAXoUUTPUTi 
REAL EPSRoEPSAlREAL ARRAY Ul*l•VARCOVl*•*ll 
PROCEDURE RESIDUALoGRADRESiFILE OUTiEXTERNALi 

x--------------------------------------------------------
PCA:=too; 

WRITECUUl•<"INPUT UECoMETHODo!:>TOPCRIT'>II 
READCINo/oOEC,zl,Z21iMETHODl•42lSTOPCR!Tl~2J; 

READCAVFSIMDATAo/•AVFl*l•R[tJ,AltloUC*lli 
IMAXl=50i 

MINIOUAD<6•6oUoRESIDUALoGRADREBoOoMETHODoSTOPCRITo~-3,~-5•IMAXoO• 

VARCOV,OUTII 
~~l1ll•UL5ltR[SJl 

PP[2Jl=Ul6JtR[8Ji 
P~C3ll=PP[2JtDN<2•l21tR~ll*CU[6J-UECli 

PPl4ll=PPl3JtDNC1oZlll 
WRITECOUTo<13<F7.2r/I),QECol1•l2•U[tJoPP[*l>l 

ENll. 



Ve. aJdelin.g deJL Te.c.hi'lÁÁc.he. ,1Jcdu.Wtkun.de. van. de. Te.c.hi'JÁÁc.he. Hog~UJdwol 

Ein.dhove.n. aan.vaa11.cLt ge.e.n. veJLan.twooJtdelijkhUd vooft de in.hou.d van. dit 

ve.Ju!J .tag. 

Ve. Te.c.hn.i,!Jc.he. Hoge/.Jc.hoot Eü.dhoven. aan.vaMcLt deJLhatve. ge.en. aan.,!Jp!talze

üjl<.hud voolL e.ve.ntu.e.te. ,!Jc.hade. o~.taan. dooft he..t opvolgen. va11 in he..t 

velu.S.tag veJLme.ide adviezen.. 


