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I. INTRODUCTION

This study is performed in partial fulfillment of the requirements for
the degree of Master of Science (Ir). The work has been carried out in
the group "Cardiovascular Physics" of the Institute of Medical Physics
TNO, Utrecht.

The aim of the work is to find arterial parameters such as arterial
cross-sectional area and wall elastance as a function of position along
the arm artery without surgical intervention. For this purpose the
pressure waves in the arteries, produced by the pulsating heart, are
externally measured by a pulse wave transducer. The pressure pulses
are simultaneously recorded directly over the artery in the armpit and
at the wrist. The timing and the pulse wave contour are in reasonable
agreement with those of the internal blood pressure. The arm artery
is now considered as a physical system; the proparties of which can be
determined from the input signal (the blood pressure in the armpit}and
the output signal (the blood pressure at the wrist).
There is no question about the fact that the behavior of this system
is very complicated and the point is to describe the physical quantities
by simple mathematical relationships. Many investigators are engaged in
this problem (Noordergraaf, 1969). From their studies (de Pater, 1966;
Westerhof, 1968) an analog computer model is constructed, relating the
pressure and flow in an artery. This model is based on the representa
tion of an artery as a ladder network with lumped parameters. These
parameters stand for the resistance to blood flow, the compliance of
the vessel-wall and the inertance of blood, which are functions of the
arterial dimensions and the elasticity of the vessel wall.
An analog computer model is chosen because this model enables us to
adjust the parameters in an easy way. Besides, the analog computer is
an excellent tool to simultaneously solve a number of differential
equations.
To find the arterial parameters from the measured pulse waves the
following method is carried out. The signal representing the blood
pressure in the armpit is used as the model i~put signal. The wrist
pulse is compared with the model output signal and the difference
between the two signals is minimized, using the least-squares
criterion, by manually changing the model parameters. The parameters
of the matched model represent the arterial properties.
Further we introduce the technique of approximating the transfer
function of the measured pressure pulses, determined by means of a
Fourier transformation of both signals, with the help of Chebychev
polynominals well known from modern network theory. The coefficients
of these polynominals are related to the arterial parameters, as will
be shown. An attempt. is made to determine theoretically the uniqueness
of the matched model. The accuracy of the optimization method is being
tested on a rubber tube model with known parameters.



- 2 -

Related to tQe growing group of people suffering from heart and vessel
diseases, it needs no discussion that the determiniation of arterial
properties is important to public health. The essential deviations from
tQe normal arterial conditions can be classified in a decrease in
cross-sectional area (stenose) and an increase in wall stiffnes
(arteriosclerose). BotQ quantities can be determined from the model
parameters as a function of position along the arm artery.
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2. THE CIRCULATORY SYSTEM

The principal function of the circulatory system is the transport of
substances by the blood to all regions of the body.
The blood circulation can Be subdivided into the pulmonary circulation,
the systemic circulation and the heart (fig. 2.1.).

SYSTEMIC CIRCUl,ATlClN

fig. 2.1: Schematic representation of the
human circulation (Guyton, 1961)

The heart, which can be considered as a pump, is the active element in
the circulation. The right ventricle pumps the bood into the arteries
of the pulmonary circulation, where the discharge of carbondioxide
and the uptake of oxygen takes place. From the lungs the blood flows
through the veins into the left atrium and next to the left ventricle,
which expels the blood into the arteries of the systemic circulation.
Through the capillaries metabolic fuels are given to the cells and
end products are removed from the cells to the excretory organs. Th~

blood flows through the veins back to the left atrium and the circle
is closed.
Each successive left-ventricular contraction produces a rise in pressure
because of an ejection of blood into the arterial system, which can be
regarded as a series of distensible tubes. The pressure wave propagates
with a velocity of about 5 m/sec through the main arteries. The pressure
pulsations in the main arteries are about 40 mm.Hg., while in the arte
rioles the pressure pulsations are damped so strongly by the high
resistance of these vessels that they have practically disappeared in
the capillaries and the veins. The blood pressure in the vessels can be
considered as a mean pressure and a pulsating pressure superimposed on
this mean. The mean pressure in the main arteries is about 100 mm.Hg.
and in the veins about 5 mm.Hg. (fig. 2.2).
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fig. 2.2: Blood pressure in the different portions
of the systemic circulatory system
(Guyton, 1961)

Since blood, consisting of fluid and a large number of particles (about
45 volume-%), is inhomogeneous, it does not behave exactly like a
Newtonian fluid. This inhomogeneity of blood is apparent especially
when it flows through narrow vessels. Then, the viscosity of blood de
creases (Haynes, 1960). In vessels with a relatively large radius this
effect can be neglected and blood can be considered to behave like a
Newtonian fluid.
As a result of the above mentioned, a mathematical description of the
pulsating pressure flow relationships in a vessel is only necessary in
the main arteries.
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3. SIMULATION OF THE HEMODYNAMIC RELATIONSHIPS.

3.1 Introduction

The first attempt to derive relations between pressure (p) and flow (F)
in tQe bloodvessel, the so-called hemodynamic relationships of the blood
vessel, was made by o. Frank (1899), whose theory became known as the
"windkessel" theory. He considered the arteries as a system of inter
connected tubes with fluid storage capacity. This representation presumes
simultaneous pressure changes in all arteries and thus an infinite
pressure wave velocity within the arterial tree. The differential equa
tion describing the hemodynamic relations may be expressed as:

~~ = Fi-If
s

In this formula, V represents the volume of the arteries, F. denotes
1.

the flow into the arteries and R is called the peripheral resistance,
s

resulting from the assumption that the outflow takes place through
narrow tubes and follows Poiseuille's law.
Since:

dV dV ~ = 1 ~
dt = dp • dt ET dt

in which E', called the volume-elasticity, is given by dp/dV, the
relation may be written as:

.L ~ = F _.L
E' dt i R

s

Promoted by the Moens-Korteweg equation (Moens, 1878; Korteweg, 1878),
giving the propagation-velocity of a pressure wave in distensible tubes,
later investigators tried to incorporate a finite propagation velocity
into the considerations.
Witzig (1914), Morgan and Kiely (1954) and Womersley (1955,1957) calcu
lated the hemodynamic relations starting from the Navier-Stokes equations
and the equation of continuity. They also included the concept of vessel
wall distensibility. Originating from these publications several studies
have been made to refine the equations describing the hemodynamic rela
tions and to make them useful for simulation purposes. The reader is
referred to a recently published review by A. Noordergraaf (1969).

3.2 The relationship between blood pressure and flow

The differential equations relating flow and pressure in a blood vessel
can be derived from the hydrodynamic equations of Navier-Stokes
(de Pater, 1966). Here, an outline is given of the calculations.
Under the assumption, that:
- blood can be considered as incompressible,
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- the density of blood p and the viscosity n are constants,
- the blood flow is laminar,
the equations of Navier-Stokes may be written as:

p. ~ + p. (y'.grad)y';:::: &-grad E.. + n.L1Y. (3. 1)

where y ;:::: the velocity vector
K;:::: the force vector per unit volume
~ ;:::: the pressure vector
~ ;:::: the operator of Laplace

(3.2a)
elv 2
_r_)

elz
2

1 elVr v r-----+r· elr 2
r

dVt elv
v -- + v ----!':.)= - ~ +

r elr z dZ elr

We consider the vessel as an elastic, cylindrical tube with cylinder
coordinates (r,~,z). Then, the velocity component in the ~-direction

and all derivatives with respect to ¢ are zero.
Neglecting the influence of gravity results in K;:::: ~. Expression (3.1)
can now be separated in two simultaneous, nonlinear differential
equations:

3v
r

p(a-t +

elv elv elv
p(__z + v __z + V z) =_

elt r elr z az- ~elz +

2
d v )+ __z

az2
(3. 2b)

where v and v are the longitudinal and radial components of the
1 . z r. 1ve oc~ty, respect~ve y.

The assumption that the blood is incompressible, results mathematically
in the equation:

elv v elvr r z
0--+ -+ -- =elr r elz

For the harmonic solutions of equations (3.2), we try:

v = vr(r) expo (jw( t-z/ c) )r
V = V (r) expo (jw(t-z/c))

z z
and p = P (r) expo (jw(t-z/c))

(3.2c)

It can be shown (de Pater, 1966), that in practical cases the radial
velocity is much smaller than the axial material velocity which in its
turn is smaller than the wave velocity, thus:

Iv 1«lv I«lclr z

Because of this assumption, the nonlinear equations (3.2) reduce to the
linear differential equations:

VI~r) + 1 VI(r) + 2 1 V (r) l:P'(r)(a --)r r r 2 r -nr

VI I (r)+ .!. VI (r) + 2 V (r) - ~ P(r)a =z r z z nc

0.3a)

(3. 3b)



-]-

y'(r) + ! y (r) - jw Y (r) ~ 0
r r r Z

(3.3c)

long as the inner
with respect to
agreement with

and are

~ - jw p(Q.
of the vessel

expressions with Besselfunctions
pressure P (r) .
of fluid that flows per unit-time
can be defined by the relation:

through

where ' denotes di~ferentiationwith respect to r and a
The boundary conditions, which follow from the behavior
wall lead to the conclusions, that (de Pater, 1966):
- the pressure P(r) is independent of. the radius r as

radius r at the mean pressure in the.tube is small
the wave~length o~ the pressure pulses, which is in
practical wave-lengths.
the velocities v and v are
d

o r z
~rectly proport~onal to the

Because the flow F, the amount
a cross-section of the vessel,

r
oF = J ZIlr.v .dr

o z

(3.4)

We are able to find an expression between the pressure p ~n the vessel
and the flow F through the vessel:

- ~ = Z'.F
dZ

, '000

lO'IK,-I)on.
K,

where Z' is the fluid impedance per unit - length, defined as the complex
ratio of the pressure-gradient and the flow caused by this pressure
gradient.

,o~----I-----r----t~--------j

'0 '00
a,r. _(T)l':1 ro ______

1000

0.1 110
em

fig.3. I: the correction factors 103(K1-1) and KZ as a ~unction o~

the parameter tar I = aIr = (wp/n)l.r and as a function
~f the ·parameter or for ghe angular f~equency w=ZIT x I(I/sec),
which is the centra£ frequency in the pulses (de Pater,1966).
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The impedance Z' may be written as an assymptotic series expansion of
which the first order terms are given by:

(3.5)

0= jwM' + W'
and ~ are functions of aro ' these functions are given ~nin which K]

figure 3. I.

Without the correction factors K1 and K2, the fluid impedance
of length z' consists of an inertia term p/rrr~ and a friction
8n/rrr~, which equals the Poiseuille-resistanc~.
Resul~ing from equations (3.4) and (3.5), we finally have the
relation between blood pressure and flow:

- ~ = M' aF + W'Faz Jt

per unit
term

following

where

and

-p- =

rrr2
o

8n _

rrr4 
o

the inertance of blood per unit of length

the flow resistance per unit of length

3.3 The relationship between blood pressure and volume

3.3.1 The vessel-compliance

The relation between blood pressure and volume results from a conside
ration of the motion of the vesselwall and the elastic properties of the
wall.
The following conditions are presumed in order to derive this relation:
a) The wall material is homogeneous, elastic and isotropic.
b) Hooke's law holds. Hence, the stress (= the applied force per unit

area) is directly proportional to the strain E (= the relative change
in dimension), which can be expressed with the following relation:

T = E.E

where E denotes the modulus of elasticity or Young's modulus.
c) there is only a radial motion; so there is no rotation.
d) variations of length are not possible.
e) the relative variations of the dimensions are small.

Love (1927) derived a relation between the radial displacement of a
cylindrical, distensible tube under internal and external pressure on
the basis of conditions a), b) and c). If only the internal pressure
variation ~p is taken into consideration, the internal radial displa-
cement becomes: &r = Ar + B/r (3.7)

000
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2
IIp >,.r

in which. A
0

'" .e2 2
2(>,.+].I}(ru~rQ} 2 (/,.+1l2

2 2
B '"

r ll r~ • IIp
. 2'

2lJ (r - r ~u 0

and r = the internal radius at IIp = aor = the external radius at Lip = 0
T[e material constants ].I and >,. are
implicitely given by the relations:

E
].1(3/"+2].1)

= the Young's modulus (3.8.)2 (]!+/,.)

>,.
= the Poisson's ratio (3.9)(J

2 (].I+>,.)

e = a constant relating to longitudinal tension,
which is zero in accordance with restriction d)

Finally eq.(3.7) reduces to:

llro

2
r o
+ lJ)

2

+ r u) .llp
- IA

r
o + r~)

.llp

The substitution of

fir ::::;
o

eq.(3.8) and (3.9) into th.e

(I +<1}. ( (I ~2Q'} r~+ r~). r0

E. (r2 _ r 2}
u 0

calculations leads to:

(3.1O}

The formula (3.10), valid for cylindrical, distensible tubes, is used
to describe the pressure-radius relationsh.ip of an artery.
According to Lawton (1954} th.e vessel wall is incompressible wh.ich
results in a Poisson's rati,o 0' '" !.
So, eq. (3. 10) becomes:

IS.r
o

-- =IIp

2
3 r r

u 0
2" • 2 2

E. (r -r )
u 0

0.11)
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The vessel compliance C is defined b¥ dV Idp or the internal volume
variation divi,ded by the pressure variat~on. Consequently the vessel
compliance per length unit, C', can be given by C' ~ dS Idp or in
ternal cross-sectional variation divided by the interna~ pressure
variation. As a result of assumption e)" the differential-quotient
dr Idp may be approximated by the quotient ~r I~p in eq. (3.11).
Th~refore, the vessel-compliance per unit-Ien~th can be derived from
eq. (3. 11) :

in which

C'
dS

o
dp

dr
o

= 2IT. r 0 • dp =

23. S • (a+ 1)
o

E. (2a+l) (3.12)

S
o

2= IIr
o

= the internal cross-sectional area of the vessel

a = r /h
o

h = r - r ~ the wall-thickness
u 0

This relation for the compliance C' is also used by Noordergraaf(1960)
in the model of the arterial tree. According to eq. (3.12) the vessel
compliance per unit-length should be a constant if the internal and
external radius, and the Young's modulus of an artery are constant.
rhe pressure volume relationship should therefore be linear for a piece
of artery with constant r ,r and modulus of elasticity.
Pr~ical measurements of ~e ~ressure-volurne relationship (Wagner and
Kapel, 1952; Bergel, 1960, 1961) show, however, a nonlinear relation
ship (fig. 3.2)

pressure

t
operating point

~ volume

fig. 3.2: The nonlinear pressure-volume
relationship (V ~ the unstressed volume)

u

The nonlinearity can be explained by a consideration of the vessel
wall material (Burton, 1965). The arteries consist of elastin fibers,
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collagen fibers and smooth muscles. The collagen fibers resist
stretch. much more than do elastin fibers. When the wall is extended,
at first the elastin fibers are s.tretched. Increasing the pressure
causes the collagen fibers to play a more important role in the volume
changes, resulting in a steepening of th.e curve when volume exceeds
VB (fig. 3.2). Along this line of argument, also the difference in
pressure-volume relationship of the arteries of people at different
ages measured by Bader (1967) and Wagner and Kapel (1952) can be ex
plained. For young persons the steepening of the curve appears at
relatively large volume due to the large number of elastin fibers
compared with the amount of collagen fibers. On the other hand, the cur
ves at older ages are relatively steep in the whole pressure range;
fhis may be attributed to the small number of elastin fibers. The de
pendence of the pressure-volume relationship on age is also stated by
Learoyd and Taylor (1966), who measure an increase in the Young's mo
dulus for older persons, which is in accordance with the above mentioned.
Bergel (1960,1961) introduced the incremental Young's modulus which is
defined by the first coefficient in the Taylor series expansion relating
stress and strain at a certain pressure and radius, because he concludes
from measurements on arterial specimens of dogs that the stress-strain
ratio is not only dependent on pressure but also on the external radius
r of the vessel. The computations by Bergel lead to the conclusion
tRat for a given radius r the incremental Young's modulus increases
with increasing pressure ~nd that the modulus is also enlarged for arte
ries with larger radius r at the same pressure.
As the pressure variationM and the radius variations are small for the
pressure waves under consideration, the nonlinear relationship between
pressure and volume can be approximated by the tangent in the operating
point (fig. 3.2). Thus, we conclude that the vessel-compliance per unit
length complies with eq. (3.12) if by E is meant the incremental
Young's modulus, which in the following is always presumed.
With the help of the pressure-volume relationship expressed in eq.(3. 12)
a second formula next to eq.(3.6) can be derived: It can be shown
(Noordergraaf et al, 1960, 1963) that based on eqs.(3.2), the equation
of continuity can be written in the form:

dF
- -=

Clz

ClS
o

ClF
I--+--

at Clz

or aF
az = c' 2.E.. + T' Pat . 0.13)

T'

C' =

in which Fl the leakage-flow per unit-length which escapes from the
artery through. lateral branch.es,
the leakage per unit-length. defined by the leakage-flow
per unit-pressure,
dSo = the compliance per unit-length
dp

3.3.2 The visco-elasticity of the vessel-wall

Bergel (1960, 1961) and Learoyd and Taylor (1966) show by measurements
on arterial specimens of dogs and men that the Young's modulus is also
dependent on the velocity of stress variations of the wall material.
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They measure the dynamic pressure-radius relationship at frequences
up to 20 Hz (Bergel) and 10 Hz (Learoyd and Taylor) and found a phase
difference between pressure and diameter oscillations. This so-called
visco-elastic behavior of the wall can be described by introducing a
complex Young's modulus:

(3.14)

wh.ere EC = the complex Young's modulus
ER = the real part of ECEr = the imaginary part of EC.

The measurements prove that both the magnitude of the real part of ECand the phase-lag of radius behind the pressure increase with frequency,
particularly at frequencies over the range 1 to 3 Hz.
Besides, Learoyd en Taylor measured that the increase depends on the
age of the subject.
As the vessel-compliance is inversely proportional to the Young's
modulus E (eq.3.12), the visco-elasticity can also be accounted for the
frequency-dependent, complex compliance:

we define the Young's modulus in eq.(3. 12) as the
elasticity E , valid for relatively slow changes in

s

becomes: 2
3S .(a+ 1)

C' =: ,."-_o....,....,,,_~
S E .(2a+l)

s

Following Bergel,
static modulus of
blood pressure.
Thus, eq. (3. 12)

(3.15)

(3. 16)

where C'
s

the static compliance per unit-length

3.4 Models of the arteries

3.4. 1 ·~An electrical model of the arteries.

From chapter 3.2 and 3.3 two equations result, relating pressure and
flow 1n a vessel. These are eqs.(3.6) and (3.13):

- ~ =: M' ~ + W'F (3.17a)az at

- ~ =: c' ~ + T'paz s at (3. 17b)

where M' =: the inertance per unit of length =: KrP/S
o 2

W' =: the resist2nce per unit of length =: K2.8rr~/so
3.S .(a+l)

0
the static compliance per unit of lengthC\ ::: =:

S (2a+ l)E
s

T' =: the leakage per unit of length
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At firat the static cOJll,pliance is used in tQe considerations; later
the complex compliance is introduced (see:3.4.2}. FurtQermore the
correction factors K1 and ~ are t:eated li~e const~nts. E~s:(3.17a}

and (3.17bl can then be compared witQ the d~fferent~al e~uat~ons well
known in the description of electrical signal transmission over a
uniform cable (Noordergraaf et aI, 1960, 19631; de Pater, 1966), the
transnU.ssion-line equations:

a" L' ai. R'i_--l!", -+3z at

ai c' au
G'u--'" -' +

az s at

(3.f8a)

(3. 18b)

where u = voltage
i = current
L' inductance per unit of length
R' resistance per unit of length
C' capacitance per unit of length

The analogy of eqs.(3.17) and (3. 18) ~s obtained by the following
comparison between the quantities:

pressure
flow
inertance
resistance
static compliance

leakage

p "* voltage u
F -+ current i
M'~ inductance L'
W'~ resistance R'
C'~ capacitance C'

s s
T'~ conductance G'

For harmonic signals the eqs.(3.18) become:

_ au = Z' i
az (3. 19a)

ai- - = Y'uaz (3.19b)

Z'
y'

R' + jwL'
G' + j wC'

s

A model of a transmission line with distributed parameters that satis
fies the eqs.(3. 19) can not be realized. Therefore, the transmission
line is approximated by electrical networks with lumped parameters.
~tl1e eectrical filter represents a finite length of artery ~z and
consists of the following elements (fig. 3.3):

where
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.. i .. i
z

R

U
0 uf',.z

G

... f',.z •

y

(3.20d)

(3.20e)
(3.20f)

(3.20b)

(3.20a)

(3.20c)

Z

f',.z

y

Z/2
y

the longitudinal impedance
the transverse admittance

....l----+t--.... ~
~z f',.z I

2
fig. 3.4: TQe representation of a uniform line by a

cascade connection of L-filters (a) and
symmetrical T-filters (b), showing the conformity.

Z

fig. 3.3: An electrical analog of
an artery of length Az.

2rs· srr •n .L\z!8
0

K1.p .L\z!Sa
= 3.8 0 .L\z. (a+I)2

E . (2a + I)
s

T'L\z

2

I I
I I
I I

_1- ---'--------'-"""T'"-o
....t-~f',.-z--.~ I ,....l---....,f',.;-z--......~ I I ..

, I

I Z/2
I
1

I

a = a:4,.z

L = L!L\z

C = C' •/lzs s

G = G' •L\z

a

and Z = Z'./lz = R + jwL
Y = Y'./lz = G + jwC

s
In the following we want to derive a criterion giving a reasonable
segment length L\z. Therefore, we consider two similar electrical
representations of a uniform line, on the one hand by a cascade con
nection of L - filters (fig.3.4a) and on the other hand by a cascade
connection of symmetrical T - filters (fig.3.4b)

I I I
-----l-------f'-~I-..___....L...-O

I Z
y I

I

b
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The network- elements of; th.e I~~ilter are expressed in the li,ne charac
teristics, Z and "( and hecause ot' the simila;,r:ity mentioned above, we
f;ind an err8r as, a res.ult of; th.e representation of an artery with length
42 hy one electrical network, whicQwe de(ineby the lumping-erro~.

The. voltage-current .relations:bi.psof; a srmetrical I-Ulter «(ig. 3.5)
are written in the f;onn:.. 1 .... iez0

ZT ZT

u Y
T u 6.z0

.- 6z
L

Hg.3.5: An
of

6z
2"

electrical analog of an artery
length 6z with the help of an T-filter.

(3.21a)

u +
oZ

(3.21b)

To express the elements of the T-filter in the line characteristics,
we first g1ve the solution of the eqs.(3.19):

u
o

u cosh y.z + Z .i sinh y.zz 0 z
uz sinh y.z + i cosh y.z
Z z

0

(3.22a)

(3.22b)

in which

and

uo' i o the initial voltage, c.urrent respectively

u ,i the voltage, current respectively at length zz z
\IZ' \fi .

Z =lyr =V~ 1S called the charac{eristic impedance
o Y Y of the line

\ =~ is called the propagation-constant of; the line.

(3.23b)

(3.23a)

'1..:..E:!:. (1 +
Z

o

= _s...;i'::,n_h:......:..y_._ti._z ""
YT Z

o

2
ZT = Z •c~sh y.6.z~J =Z .~1- (y.4z) +... )

o s1nh y.z '0 2 12
2

(y. Llz) + )
6 •••

The comparison of the eqs. (3.22) in the case z =ts.z, and the eqs. (3.2I}
results in:
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Becaus.e 0:1; tQe deU.n:lti;.on o~ Zo and y. in ttle eCLs. (3.23), the eCLs. (3.23)
b.ecome:

(3.24a)

(3.24b)

(X.M:}2 + '
12 ••• ,

2
(Y6/lz ) +••• )

Z'.Az (1- (Y.Az1
2
+ ' Z (

ZT = 2 12· •• , =2' 1

Y:A2(1+(X6AZ}2+ •••• ) = Y.( 1 +'[ =
T·

(3.26a)

(3.26b)

By comparing fig. 3.4 with fig. 3.5 the electrical representation of a
uniform line by an L-:I;ilter an by anT-filter are equal if

Z
ZT = 2 and YT = Y (3.25)

Th.e eqs. (3.24) may be written as:

ZT = f (I - f)
and YT Y(l +0)

If IX. lIz I~ I, the relative lumping-error can be approximated by:

6= I (X~AZ)21 = I (jw.Az)2
1

= 41T
2

(f.liz)
2

(3.27)
6c2 6·---rcrz

l.n which c = the complex propagation-velocity
w = the angular frequency
f = the frequency

Formula (3.27) enables us to calculate the relative lumping-error per
frequency for a certain segment-length Az if the complex propagation
velocity per frequency is known.
In chapter 5 we make use of eq. (3.27) to choose a reasonable segment
length.

Since K1 and K2 are dependent on frequency (fig. 3.1), it is not possible
to represent tile longitudinal impedance in fig. 3.3. by one inductance
and one resistance. Although we confine ourselves to these two quantities,
Jager et al (1965) use a much more complicated longitudinal impedance of
Z. Since the essential fre~cy in the amplitude- spectrum of the pres
sure pulses is about 1 Hz and the amplitudes of higher frequencies are
smaller than the amplitude for 1 Hz, (see: chap~er 5), the values of
K1 and K2 result from fig. 3.1 in the case w = 271' x 1 if the internal
radius r of the vessel is given (van den Berg, 1960; de Pater, 1966).

o

3.4.2 An electrical model to represent the visco·elasticity of the
arterial wall

In order to simulate the visco-elastical behavior of the arterial wall,
various models have been constructed. We mention the models developed by
Apter (1967), Cox (1967) and Westerhof (1968). These models may be given
in both mechanical form and electrical form (fig. 3.6)
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u

MODEL MECANICAL ELECTRICALUSED BY
P'f,

K 5'2
C'1 C"2

APTER (1961) --1...... R"2J•
5'; u

WE5TERHOF
(1968) _

X L..----J

COX (1961 )

K

fig.3.6 Models used by different authors to represent the
visco-elasticity of the arterial wall.
K = applied force, x = displacement, u = voltage,
i = current, R = resistance, C = capacitance,
s = elastic constant = applied force per unit-displacement,
Pf = viscous friction constant = applied force per unit-

velocity

The differential equations relating applied force K and the velocity
dx{dt in the models are equal to those relating voltage u and current i =
dQ{dt (Q = charge), respectively, if the following analogy is presumed:

applied force
velocity
elastic constant
viscous friction constant

K -+ voltage u
dx{dt ~ current i = dQ{dt

S capacitance C
Pf resistance R

First, we equate the expression for the admittance Y of both the Cox
and Westerhof-model (fig. 3.6), to show the duality of the models:



Y = s.a.
2

s.b+s.c+
2

s.d+s.e+
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The coeffici.ent a, b, c, d and e in the admittance Yare in both models
equal if the following relations between the resistances and capacitors
are presumed (see fig. 3.61:

Wes terflOf.model Cox-model

::; C'
1

::; 1"2.1"~ +(1"~.c~ + 1"2.C;)/Ci

::; 1"2 + 1"~ +(C' + C')/C'231
::; :d 1"~

= 1"2 + 1"~

In the electrical analogy of a segment of artery (fig.3.3) the arterial
wall was at first instance considered to be purely elastic. In the model
this assumption resulted in a capacitance C in the transverse admittance.
As is stated in section 3.3.2 (eq.3.1S), th~ visco-elasticity can be
represented by a frequency-dependent, complex compliance C (w) then, the
compliance C (w) takes the place of the compliance C • Thi~ can be
represented glectrically by replacing the admittanceSy ::; jwC by jwC in
which C consists of frequency-dependent real and imaginary ~arts. Tte
complexcadmittance of the electrical models in fig. 3.6 can also be
written in that way.
The question which model has to be chosen to best simulate the visco·
elasticity of the arterial wall material, is answered by comparing the
complex compliance calculated from data available from measurements
on arteries. Here, we will confine ourselves to the measurements by'
Learoyd and Taylor (1966). They measure the real and the imaginary part
of the complex Young's modulus E in human arterial specimens. We will

cshow that the model used by Westerhof (or the dual model used by Cox}
with correctly chosen parameters can represent in a reasonably accurate
way the measured visco-elastical behavior of the vessel wall.
Because Learoyd and Taylor measured the complex Young's modulus E in a
real and imaginary part and the complex vessel compliance C is i~
versely proportional to E , we derive a formula for the impgdance Z of
the model instead of for the admittance Y:
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Z
1 1 1 R2 R

3= - = jwC = -.-- + +Y JwC 1 l+jWT
2 I+j WT 3c

1 1
(J

jwR2C1 jwR}]
1 (3.28}or -;::;- + 1 • +

l+jWT 3C C1 +JWT2c

In conformity with eq.(3.2Q.c}, the complex compliance C may be written
cas:

23.S .• /S..z. (a+l)
C =__o---=-:-----,._=__-

c E • (2a+ 1)
c

Thus, it follows that:

C E
s c

-=
C E

c s

By putting C1

(3.29}

= C , eq. (3.28} and eq. (3.29} combined deliver:
s

C E jwR2C1 jwR3C1s c 1 +-=-=
I+j WT 2

+
C E l+j WT 3c s

From eq (3.30) and eq. (3.14) it can be derived that:

ER
2 2

1 +
WR2T2C1 WR3T3C1-= +

E 2 2s 1+(WT2) 1+(WT
3

)

and ~
wR2C1 wR3C1

= 2 +E 2s 1+ (WT 2) 1 + (WT 3)

(3.30)

(3.31.a)

(3.31.b)

The actual values of ERIE and IErl/E as a function of frequency over
the range 1 to 10 Hz are ~aken from L~aroyd and Taylor. Their values for
people less than 35 years of age, are plotted in fig. 3.7. With the help
of a digital computer values are calculated for the eqs.(3.31) as a func
tion of the dimensionless frequency flf 1 in which T2, T3,R2C and R3C
are considered as parameters and f = 1/2TIT • Figure 3.7 dem3nstrates S

that a proper choice of the parameters result in a reasonable agreement
between complex Young's moduli of the model and the measurements. For
the sake of completeness the parameter values resulting from the curve
fittings are given in table 3.1.
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fig.3.?: The real and imaginary parts of the complex Young's moduli
to represent the visco-elastic behavior of the arterial wall,
divided by the static Young's modulus E , as a function of the
normalized frequency f/f

l
. Both, the mo~el representation

(dashed lines) and the measurements (continuous lines) by
Learoyd and Taylor (1966) are plotted. The arterial specimens
are taken from subjects younger than 35 years of age.
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arterial T2 T3 R2Cs R3Cs
sped.men (msec} (msecl (msec} (msec1

carotid arteries 570 23 390 19
thoracic aorta 480 19 220 11
alidominal aorta 550 10 190 6
iliac arteries 320 13 140 4
femoral arteries 5550 45 5500 23

table 3.1: The parameter-values of the model to represent the
visco-elasticity of the arterial wall used by
Westerhof (1968), following from a curve fitting
procedure between the complex Young's moduli re
sulting from measurements by Learoyd and Taylor (1966)
and as computed from the model.

3.4.3 An analog computer model of the arteries

In section 3.4.1 we derived an electrical model of an artery of length
~z (fig.3.3). With regard to the considerations about the visco-elastic
behavior of the arterial wall in section 3.4.2, the capacitance C
in the transverse admittance, which stands for the static complia~ce,
is replaced by a frequency dependent complex compliance C following
from the model used by Westerhof (1968) to represent the ~isco-elasticity
(fig.3.6).
Finally, we construct an analog computer model of the arteries simular
to the electrical model outlined in fig. 3.8, following from fig. 3.3
and fig. 3.6.

u,

R

fig.3.8: An electrical model of an arterY' of length l"z in which
the visco-elastic behavior of the arterial wall is
incorporated.
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The e~uations ~elating voltage u and current ~ can be written ~n the
£orm.:

u2
:=; u11 + u12 + u13

I Ii dtu
ll

:=;

C l.Cs
=_1_ Hi

u l2
) dtu l2 - --C2 c R2

I u
f(i _........!l ) dtu l3 C3 c R

3

~G = u2•G

i c = i l - ~2 - i G

These equations are programmed on an analog computer. The voltages in
the analog computer program, which is outlined in fig. 3.9, simulate
the physical quantities of an artery segment of length ~z if the follow
ing analogy between analog computer quantities and physical quantities
is presumed:

voltage
voltage
voltage
voltage

PI ~ the input pressure of the segment
P2 ~ the output pressure of the segment
F I ~ the flow into the segment
F2 ~ the flow to the segment following the

consideration
potentiometer-setting R ~ the resistance to flow

segment ~n

potentiometer-setting L ~ the inertance of blood = KI.P.~z/So

potentiometer-setting G + the leakage of flow through lateral b~anches

per unit-pressure in the segment.

the segment =

potentiometer-setting C ~ the
s

static compliance of the
3. S •~z. (a+ I ) 2

o
E • (2a+l)

s

arterial wall of



p

fig. 3.9: An analog computer model of an arterial segment
of length 118..

The potentiometer-settings C2 , C
3

, R2 and R
3

represent the visco
elastic behavior of the wall. They sEand for the electrical para
meters used in section 3.4.2.
By connecting a number of segments sketched in fig. 3.9 in cascade,
an artery of length I can be simulated. Then, the output signals of
one segment are equal to the input signals of the segment next in line.

Noteworthy is that ~n the modelling of the arm artery effects of
higher order (such as visco-elasticity of the arterial wall) are only
represented in the transverse admittance. The higher order effects in
the longitudinal impedance, resulting in frequency-dependent and
radius-dependent flow resistances and inertances are not incorporated
in the model. As already mentioned, Jager et al (1965) takes also
these higher order effects into consideration in the model of the
arterial tree.
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The pressure pulse waves are recorded b¥ means of a transducer, which
has been developed in the research group Cardiovascular Physics, In
stitute of Medical Physics INO (v.an del: Hoeven and Beneken, 1970}. Here,
a brief description of the transducer is given.
The pulse wave transducer.. is composed of a leafspring upon which on one
side a feeler pin is fixed and on.the other side a semi-conductor
strain gauge (a pixie electrical transducing element) is attached. The
leafspring is screwed to the transducer body (fig.4. 1)

PlKlI! UECTIltCAl
1'1U.NSOUCING EL£HENT

CROSS SECt10ll
PIXIE -PlETIlYSI"IOGR...PH

~"
.C...S"l\~'"\

...t .... " ~

•
fig. 4.1: The pulse wave transducer and a cross-section of

the transducer(van der Hoeven and Beneken, 1970)

The pressure wave in the arteries causes a vessel-wall displacement ob
servable at some places at the skin, for example in the armpit and at
the wrist. If the transducer is placed on the skin directly over the
artery, the skin movement is converted into voltage variations over the
strain gauge, which are taken for the transducer output.
The transducer output and the actual internal pressure wave are in good
agreement. This has been examined by simultaneously measuring the pressure
wave in the femoral artery of a dog in two manners: internally, with the
help of an injection-needle connected to a Statham pressure transducer
and, externallY,by placing the transducer on the skin over the tip of
the inserted needle. Figure 4.2 shows both recordings.

PULSE ·WAYE -TRANSDUCER

STATHAM PRESSURE" TRANSDUCER

50 FEMORALIS DOG

fig.4.2: The pulse wave in the femoral artery of a dog measured external
ly by means of the transducer and internally by catheterization.
(van der Hoeven and Beneken, 1970)
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TRe transducer output depends. on th.e presa,ure ~ith. which the transducer
is press..ed on tQe sUn and., conseq,uently:, th.e output i.s uncalibrated
in amplitude. Rowe-ver, the same shape of the curves :ts.. obtained if the
transducer i.s pressed against the arte.rY' \dtft.. varying force within
reasonable limits.
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5. THE OPTIMIZATION PROCEDURE

5.1 Literature review

dP
o

+ b 'dt + cPoP.
~

First, we mention an experiment made by Stacy and Giles (1959). They
made use of an analog computer to find mechanical properties of the
arterial bed. In their approach the aortic pressure pulse, obtained
by catheterization, was considered as the input signal P. of a mathema
tical model representing a second order differential equ~tion. The out
put signal of the model P is matched with the recorded peripheral pulse
by changing the computer-~arameters, i.e. the coefficients a, band c
in the differential equation:

d2p
a __o

dt 2

For this purpose a transparency of the recorded peripheral pulse is
fastened to the screen of an oscilloscope and the output signal of the
model is placed on the same oscilloscope. Hence, the delay time between
peripheral pulse and aortic pulse is neglected. By adjusting the values
of the potentiometers, the authors attempted to superimpose the model
output and the recorded peripheral pulse. From the matched model they
found the coefficiants a, band c which are related to a lumped factor
involving wall elasticity, Poiseuille's resistance, inertance of blood
and mechanical impedance of the termination. An important result in
their findings is the difference in the coefficient values for a person
suffering from arteriosclerose in comparison with the values for
"normal" persons. The disadvantage of the procedure is the neglect of
the delay-time between the recorded signals, resulting in a waste of
informadon.

Strano et al(I969) measured the pressure in the aorta of animals at two
places. They calculated the pressure transfer function versus frequency
from these measurements in the time-domain using both analog and digital
techniques. A theoretical pressure transfer function was derived from
a model of the aorta, representing the aorta as a nonreflective vessel
with exponentially tapered radius (Fich, 1966). Further, the mass of
the blood was neglected. With these assumptions the theoretical transfer
function was greatly simplified.
Using network optimization techniques, physical parameters such as taper
coefficient, elastic constant and cross-sectional area, that yield an
optimum fit to the experimental data have been found.

Recent studies by van Herk (1969) and Sims (1969) show that the estima
tion of systemic parameters with the help of a digital computer add a
hybrid computer, respectively, are still in a state of development.
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5.2. A manual optimtzation procedure on an analog computer

5.2.1 The method

With the transducer described in chapter 4~ the pulse waves in the
armpit (arteria brachialisl and. at the wrist (arteria radialis) of a
healthy human, lying on a bed, are simultaneously recorded on an
analog recorder (Telefunk.en, MAS 24).An arm artery is taken, because it
can be assumed to be fed from a low impedance pressure source, namely
the aorta. We presume that the pressure in the armpit can be considered
equal to the aorta pressure. Electrically this means a voltage source
with internal resistance zero. For these reasons the armpit pulse is
directly used as the input signal for the analog computer model.
When recording, use is made of a high-pass filter to remove the D.C.-
bias in the transducer output. A part of these recordings, corresponding
with about four heart-beats, is taken to form an endless tape. This tape
played back, produces continuously voltages used as the model input signal
(the armpit pulse) and the reference signal (the wrist pulse) to be
compared with the model output. The model-parameters (the potentiometer
settings in fig. 3.9) are mannually matched in such a manner that the
integral of the squared error between model output and wrist pulse (least
squares criterion) is minimal (fig. 5.1).

r-;:::::==== r:~1
HUMAN •

OPERATOR

ERROR
CRITERION

ARMPIT
PULSE FOUR SEGMENT MODEL ARM

/
--........ PULSE WAVE TRANSDUCERS'/

WRIST
PULSE

fig. 5.1: Schematic representation of the optimization procedure.
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The integrator is reset each time after the joint of the endless tape
causes a perturbation in the signals. To facilitate the evaluation of
the effect of a parameter change, the values of the error integration
are given out on a storage oscilloscope (Tektronix, type 564).
As is stated in chapter 4, the signals produced by the transducer are of
arbitrary and uncalibrated amplitude. Therefore, the peak to peak ampli
tude of the armpit pulse and of the wrist pulse are made equal. These
scaled pressure pulses are called respectively F and P • Actually, the
peak to peak amplitude of the pressure pulse at the wri~t is larger than
its value in the armpit due to .the amplification effect (see for instance
M:cDonald and. Attinger, 1965}. As a consequence of the amplification
effect and the scaled.wrist pulse, the peak to peak value of the scaled
pressure pulse at the wrist Pw is proportional to the peak to peak
value of the model output pl. In order to compare the model output (PI)
with the scaled wrist pulsew(p ) the model output is divided by a fac~or
a considered as an added param~ter, whose initial value is one.
By means of a high-pass filter, frequencies in the signals lower than
the pulse (or heart) frequency (about 1 Hz), which may be attributed
to the breathing cycle, are suppressed.
The above is outlined in fig. 5.2

2
P )
·w

MOOEL OF
THE ARMARTERV

p
wscaled

wrist (}---1
pulse

scaled P
a

at..pi to---t
pulse

fig. 5.2. A detailed view of the opt~m~zation procedure.
H.P.F. = high-pass filter, a = a multiplication factor
(0~~~2), representing the amplification effect.

The length 1 of the arm artery between the measuring points in the armpit
and the wrist is approximately 40 em. We presume tha.tthe arm artery
can be subdivided into 4 segments each consisting of an L-filter as
outlined in fig. 3.8. In section 5.2.3 we shall show, that this assumption
results in an acceptable lumping-error. In section 5.3 we shall return
to this question of the division of the arm artery into segments.
In the following, we use a-priori knowledge to derive a relationship
between the parameters Rand L. In chapter 7 we shall demonstrate that
a relationship between the parameters, like the one we shall derive, is
necessary but not sufficient to obtain a unique transfer function.
With the help of the eqs. (3.20 .a} and (3.20b} the rzsistance R of a
segment can be expressed in the squared inertance L of the same segment.
It follows, that:



-Z9-

R :=: (5. 1}

3in which: p :=: the density of blood ~ 1.05 g/cm
Q = the viscosity of blood = 0.03 poise

(5.Z)~~
p.Llz

The correction factors K1 and Kz are functions of both wand r (fig.3.1).
As already mentioned in section 3.4.Z, we eliminate the frequegcy in
the factors K1 and KZ by the assumption that the essential frequency in
the amplitude spectrum of the pressure pulses is 1 Hz, the first harmonic
in the pulses. Then, K1 and KZ are only dependent on the internal radius
r and their values result from fig. 3.1 in the case w ~ ZIT x 1 (I/sec).
Dg Pater (1966) calculates the relative error in the longitudinal impe
dance as a function of r , originating from the assumption that K1 and
KZ are frequency indepen~ent. The author concludes that the correction
factors K1 and KZ can be taken independent of frequency without causing
too much error in Zhe longitudinal impedance (error < 13 %).
The values of KZ/K1 in eq. (5. I) are calculated with the help of fig. 3.1
in the case w = ZIT x 1 (I/sec). The function-value varies between 0.6
and 1.6 if the internal radius is smaller than 0.7 ern. The internal radii
of arm arteries usually fall in this range.
Further, we define the factor k by:

KZ
k = 2" .

K
1

Since KZ/Ki.is almost independent of r o and approximately equal to I,
k can be wr1tten as:

(5.3)k ~ aITn. 1
Z Llz

p

We assume that k is the same in every segment. Because we approximately
know the arterial length 1, which has to be equal to the sum of the four
segment-lengths, and k is chosen equal for every segment, the factor k
is a constant and the parameter R results from the equation:

R = k.LZ (5.4)

The eq. (5.4) transform the analog computer diagram in fig. 3.9 into th.e
diagram outlined in fig. 5.3, which. is used in the optimization procedure.
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fig. 5.3: The analog computer diagram used in the optimization procedure.

5.2.2 The scaling

The analogybetween physical quantities and analog computer quantities
mentioned in section 3.4.3, requires a conversion from hemodynamical
units into computer units. It is common use in medical literature to
specify hemodynamical quantities in so-called "medical units" (table 5. I}.
The computer units are expressed in volts/volt.
Because we do not know the calibration of the pressure and we are only
interested in the transfer of input and output pressure, we assume that
1 mm.Hg corresponds with an arbitrarily chosen value of x volts. The
flow in medical units is transformed into the voltages F representing
the flow in the computer model by the choice: 1 ml/sec corresponds with
x/50 volts. Further, the computer is used in real time, in other words:
a time-transformation is not applied. The conversion of the remaining
hemodynamical quantities into computer units is dependent on the above
mentioned three conversion factors and is given in table 5.1.
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quantities medical units c.g.s. units computer units
(med. u.}

P 1 mmHg 1332 g/cm. sec2
voltpressure x

flow F 1 ml/sec 1 cm3/sec x/50 volt
time t 1 sec 1 sec 1 sec
resistance R 1 nunHg.sec/ml 1332 g/ cm4 . sec 50 volt/volt
compliance C 1 ml/mmHg 2 1/1332 cm4.sec2/g 1/50 volt/volt
inertance L 1 nunHg. sec /ml 1332 g/cm4 50 volt/volt
conductance G 1 ml/mmHg. sec 1/1332 cm4.sec/g 1/50 volt/volt-----,._.

Table 5.1: Conversion table from medical units to c.g.s.units and
computer uni ts.

5.2.3 The results

By means of table 5.1, the value of k in eq.(5.4) can be expressed in
computer units and this value is considered as a constant during the
optimization method. It follows, that we have left 7 parameters per
segment, namely L, G, C , C2 , C

3
, R2 , and R

3
•

At first instance, the ~isco-elastic behavior of the arterial wall is
not incorporated in the model; only the parameters representing the
inertance L, the leakage G and the static compliance C of the four
segments and the factor a (fig.5.2) are adjusted one a~ter the other in
such as to minimize the integral of the squared error, visible on the
storage oscilloscope.
It appears possible to find a minimal value for the integral with these
13 parameters only. With the exception of the compliance C in the first
segment, the value of the integral increases as soon as th~ value of a
parameter is altered with respect to the value necessary to make the
integral minimal. The compliance in the first segment is adjusted to a va
lue C , chosen in such a way that the integral of the squared error in
creas~s if the potentiometer-setting representing the compliance in the
first segment is increased by a small amount, however, it is possible to
decrease the potentiometer-setting without an increase in integral value.
This phenomenon may be related to source impedance problems.
A trial to reach a minimal value for the integral including the para
meters representing the visco-elastic behavior of the arterial wall was
not succesful. Therefore, in the following the values of C2 and C2 are
put to zero and R2 and R

3
to infinity. So, the vessel-compliance ~nclu

ding the visco-elastic behavior of the arterial wall, is represented by
one capacitance only.

The optimization procedure has been applied to two fragments from the
pressure pulse recordings measured in the armpit and at the wrist of a
25 years old subject (KOSTER-series E and KOSTER-series F). The pressure
pulses measured in the armpit and at the wrist of the subject and the
model output of the matched model are reproduced in fig. 5.4. In addition,
the error, measured at the output of the difference-amplifier in fig.5.2,
and the integral of the squared error, measured at the output of the
integrator in fig. 5.2, are shown in fig. 5.4.
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KOSTER-series E

KOSTER-series F

fig.5.4: The pressure pulses measured in the armpit (upper trace}
and at the wrist of the subject and the output of the
matched model (middle two traces).
Five times the difference between wrist pulse and model
output is given in the lower trace and the diagonal curle
represents the integral of the squared error.
(vertical axis: JOv./div, horizontal axis:uncalibrated)

The integrator starts after some time-delay to avoid the perturbations
as a result of the joint in the endless tape. Figure 5.4 shows the good
agreement between model output and measured wrist pulse. The relative
error with respect to the pressure pulse amplitude is within 10 %. Note
~orthy is tne fact that the so-called amplification effect, the enlarge
Menu .Fn the pressure pulse amplitude as the pulse travels towards the
periphery, follows automatically from the optimization procedure: the
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I
KOSTER-series E

I

I

segment 10 x L 100 x e 100 x G
(med.u.) (med. u.) (med.u.)

1 .19 ~ .4 5
2 .27 1.8 20
3 .29 .5 0
4 .32 .5 32

KOSTER-series F

segment 10 x L 100 x e 100 x G
(med.u.) (med. u.) (med. u.)

1 2 1 2 1 2

1 . 15 . 15 ~.6 ~.4 10 6
2 .21 . 19 . 7 .5 28 28
3 .29 .28 .2 .5 .5 .8
4 .47 .48 .8 .8 15 15

Table 5.2: The parameter values resulting from the matched
models KOSTER-series E, KOSTER-series Fl and F2.

segment ll.L(%) !e(%) ilG(%)

1 +5 -9 +13 x) +220 -52
2 +14 -7 + 7 -28 + 9 - 4
3 +15 -3 +22 -15 xx)
4 +35 -10 +56 -33 + 3 - 8

Oc---

x) 100e < 0.04 xx) 0 < 100G < 7

Table 5.3: The parameter sensitivities
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relative difference in peak to peak amplitude of wrist and armpit pulse
(fig.5.4) is IS % and 30 % in tQe KOSTER-series E and the KOSTER-series
F, respectively.

The parameter values resulting from tQe matched model are expressed in
medical units (med.u.) and given in table 5.2. From one fragment the opti
mization procedure is carried out twice (KOSTER-series FI and KOSTER-se
ries F2), starting with different initial parameter values. A sensitivity
analysis is applied to the parameters of one fragment (KOSTER-series E).
For this purpose, the values of the parameters are changed one by one, un
til a difference visible on the storage oscilloscope is obtained between
the integral value and its minimal value of about 3 %. Then, the new para
meter value is read. In table 5.3 this parameter value is expressed as a
relative deviation with regard to its original value. The parameter sensi
tivity is rather small, probably due to the non-linearities in the arte
rial system. A second possible explanation is given in chapter 7.
With the help of table 5.2 physical quantities of the arm artery, namely
the internal radius and the Young's modulus, are calculated. The internal
radius r of an arterial segment results from the parameter value of the
inertanc~ Land eq.(3.20b) in which the value of the correction factor K

1is chosen equal to I.
From eq.(3.20c) it follows, that the Young's modulus E may be written as:

(5.5)

= r - r
u 0

23.S ./lz.(a+l)
o

a =

E
C. (2a+l)

r Ih
o

h = the wall-thickness

where

According to Learoyd and Taylor (1966), the value of the ratio h/2R, whe
re R stands for the mean radius, is dependent on both the arterial speci
mens considered and the internal pressure in the artery. For people less
than 35 years of age("young people"), the average value of h/2R is 0.04 if
the internal pressure is 100 mmHg. Hence, it follows that the average vaT
lue of a in eq.(5.5) is about 10. This value for the ratio r Ih is taken
for the calculation of the Young's modulus from eq.(5.5). Th~ results are
given in table 5.4.

segment r E.106
0

2(cm) (dyn/cm )

1 .35 ,22
2 .30 4
3 .29 12
4 .27 I 1

s egmeAltl r E.106
0

(dvn/cm2)(cm)
1 2 1 2

I .40 .40 ;>21 ~29

2 . 34 .37 13 22
3 .29 .29 31 14
4 .23 .22 5 5

table 5.4:

The internal ra
dius r and the

oYoung's modulus
E of the arterial
segments calcula
ted from the para
meter values gi
ven in table 5.2.
upper set: KOSTER
series E, lower
set:KOSTER-series
F1 and F2 •
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A comparison between the values of the internal radii and the Young's
moduli as calculated from the parameter values (table 5.4) and their
values available in the literature from measurements in vitro leads to
the following conclusions:

The internal radii of an arm artery measured in vitro (Vierordt,1906;
de Pater, 1966) are smaller than the internal radii following from the
parameter values.
The values of the Young's modulus calculated with the help of eq.(5.5)
vary over the range 4 to 31 x 106 dyn/cm2 , if the Young's moduli of
the first segment are left out of consideration. The values of the
compliance C in the first segment are rejected as unreliable due to
source impedance problems. The static Young's moduli calculated by
Learoyd and Taylor from their measurements on several arterial seg
ments of "young people" are 6 to 30 x 106 dyn/cm2 . The visco-elastic
behavior of the arterial wall increases the values of the Young's
moduli: The dynamic Young's moduli for 2 Hz vary over the range
10 to 50 x 10° dyn/cm2• For these reasons, the Young's moduli re-
sulting from the parameter values of the matched model, in which no
wall-viscosity term is incorporated, are generally smaller than the
moduli calculated by Learoyd and Taylor.

- The tapering of the radius results automatically from the optimization
procedure. The radius-taper, defined by the ratio of the largest and
the smallest radius, is 1.3 (KOSTER-series E) and 1.8 (KOSTER-series F).
ihaidfffetteace in radius-taper in both cases appears also in the diffe
rence in amplification effect, 15 % and 30 %, respectively (fig.5.4).

The summation of the leakages of flow through lateral branches per unit
pressure in the segments, has to be equal to the quantity of blood pumped
from the aorta into the arm artery per unit-time and per unit-pressure.
Since the mean pressure in the arm artery is about 100 rnmHg, the mean
flow through the arm artery in the armpit is equal to:

F = "P.t G.
i= 1 ~

where F = the mean flow in the arm artery ~n the armpit
P the mean pressure

4
~ G. the sum of the leakages of flow per unit-pressure
i=1 ~ the 4 arm arterial segments.~n

The substitution of the values of G (table 5.2) leads to the conclusion
that F from the aorta into the arm artery is about 3 lit/min. The cardiac
output, the quantity of blood pumped from each ventricle per unit-time,
is normally 5 lit/min. Therefore, we may conclude that the values of the
parameter G are too large, resulting in a too small peripheral resis
tance. The too small peripheral resistances may be attributed to the
absence of a wall-viscosity term in the model and the neglect of the pres
sure-dependent elastance (fig.3.2}. Without a wall-viscosity term, a part
of the segment damping is caused by the peripheral resistance, which con
sequently becomes too small.
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~rom table 5.4 it appears tQat tQe values o£ tQe inte~nal ~adii o£ a
certain segment in botQmatcQed models KOSTER-series FI and ~2 SQOW no
large deviation as contrasted witQ tQe value o£ C and G in botQ cases.
TQe dif£erences in tQe components of tQe transverse admittance in tQe
matcQed models KOSTER-series ~j and F2 are an indication tQat tQe uni
~ueness of tQe model Qas to be examined. TQe ~uestion is, if the trans
fer function of tQe model belonging to certain values of tQe parameters
can not be obtained witQ an otQer set of parameter values(see:chapter 7).
TQe differences in corresponding parameters in tQe cases KOSTER-series E
and F may be attributed to tQe non-linearities in tQe arterial system
and a possible non-mni~ueness of tQe model.

A harmonic analysis of the pressure pulses is made to find the measured
transfer function, defined by the ratio of the wrist pulse amplitude
and the armpit pulse amplitude per Qarmonic, and the model transfer
function, defined by the ratio of the amplitude of the harmonics in
model output and input signal. Besides, the phase difference between
both the model signals and the measured signals are calculated per
harmonic.
The variations in pressure can be regarded as a periodic function of
time (the time-period = the pulse time). Deviations from the periodicity
are sligQt. Using a Fourier-series transformation of tQe pulses, the
amplitude and the phase angle of tQe Qarmonics are calculated from tQe
sampled signals with tQe help of a PDP-9 computer. In fig. 5.5 the am
plitude and the phase spectrum of the pressure pulses are plotted.

103 0

l~~1

102 (l'ad. ) -11

-'"'\A1 10
1 I I T I I ",

0 5 10 15 20 25

10
0 freq.(c/s)

101

I I 1 1 I I freq.(c/s)0.5 1 2 4 8 16

Fig. 5.5 Computer-plots o£ tQe amplitude spectrum A
j

and tQe PQase
spectrum ¢j ~£ tQe a~pit pulse.



-37-

The values of the ordinate in U~. 5.5 can not be given in nunHg be
cause, as already stated, the pressure calibration is not known,
however, in the pressure transfer this calibration factor is of no
consequence. Noteworthy is tQat tQe Qigh-pass filter used to suppress
the D.C.-bias in the transducer output,. causes a phase-lag in the sig
nals. Because the same high-pass filter is applied to both the armpit
and the wrist pulse, this added pQase-lag is canceled out in the cal
culation of the phase difference.
The pressure transfer and the phase diffe.rence of both the measured
signals and the model signals are plotted in the figures 5.6 and 5.7.
The figures show that the measured and the model transfer function
are in reasonable agreement.
The model transfer function is also determined in a continuous way
using analog techniques, showing that both transfer functions obtain
ed by Fourier analysis and by making use of a swept-oscillator are
identical with the exception of the "peaks" appearing in fig. 5.6
and fig. 5.7 for frequencies above 16 Hz. The transfer function de
termined by means of analog techniques, is zero for these frequencies.
So, the "peaks" are attributed to the method used to determine the
amplitude transfer.
The phase differences of the pulses show that the frequency content
of the signals is limited: The amplitude of the 7th harmonic, correspon
ding with about 7 Hz, contribute to the signal with an amount equal
to 1/10 of the amplitude of the pulse frequency (about I Hz). The
contribution of the frequencies higher that 7 Hz to the pressure pul
ses is much smaller. In the frequency range 0 to 7 Hz, the phase
shift is approximately linearly dependent on frequency and the damping
of the signals is small (fig.5.6 and 5.7). Because of these results,
the absolute value of the complex propagation-velocity c may be written
as:

where

Icl= I~ 1= f .1

y the pro~agation-constantof the line,
S = 1~2- ~II = the absolute value of the phase difference

between wrist and armpit pulse,
1 the length of the artery.

The value of jet, calculated from fig. 5.6 and 5.7, is about 8 m/sec.
Now, the re1ative lumping-error 0 for the frequency 7 Hz can be deter
mined from eq.(3.27):

2(f.6..z)

IcJ2
The relative lumping-error for a segment length dz = 10 cm and frequency
7 Hz becomes 5 % if the propagation-velocity is taken 8 m/sec in each
segment.
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5.3 TQe number of segments

In tQe model used to determine tQe physical ~uant~t~es of tQe arm artery,
we confine ourselves to a division of tQe arter~ into four segments. De
Pater (1966) constructed a model of tQe arm artery consisting of 25
segments. Earlier studies (Wesseling and de Wit, unpublished results)
have shown that a four-segment model and a 25-segment model are able
to deliver virtually the same pressure transfer within a fre~uency

range which is large enough to enclose the essential frequencies in
the pressure pulses.
Another method to estimate the number of segments is to approximate
the measured amplitude transfer function, obtained by a harmonic
analysis of the pressure pulses, with polynomials in the frequency.
If it is supposed that the model we use in the optimization procedure,
a cascade connection of the model outlined in fig. 3.3, represents
the hemodynamic relationships of ~he arm arter!, the inverse of the
squared amplitude transfer {-J!ITI = 1/(A2!A1' }can be written as a
polynomial in the squared angular frequency w2 , in which the highest
order of the polynomial is determined by the number of segments:

1 2 4 n (5.7)--= c + c2w + c4w +•••••• + c w
ITI

2 0 n

n = 8, 12, 16, ...... for respectively 2, 3, 4, ••••. segments.

We choose Chebychev polynomials of the first class T (x) to approxi
mate the measured amplitude transfer function in sucR a way that the
integrated squared error is minimal. This choice is made, because
ChebycQev polynomials of the first class can accurately approximate
a broken curve (for instance, a piecewise linear one), like the function
1!IT1 2 (Vlach, 1969). Besides, the polynomials T (x) are particularly
usable if the transfer function of low-pass filt~rs'have to be approxi
mated.
The polynomials T (x) are defined by:

n

and

Tn+1(x)

T (x) =o

= 2x.T (x) - T I(x)n n-

; T1 (x) = x

The function f(x) is approximated by tQe polynomials T (x) in the
nfollowing way:

f(x}
a

o
'" - +2

00

L
n=1

a •T (x)
n n

in whicQ a = ~ +~ f(x).Tn(xl
n II -I'V 2

1 - x

dx



n = tQe o~de~ of the polynomial.

In fig. 5.8 the inverse of the squared measured amplitude transfer
function in the case KOSTER-series E is plotted as a function of
frequency, truncated at a frequencY' of 8.57 Hz.

10

1
11i2
II

-l

---- : 2 segments
........ : 3
--:4
-- measured

fifo (fo = 8.57 Hz)

0.0 0.5 1.0

fig. 5.8: Approximation of the inverse of .the squared measured
amplitude transfer function from armpit to wrist by
Chebychev polynomials of first class of various order.

The figure shows zhat the polynomials TI2 (x) and T16 (x), the approxi
mations for I/ITI of a three-segment moael and a four-se~ent model,
give a good fit to the mean features of the measured I/ITI-. SO, at
least three segments are necessary in the model arm representation.
Besides, a number of segments smaller than four should miss the aim
to determine the arterial parameters as a function of position along
the arm artery.
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6. A RUBBER TUBE TEST TO EVALUATE THE ACCURACY OR THE OPTIMIZATION
PROCEDURE

If the optimization procedure, described in section 5.2, is applied to a
rubber tube of known physical quantities) it can be examined as to how
far the values of the computer parameters of the matched model correspond
with the known values.
To make a rubber tube with properties about identical to those of the ar
teries, vulcanized latex (VULJEX) 60 %} is used. Into this liquid substan
ce a mould of glass in the form of a cylindrical bar is dipped, and pul
led out of the liquid with constant velocity. After the liquid is coagu
lated, the rubber is removed from the mould and we achieve a tube of
which the internal radius is determined by the radius of the mould and
the wall-thickness by the velocity of drawing the bar out of the liquid.
The compliance of the tube material is found from the pressure-volume
relationship of the tube. The experimental set-up to determine the sta
tic p-v relationship is outlined in fig. 6.1.

capillary

glass pipe

manometer

P
p

vacuumpump

b

fig.6.1: The experimental set-up to determine the static
p-v relatmonship of a rubber tube
Pb = the ambient pressure
P = the pressure in the glass pipe.

p

The tube is filled with water and terminated on one side with a calibra
ted capillary and on the other side with a closed capillary. This system
is clamped between two rubber stoppers in such a way that the rubber tube
is on the point of bending, and the system is brought into a glass pipe.
The pressure in the rubber tube (Pb ) equals the barometric pressure as a
consequence of the open capillary. The pressure in the glass pipe (P )
can be changed with a vacuum-pump. The pressure difference (P = P _PP)
is registered on a mercury manometer and the volume changes cause8 by p
the pressure variations are transformed into a displacement of the water
meniscus in the calibrated capillary. The P-V relationship measured in
this way is plotted in fig. 6.2.



-43-

100

i P (mmHg)

80

60

40

20

o 0.5 1.0 1.5

fig. 6.2: TQe pressure volume relationship of a rubber tube as
a result of four measurements on tQe same tube witQ
lengtQ 1 = 18 em, wall-tQtekness h = .018 em, internal
radius r = .25 em and unstressed volume V = 3.5 ml.

o u
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The static compliance of the tube determined from the tangent in the P-V
relationship substituted in eq.(3.20c) delive~s the static Young's modu
lus E . The value of E for a ~ubbe~ tube w~th inte~nal radius ~ ~ .25 em
is 9.i06 dyn/cm2 ove~ ~he range 10 to 60 mmHg. The propagation-v~locity c
is calculated from the formula given b~ ~rank (18991 with neglect of the
longitudinal st~etching of the tube:

(6. I)

The substitution of the known values in this formula leads to a propa
gation-velocity c ~@m/s.

To test the accuracy of the optimization procedure, the practical measure
ment set-up outlined in fig. 6.3 is chosen. A rubber tube is terminated
on one side into the Statham P23Db manometer compliance and on the other

syringe Statham manometer

~ pulse wave transducer ~

~ZZZZZZZZZZZ77777Z77Z77777~
~ 1 •

B

fig.6.3: A sketch of the experimental set-up to determine the
input and output pressure in a rubber tube. The pulse
wave transducer is placed on the tube with the help
of a metal ring in which a hole is drilled for the
feeler pin of the transducer.

side with a syringe. The rubber tube connected with the syringe and the
Statham manometer is filled with water, taking care that no airbubbles
are present in this system. Both ends give positive total reflections to
pressure waves as a consequence of the relatively small compliance of the
Statham manometer (C ~ 4.10-7 med.u.) and the large stiffness of the sy
ringe. The amplitude decrease of the pressure wave is effected by damping
only and not by peripheral drainage.
The input pressure (P. ) and the output pressure (P t t) in the rub
ber tube, after an inl~g~Eon of fluid with the syringe~Ua~~ tecorded with
the pulse wave t~ansducer (described in chapte~ 4) and the Statham mano
meter, respectively,
The pressure waves are plotted in fig. 6.4.
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7.
6.

P ••_put

(-. Ha.) ..
'0
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1.

ti_ hee.)

fig. 6.4: The input pressure (P. t) and the output
pressure (P t inL~P¥ubber tube, after
an injectioguo¥Ut1uid with the syringe. The
properties of the rubber tube are:l = 33 cm,
r = .25 cm and h = .015 cm.o

The delay time, between measured input and output waves, the so-called
travelling-time ~f the wave in the tube, is 52 msec. The theoretical delay
time between both waves, 't' is determined from the propagation-velocity
(eq.6.1) and the length of the tube and equals:, = 55 msec. The diffe
rence in, and, can be related to measuring-erfors, although, a tra
velling-time 't l~rger than, can be caused by the visco-elastic behavior
of the tube wall, resulting iN a Young's modulus larger than E .
The amplitude of the first harmonic in the pressure pulses is ffiaximal
at the tube ends and minimal in the centre of the tube as a consequence
of the two total reflecting tube ends. For this reason, the pressure wave
can be considered as the sum of sinus-signals of which the largest period
equals twice the travelling-time. The period of the exponentially damped
pressure wave in fig. 6.4 is 104 msec, exactly twice the measured tra
velling-time.
The agreement in the amplitude spectra of the pressure pulses recorded
with both the pulse wave transducer and the Staham manometer is examined
by placing the former on the tube before the Statham manometer (point B
in fig. 6.3). The agreement between both spectra is shown in fig. 6.5.

The signals plotted in fig. 6.4 are not usable to test the accuracy of
the optimization procedure with the four segment model in a correct man
ner. The following reasons indicate this:

- The syringe, causing the pressure waves, can be considered as a flow
source with internal resistance equal to infinity. The simulation on
an analog computer of a current source, with internal resistance equal
to infinity, requires that the injected flow is known. This injected
flow can not be determined directly from the used experimental set-up.

- An inspection of fig. 5.5 and fig. 6.5 sho~ that the frequency content
of the pressure pulses in the rubber tube is much larger than the fre
quency content of the pressure pulses in an arm artery. The relative
lumping-error Q (eq.3.27) for the first and the second harmonic of the



fig.6.S: TQe amplttude spectra o£ tQe pressure pulses A recorded
with the pulse wave transducer (~ d . ~ agd the Stathamtrans ucer
manometer (~ t t on the same pLace ~n t e rubber tube.
The figure ats3 ~~ the difference &A in decibels, between
the amplitude spectrum of the transduce~ output and the
Statham manometer output. Measurements on the same rubber tube
as in fig. 6.4.
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press.ure pulses i.n th.e rubber tube (9 and 18 Hz, respectively) i.s higher
th.an th.e one calculated ~or th.e seventh. harmoni.c in th.e pressure pulses
of th.e arID, artery. If th.e rubber tube i.s subdivided into 4 segments ha
ving a segment-length. ~z ~ 33{4 CID" th.e value of ofor 9 and 18 Hz is 11 %
and 44 %, respectively.

The large lumping-errors indicate th.at more than 4 segments should be used
in the model of th.e rubber tube or that th.e frequency of the first harmonic
in the pressure waves should be reduced. The frequency of the filist harmo
nic in the pressure waves decreases if th.e tube length 1 or the ratio
r /h are chosen larger than the values mentioned in fig. 6.4. With the
m~thod we use, it was not possible to construct a rubber tube fulfilling
these conditions. A tube made of material having a Young's modulus smaller
than 9 x 106 dyn/cm2 , also results in a decrease of the frequency of the
first harmonic.
If a pressure source with internal resistance equal to zero, instead of a
flow source, is used, the period of the first harmonic in the pressure
waves becomes two times larger than the period of the first harmonic in the
signals plotted in fig. 6.4 as a consequence of one positive total reflect
ing tube end (the Statham manometer) and one negative total reflecting tube
end (the pressure source with internal resistance zero). So, this modifica
tion in the set-up reduces the first harmonic in the pressure wave too.
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7. THE UNIQUENESS OF THE MODEL

The uni~ueness of the model of the arm artery, a cascade connection of
L-filters (fig.3.3), is related to the ~uestion if the transfer function
of the model obtained with certain values of the model parameters can
exactly be reproduced with other parameter values. The uni~ueness of the
model is tested by deriving its transfer function as a function of the
model parameters and the so-called generalized frequency s. Then, it is
examined if this transfer function gives exactly the same output with
different parameter values and the same input.
The model outlined in fig. 3.3, representing one arterial segment is given
as an example to explain the above mentioned. The transfer function of one
segment (fig. 7. I) can be determined by calculating the voltage u and the
current i as a function of the voltage u

I
' the current ii' and tRe model

parameter~. In matrix expression this relationship is as follows:

~
.... 0

u
o

fig. 7. I: A model of one arterial segment.

where ZI R1 + sL) and R1 = kL~ (eq.5.4)

Y) = G1 + se I

~

-+0

(7.1)

-~)

The transfer function T
I

of the one-segment model, becomes:

1 (7.2)
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(7.3)

To determine the uniqueness of the model, the values of the parameters
LI , CI and GI are changed in such a way that the values of the coeffi
c~ents d~ (i = 0,1 and 2) in eq. (7.31 do not alter. Therefore, we multi
ply the ~alues of the parameters LI , C

1
and G

I
by a multiplication-factor

lJ' ~I an~ g\,.respectively. The subst~tution of the parameter values
oDta~ned ~n th~s way:

Li = 1 1, LI' Ci = c I . CI and Gi = g I . GI

(7.4)11 = q,c j

G/kL 1CIin which q

into eq. (7.3) delivers new values for the coefficients d , d\, and d2 .
Equating these values with the corresponding ones found w~th the parameter
values L

1
, CI and GI , results in 3 equations in the 3 multiplication

:actors I' c\ and gl' From these equations 1 1, c l ' and gl can be expressed
~n the parameter values L

I
, CI and GI :

2
I/q and gl = I/q

The value of the factor q in eq. (7.4) calculated with the values of the
computer parameters (table 5.2) is about 100.
As a result of the above mentioned, exactly the same transfer function
can be obtained by the substitution of two different sets of parameter
values in eq. (7.3). This shows that a one-segment model Its,:not unique.
The same method to determine the uniqueness of a one-segment model can be
applied to a four-segment model. This results in 9 equations in 12 mul
tiplication-factors L., C~, and G. (i = 1, 2, 3 and 4). If we choose 3
multiplication-factor~, iE is in principle possible to express the result
ing 9 factors in L., C. and G. if the 9 equations are independent. The
mUltiplicat~on-facEors~have t6 be posittve and complex values have no
physical meaning. Besides, the parameter values have to be within the
physiological range. However, the equations are too complicated to gain an
insight into the untqueness of the four-segment model.
Although it is not proved that a relation ~etween the parameters like the
one we use. R is proportional to L2 (eq.5.41 is a necessary and suffi
cient condition to orrta~ a unique four-segment model, it is noteworthy
that a cascade connection of the one-segment model (fig.7.l} is not
unique if tn'1."s relation is not taken ~to account. This will be shown by
express~g the transfer function Tn of n L-:-fNters in cascade (fig. 7 .21
in a recurrent relationship folloW1~g from a matrix multiplication:
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Z.
1

~tg. 7.2: A cascade connection of n t~frlters.

1
I+Z Y n-I Yn-jn n + Z .:£ (7.5)

T Tn-I n j=1 Tn-I-jn

with T 1 and T
j

= 1/(l+ZIYI)
0

Z. R.+sL. and Y.= G.+sC.1 1 1 1 1 1

According to eq.(7.5} the transfer function T does not change if the va
lue of all parameters R. and L. (i = 1,2,3, •. ~,n} in the longitudinal
impedances is mUltipliea by a ~onstant and the value of all parameters
G., and C" (i = 1,2,3, .•• ,n} is divided by the same constant. The rela
tronship1R. = k.L? annuls the abov~mentioned.
If the fouf-segmeht model is not unique, more than only one value for
the parameters results in the same transfer of the pressure pulses.
Furthermore, if these parameter values delivering the same transfer func
tion are close together, this could result in a smooth optimum, which
can be an explanation for the rather poor parameter sensitivities (see
table 5.3). A model, representing the hemodynamics of an artery~of which
theoretically can be proved that the model is unique may improve the
parameter sensitivities. In fig. 7.3 it is shown that several arrange
ments of the 4 components in a one-segment model can result in a unique
one-segment model. BesUies, fig. 7.3 g:tves one-segment models of which
the transfer function remains' exactlY' the same or the substitution of
two or an infinite large numb~r of different sets parameter values.
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r-------------;-----,-------r---- "--
UNI QUE other solutions

ORDER with R.KL2 with s~me tr~n:;fer

yesl no

2

2

2

2

2

no

Ul(ess G.O

no

unleSS G.O

yes

yes

no

t.LG/RC=q
c.l/q

9·1/q l

identic~l to

first cue

none

none

intin"otely large

nwnller of solutions

R/2
3 none

R/2 L/ZT

cT 3 yes none

fig. 7.3: Various arrangements of the components R, L, C, and G Ln
one segment model and indication of the uniqueness of the
models (Wesseling, de Waal, de Wit and Beneken, 1970)



8. CONCLUSION

The four-s~gment mode~ o~ ta~ ~~ arterr1 consi~t~g of ~~ne~r, ttme
mV'~ri'ant, lumped parameters) appears to b"e uS'ao-te to determ,~e waU
elast~nce and internal radrus o~ the arterY' as- a function of pos:ttion.
W:ttIt tIi-e Ite~p of tIte stgnals produced 15)" tfte pulse wave transducer,
the manually matcIied model delivers parameter values wnxch are accep
tab~e as artertal propertDes compared WL~ft their values measured in vitro.
It is believed that tl1e disappointmg results concern~g the periphe-
ral resistances can b-e improved DY' incorporatmg an accurate model to
represent the visco-elastic behavior of tIte arterial wall and the non
linear pressure-volume relationship.
The parameter sets found after model-adaptations starting from different
sets of initial parameter values are, in practice, virtually the same,
particularly, the parameter values in the longitudinal impedances.
However, a formal theoretical proof of the uniqueness of the four
segment model has not been given.
A rub-bel' tube test to evaluate the accuracy of the optimization pro
cedure was unsuccesful. Indications are given to find a better approach.



-53~

Stlggasti~ns for further work.
. .

~The possiiii.e non"""Unbtuenes& of: tft-e four-s-egm.ent model could be cance~ed

by mcorporat:i:ng m.ope a-pr~rt k:n<Dw1edge in tfi.'e model than m the before
mentioned; for example~ papameters, considered as constants, relationships
b'--etwe.en tIte: parameters- or pItyS'iologteal ltmtt:S' for tfte parameters.

-An error-crtt:erron wft1~ft reduces the dtfference fretween model output and
wri's<t pulS'e more tItan tIte ·lea&t-square$' crtt:erton does (by the choice of
a proper we.tgftt-{'unctmnL sftould tmprove tIle opttmtzatton procedure.

-The values of the arterial properties determined from the matched model
parameters are compared with their values following from measurements
on arteries in vitro. Recently developed methods to find arterial proper
ties in vivo (for mstance: ultrasound methods) could test our findings
in a more secure way.

-A digital computer connected with the analog computer or a hybrid com
puter enables us to carry out the computations in the optimization
procedure in a fast and exact way. The "digital extension" makes it
possible to examine a parameter change not only in the time domain but
also in the frequency domain. Besides, a hybrid computer, equiped
with digital coefficient units, can automatically change the computer
parameters. Finding one set of parameters with the before mentioned
approach of the problem, would take less time than by the intervention
of a human openator.

-Further work is needed to apply the optimization procedure to several
subjects, particularly, people suffering from vessel diseases to clas
sify "normal" and diseased arteries.
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