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Chapter 1 . ‘

#

» 1.1 INTRODUCTION

S v
*

The present . study sets out to determine haemodynamic

)

features of the cardiovascular system which may be useful in
~N

the prior determination of anti-hypertensive drug reégimens.

-

2

- There are two\major objectives of this study namely:
&
To design ‘a simple” model of the <circulation which
allows for the calculation of haemodynamic parameters from
non-invasively recorded data, with possible application
towards differentiating between hypertensive patient groups,
and as an-aid in the prior selection of anti-hypertensive
_ drug therapy. _ I '
To . simulate tﬂmﬁ'haepodynamics of the circulation in an
effort to provide assistance in “the understanding of the
interrelationships of the various _cardiovascular control
systems, and to study the possible responses to therapeutic
interventions. . 4 ) )

°

To this end, we sét out to look at several hypotheses with
regards to the cardiovascular system, the contrpol of -blood
,C pressure and the hypertensive state, namely:
. (H1l) Hypertensives form a heterogeneous group.
4H2): Haemodynamic differentiation of hypertensives is
possible,-and provides for a rational and effective
aséignment'of hypotensive drug thergpy. ‘
(H30"nThe cardiovascular syste@'contréllers adapt to the
prevailing level of the sensed variable with viried

*. time constants.

o4



3 ) Fi . +

These views will be developed with reference to the

L] 5 4

literature an hypertension and blood pressure control, and

>

from our ~data ‘and digital computer - simulations of the
L4

cardiovascular system. A review is given in Chapter 1.2 of

.the concept 6f, and previous attempls to cLassify'
™ 3

hypertensive subject  groups. ‘ The haemodynamic and

circulatory control factors with possible relevance to the

e ) X .
hypertensive state are reviewed in Chapters 3 & 4

N @

respectively. In chapter 4.1 previous attempts at applyfng

f'“ haemodynamic , mgdelling of .the <cireulation to the
. ‘ u

hypertensive state is reviewed, while section 4.2 discusses

]

the estimation of circulatory parameters. -
% . ’

. In carrying out our first objective, . a simple Windkessal

’
A

model of the circulation is presented in Appendix 2p This
- -

model uses’ non-invasively ' recorded data on systolit and

.

diastolic blood pressures,- left ventricular 'systolic _and

diastolic pimensions, heart rate and léft. ventrichlar

. T . . ¥ .
ejection time, to calculate parameters -+ of, arterial

compliange, degree of arterial ’'filling, total peripheral
: . .

resistance and ventricular elastance., The application of

L

"~ khi's model to the analysis of ¢data from two different study
grolps of hypertenéive subjects is carried out in chapter 5.
Assessment f4is made of haemodynamic differences between

responders 'and non-responders to anti-hypertensive therapy
7

in one study, and between’ diutetic and beta-blocker treated

g
patients in the second study.

L)
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In meeting our second objective, a more detailed analysis of

N 1

the hadmodynamic and contrpi aspecects of the circulation is

® A}

required. Previous haemodynamic studies of the hypertensive

¢ [

;«gstate have demonstrated that essential hypertension

represents a spectrum of physiological altecrations

expressifig varying combinations of pressor and depressor
5 . ] . :
5 ’

mechanisms, constituting what Page (1) calls a 'mosaic.'’

~

’

53

Hypertension is today recognised as a disease of ‘regulation

wﬁich results because the mechanisms for keeping the blood

« ®

-pressure within the normal range have gone awry. There are

F R Y
several systems involved in blood pressure control, hence
- 1 .

€ -

there are several ~abnormalities that c¢an result in

4
hypertension, .and in some cases one system mechanism may be

§

dqminantl ) /

The interéctions between Lparticipating blood pressure

control systems, and *the relative ' importance of  the
o,
haemodynamic ¢hianges they produce, may vary in early and

established stages of the hypertension and in the differing

»

expressions of the disease.

N . f

“

Under étead§ state conditions of constant blood flow, mean
arterial blood pressu;e,(PA) is given as a function of the
total systemic blood flow (FCO) and the total resistance to
blood flow {(RTP) through the parallel peripheral

circulations. This can be expressed as an equation:

.

.
- " . «
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. * PA = FCO x RTP .
¥

Hence, although a great variety of factors can produce
" £ ! H

elgvated blood pressure, a longtérm steady state increase in
N v N

préssuré can only,oégqr due to' factors' resulting "in an

iﬁéreas%' in cagdiac° performance ok vasaglér resistance or

2 'b;th. Heéﬁe, determining the ‘haemodynamic étqté i; a logical

first step towards the 'differentiation. of ‘high (plood

pressure. states. ,

‘\\5 ’ . ; '
] ' ‘ s -
The hypertensive condition may be viewed.as a pyramid, where
¢ &
the  bottom of the pyramid represents the various
: pathological conditions. which lead " to the condition
» . (presentiy largely unknown), and the .top of the pyramid is

. the f!;al outcome of all these pathologieé in the form of

elevé€ed blooﬂapressure (Fig 1.1~-1).

ELEVATED BLOOD PRESSURE

N

FIG 1:1:1 Hypertension Pyramid ~
N
Analysis at( the. top of the pyramid is linited to the
> L - .

3



. e 5
differentiation of  severe, mild" . and borderline

hypertensivesﬁ The level below the top could be assigned to

the haemodynamic parameters which determine blood pressure.

+
-~ *

e

“+For the longterm simulation of our cardiovascular model, the

, .
sysfem 1is, assumed to move from one steady state to anothe:

"

(iteration time steps varying frof en miriutes to ten

E 4

hours). Hence, use is made, of the above pressurerflow

L3

relationship in our simulation of the -longterm effects of

cardiovascular drug Eherapy (section 6.2).

- t ‘e

-
f T -
(A . 2y

However, in order-/,t8 \petter account for the shortterm

0} 3 @

non-steady state dyngmicy of ,the circulation, compliance

"properties of the arterial system must be incorporat;d ip
éhe model (further ana1951s “of the energetics of the
circulation deld require the inclusion of 1inertial
properties). Thé dynamical arterial p;essure PA(tY, results
‘from the interplay of the rate of blodd flow into and‘out”of
the vascular bed and the compliant properties of the bed.

[N

Because' of the relatiqfship betwe P pardiéc output and the
degree of filling of the “cirqﬂlﬁtory sy;tem (2), the
héemodynamic factors evidenced to play important roles in
maintaining wlevated arterial blood pressure may be, 'stated
as: arterial overfilling and arteriolar_ constriction, or én
inappropriate interaction of these two factors. Hence,

A

blood' pressure may be expressed (3) as:

1
H

e



2

L

~

“ 9

. s R \\/,/ &
PA Effectfbe_Anterial Volyme x Vasocoﬁgérictor Component,
3 # ‘ "
, (where the effective volume refers.to the circulating blood

¢

volume in relationuto its unstressed vascular capacity).

. A s,

The effective volume depends on the relative distribution of '

total blood volume between the various intravascular spaces.

This distribution depends on the total blood wvolume load and
& » 1 '\

the relative capacitances of the intravascular spaces,

»

] .
'
= 1
. )

3.
«

The two contributors to blood pressure, indicated. above, may

*

be amplified: by other cardiovascular factors which '€ine

.

tune' the systen, e.g. factors affecting vascular
2 v N

L] " -
reactivity . Hence the nervous, renovasct#lar ‘and -

&

neurohormonal systems are. implicated in such®' a simple

3

haemodynamic model.

] ‘
A
.

! s
If "this model is correct we might then predict two kinds of

;-
chf?h{c essential hypgiﬁgnsion: one due to excess effective

-

arterial blood volume %nd the other largely related to

excessive arteriolar vasoconstriction. Between these [fwo

EREY
1

extremes more common forms may exhibit the whole spectrum of

abnormal effective blood volume and vasoconstrictive

P

combinations.
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1.2 HYPERTENSION: CLASSIFICATION AND COMPUTER RECOMMENDED

THERAPY - Gt — o d .
Rty %.1

- . N

Yy

-

» -

In view of the heterogeneity of esseqtiél'ﬁygagtension and
conditions of cvqyumic arld vasocqnstrictiye'functions, the

control of the hypertensive stS}e would therefore require

teq

-
°
3

v . ) e . .
differemt ‘iIntetventions, different tiijfment regimens (4).

¢ ) . ) v -l
Drug therapy should ideally be' based on-.a regime which is

designed to tréht sbecific paéhbphysiological abnormalities.
However, since the pathophysiologicifi abnormalities
underlying essential hypertensive disorders have not been

fully ‘unravelled, drué therapy is:still largely empirical.

-

The recommended (5) and widely accepted treatment regimen do

o
»

not differentiate between patients éxcept by blood pressure)
and response tp therapy. It is designed to progréss from
mild to powerful'drugs in order to achieve control of blood
pressure, and applies“equalfy to a}l patients with essential
hyperten&ion. In these 'stepped c?re' prograhs, the choice
of drug is made on the basis of efficacy determined through

trial and error, rather than on specific features in the

patients clinical profile. o
: L DA t »

. o y
: ¥

P

/ﬁ;s possible varied expression in terms of- haemodynamic .

B

3

e
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It 1is well established that ,not all patients with essential, -~
hypertension respond to the 'redommendeq' tfeatment, apd the

- ° L - - / . .
fact that ,they have to be treated at a higher level in ,the

.o
e N

step care system may not be, due. to the severity of the, “

) . ] R )
condition but to the set of circumstancdes in .that particular,
] - " 3
{ v A R “ ]

patient. T = ‘

o s » ]
.

The~pharmacotherapy of hypertensive disorders is béseq on -

the use of a #ide variety of drugs, not ‘only difﬁering in

chemical composition but also in their mode of dction. -These’
L] - \ N B

aééntq share bnly one gommoh propertyz their ability .to

’

fu

v

decrease blood pressure in hypertentive patients. Hbwever,
* ‘ ' ’
the changing haemodynamic conditions leading to these* | .

_effects often remain upknown, ' namely becalse of lack of

.

khowlgdge of the detailed dynamics of antihypertensive drug
action, and. lack of iﬁsi@ht' into the longterm dinteractions

of these drugs with blood pressure control mechanisms. ) )
* st £ *

@ ¢
.

v :
Although the major haemodynamic, neural and endocrine
L4

)characteyistics; of ‘the hypﬁftensive disordef are now known,
- the complexity of the multifold{ responses of the
cafd;ovasculak " control system to changes in cardiovascular \
paragéters_makes the unravelling of -dynamic cause-effect
diffic@lﬁ. A }eflex increase in sympathetic activity, and
plasma volume due to renal »fluid retention, following

vasodilator drug therapy, may' for instance reduce the
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~effeg;iYeﬁéés of the ofiginal ‘hypotensive effect .of the

o a7 . . - $
p vasodilator. © . .
‘ , r . - . -
M - - u{ , ’ - .
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oo .. «Efforts-: *have been . made to individyalize hypertensive
. '] < Y

g
- e ¢ o

st ‘ v J@ N 2 ‘2,"’. :
. .treatment regimepns by &nffeieptlaflng the hypertensions.

.
[V 1\ .

. ‘o Laragh (3;6,7 has- advacated the use of plasma renin
y o )
an indicator for the“choice of antihypertensive.

°

The renin subgroups can be subdivided according to

. ;< ‘therdpy.

[ " v - v

various abnormalities in aldosterone secretion so that there
- . d

. . . , . L .

‘ . are - theoretically, nine +different subgroups of essential

o £ . ° " N

\\k - hypertensives. (8)." Buhler (9) has considered "age as éh

k]
s

additional factor 'in - the analysis of this classification

scheme. .In this diff?ifntiating‘hypothesis, hypervolumic and

vasoconstrictive patients are distinguished, with one group
responding better to. diuretic therapy and the other to

»

. %drenergic blockers., However, studies from other groups

(19,11) have failed to confirm .the therapeutic benefits of
~ . LY

Laragh's,hypothésis. ° ' oL : -

-

o
. .
' * 5 ® ¢

Another approach based on the,use of haemodynamic ‘profiles
for the différentiation of hypertenéive patientsL intq
different treatment classes has been suggested (11): .fhis
approach 1is  based upon the assumption that patients with a
Eelatively high cardiac output would respond better to
. beta-blocker therapy than palients with normal or low
cardiac‘gutput: However, the results of the study b& Guazzl

. (12), did not confirm this particular treatment hypothesis.

<
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Efforts at differentiation have not however, penetrated. into
the primary care system _where the _vast majority of

hypertensive patients are - being treated.  Possible

. \
explanations _are, cost-benefit considerations and the

%
complicated naturé of the tests. 1In addition, there are

<

questions as to ‘whether/ differentiation or generalized

stepped care is the most efficacious.

Y

"
» . ’ N .

We propose the development of an alternative to these
classification hypotheses forsdifferentiating patients with

respect to their treatment, regimens. While.attempting to

maintain the hypervolumic-vasoconstrictive dichotomy, we

4
replace complicated renin tests with™ non~dinvasive

v

haemodynamic investigations supplimenéed by haemodynamic

%

systems modelling of the dynamics of the circulation.

I

\
The model will be based on a relatively uncomplicated, lumped
parameter system of reservoirs and resistances for arteriél,n

;apillary and~y9nous beds, with a contractile heart source.

‘A patient is then characterized by his model parameters.

Such a model will ©provide a framework within which

intervention results can be described and monitored.

From the results of the studies of Guazzi and others

(11,12), we recognize that some degree of differentiation of

hypertension "with respect to haemodynamic parameters is
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ﬂin;ieed possible, Guyton (13) has made an analysis of the

s blood pressure control systems and the concepts he*uses are *

%
based on haemodynamic variables of flows, resistances,

capacitances and volumes, and he has applied computer mfodels'

’

to the control systems énalysis~of the longterm regulation -
of blood pressure. Struykerboudier (4), using the systems

analysis of Guyton et al. has attempted to analyse the.

. dynamics of antihypertensive drug action. It was shown that

it ,is possible to quantify the dyngmics of drhg action if °

v

the primary pharmacodynamic effects8 of these drﬁgs, as well
as the response to their primary effects, were taken into

account.

‘ . 0
.

The hope is that if thé€ models are proven to be reasonable
representations of reality, then they m%;Lno; only aid in
drug therapy, but may also be used as a tool in the daesign
of new drugs (4).§
Other ‘approaches to computer. assisted antihypertensive
therapy have been publisged. Coe (14) has used an adaptive
) statiét;cal treatment algorithm for guiding drug therapy. To
© the extent' that the algorithm predicts future long tefm
: experience, it is "desgribed as having the p;tential to
| Yguide nonphisiciansmin drug treqtment,of hypertension in a

manner compatible with prevailing standards for such

treatment among consultants."™ Smith (15), on the basis of a

o

-y

N

o
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odel, has "produced an

i [y
discrete state transition disease
. \ ) A
interactive computer program to .determine the prognosis of -~

. 4 s

patients on antihypertensive therapy. These studies

o

« indicate that there is a desiré to make the computer bghéve

" as physicians might in making . diagnoses and recommending.
9 @ e
therapy. - R }\
1 v

' LS

ws

Of the warious classification procedures,bthe haemodynamic

a » B

approach has been wused here, since the vast body of

A
experience with haemodynamic models surpass that in any
other hypertension model and the system description can "be

»

‘complete without the inclusion of many unproven assumptions.
i

s .

In order for : computer recdmmended therapy, b!ﬁed.op the
dynamics of tﬁe individual hypertensive state, ié becomes
necéssary .to tailor thé model parameters to t%e.giVen‘
patient; (16), hence critical dpméasurab;e‘parameters cén be

tracked,and monitored. Such a patient to model éomparison is

not. only mandatory to validate the model but 1is ‘also

.

g

. . ¥
necessary in order to achieve ofhe of the primary goals of
t * *
_ the model: to be a,diagnostic tool for the clinician. . '
- @
.o -~ ' .
e - ”
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A ™ 2.1 ROLE COF CARDIAC OUTPUT IN HYPERTENSION T "
g . . K . '
-, Increased cardiac output with normal perdipheral resistance, -

has , been febortgdt by many investigator§ to occufuin.the

) "

i Lo . L hr
© early stages oﬁnsome forms of hypertension in humans. This
L. - * - 1 s

i . ‘ 14 - . .
pattetn is -often rever sed in older patients with

- ’ 3
« well-established essential hypertension, who show normal .or-
. » o .

below.normal ,1evels.of cardiac output, and a marked increase -

- ¢
~

T

o in peripheral resistance (17). ’ h .

. .
. . N
9 . 3
& l : ‘
@ . L] .
» [ Y. T

e :ﬁ For many years, established hypgrténsion has generally been LN
Y . characterized by normal cardiac éutput and elevated

péripheral resistance (18)- However,  most forms of mild

« -

. >
essential hypertension show elevated cardiac output at some

L] . e ¢
1 4

%“ « . v - u: , . “ b .

An early increase in cardiac ohtput has been suggested as a

stage of the hypertens%pn (19,20).

-

necessary condition for the later rise in total peripheral

& S &

resistance (21,22). However, more recent studies of clinical

hypertension due .to sodium 1loading (23) and increased

7 3

R . . s .
k%r »mineralocorticoid secretion (24) have demonstrated that a
Mo S "\, ! ‘

\.~J primary rise in resiftance occurs more often than not. Other

clinical conditions have shown persistently elevated cardiac

output witlout qé? tendeﬂcy for ?%Z}stance to inc{éase (25).
- L "
s L . ' .
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Coleman (26), views ‘these latter observations as being
explainable in " terms of accepted patho-physiological

mechanisms often related to increased metabolic’ needs or

decreased oxygen delivery. Other clinical and experimental
"models show transitions from increased cardiac output with

- ’ NG - * -
- normal resistance to ormaTTﬁEPput and increased peripheral

»

ré;istance (27,28). Génerally,'in conditions of established
hypertension cardiac output seems ‘to fall .while peripheral

resistance, is increasing (29,364).

/
®
~

In approximately one-~third of patients with borderline
'y

a

shypertension, total peripheral resistance was shown not to
3

contribute directly to an increase in blood pressure (31).

Because cardiac " output appeared to be -.elevated, ‘the

&

suggestion was made that this represented the initial stage

of the hypertension. If hypertension did not begin with an

-

increase iIn resistance; did the increase in cardiac output
reflect a primary disturbance of fluid volume? 1his question
posed many Years ago 1is still a subject of controversy

(32,33). ‘

)

No significant relationship has been found between blood
volume ‘and cardiac output in either normal (34), o{
hypertensive - (20,30,32,35) individuals. 1In most instances
the increasedscérdiac output of essentidl hypertension is

associated 'with normal (36) or decreased (34,37) blood

~ .
¢
A

-~

]

"

S
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yolume. In contrast, a significant direct correlation was

found between carddiac output and cardiopulmonary blood

[}
-

‘ ‘volume, and between cardiac output and the .ratio of
- cardiopulﬁEBQ{? to total ©plasma volume (28,32,35). Hence,

cardiac output depends mainly on the distribution of blood

.
*

o

volume between peripheral and cardiopulmonary areas, rather

than on the magnitude of volemia. This relationship is

*,

“improved when differences in sympathetictdrive in patients’

are reduced by cardiac aﬁtonomic blockade (38), and by the

P '5* -
v . “ .
administration of isoproterenol (28).

\

°
+

Plasma volume has been found to increase in the face of

a

increased caﬂdiac output (34) and increased mean circulatof&

pressure (2%), sugdesting venoconstriction. “Bimilar
1

2

conclusions Jhave been drawﬁ ?rom the _studies of
cardiopulmonary blood volume in established (28,35) and
borderline (26,35,39) essential hypertension; cardiac output
for a given carﬁiopulmpqary volume level being lower En
hypervolumic than ip hypovolumic‘ essential hypertensives

5

(32).

.In several studies the increased cardiac output state can be

attributed to an increase in heart r&te (2@,36,46), stroke

volume being normal. When excess cardiac function is mainly

determined by heart rate, the underlying disorder has been
attributed to a combination of sympathetic . overacting and

paraéympathetic inhibition (41).
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One maﬁpr shortcoming of studies on the\role cardiac output

may play in chronic rises in blood \pressure is the

o

inadequacy and diversity of the methods'uged to determine

-

stroke volume and cardiac output. Results obtained with

different techniques may not be directly comparable. Also,

normotensives do show wide variations in cardiac output, and

[

these deviations from the mean include incredses in cardiac

output which have been considered a haemodynamic abnormality

b

in the early phases of some hypertensions. These wide

[N
w

variations have - only served to further. demonstrate the
P .
heterogeneity of the haemodynamics of hypertension. "

o~

s g
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. 2.2 VOLUME FACTOR IN HYPERTENSION ’ .

Blood “volume studies carried\;out by many reseachers have
provided additional evidenge (%77?94" that hypertension
cannot be copsidered a homogeneous entity. The spectrum of
volume alterations and their haemodynamic correlates in

hype;tension appear too wide to be forced under a single

-

physiological construct. These studies show that hypovolemia

t

occurs in most types of hypertension for example: high and
normal renin essential hypertensives (42), pheochromocytoﬁa

(43), and renovascular hypeftgnsioh (44).

4

However, hypervolemia 1is the rule ,in other forms of

hype}tensicn, namely: primary aldosteronism (25,45), volume

-
dependent low red{h essential hypertension * (46), and in

LAY

renal parenchymal disease (47). v 7 .

v

F} a
Studies in essential hypertension show that the weekly

average diastolic pressure is inversely proportional to the

volume of circulating Fplasma (34,48), contrasting the

. Y
positive correlation shown in patients with renal
!
fparenchymal disease (49,50). . .

~
P

1 4 \
P . ' . .
Withs the exception of the initial phase of experimental
renal hypertention of the one kidney, one-clip type, and of

mineralocorticoid hypertension, the va¥ious estaBlished

-
@ v

I3 4

!

4
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forms of hypertendgon are not associated with -an increase in

the intravascular volume to a degree which could explain the

'y

\
elevated blood  ‘pressure state. In . mineralocorticoid

hypertension, which responds with -an increase in cardiac

v

output, the intravascular volume may become normal or even

- ©

(3
reduced, ~with progressive hyperténsion (24), especially if

total vascular compliance is reduced. -

4

.
-

Most studies indicate that extracellular £luid volume in
essential hypertension is normal 151), with expanded volume
oécpring mainly in specific conditions such as: renal
paéenchymal qisease (47), caréiac impairment (52), increased

exchangeable sodium (53), and in primary aldosteronism (45).
o . !

v
v

}t should be noted that elevated blood volume does not

, hecessarily lead to the development of hypertension- (49).

SThis may indicate the interference of some additional factor

(with haemodynamic eXpression) in the translation of

B

hypervolemia to hypertengsion. Luetscher (54) in his

K

mathematical analysis of the circulation, has shown

v

convincingly, that haemodynamically our biological system

€

can accomodate without a rise in blood pressure, volume
alterations of the degree usuwally seen in . hypertensive

patients. This \may in part be due to changes in vascular

compliance. Hence, it can be noted that in exploring the
relati between volume and hypertension, neither absolute .

. .
’  f
.



. 1y
ipcreases nor decreases in volume can be fully interpreted

ithout added information  about the compliance within the

circulation, and hence an estimate of the\ effective ”degree
of filling of the vascular system
~® - # .

S

[
As with cardiac output, the methods of volume measurement

are very inexact, with high wvariability in the res$lts.
1

There 1is also the problem of a comparative volume ingex in

the comparisonr'of individuals 'of differing body sizes.

Whether body mass, height or body surface area provides the

most suitable index is yq&\to be determined (32).
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'volume (VECF) . ’ a
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2.3 VOLUME DISTRIBUTION AND CAPILLARY FILTRATION

The control of total body .fluid volume and hence blood
volume ,is determined over the long term byufluid intake and
fluid loss mainly by the |, kidneys. The kidneys therefore
serve a unique role in the ééintainance of blood volume and
thereby arterial blo&ﬁ pfessure: The kidneys have therefore
been impiiéated by + Guyton- (13) 1in almost all forms of
hyper%ension. However, chanées in blood and plasma volumes
in- relation to total fluid volume depend on transcapillary
filtration, capillary filtration pressures and the fluid
shift s?stem. . S0 .
The findingw'of 'decreasedV\plasma volume ;n’patients with
normal extracéllular‘%luid volume has suggested that there
is a disturbance in the partition of intravascular (VPL),
and interstitial (VIF) components of the extracellular fluid
| ‘ i

VECF = VIF + VPL.

The ratio VPL/VIF in men with essential hypertension .has
been found to be reduced (55Y,; whiler in r;noprival

[

hypertension it is found to:be increased (56)}.
{

v

¥

e

N

Hypertensives with reduced plasma volume have been found to

have a significantly lower VrL/VIF ratio than normal or

hypervolumic “hypertﬁnsivé individuals. The latter have

9 '
?
'
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ratios - whicﬁ .are only sligh}ly reduced and are not
significantly different from normal (32). Since the
relation between plasma and ;xtracellular fluid volumes is

bl

particularly stable in normal subjects (57), the,6 alteration
%n the ratio VPL/VIF in hypertensives suggests a disturbance
in the forces regulating extracellular fluid distribution.
. “
The distribution of the total peripheral resistance between
pre- and post capillary vessels (RA, RV respectively),
affects capillary hydrostatic pressure (?C), thus modifying
capillary filtration. The relationship between the various
systemic pressures and resistances may be éivén by the
equation:
PC= (PV+PA*RV/RA+PIS*RV/RIF) / (1+RV/RA+RV/RIF) .

{where PA, PV - arterial and wvenous hy;rostatic pressures;
RIF - transcapillary impedance to ﬁlasma flow; PIS - .net
atfterial and interstifial osmotic pressures and interstitial
hydrostatic pressure). A similar, and simpler, relatiofusHip
has _been given by Landigl‘& Pappenheimer (58) for \the
condition of no net transcapillary £luid flow.
An increased capillary filtratign rate has been observed in
essential hypertensives (p2), with an increased
transcapilla??ﬁ?zte of albumin escape (48,60), which Iis

directly ~ related to the mean arterial pressure. This

suggests the possibility of an inadequate protection of the

a

[

L



22
capillaries b§ - the precgpillary sphinctor (i.e.. reduced

@

precapillary resistance), or ah increased venous tone.
3 o

.

'S

-Changes in venous resistande and compliance have a major

effect on capillary "hydrostatic pressure and on venous

return to the heart and therefore on body fluid distribution

TN
¥

and cardiacw~6htput.' It has also been observed that the

compliance of the interstitial space may be decreased in

. ®

experimental renal hypertension (56). Decreased interstitial

i3

compliance, as well as pdecreased venous compliance would
tend to increase venous rei\

urn.

The literature on hypertension 1is sprinkled with reports
which suggest significant changes in vénops distensibility
in hypertensive individuals. The ‘decreased VPL/VIF ratio has
been attributed to an increas® in venous tone (35,61). .The
increased venous tone i; offset by the decreased volume,
resulting in the finding that cardiac output and right
atrial pressure”are normal in most essential hypertensives.
These conclusions have also been supported by the finding of
decreased venous distensibility in hypertensive patients
(62). Also the fact that 'the ratio of cardiopulmonary to
“total blood volume is inéreased in some hypertensives with
réduced .blopd plasma volume, suggests a decreased reservoir

function of the 1large veins (20,35,39), which would be

associated with a slight inctease in venular tone. Decreased

-
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venous compliance in the presence of decreased blood volume
could™ leave cardiac filling unchanged or increased and thus

cardiac output would adjust =accordingly.

<

"

B
1} Y

Leth 261) reports that the ratio VPL/VIF was further
diminished by Qropanonlol and hydrochlorothiazide therapy,
suggesting venoconstriction as the most probable cause of
the shift in fluid-volumes. Other studies with guanethidine
have shown that neural COAtrol of the v%ins could play an
important rglé in" the distribution of extracellular volumes

(63) < NN .o

.

Kettel (64) found no ‘evidence for increased vehous

¢l
resistance in the 1large veins of men with essential
hypertension. There have been reports however, suggesting

altered capillary filtration and shifts in fluid from the

o -

intravascular to the interstitial space (37).

Studies in isolated vascular beds ha%% suggested that an
increased pregsure at the venular end of the capillary bed
EOuld lead to vasoconstriction (65), and since the small
veins and venules contain the largest proportion of blood
volume , their functional relatiqnghip to the haemodynamics

of the distribution of body fluids should provide valuable

e Y
insights into the hypertensive vbolume abndrmalities.

=
-
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2.4 RESISTANCE AND AUTOREGULATION

1

Established hypertension has ggngrally been characterised by
elevated arterial pressure due to increased vascular

resistance.. The search for a vasoconstrictor mechanism to

s

explain the 1increased total pe}ipheral resistance has
focused on humoral faétors such as :reniﬁ, and on the
overactivity of the autonomic nervous system. But in many
instances, phange; in these suspected variables are small in
relation to the increased resistance bserved, hence

additional factors "such as highly incregsed vascular

reactivity, have Bgen postulated. However, such explanations

9

have not proved entirely satigfactory.

i1
i
LY

. k ’
The observaf}on of a progressive rise in total peripheral

LY

resistance above normal, over ‘several days, in 'certain

. .
forms of hypertension (for example, volume expansion with an

initial increase 1in cardiac output}, has given rise to the

use of the term autoregulation in hypertension (27).

Autoregulaéion refers to the local tissue mechanisms which
1
act intrinsically to control vascular resistance and thereby

the? flow through a particular tissue (27). The underlying

mechanisms in this process are not completely understood,

but by definition they act independently of the central
4

nervous system or circulating hormones. :

A~
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Nearly all of the individual organ systems locally adjust

-

their vgsgular resistance to some degree 1in order to
maintain an appropriate level of blood £flow, hence total

peripherél resistance is determined by the spectrum of these

adEoregulatory capacitiés.=The overall regulation results in

what is called ' whole-body autoregulation' (65).

A

The autoregulatory response varies in different tissues. In

o

the kidneys, increased perfusion pressure quickly produces a

-

rise in resistance, but in the skin resistance quickly falls,

due to passive vasodilation resulting from increased

tramsmural ‘pressure. .As a result of this varied mixture of
active vasoconstriction and passive vasodilation, no effect

: s . 4 . .
of increased . tissue perfusion presSure on total peripheral

résistance'hay be observed over several minutes (66).

e
-

Local factors adjust the level of resistance -so. that the
ratio of ‘tissye blood flow to tissue metabolism, tends té

. remain copsgant for‘a-given tissue k67). This ratio however,
‘varies among the peripheral-circulationg, being highest in
the kidneys ?énd lowest in thé heart (67). 1In some organs,
notably hhe heért and skeletal muscle, shifts in the site of
principal resistance are known to occur. The evidence

- . indicates ﬁthat' acute sympathetic stimulation shifts the
site of princ{pal Eesistive pressure drop towards ’smal%er

arterioles (68). This couldy alter tHe flow pattern, for

2 @
v )

%
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example, metarteriolar constriction could decrease capillary

density thereby increasing diffusion distances and ‘hence

change -the setting of the flow/metabolism® ratio.

LE

If autoregulation controls blood flow via resistance changes
in hypertensién, then we would expect hypertension to be
characterised by increased resistance and normal blood flow;

if humoral or neural vaseconstrictors adjust resistance

- ?

independent of the metabolic needs of the tissues, then we

- - ‘ Y
would expect flow derangements to, often be a part of the

overall haemodynamic descriptioﬁuof hypertension.

It has “not been clearly demondtrated whether the rapid

s

+ autoregulatory response in the various tissues might persist-

indeﬁinitély in hypertension, or if there might be further

development of vasoconstriction and a gradual substitution
. R - a
of longer-term mechanisms. The most striking 1long term

adjustment is> the dgradual alteration of the vascular

X

architectdre by changes in wall thickpess and length, and by
the growth or decline of, n%ﬁ and existing vessels (69L.
Evidence has been provided by Folkow (69,78), supporting-E/
gradual substitution and transformation to ‘longterm

Pl

structural mechanisms. .

€ ¢

These  slowly developing 'structural changes appear to

contribute to the changes 1in total peripheral resistance

e
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« observed in established hypertension, though some change’ in

v

resistance may be directly induced by 'the high K pressure.

HoweVer, in situatioms 'of chronic volume -overload (or a
‘M

prolonged alteration in tissue metabolic rates), the needs

I3 -~

. -

~

of the tissues appear .to be best met by a mére or less
longterm qu;qregﬁlatory mechanism with permanent vascular
) ("l‘ : ‘
alterations. . - .
L . [

)

A -~ >
- v

* ' ;
The potency of autoregulation is cited by Cowley (27), who

\ o

states that fluid retention over a period of weeks or months

-~

leading to a 18 per cent jincrease in cgfdiac output can

sustain‘ a 109 per cent increase in arterial blood pressure.

- A

- 4 »

The mos§ dramatic illustration of this 1longterm tissue

Gutoregulation is the adjustment in blood flow observed in

¥
A} A

patients with coarcation of the aorta. Measurements have
shown that despiée an increased arterial blood ﬁressure in
the uppetr extremities, the blood flow per unita mass of
tissue is nearly normal in both upper and 1ower"ex£remitie§

(71). ’

[4

<gBasec}b on the work of, several invesgigators (13,21,72), a

e

‘well “structured ‘concept of autoregulation has now evolvedE
Increases in extracellular fluid and blood volumes resultin

from: renal disease or dysfunction, excess salt intake or

increased steroids, 1leads to high cardiac output : and
.- .

27

-
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.

hypertension. Eventually longterm autoregulatory processes

.return the cardiac cutput to normal after a number of days,
. +

and the hypertension is maintained by an increased
I

peripheral resistance. od

Changing haemodynamic patterns after thefapeutic
intervention offer further support for the concept of
longterm autoregulation (73,74). Wenting (24) found that in
patients with primary aldosteronism, discontinuation of
spironolactone therapy resulteq as expected, in a gradual

increase in arterial blood pressure. This increased pressure

was at first associated with an increase in plasma volume,

but the 1latter returned towards -normal, presumably as

autoregulation produced vasoconstriction.

Y
/
% ! ’
Other studies have suggested that in patients who respond to

diuretic therapy, the initial haemodynamic effect 1is a

decrease in plasma volume and cardiac output. Over the next

several weeks ‘plasma volume and cardiac output - return
4

t rds normal, while the reduction in blood pressure is

maintained by the progressive fall in peripheral resistance
A
(73,%5). -

-

%

The

link between volﬁme and hypertension cannot always .be

described in terms of autoregulation (49,76). Some clinical

observations ' are difficult to reconcile with the

e
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autoregulatory hypothesis; these include the persistence of
elévated cardiac dh{put in primary aldosteronism (25), as
well as in some anephric patients (49,77), and some'patients

’

with long standirg essential hypertension (78).

There are essentially no studies of the time course of
changes 'in resistance to blood flow during the deéelopment
of hypertension. Only the éteady'state values, separated in
time, are available. Thus it has not been deE;rmined whether
the time course of the resisténce changes in individual
tissues 1is compatible with the phenomenon of classic

]

autoregulation and/or vascular restructuring.

o~

Autoregulatory wvasoconstriction is definitely not required
. .
to explain resistance increases’ in situations where high
levels of circulating vasoconstrictors are present, for
example, ﬁyperreninémia with advanced renal disease, and
increased categholamine concentration in pheodhroﬁocytoma.
However, these cases account' for only a very small
percentage of the total incidence of hypertension.
|
Autoregulation of cardiac output and peripheral resistance,
two haemodynamic variables which control arterial blood
pressure, is a piv&tal mechanism connecting theée two

parameters with ea¢ch other. However, a rise 1in cardiac’

output, which 1is the consequence of hypervolemia caused by

v
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)

excess fluid or salt ﬁntake, and by reduced renal mass, is

haemodynamically not comparable with an increased cardiac

" output subsequent to cardiac sympathetic stimulation. In the

. : ' . 1)
latter ‘case (as shown in the dog), no effect on resistance

.t

may occur (66), or persist after .Stimuldation ceases (79).

'

\
o

The function of the circulatiaon is to ‘satisfy the metabolic

needs of the tissues, so that in tHe long term, .blood £flow

is more important_than pressure. Autoregulation is only éne
wt -

of many overlapping parallel control systems concerned with

the delivery of the proper blood flow to the tissues. Its

- + -
A

basic purpose is the control of blood low and hence,

-

-generally, it disregards blood pressfre,}and as such, can

L3 4

alter the edquilibrium state of art rial .blood pressure.

\ > -

> Although autoregulatioﬁm cannot _be used to explaiﬂ‘all the

h rr ¢ - z
A . . .
haemodynamic changes observed ,in hypertension, ,&t_ I's

1

important to understand thos situations in Wthh

autoregulation does 1nf1uence observed haemodynamlc changes.

a

A
-
o
“
-

»
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Chapter’ 3

>
~

3.1 HAEMODYNAMIC CONTROL SYSTEMS

¢

0ld concepts are being reinvestigated and new
fields are being explored. As is usually the
case in physiology, ny are following a
reductionist approach and studying the minutia
of structure and function ... Others are
. , o approaching the totality and dealing with
P the autonomically controlled cardiovascular
components of reaction and behaviour.
‘ C. McC. Brooks (1981).

-

There.are several mechanisms which determine the stability
o " of ‘+arferial blood pressure. BEach of these mechanisms

/ ' differs in theit capability and'ébeed fto return pressures

e

{ towards their control levels. EBach mechanism also differs in
J the range K of pressures over which it can effectively

operate, and the duration of time over which it is effective
. -

4

4

(88,81).

bl

In the analysis ‘and understanding of the hypertens&ve

4

process, it is useful to consider arterial blood pressure‘as

being regulated by two major mechanisms:

3

s

) ‘ «, o
(i) rapid acting mechanisms which provide short term and

intermediate control, and which usually exert their

1

effects through hormonal and neural regulators.

i

(ii)loﬁé—term reqgulation which is invested -in ‘a

. . . . ~ . =
) . renal-fluid-volume~-pressure mechanism.

<

4 * -
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Guyton (81) has suggested that it

s this latter mechanism
which ultimately dominates the regulatio
and determines the wvalue around which the blood pressure

¥
stabilizes. . )

oy -
* A)
e 3

. e—— '
In this analysis of the control of blood pressure we shall’

°

be assuming that:

9

. (i) blood pressure control is vested in closed feedback

loops. . -~

(ii)in the adaptable blood pressure controlling system

>

control dynamics occur at a level of analysis 'below'

the lével of the controlled haemodynamic system. |,

’& - [ [y
The several mechanisms which are of primary importance in
the control of blood pressure in the hypertensive state

includes: baroreceptors, cardiopulmonary receptors, renal
system, numerous cirfcul¥ting hormones and other vasoactive

T

compounds, and local regula;ﬁry processes (e.qg.

autorégulation). ‘ : o
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3.2 BARORECEPTORS -

»

Artetial baroreceptor% respond to changes in arterial blood
pressure b§ changing afferent nerve activity orig{nating
from the receptors in  the aortic arch and carpﬁid sinus
(83,84,85).+ The normal arterial\‘pressure pulsations are

important in the-activity of the baroreceptors as decréased

pulsations have the same effect as a' decrease in mean
2 #*

artg;ial pressuré (86). The static, gain ’'of " the overall
baroreflex was found to attenuate mildly with an ingrease in

pulse pressure, whereas the effect of changing pulse rate

was minimal (87).

o v -

The change in afferent nerve activity influences efferent
sympathqgic and parasympathetic‘nerve activity via the CNS.
However, 1o€a1 reflexes mediated at the spinal level, have -

.

been known to occur via cardio- cardlac sympathetlc ganylions
»

(88). The afferent signals via the vagal and sympathetic,

nerves appear to’converge into a common final neuron pool

and the individual reflex effects are in an approximately

¥

wadditive, manner (89), the two autonomic arms . acting

recjpgocally (96). However, nonreciprocal reflexes have been

sbserved on distension of cardiac chamberg (98). The reflex

efferents include cont;él- signals to-the heart~(boph‘rate

and contractility), resistance and capacitance vessels and

some gndocrine systems. Signals from higher level of the

L -
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j the performance of the reflex
) /

system, for example as in exercise. : .

brain can however, alter

@
»

"
', - . .
L

LY

-

These reflexes provide the cardiovascular system with fast
“ ”»

and pct%ht mechanisms to adapt blood pressure to 'meet Its

' ¥

many and varied challenges.” ThesSe baroreceptd mechanisms

possess a limited duration of activity since they adapt,
over one to two days, to thé level of blood pressure to

- - B

which- they are- exposed (91,92), accéompanied "in" some cases by

structural changes in wall of the arteries. Recent studies

however, have. indicated that a’ -substantial amcunt of

A i ‘ !
adaptation (bargreceptor resétting).may‘accur wjtﬁin minutes
after the baroreceptors are subjected to acute ﬁypoj_ an¥

hypertension {93,94,95). ‘The Sa}éreceétor reflex * can

- therefore serve only to buffer the - rate .at whicif blood"
" v

pressure changes, while thewlonéterm levels aregéet by other

mechanisms, as indicated in the dog (96,97). N

* k)

»

The arterial. baroreceptor reflex 1is a typical example of

-

biological control based on negative feedback. It is also an

example of a multi-input, multi-output, multi-level control

system, a$ both the carotid and aortic receptors sense

multiple components of the input bressure.

«

+
»

-

| . -
In the early phase of interaction between physiology and
classical coptrol theory, the baroreceptor reflex system was

¥

|
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often  envisaged as a constant reference pressure
servo-control méchanism. The system thus schematized
attempts to equalize the‘ actual arterial pressure with a
desired reference pressure. However, no neural definition
nor representation of the referenceﬂor error signal has been
s documented. } As a result a different scheme has been
preé;nted, in which blocd pressure equilibrium is dégzrmined
by the interactiom Beéween competing ' dynamic processes ,

tending to decrease or increase the blood pressure {87). The

e¥perimental evidence also indicates that the arterial

3

baroreceptors provide the baroreflex Kwith a 'floating'

rather than ~a fixed set'péint determined by the prevailing
arterial’ pressure (95), as the adaptive baroreceptor
mechanism ‘'unfolds'. Expérimental evidence, mainly in the

.

rabbit, indicates that the baroreceptots are nonlinear in

‘ 6

their operation, showing a threshold, a linear range and the
saturation (98). Curves héve been produced relating heart
period to vagaf efferent acéivity. At low levels of activity
the curve is linear but saturqtioA flattens it when heart
period is approximately three 'times its  resting value

(95,99) . ' .

kY
L d

There are question as to where on the. nonlinear baroreflex °

~ curve normal and hypertensive indiviuals operate (106,161).

o

%

The prevailing clinical and experimental evidence indicates..

that normal individuals operate at mid-range (below for very

N v
¥ S o ' . [
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low blood pressures), whereas hypertensives tend to be found
closer to their saturation levels (95,101). This latter
finding would agtee witﬁ the aften made interpretation of a

decreased baroreflex gain in hypertensives.

Experimental evidence has also indicated that the threshold,
operating range and saturation level adapt to the prevailing
level of blood pressure (95,98). 1In chapter 6 the model

representation of this and other ¢ontrols will be given.

Cardiopulmonary reflexes‘are elicited from the so-called low
pressure receptor areas in the atria and in the pulmonary
arteries, due probably to chanées in the degree of filling
of thg cardiopulmonary system. These reflexes appear to
serve to primarily regulate blood volume (1602,183). The

¥

reflexes act mainly through changes in sympathetic nerve

activity and the subseqdént effect on the segretion of
vaSOpfessih (164,185), and on the renin-angiotensin system
(1%6)u>\The reflexes have been shown in the dog “to competé
more effectively with the arterial barorecéptors in the
kidneys thah they do in the hindlimb (187). As much as 503
of 'the renal vascular éufonomic top% has been attributed to
the c;rdiopulmonary reflex (1¢7).- However, when the
arterial bsroreceptors are fully active cardiopulmonary

LY ey

receptors exert 1little effect on cardiac contractility and

blood pressure responses (198,1089). . 9
4

’
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The concept of a low pressure autonomic reflex, sensitive to
pulmonary or central vascular £illing must be introduced for
éhe.following reason: - If the only input to autonomic
activity 1is from arterial pressure receptors, then arterial
pressure must decrease on standing in ordear to providﬁz the
signal fot an increase in autonoﬁic activity and to initiate
the central movement of blood necessary for counteracting
tﬁe pooling of bloéd in the lower 1limbs (11@). "Howevery
there is evidence of increased artgrial pressure on standing
(118). Results of one’ study suggests that this tonic
‘ {
inhibitory influeﬁce of cardiopulm;pary baroreceptors: is
augmented in humans with borderline hypertension (111).
\
The above neural reflex mechanisms provide for the rapid

control of the cardiovascular system, in contrast to the,

o ’

intermediate and longer-term control mechanisms discussed
. 3 R

below. . o

L

-
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3.3 CIRCULATING SUBSTANCES

»
-~

Circulating catecholamines can influence the haemodynamic
state of the circulation by their direct effect on the heart
and the vasculature system, and indirectly,by promoting the
release of renin or by inf%uencing the tubgiar weabsorption

of sodium by the kidney (112)., Norepinephrine released from

\ ¥
sympathetic nerves forms the primary catecholaminergic

control of the cardiovascular system, However,
catecholamines released from the adrenal medulla can
influence parts of the circulation which lack a sympathétic

nerve supply e.g.—- metarterioles of‘several vascular beds

p
L]

(113). .
L

)

The renin-angiotensin-aldosterone system is one hormonal
N

mechanism involved in the control of blood pressure. A

1

decrease in renal filtration rate and "glomerular pressure,

or a reduction in tubular fluid sodium concentration, or

v

increased renal sympathetic activity can cause renin to be

?

released from the juxta—-glomerular cells of the kidneys

(114). Renin catalyses the conversion of renin’ substrate

into angiotensin I. This substance is converted into the
more powerful angiotensin II by a converting enzyme that is

found mainly in the lungs. Angiotensin II exerts a number

. of effects on the cardiovascular system including:

(a) constriction of arterioles and veins

. - »
- +

.
o4
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{b) intrgreﬁal effects causing retention of both’
sodium and water. ’ *.
(c) enﬁ;ncement of symnipathetic activity both by
peripheral-presympathetic and CNS effects.’
(d) stimulation of adrenal aldosterone.secretion.
Aldoséerone' affects blood pressure control through its
effects on body fluid volumes. Its primary effect is to
increase renal tubular feabsorption of sodium. At thé same
time pomassium excretion is enhanced. The reabsorgtion of

sodium promotes the 1increased water reabsorption, thereby\\

raising the level of extracelliular f£fluid volume (115,116).

The control of vasopressin release 1is another megchanism
involved in the regulation of blood pressure. Vasopressin
is released by the posterior pituitar? dgland in response to
a change in osmolarity.of blood plasma or a change in blood .
volume. The two primary effects of vasopressin are:

increasing tubular permeability to water '(promoting water

reabsorption), and causing strong vasoconstriction (117).

r .
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/3.4 KALLIKREIN-KININ AND PROSTAGLANDIN SYSTEMS T

Kinin peptides- namely bradykinins, have long been known as

P
potent vasodilator substances, being linked to structures

1

and processes , that éppear to control systemic vascular,

resistance and blood pressure, though‘their exact Fole has
as yet to be determined. Kinins ;re rapidly activated by
kininases, the best known of which is kininase II or
angiotensin I co;yerting enzyme, which -links the
kallikrein-kinin syétem to the renin-angiotensin system. The
systems are also reported to be 1linked due to effect of
kallikrein 1in converting inactive plgsma renin to active
renin (118); in vivo however, the imbortance of kallikrein
in activating "~ renin is vyet to be determined. However, a
significant positiQe correlation between 'plasma renin and

kinin has been * reported {119). Also, angiotensin,

e
aldosterone and ADH.can stimulate renal kallikrein release
either directly or indirectly througﬁ an alteration of water

and electrolyte metabolism (12@).

[

Other studies suggest that the renal kallikrein-kinin system
may* be involved in the regulation of water and electrolyte
e&prétioh and hence effect blood volume and pressure, with
increaséd kinin 1évels leading to diuresis and naturesis.
The presence of the kallikrein-kinin éystem in the kidneys

is also especially important ip circu}atory regulation since

v

LY

EAS

-
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the kidneys are essential in the 1ongterm‘60ntrol of blood
o & «
pressure. ' .
¥ ! 7 . ¢ )

« .
In essential hypertension and most experimental forms of

. : ‘ : X . . v -
hypertension urinary kallikrein excretion is decreased, with
. . A P * . .
the exception of mineralocorticold induced Hypertension, in

which it is increased i121,122).

R
Once activated, kallikrein is rapidly inhibited by several

”

plasma proteinases and+hence #nly prekallikrein is normally

found in blood plasma. Kinins are also rapidly inactivated
(R

b§ kiningses in the biood and‘tissues. Therefore it appe?rs
that the direct regulatory effect ’QT ‘the kallikrein-kinin
system may be limited to relativély short term control , of
duration intermediate between-baroreceétors and the renal

system. ’ "

®

£
e

Although ,the role of the kallikrein-kininl system in the

‘requlation of the circulatio% is not completely understood,

¥
“

the evidence 1is that it is involved in regulation of local

blood flow, water and -¢electrolyte excretion,  and

(

conseqdéntly affecting blood pressure (123),

. / »

Prostadlandins are a family of cémpounds of high biological .

activity, synthesized by virtually all body cells. They

' f

comprise numerous vasoactive compounds which - are mainly

13

b
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potent vasodilators, while some others are vasopressors.

42

Recent studies - have suggésted that even within a single

organ prestaglandins éffect;a wide spectrum of regulatory ,
! ' mechanisms that influence blood pressure (124):4 These
mechgngsms include: the renin—angioténsin system, renalw
sodium and water excretion, aﬁa vascular smooth muscle
~tone/’éﬁtorégulati!! (124); the prostaglandins acting as
local mediators of the various hormonal actiors (125).
* Metabolism of prostaglandins are very rapid, and the
! ., metabolites are exéreted in Ehe urine (126). Prostaglandins
may therefore play an important role only in regulatory

phenomenon of intermediate duration, unless, * however,
. .

4 prostaglandin synthesis is permanently disturbed.

-

The endocrine mechanisms controling blood pressure are not -
"o . : as potegt or as fast as\the nervous reflexes.“The primary
importance of these mechanisms seems related more to the
regulation of body fluid veolumes and content, rather than
‘the diréct control .of artefial blood pressure. However, both
through their direct effects oh the cardiovascular system
and indirect effects via changes in renal function, these
méchanisms play an improtant éole in the control of blood

pressure.
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3.5 THE RENAL SYSTEM

The kidneys serve an essential role in the control of bloo&"
pressu£e. An incfeasé in arterial pressure causes the kidney
to excrete iﬁcreasing amounts of salt and water (127). The
pressure gradient providing glomerular filtration depends on
the ratio of afferent arteriolar and post-afferent renal
resistances. In the dynamics of renal function, the afferent
renal arteriolar resistance 1is regulated by renal nervous
act vity (to which éhe\afferent arteriolar smooth muscle is
quite sensitive). « Renal blood Flow &hd glomerular
filtration rate are regulated by an intrinsic vascular
control mechanism (autoregulation) which stabilizes
glomerular filtration pressure over a broad éange of

arterial blood pressures. .

o

]

Changes in salt and water excretion results in a change in

-

both extracellular and intravascular volumz. The change in

blood volume influence arterial pressure via changes in
cardiac output and peripheral resistance. Guyton (13) has

proposed that in the normal day-to-day control of arterial

pressure this mechanism 1is relatively unimportant since
o

nervous reflexes provide potent and much faster control
mechanisms. Guyton further proposes that the long-term
control ©of. blood pressure is determined primarily by the

steady-state’ relationship between arterial pressure and

renal ufiné output.

\

K

»
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The éonceét that has bgen widely reviewed and discussed is
. |
that renal disfunction'.is the initiatind event in
hypertension (8,72,82); high blood pressure Qs}ng considered
to occur only when the kidneyé are incapable of excreting
sufficient salt and waEer to normalize the pressure (82?.
) .

The renaf dysfunction—autoregulatiqm't@eory postgiipes that
when other cohtrdlling factors are disturbed or are ‘unable
to maintain fluid balance, the increase in blood pressure is
required as a last resort to maintain salt and water

balance. In fact, tke systems analysis of Guyton and

co-workers (13) suggest that a longterm change in blood

-

‘Pressure as occurs in hypertension, is always the result of
a change 1in the relationship between arterial pressure and
renal: fluid excretion. In all experimental forms of

hypertension (generally by manipulation of the kidneys;or

!

salt and volume 1loading) a change in this relationship
causss the hypertension (128). However, it has not yet been

determined whether a similar change is the primary mechanism

v

“causing essential hypertension.

LN
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3.6 LOCAL CONTROL MECHANISMS )

-

{
A final group of control mechanisms include several fgctors

acting locally at the level of the different vascular beds.
These include mainly the local autoregulatory mechanism and
the fluid shift system at the capillary level affecting the
d}stribution of extracellular fluid hetween the vascular and
interstitial beds. jThese two mechanisms have been reviewed
in the previous chapter). Another of these local mechanisms
is . the stress-relaxation ihenomsyon (129). This relatively
rapid mechanism serves to stabilize risegs and falls in blooé
pressure. The pressure induced changes in vessel diamet;r
changes the resistance to flow, hence enabling the pressufe
to rise or fall towards its normal level. However, when the
reflex regula;ions such as the baroreceptor refleg are

functioning, the effect of 1local factors- (e.g. the

aﬁtoregulatory mechanism) will-be masked (138).
EY

<

-
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Chapter 4

4.1 HAEMODYNAMIC MODELLING

N -

In this study our concern will be with those variables which

ware lumped pgramete} properties of the haemodynamics of the

cardiovascular system. ' .

-

\ . _ . '
On  the basis of the pressure/force-voltage electrical

'

analogy, the criteria for -lumping, based on simple

electrical circuif analysis may be stated -as follows:
L3 Ll Al & E)

- "

components in series can be lumped together when thém same

] ¥

flow ".is passing through them and péyallel pohponents can be

hed 3

lumped ‘when the same gressure gradient occurs across them
) # » 3

(131). Under these conditions the‘ﬁinimun requirement of
o ; \

circulatory elements.consistst ofs -pulmonary, ,bronchial and

>

lumped systemic circuits. ) "

)
H

'
8

The 1lumped systemic and “pulmonary-. circuits .consists o

arteriolar compliance, afferent' and .efferent resistances\

4

Separated” by trancapillary circuit&,’venous compliance and
ogtput venous res;stanée. In this mddelling procedure the
parallel renal circulatiqn with iEs afferent and efferent
resistgnces ‘and éfiltratioq/abso}ption hprocessés will be
considered seharately. fhe\ bronch}al circulat{on is

»

considered of little consequence in this- overall systems
' ~ ., »

A3

. .
A - . . ‘

\

A)
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analysis. Further division of the systemic circulation, in
order to gain a deeper insight ‘into the distribution of bo&y
. * .

fluids under various pathological conditions,. could be
b R e

incgrporated in this simplified procedure.'

.

x
(3%

N a

The resultant windkessel model is ~most apprSﬁriéte for
studying the reservoir propérties’ of the circulatory system

. (132)., This model has also bqen successfully employed in

-
" s

the past as an appropriate system for studying pressure/flow .

- v ‘
relationships (132). . ! . S o

ol e .

) €
] LIS
-

“Implicit in such a model approach is the understanding that:

only gross behaviour of the . circulation is being
¥ . -

investigated. pfhe amount of detail of other cardiovascular

componénts, to be included in the resultant lumped parametef .

t

‘model, is depéndent on the issue of study, and on the

A\

5

context in ﬁhich a solution is sought. e

L)

8

k] . . - »

The overall model is nonlinear as nonlinearities are
J " s -

intrpduced into - the.- system by the action of various

controllers (e.g. autoregulation, baroreceptor and other
[y ~ . N
b 4 : . . ) -
reflexes) ~ on the systemic resistance and compliance

3 N ; .
properties and the cardiac flow source.

~
v

. ¥ )
'15‘1959 Grodins (133) published‘a mathematical analysis of

the control of blood pressure . Guyton and colleayues (13)

‘j‘ Y 1

Y

N -
' )
" »
¢ N
N
. .
.
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subsequently published several mathematical models which
described both the short term and long term components - of

blood pressure control. These latter models have focused

w\‘ “

extensively on the role of renal salt.and water excretion in
. « » - .
pressure control, and on autoregqulation as a possible

vasoconstrictive mechanism in hypertensive disordersg.
L] .*

. ’ . / ' :
4 . :
Guyton (13) has used evidence accumulated over the years to

*

put together a mathematical model in an attempt to better

analyz; the interrelationships be;&een the different

7 s

components of the blood pressure control system. The merits

of this approach have been” the quantification "6f the
14

yvarious haemodynamic parameter changes in various .blood

L ]

pressure abnormalities, the inperrélaﬁionships of these

parameters as well as distinguishinhg between mechanisms

>

responsible for acute and chronic regulation of blood
pressure. Distinctions have been made between the mechanisms

that raise the blood pressure and those mechanisms which

»i

determine the 1level to which the arteri?l pressure will

‘rise.

o @
[

Guyton's model yealistically ,regulétes blood pressure,

cardiac output and sodium/ balance through radeseries of
fesdback loops. Howe&ér,fc rtain limitatiaﬁs ‘are explicit
in the model. There 1is n& attempt to adapt éhe model@for
individual to individual Y"\7‘7’:\"1:iation of system paramétgrs.

.

4
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. This however,.will be necessary in any-system to be used for

s
w ¥ -

model predigtions for diagnosis or for therapeutic purposes.

ba

.
»

»

i

Luetsche; (38,134) has presented aﬁb%he} model of éhe
circu}atibn regglated by the -autonomic nervous system, bioog .
volume and‘the renin-angiotensin system. This model allows.
the classification of essential hypertensiveg into two

groups: .

' (i) with increased autonomic activity or circulating

¥

N catecholamines, high plasma renin activity, low,to

-

normal plasma volume and high to normal. cardiac output.

»

'(ii)with increased exchangeable §odium, high to normal

t

plasma volume, subnormal'plasma renin activity and often

i -

evidences of impaired function of the autonomic system.
. *
. The model studies so far have been used to assist in the
understanding {of the mechanisms of blood pressure control
and to guide in experimentation. 1t appéars however, that

‘they might also prove to be use€ful in epidemiological as

A

weil as c¢linical studies of hyﬁertension. Models, if

\
k]

properl& f&rmuléted, might provide parémetéré which can be
easilx monitorgd during the intervention ﬁeriod’and through
the dynamiijjof their qhanges allow an assessment of the
‘intervention" on an ongoing'basis. §rch modelling procedures
e“WOuld4 rebresent a major enhancement of present
epidemiological héthods,Which rely primarily on morbidity

and mortality 'data (135).
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Ghista (136) has published a model describing functional
mechanisms of the controlled left ventricle im interaction

with the circulatory system, and regulated by the central

nervous system. From this model an attempt has been made to
A .

’

derive- parameters of diagnostic value.

*
»

While the physiology of blood presgure conﬁrol is quite a
complicated network of nonlinear feedback controls, the use
of mathematical models allows the lumging of many of these
control .functions into blocks, and thus simplifies the

system while maintaining enngh’richneés to yield more than

trivial linear control functions.

4
K
2

Several other atfeﬁpﬁs at applying haemodynamic modelling of

the circulation to hypertension have been published
[ 4

¢
~

(137,138,139). However, as Coleman 1128) has pointed out,
an uncertain number.of models such as those used by the NASA

remain relatively uncirculated and unknown to most of tide

’
scientific community.

S
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4.2 CIRCULATORY PARAMETER ESTIMATION

Apart ﬁ;om the modelling of the circulation and its coﬁtrel
aspects, of‘equal importance in reéching the final‘ goal of
patient classification is the identification and estimation
of individual parameters (16,148,141,142). -

Many circulatory parameters of considerable diagn;stic and
therapeutic wvalue are not directly aéééssaple. In these
cases, valués of parameters are estimated on the basis of
relationships obtained, between measured variabies\ and
parameters, by applying physical laws to the modef ﬁystem.
As an example, the resistance pa eter iIs %ound by the
applicgtion of Ohm's Law to the 1ump§“parameter model of
the circulation, obtained by the use of the
pressure/force-voltage eleqtricalv analogy (section 4.1)-.
Parameters obtained by this method accurately express«tﬁé

LY

gtate of the cardiovascular system as describe in the model;
!

the only assumptions being made in the formulation of the

’
B

model.

Paramé%er estimates obtained from regression relationships
between‘ the. experimentally measured variables are only
parameters of regression, .ang may not be indicators of a
biological property. However, such parameters may be useful
as indicators. of changés in the state of a systéﬁ; and _for

comparing and classifying the states of different systems.

»

)

[}

s
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Parameter estimag}oh procedures have had their greatest
success in-'the analysis.of linear systems. However, the
cardiovascular system displays a. wide range of intrinsic
noﬁlinearities, in the presence of yhich parameter
estimation procedures may hot behave as expeéteg. JSeveral
procedures are found in the literature for the estimation of,
many parameters employed in various models of the _

circulation. However, these procedures are specific to the

model, and no geheral procedure exists (142).

In this study, parameter and state variable (steady state

values) estimates.are obtained from four different methods:%
{i) Literature, e.g. PRA- right atrial pressure ‘//F\\\\\\

"0 mm Hg.

(ii) Data, including the use of model relatiénships

'

to generate more values (Appendices 1 & 2).
(iii) From an assumed relation, e.g. CV=1PPXCA.
 (iv) Parameter estimation during simulation runs, e.g.
“

time constants and .controller gains (Chapter 5).

Noninvasive methods have proven to be of great diagnostic
importance for the evaluation of card}oygscular function.
These methods have included the ECG,’ the 'echocardiogram,
carotid pulse ‘recordings ahd systolic and diastolic blood

" pressures recordsd by sphygmomanometry. The estimation of

cardiovascular steady-state parameters using non-invasively

s



. N
. - . 53

M &
recorded data, obtained from the procedures indicated above,
forms the basis of the thesis proposed here. In assessing
the dynamic . aspects of the cardiovascular - system, the

E

asgigning of values to the various control parameters will
|
be required (Chapter 5).

[N
L3

" Using the noninvasive .procedureS\ mentioned aéqve, the
following m;asureménts were madef left wventricular volumes
"and stroke volume were obtained from echocardiographic
méasureiner* of left ventricular dimensions. The estimate cf
stroke volume togethét”with heart rate obtained from the @CG
recording permitted the «calculation of cardic output.
Estimates of mean arterial pressure, and of the various
components of the systemic arterial blowd pressure, were
estimated based on shygmomanometric measurements oé systolic
and diastolic pressures and frém ,the‘ carotid pulse
recording. The systemic parameters of arterial compliance,
periphefal resistance and degree of arterial filling can’

then be estimated basedr on the steady-state model

relationships (Appéndix 2).

As may be noticed above, mathematical models form an

~

integral part of the application of noninvasive methods for
the analysis of cardiovascular function., This results from

the fact that several critical parameters and variables

cannot be directly assessed (e.g. arterial'compliances and
E 4

a
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'volumes'). The use of mathematical models of the
»circulation, expressing the Physic%l laws relating the
measured variables and parameters, allows these critical

parameters to be tracked and monitored.

o S

The, requirement of adapting the model to the variation of
parameter values between individuals, excludes many w©f the

*cardiovascular systems modell¥ng based on

approaches 'to
transmission properties (131,i43), and on the complex
multicomponent system éf Ghyton (13). A complete
specification of an individual's parameter' values, in a

model as detailed as that of Guyton's, would require an

. inordinate amount of data. Hence, the need to specify the

parameter values for each subject restricts the complexity

of the model.

- -
S

Finally, before the classification can be fully assessed, an

analysis must be made of the sensitivity (144,145,146) of

vt

the model parameters (Appendix 3).

»
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Chapter 5 : .

>

h
5.1 CLINICAL STUDIES FOR VALIDATION OF PROFILING PROCEDURE

-
H

In this chapter, £four studies, carried out in order to

validate the steady-state model procedure for obtaining

haemodynamic profiles, are presented. o

Pirst, we compared the values of mean systolic, end systolic

- 3

and mean arterial blood pressures obtained by measurements

made on the carogid .pulse curve, to those obtained by
4

modelling the argerial pressure curve (Appendix 1). The use

of the modelling procedure for ‘obtaining components of the

.
arterial pressure eliminates the need for carotid pulse

.

recordings as a necessary part of our profiling procedure.

-

Systoiic and diastolic pressures measured by
| . I
sphygmomanometry have been shown to correlate well with

va1€3§ obtained by direct intraarterial recordings. Mean
arterial pressure has often been estimated by the equation:
MEAN ARTERIAL PRESSURE=DIASTOLIC PRESSURE + k {(PULSE PRESSURE)

where k=1/3. / ~

)
This method is not always accurate due to wide variations in
the morphology.of the intraarterial preésure wave, for which
k has been shown to vary in the dog (range .ﬁ'to,.ﬁ) even at

the same pressure in the same artery (147),

»
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Given the stfiﬁ%ﬁﬁ resemblance between the intraarterial
pressure and noninvasive externally recérded carotid
pressure pulse, changes in morphology have been accounted
for by obtaining mean arterial pressures by integrati&% of
the carotid pulse curve.

\ | o

In our msezkyd study (section 5:3), we  assessed the
repeatabilityx of the haemodynamic measurements and derived
haemodynamic prbfiles. TThe pipfiling procedure was then
applied to a cross-section of treated hypertensives (section
5:4), 1in an effort’ to determine whether the procedure is

capable "of éetecting haemodynamic differences between

responders and non-responders to anti-hypertensive therapy.

+

Finally (section 5;5); we applied the procedure to a
longtitudénal study of a group o§ mgie hypertensives, in
‘order to assess the capability of.the“ procedure to detect
pre- and post-therapy "haemodynamic différences between

diuretic and beta-blocker treated subjects, who responded or

did not respénd to the therapy. . . .
~ 3
» s
Due to the rélatively small number of hypertensive’ éhbjects
. . q v
studiaﬂ? it was necessary to ascertain whether major
} £

differences in anti-hypertensive responses in  the gsubjects

)

studied would have 'been due to large differences in the

level of drug intervention, or (for 'the cross-section study)

t
¥ »
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‘major differences in the therapeutic regimen. Hence, a code
for.the various hypeftensive drugs and combination of diugs
was drawn up (Table 5:1:1), and used t¢o assess differences
in therapeutic regimen between, Fhe different subject
groupings, e.g., betWéen hypertensives with contgolled and

»

uncontrolled blood pressures.

,

Four major anti-hypertensive drug groups were considered in
this study, namely: diureticé, beta-blockers, vasodilators,
and alpha-methyldopa/other drugs. Using the literature on
within- and  between-group ‘dEPg potency (152—1&8), an
empirical scale for the therapeutic dosage providing
equivalent blood pressure loweriny effects was derived. The
écale was drawn up by 'setting 56mg hydxochlorothiazid% =
8¢mg propanolol = 1 unit of therapeutic vigor (Table 5:1%2).
Therapeutic vigor was considered additive within and between
drug ’ groups, ‘ e.g. * the drug ©preparation DYAZIDE, a
combinaéion of two different diuretics. For .a stepped-care
approach to therapy, the number of different drug groups in
a patients therapeutic regimen provides another stale fot

assessment of the degree of drug intervention.

-~
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)

Table 5:1:1. Code for hypertensive drug groups and drug

combinations.
o
DRUG THERAPY THERAPY CODE
“ L
No Medication / g
Diuretic only . 1
|, Beta-blaocker only ‘ 2

Diuretic+Beta-blocker ’ " 3
Diuretic¢+Alpha-methyldopa |, 4
Diuretic+Vasodilator . 5
Beta-blocker+Vasodilator 6
Diuretic+Beta-blocker+vasodilator 7

Diuretic+Beta-blocker+Alpha-methyldopa

+Vasodilator 8
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Table 5:1:2. Equivalent . daily dosage ---of various

»

énti—hypertensiVe drugs corresponding tc oéne unit of

ki
-

therapeutic vigor.

GENERIC DRUG NAME ‘ . DUSAGE/DAY
Diuretics E
Amiloride 18mg
Furosemide’ . 80mg
Hydrochlorothiazide ’ +  5fmg
Metolazone ‘. * S5mg .
Spironolactone : 198mg
Triamterene . - 109mg )

. s . Beta~blockers ’ ) :
Metoprolol , : _ 1g8mg
Oxprénolol ' , 160mg
Pindolol’ p  15mg
Propanolol , ' \ 8ﬂmg' \
Timolol ' - . " iﬁmg \

. ” Vasodilators [ F
Hydralazine & . " 5fmg
Prazosin » ’ 5mg

"

Other Drugs

5

Alpha-methyldopa . ) . 500mg

Captopril | v 156mg :
€ * I

Clonidine N ) @.6mg -

Guanethidine . 25mg .

“
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Statistical Analysis

Means, standard  errors of the mean, and cofrelation
coefficients were calculated according tov  standard
statistiéal methods N (1?9). Regress?on analysis was
performed using the least—squares'methdd; Both paired and
‘unpaired differences in .means were assessed using the
Student's t test. When comparisons 'of three grbups were

-

(made, the validity of the statistical analysis was confirmed

by analysis of variance. A p_value of < #.85 was accepted as

,oeing statistically significant. The statistidal analyses -

were carried out using the MINITAB program package.

%
1 ¥
.
N
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5.2 STUDY I - ARTERIAL PRESSURE \

Method :

Simultaneous EKG and carot{d éulse tracings,é@ig 5:2:1),
suitable for planimetry, were obtained in ourhlaboratory on
27 pagients in our study group (DATA SOURCE 1). "Reco1dings

were made with the subjects in the supine pésitioﬁhat which

time blood pressure was obtained by » standard

v
-

sphygmomanométry.

-~

Equations derived for calculéting . mean arterial pressure,

end-systolic and mean systolic pressures, were compared to

- ® A

values measured and\planimeﬁered on carotid/brachial pulse

curves (Fig 5:2:2-5:2:8), using both data recorded in\our
l El

laboratory, and from (DATA SOURCE 2) data published by

-Shaver et ai (148).

¥

\ 4 . 3

M ©

The derived’Equations were caléulated by fitting a s%nﬁsoid
to the ejecting phase‘of the arterial pressure curve, and an
exponential decay to the diastolic pha;e (Appendix l{. The
required data items were: systolic and diastolic pressﬁres,
heart rate (HR) ayeraged over a.minimhm. of _l@ cgnsecgtive
beats o? the E&G recor%iﬁg, measured at the most stable
phase of the carotid pule ‘tracing, and 1left ventricular
éjection.‘tf@e (TS). The ejection time was measured from the

"initial rapid upstroke'of the carotid pulse to the incisura

L1

i ¢

P
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of the dicrotic notch, and an average value over a minimum
of 5,.comnsecutive pulse recordings was used.

. \ . « N
L ‘s

u

-

End-sy5tolie, pressure (PS) was measured from the level of
the .diastolic pressure to the dicrotic notch. This

measurement was scaled by the pulse pressure measured from
1

the level of the diastolic pressure to the' peak of the’

A

.pressuﬁé pulse recording, the scale being set by the pulse

(SYSTOLIC., minus DIASTOLIC) obtained by

Loy ¥

)

sphymomanometry.\:Mean‘systoln:“gweésure was obtained by
PN ' . L ° N
Rlanimetry over ‘the ejécting -phase of the caropid,pulse

-tracihgs,g the meagsurements beipng scaled by the | puise
. (.

% . -
pressure. An average value‘kbr-a minimum of 5 consecutive
‘ ! 3

°
[N ¢ o

s @ .

carotid pulsé tracings‘ﬁqq obtained for both end-systolic

®

and mean- systolic pressAres.

s
s -
.
{ . P
N
.

[
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Results
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Figures 5:2:2-5:2:8 show that the derived model equations
for calculating the components ?f systemic .arterial blood
pressure compares well with measured values:¢ The calculated
mean systolic arterial pressure (PéA) underestimates the
value obtained by planimetry (Table S:é:l). .This is

consistent with  the obseryation - that planimetry

.
\

overestlwates the directly recorded pressure (168). The

calculated mean systemic arterlal blood pressure con51stenly

coverestimates the measured pressure, and the pressure value

estimated gsing the equation:PA = PD + k*(PSP-PD)z where

‘k=1/3.

In ésséééing the variability of the parameter k (147),
» N
calculations were made using the relation:
k= (BA-PD)/ (PSP-PD) . “Using mgasured mean ‘arterial pressure
values (DATA SOURCE 2), a mean value of k=ﬂ.37iﬁ.27
(MEAN+SEM) was obtained with range (8.25,6.52). With the
uséd of mean arterial pressur% values calculated from model
relations, k values wére less variable. This indicates that
variations in the shape of the arterial pressure curve was
npt completely realised by inglusion of ﬁeart rate and
éjection timé changes, The paraméter k was.oﬁéerved‘to be

positive correlated with blood pressure. -

k!

-
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* Table 5:2:1. Cgmparison of

measured and calculated

components ‘of systemic arterial blood pressure.

MEASURED . + CALCULATED ESTIMATED
PS mmHg : 120+4.3 120+4.4
| PSA mmHg T 127+4.7% 126+4.7
| PSA' mmHg "‘\' 129i3.b 127+2.9 }
| “PA  mmHg S . 110+4.1 1g413.bt
PA' mmHg . 185+2.8% 110+2.7 103+2.5%

{ ' Data derived from Shaver et al. J Clin Invest 1967.)
Values are MEAN + SEM.

. Significance level * p < ,#@1 compared to calculated values.
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5.3 STUDY II - REPEATABILITY QF MEASUREMENTS
N ’ \ ¢
) Q\ '
Method .
- % . .
At the same time as the carotid pulse recording, a M-mode :///
> I . *
. echocardlographlc study was performed eithér |in the ‘supine

-

X . .
or left lateral decubitus positibn (whichevek was Yrequired

for opt1ma1 visuallzatloﬁ of the cardiac tructures, in - .

%
v

‘i - ; questlon).L Standard methods of M mode echo ardiographic s

b i

stud§ (149 lSﬂ) were performed, using @an- u&trasonoscopew

* . . . - (Bmith-Kline , Echoline, 20) )ﬁnterfaced w1th @ str1p chart
’ \ -

reEorder,(Honeywell 1856A Vls1corder) Ultrasonic ,emission

[

characteristics were as follows. frequency oﬂ ultrason1c

4 puises lﬁﬂﬂ/sec, ultrasonlc wave frﬁquency 2. ZSMHz,and focal

length‘lﬁcm. T .

. B »
- . .
B B .
.o A . &

= i}
"~ . ! ¥ a®

, ' N N 5 n~ { R
- ‘ From the, echocardlograms (Frg 5 3:1-5:3: 2), left véntr1culaz

<

A end systol1c (LVES), end dlastollc {LVED) ahd left atrlal -
> ) ’ 1 r " [y .
v , (LAD) dlmen51ons were measured by the l%aﬁlng edge meth )

. ’ (149). Ventricular 'end sytol1c (VLVS) and end- d1jgtol1c

(VLVD) volumes were calculated usin;\the correctiooégprmulas “W\\\\’ T

-

.. - of Teichholg.ﬁ 151), Strd&e vol uime (SV) was then C&lculatet
. S, ‘

"n‘ A " ? —

* ? - ' .' .
_ s . . L , LA

. 2 -
‘

‘?hf‘\

i S . . .
.- . Y 8V = VLVD-VLVS. R .
, > ‘

v

. * ;__) ¢ . " . t'* *
" . .Cérdﬂgc out’put (FCO)'pan‘.then be calculated Jfrom stroke,

. r ’ s
volume ahd heart rate: . . . « 1
»* ~ . . -
¢ - . . o yn

‘“. . .o '_..~ R . _:FCO"=‘SV ¥ .HR. ’ - . : 4
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From the windkessel model of circulation _ various

\

cardioPascular parameters were derived (Apprendix 2), “and

L]

calculations were made using the above data as input. From

“«

the echocardiogram various indices of cardiac contractile

(3

\ ‘ function were also calculated namely: 1efé ventricular

ejection fraction (EF%)
.- EF% = SV/VLVD*1p0,
percentage_fgactional shortening (%FS)
kS = (DLVD—DLVé}/DLVD*lBQ,

and velocity of circumferential fiber shortening (CF)

.

. SCF = (DLVD-DLVS)/DLVD/TS.
P ? ' R .
v - The tepeatability of the derived haemodyriamic  profile was
® .
o . -agssessed u51ng subjects in our study group (DAEA SOURCE"l)

PR H -

2 . ¥ * "Subjects returned on the f6ilow1ng day for repeat

measurements. The time of day and position of subject and

- &
a

i recordlng devices were standardized. All measurements were
o . ¥
x -+ made in the mornlng lﬁam-noow, and after sugficient time was

r Afﬁf aliowed for the subjects to adjust to the xoom condltlons.

° )

=k

N §u1table ,repeat echocardloggams ‘were obtained on 21 %ubjects

-w

“T oo : ‘of our study,” 11 male (4' MOrmoten51ve subjects, 7
‘\\ . ‘q e + . LY
¥y § N ) .
A S ’ ‘e s
}Hmv * ypertensive subjects on —medlcatlpn) and 198 female (3
5 ) nérmotensive subjects@@?‘7 hyperten51ve subﬁeqfs ' on
% » . n . 5 4 . .
4 gmed;cation). From these subjects | an assessment was made of
. " . 4 ""the - rebeatab;ijfy *oﬁd ‘the - der;ved : proflles (Fig '
Y - . R - , k4 L, N ‘ . 'y . 5 . . . ,
L.t . 5:3:3-5:3:19). , . b
) N .t o 3 . s
7 s . ~ * S T ““- * A ",' » . .
Vﬁ\ ) & * , - M . 1
' . - . i - PPN ‘ ,
[ N VP NN L .
" . 4 g ‘e - ‘ .
N# * * e '. ‘; N 7 :.
a . % 5y a3 AN -
» . . * L] .
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Using the eguations derived for calculati

72

ng cardiovascular

parameters, a theoretical assessment was made of the

. - SN @
sensitivity of the calculated parameters

* 3

the *input data‘(Appendix 3).
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‘Results “ ) . o :
As can be seen from Figures 5:3:3-5:3:1Y, the haempd§3amic

-

profiles obtained by our procedure provides for a reliable
D M ’ » - 13 ) m.‘ ) l‘ ' ‘
assessment of an individuals haemodynamic state. As may be

. -noted from the data, there is a terdengy for systemic blood

pressures, heart rate, stroke volume, and '‘cardiac output to

3

be reduced on the repeat visit while peripheral resistance

+ »

“ v # .
ténds “to increase. Arterial compliance and- degree. of

arterial filling tend also to decrease (Table 5:3:1). This

: . - : . " -
result is consistent with the interpretation of a deérea51ng

lével of anxiety (alarm reaction) on a repeat visit' (161). |

This is berne ‘out by a decrease in all three.indices of ,
< :

N .

cardiac contractile function: EFK—&.Gil.Q p<.63), >

8
]

JELV (-0.043+0:030 NS), SCF(~0.137+0.65 p<.014). Also there is °
an’ incoénsistency in dayl-day2 correlations of cardiac,

contractileustéte. HoweVer, a high degree of correfaQQQn

.

was maintain%d fér all other measured and calculatédd

o . \

»variables.' .

- ‘ [
v P -
t \
r ot . . ¢

o “ ' -
'
f

A éomparisgn of dayl and dayl ‘measurements ‘of left

ventricular posferior wall (LVPQ) and interventricular

septal (IVS) thickness were indicative of réprqduéibilitgrin

N N
- ® '

&

our echocardiographic recording. | procedur€s. Répeated
» ‘ . . : T X AN R a
' . * . ) i
mgasmrements were din*' the, 1lmm  accliracy range ' of
» W . 1) R s n’ Y -
* * - - > v{ 1\ *
: echocardlographlg recordings. (Fig 5:3:18-5:3:19). s s
[ o ¥ ta . . 4 . ¢ ¥
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Table 5:3:1. Heemodynamic parameters derived fiom
measurements made on consecutive days.
. DAY 1 DAY 2° - CORRELATION.
‘ ' o (=21) AN=21) . ﬁIQPEFFICIENT
PSP mmHg ‘ 145+5.9 142+5.9 . 02937
"PD mmbg 88+2.9 8513:§ C L pregl
PA  mmHg 11343.9 11+4.3 9.923 1‘ N
HR bts/min 59+2.2 58+2.1 52859“ '
Es msec ©323+8.8 331+6.7% 0. 807
LVED mm . T T4s+l.2 '49+1.3 g.954-
 LVES fm . 31411 33+I.8. . 6.776
sV m1 " o i4i3?6;,~ 69i4.§f : ;Qg.ségt
FCO L/min " 4.,39+8,29 4.@719;31*" P.ﬁ.séé, L
e RTP'dyn:qm.géé:S "22114135 235?:16p 9.799
“'CA ml/imHg " 1.43+9.12 , l.32iﬂ.lé“ \  9.892,
VAE ml ) 157411 142+411% 0,840
ELV mmHg/m1" 1.16+9.08 1.12+8.87 8.923
EFE . 65+1.6 , 6ll.s ' p.225 s
. 8CF. circs/sec 1.1340.06. ' 1.00+8.04 8.312 NS

- N )

2

Values are MEAN + SEM. ( NS- not significant} * p< .85 ).
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5.4 STUDY ILf - COMPARISON OF RESPONDEFS AND NON-RLSPUNDERS
- L . 2 7

. ‘o/{ & . v
Method : : . - - o

’ 4

]
® o ERY

From our study group of\ sibjects (DATA BSOURCE 1),

-

. haemodynamic profiles were obtained for 36 “of.. these

subjects. The echocarhiograms of 3 sﬁbjeéts were -unsuitable
, ~ k3 A

® Q

B o

for measurements due to large chest sizes. “Subjects wagé"

v - divided 1into three groups: normotensives, responders (°
. R _— . . . ' ‘ N .
hypertensives on medTtation with diastolic ‘pressure -< 95

N -~

mmiyg, systolic pressure <‘}56 mmHg ), and non-ragponders {

hypertensives on medication with diastolic pressure > 95

*

ImmHg; systolic pressure >  15@- ‘mmHg)e - Clinical
s - o : ’ =< 2
¢tharacteristics of this subject group are indicated in Tab?@,
. . ~ )
© o 5:4:l. ’ ’ . E

2
B P . o

5 [} LN
« - . - - s
Analysis was then made to determine haemodynamic differemces
. * (3 &
hetwéen responders and nonresponders to anti-hypertensive

medication (Table 5:4:2). . .
. ; .
- >
i s » o .
£ - 2 - . .
. '<
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N 0
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TABLE 5:4:1.vClinical Charactgristics -

so

v 7
NUMBER -
AGE (years) .
WEIGHT(gg)
HEIGHT(cm)

%

BSAEsq m{
NUMBER
AGE(yeaaf)
WEIGHT {kg)
%?IGHT(cm)
éSA(sq/m)

‘ NUM'BER
AGﬁ(yeagé)‘
WEIGHT (kg)
HEIGHT (cm)

- BSA(sq m)

-+ Gontrol
Squgcts
- 8
+ ., 38+4.9
77+4.0

175+3..4

1.92+8.05 -
0.05 -

3 /)

37+45.8
56+4.0
\\%Nz}z@i5.4
1.58%0. 09
6
. 14
.
3743.8
! 714+4.2
4 -
C17143.4 .
1.83+0.06

e, 7Nt Y
-

Values are MEAN j.SEM.

MEN

»e
»

K3

127ponii ers -

"9 5
49+3.6 474663
9045,4 74+4.6
177+1.4 178+2.1
2,06+8.05 1.9140.06
woMEN® . g
Te 3 8
46%6.9 © o 5243.8
‘eziilg . 70443
164+4.7 " 166+1.3
1.68+9.97 1.77+9.04
ALL SUBJRCTS .
12 . 13
L oasea1 50+3.3
'8245.5 72%3.1
- 173#2.3 171+2.2
T 1.9648.07 1.84+0.04
. y
A

LA

= \
Non~responders *
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1

ifitervention,.,

r
;was,ihcreaSed, with a+ slightly,. though not signifijfnb{y

-

. PR 2 o

Rosults . - . -

The datp here Qhow that our praf111ng pxocedmxa prov1dcs he -
-

vapablllty of d*stlngulahlng betwqena dlffereng groups of

h&perten31ves (Table 5 4:2). The data * show that desplte

being treated ,at a higher level of anti-hypertensive,
non- responders had Jhigher’

responders d to controls..

péfiphergl

o o
resistances compared to

Non;responderf also had reduced a}terial'compljanip, ‘stroke”’

¥ -

volume and cardiac outpuf. However, no reduction ﬁd.cardiac

v N ¢ 4 ‘
contractile functiom Was obs§rved in ‘either of the three
. , . . . . ?
indices tested. In fact, left ventricular elastancg (ELV);

-

]
higher heart rate. yon-rqgé;nders also had an increased

.

sl - P .
interventricular septal thickness, compared " teo respon&ers

and contiol subjegts: .o ,
f .

”
. [ R

s

‘3'4
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_ TABLE 5:4:2: Haemodynamic Characteristics. > .
/ : o MEN & - 9
R * N @ [y . ' u
. : o ;f Control Responder Non-responders
. ’ Subjects ., / .
Number ° L 8 9° 5
. . ; . -
, PSP mmHg 124+4. 8 136+4.7 1669 9%¥ ¥4+
s ' = ﬂd - ° - N" - 2
* . _PD mmHg . 77+3.5 85+2.0 TH4+5, 2% % %43
4o . ’ * ) - :
©r " PE" mmHgg, *97+3.3 167+3.3 13147, 1**¥4q
HR beat®/min . 58+3.5 ~ 5943.0 L .63+5.8 )
ve. ., +TS msec "$22+7.6 . 819+13.6 395+24.3
< « o s "“ 3 ', -
v .*  LVER cm. ° 5.22+0.25." 5.21+0.24 4.92+0.23
. “IVS s cm . 0.968+0.04 0.97+0. 04 1.63+8.03%
. “Toe = \
“ " T8V ml 79+8.4 71+7.5
e v . b S s
" FCO L/min 4.68+0.68 - 4.35+0. 47
- " . . . i
. ¥~ RTP dyn.cm.sec-5 18941249 ° 24964250 w
T o 4 - - te 7 . .
XA ml/muHg . . 1.89+9.32 1.62+0.12 1.17+p.23+ &
) VAE ml . s ©183431 173+14 . . I56+15
e . "“ELV mmHg/inl "2.2040.30 . 2.62+8.37 - 3.414p.43 -
.o ) - ” . , - ® - .
EF$ 59%2.1 62+42.2 - 6142.8
S . . - -
“ ) SCF circs/sec 1.00+0.05 | 1.08+8.09 .' 1.89+0.03
i s ® N - w . [ - v w
. a * NO.DRUGS  —===- 1.56+0, 24 2.08+6.32 °
. . a‘ - ) ~ N
® » DRUG CODE units o 2.78+8:62 * 4.40+6.93
- , . VIG.THER. units '----- 2.33+0.53 3.00+8.63
Values are MEAN+SEM. T
J, T okap <,.05, ** p < @1, k*# p < .06l ‘compared to controls.

+ p < %085; + p < .dlﬂ, ++4+ p- < .01 compareq;tq responders.

[
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TABLE’5:4:2 (continued). .

NUMBER
PSP mmHg
EP mmHg.‘ K
‘éA mmHg -
beats{min’
, msegs

Ive ocm

»

am‘l ° \

SV
’

RTP dyn.cm.see-5

CA ml/mmHEg

QAE ml

ELV * mmHg/ml

EF$

SCF . circs/sec

NO.DRUGS

DRUG CODE units

VIG.THER. units
~ .

i
/

“gLL SUBJECTS

11,

125+4. 2

7443, 1

»

" 94+43.2

59+2.7

32246.1

s

L

T L 4.95+p.23

0.86+0.04 .

© 7246.9

4.34+8.5

1935+185

1.71+0.2
163424

2,66+0.3

62+2.1

1.04+0. 05,

—— — s o

2
4

4

° r

°

PR

© 12
133i;§£t>/*{
8242.9
194+2.9%
58+2.8

3324431

 5.08746.28 -

]

A

p.95+0.04 7

78+6.6,

‘4.51+6. 38

2030+211

1.5548. 11

163413

2.7346, 29

63+1.7
1.0540.97
I.75+9.28

3.25+6.70

v

A 9p

13

164:+3. Ghh*ttt

1@ﬂ§2.3*}f++;

128i3.3***+;+

59+2.9

331412.1
4.79+0,12
ﬂ.99£a:§3*

68+3.7
3.97+6.27
27074171 ¥*+
1.1440.11%+

144412

| 3.8148.31%+

63+2.2
1.05+0.065
zzﬁsiﬂ.iglu
4.38+0.54

3.92+6.83

E}
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lfthe ages 4%-05 vyears, who at .the bzginning of this study

a

4
» + .
<N ; : . A

A X

‘ ’ i - .
"5 5 ‘STUDY' IV -  COMPARIBON ©F DIORETIU W‘A%Lu&ﬁsk '

ALY

a i e

¢

TREATED. SUBJECTS.
Ly .

% B - -

Method ’ ot \ " a ' ) ‘
- i «
Ve w? ) .

. M % :
Using data-from a prospective trial to assess the effédcts of
anti-hypertensive thefapy with Eiurét}cs wand beta~blockers
( ppendig 4), haemodynamic i@rofiias _wore obtdined. this

subject group (DATA SOURéE'B), consisted -‘of males between

- a

were qpt@og}m%dﬁqgtiﬁh, ;r who had their :anti—hypertensive”
medication discontinued at least four wée&s pr;on to the
beginning. ofi the ;;udy. Simultaneous EKG %nd ecﬁocargiagfamé‘
‘were. obtained, togeﬁﬁqr with ‘éytolic ahd diastol&cﬂ blo;d
préssdre by ;amdom—zgro sphymomanomeéry. - . . -

S
)

- ) oo . . T
0f ébe 50 subjects inatially in LhiSvstudy, suitable‘initial -
echocaraioér;ms were ‘obtained on 51 of thé 36 subjects on

>3 l . . & .y
whom echofrecordings'were.made'prior to ths commencement * of
‘£, . 4

anti-hypertensive therapy. lgiood pressure and ﬁulse rite

were obtained two- months after  the 50 subjects , were

® a

- et | \ '
randomized intq either a diuretic or beta-blocker treatment,
a ."‘ » - Sl

W - o

FIRY

group. Four patients were lgst to further study. After 20
mgnths of stepped cére,therapy, (agcording pb the protocol
Appendix 4), M-mode echocardiograms were agaln recorded on
* 'i" - . :

39 subjects, of which 32 'suitable recordings were obtained, ,

v' r

and for whom haembd?namic‘pfofiles were ’again calcplated.:

v
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s

e
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d '1 ) The ﬂpre—therapy' analysis on I8 subjects showed .no overall

Resulgs o ' fﬁ). '

L

L4 N 3 ‘ :
# o From the analygis ofvthe pre-therapry, 2 maenth and "2# month
e ’X ‘data on pulse rate, systolic and diastolic'ﬁlood pressures,

.
Iy

éubjécts on lqﬁgterm beta-blocker therap§ showed a - Tecovery
of heart rate’ towards thé pre-therapy state after an initiai o
decrease” (Fig. 5:5515; ,Blood preégure,fhoWeverﬁ remained Lo
dect éased {;ig 5:5:2—5:5:31.‘ ko ‘significant 'cﬁgﬁgég in‘
- “h;art rate were obsé%bg? in the diuretic treated éroup'(fig‘
‘ 5:5:43. However, biood pgessure was-signifiéént?y reduced‘op

S both shortterm and longterm therapy (Fig 5:5:5-5:5:6).

»
“ >,
N

<

. All subjects had ﬁheir Blood_pzesgure controlled fdiastoiic

i3

. pressure <95mmHg5. Sﬁbgroupfngféf subjects into monotherapy
t, and poly-drug therapy for both diuretic and beta-blocker

§ e v .
. treatment gréups/ showed that' -a higher percentage of
[N ‘ ~ : © ! A ) - ’ . “
digretic ‘treated subjects  had their blood pressures

contfé&leq with a single drug than fof the beta-blocker.

»

treatment group (83% wvs. 5%%) . This result 1is almost

"
.

' identical ;to™thgt obtained in. studies published by the
Veterans Admfinistration Study 'Group (157,158)," foial;he
I ' LN . -

comparisod”of"h§drochlorothiazide‘and propanolol as initial

drugs in the treatment  of hypertension.
% . . - *

0

o

differences between the diuretic and beta-blocker treatment-

. . y . -
: .groups. %;;gser, subjects on beta-blocker mono-therapy had
. N

o <
r . . ' *



o

7 (Table 5:5:2), . ° x ST

»

. : . 94’

’ v CL 0 . 2 * B - .

higher 1n1t1a1 .cardiac outputu and lower peripberal
N

resisfances than other ‘beta~blocker - treated subjects (Table

a

s . S
» 5:5:1). Didretic gveated subéggts 05hoWed increases in .
& . 4 woo. - f N +
“cardiac contractile _ function post-therapy, wh{le there was

. ~

no éhange for beta blocker treated patlents (Table 5:5:2).

k} © »

Subjectsn on beta blocker alone had, h{bher post Lherapy

ventricular septal thlckness ghan dluretle treated patlents

-
P} PRI N o

The data _in Tables 5:5:3-5:5:4 show thaﬁ'ndrmally observed

correlation-between blood pressure, age, body size and

o , rd

various * cardiovasculéar parameters .,oh subjects without

.
”

vardiovascular intervention,:are not preserved for subjects '

on anti-hypertensive drug'thérapy. Noéabiy, the ébrrelatioq
s 2] * ]
- AN = > H : . - - .

between body surface area and the various cardiac function

! & 2 o
are weakly® positive pneétherapy, while been 51gn1f1cant£y

negative post-therepy; al there was a change in the sign

‘of the correlati hetween cafdiac' fuhction (ELV) ‘and
systolic blood pressure. - . . § - ;“
4 ) ¢ R . V"-l
kY " <, N —

The initial overall pre—therapy correlstions -indicate that

the increased blood pressure in this sbbjept group was net
due t§ excessive blood ' flow, but to increased vascular
resistance. As may be expected, .there wgiJ,a positive
. o - . ]

relation between blooé° pressure .and ventricular septal

’ .
»
& “ .

_thickness.



rd * '
. )
, : . .95
‘

. . e .
The data elso show that the level of blood pressuré was not:‘’

ta

: a primary determinant ' for ;he required vigor of .

antihypertensive. drug therapy. Therapeutlc v1gor correlates

« 2

Significantly with ventricular = septal th1ckness “and left .

atrial size, especially in the latter case for the-diuretic
. -~ - o v
\ patient ¥roup} for which, given 1eft atrial size as an index

* [
L

A of volume ﬁ?ad we SHEHU1at§ “that there* was "a ‘greater

diuretic requ1re?ent to overcome this volume load. Increased
a 4 ’
septal thickness. is an  indicator wof longstandirg

hypergension and hence of a possible resetting “of the
. ¢ cardiovascular system to .the higher pressure state, hence
requiring a higher degree g& drug intervention to change the
., 8 cardioveschle} statex

» ¢
.

v » .

' ) ' There are several post-therapy c rrelat;ong of significant
CETUR - .
interest namely: cardiac function- (SCF) . was. negatively

v correlated with subject agg for diuretic “treated subjects,
positive for metoprolol treated and pre-therapy subjects;

cardiac function (ELV) was weakly negatively correlated with

L systolic blood: presgure for diuretic tréated, subjects,
significantly positive - for 'metoprolol treated® and

pge—thera-'subjects; a surprisingly negative correlation

L]

a ) - v
getween peripheral resistance and blood pressure for the

6“ - diugetic mondotherapy group; the positive correlation between
g T systoh@c blood pressure and interventriculan septal

g O * thickness was more pronounced for subjecgs\on multiple drug

- . ,
‘- " ! .

¢ therapy. ,
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TABLE 5:5:1. 'Pre-therapy, character
-blocker

beta

.

polytherapy.

¥

»

Number

“AGE

VIG.THER. units

-BSA

PSP
. PD
HR
.LVED
LVES
Vs
LAD
A
FCO
RTP
cA -

VAE

ELV ~

EF%

SCF

years

s m
mmHg ?
bmmHg
bts/mi;
cm

cm

cm

cm
¢

ml

1/min

dyn‘ﬁm.s—S

‘ml1/mmHg
ml
mmHg,/ml

EJ

fl ¢

w ®

g

Lstiqéh\of diuretic

<183«

and

#subject  groups, Both® “monotherapy and

3

circs/sec

DIURETIC GROUP

Mono

Therapf\

9

@

T 5p+2.2

Poly.

Therapy

3 «

48+2.1 "

1.61+.20%%« 3.33+.60

1.96+.85

15245.5

1P3+1.6

70+2.4
5.28+.23
3.56+.27
1.20+.85

3.56+.15

,

80+9.3 -

5.63+.67

1995+254

1.75+.25

214429
3.01+.48
60+5.0

1.13+.11

1.96+.03

161+15.

185+3.5

64+2.1

5.57+.13

'3.77+.19

1.20+.30°

 4.07+.47

91+1.8
5.81+.30

1781+46.

1.80+.33

227+29.
2.32+.22

60+2.7

1.04+.97

BETA-BLOCKER GROUP

" Mono-

. Therapy

e

-

46+3.5

117+ .44

©2.87+.05

. 1484209

193+4.2

7442.6

3.47+.38

1.17+.063

3.83+.56

Poly

Therapy

"3

49+2.6
3.23+1.4
200+ 207
145+6.2
165+2.9

¥

73+14.

© 5.47+%27° ) 4.80+.29

. 3.33+.43

)

94+4.8**,

7.02+.25%
. 14@5+12.

2.07+.17

256430 .
2.88+.66
66+5. 5

1.30+.14

1.23+.23

, 3.27+.15

5

!

*

61+1. 4+t

4.40+.77
2369+414
1.62+.17

198+17.

'3.25+.89

58+7.2

1.11+.27 .

»
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TABLE 5:5:2, Post-ther&py charateristics of diuretic
monjotherapy

sv

‘.
4

groups,

Poly
Therapy
3 -

1.97+. 04

133%9.4

88+1.4%

77i2.8

5.40+. 31

2V9éf,§é# 3.53+.24

1.36+.25
3.87+.27
‘9g+11-

7.80+1.1

63+2.5

1.26+.074#

both

3

194

and

o

BETA-BLOCKER 'GROUP

Mone

i
Therdpy 4
\ "

3
2.00+.10

136+1.24%

#1.7,
8+5:1

5.47+.41

3.10+.06

1,57+ 30+

*3.37+.79

110+23.

7.19+.99

2794200

T 2.37+.46

260+48.
3.14+.15
7343.5

T.46+.97

level mono- vs poly-thexapy.

level diuretic vs beta-blocker treatment group.

beta-blocker subject’ |
pglytherapy. ‘
. DIURETIC GROUP
i . » Mono
Therapy
Number 9
I8 cam %1.95+.06
g m . 95+,
tPS% mmHg ) l3$i314?#
PD + mmHG ‘' , - 89+@.9###
HR  bts/min , 73+3.5
LVED cm ©4.84+.31
Ln\f:ES cm
IVS cm 1.99+.p4
LAD cm 3.80+.17
ml 78+979 -

FCO 1/min_ 5.69+.76
RTP dn.cm.s-5 18064+293
Cca %l/mmHg l.87i:23
VAE ml 202+25.
ELV mmHg/ml  4.75+1.1
EF% 79+3.7

. SCF circs/sec 1:46+.11
* significance
+ significance
# sidnificance
- p 2,.@5, -~ p < .

1ev3 pre—.versus post—-therapy.
b, ——~ p < .081.

Poly
Therapy

-3
2.01+.08

132+45.1

88+4.74

64+2 .6+

n

"5,23+.15

" 3.47+.28

”
1.13+.07

3.73+.29

8l+17.
5.12+.93

1764+251

2 » gsi. 74

223+83.
2.49+.57

60+8.8
1.13+.21

S

i
w

and .

l

a

3
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A Table 5:5:3.. Pi'.g'—tr}erapy Cer*e'lations between ,var’i'ous .
clinical, therapéutic and haemodynamic “parameters. (N=31$.
” ~ g . ’ N B 4 e ’ Iy o
w " AGE:  BSA PSP  VIG.THER
) . HR  bts/mi .4g3¥°
: ' LVED .mm L429% ., % . -
. ’ - oo L " aa
IVS mm e A ©434% L4B9*
.. . LAD /n . ' ’ .379%
R 5V -1 ., 422% .456%* ’(fﬂ
% "; &
’ ~ 'FCO L/min e —.46p%% * Feaghxx )
. R |
.. s RTP dynicm.s-5 L522%%  __G34wAk : L e
: 4 » * ' . R - :: ’ R
R CA * ml/mmHg —.507%%  U366% | o, g77%%x
_ VAE ml ~.533%% .394%, ' - 575%kx
% oo ) .
ELV mmHg/ml L426%
L. - :
“ . Table 5:5:4, Post—therapy correlations between various
’ , clinical, therapeutic ;and l}‘aé;modynarnic parametefs. (N=32).
AGE BSA PSP PD
|¢ I
] HR N . .)‘ . L4 &
- ' LVED . .478%%
Vs ‘. : _ .
» LAD ; . "t .338%
sV- e
¥ FCO .. - ' . .
N : ,
' RTP ) . -
: ca . . .364 . 417* :
o . VAE L .376% )
. ELV
Significance levels * p < .05, ** p < .gl, *** p < ,@pl.
‘, : ) ! S . .
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. athis thesis ha bee%,to ohtain' 2 simple 'procedure for the
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‘5.9 DISCUSSION CHAPTER -5 o .
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et

As expressed ig¢

»

P . 0 * ‘ LY

v .
“b‘n

recprded ‘ with , possible applipatioﬂ towards
ing between hypertensive patientogroups, and as
an afd in the prior selection of antihypertensive drug

.
<
s -

t . - LY

# - v

M . N D
o ¥ v ‘. : r: *
The data®above provide evidence that this objective has be®bn
E] e :

met, ' -and indeed p}e—therapy selection of appropriate

4 u -

medicaticon may indeed be possible, providing us with a more
rational approach \\td antihypertensive drug therapy

- -

(hypotHesis ® H2). ‘Table' 5:5:1 reveals a  subgroup “of

hypertensive subjects "with high cardiac output and normal

periéheral resistance, who responpd ‘to mono-pherapi with the

beta-blqcker thetoprolol. . . , ’ -

w
3

. LY

/?he data also provides evidence that hypertensives form a

heterogeneous mix of individuals with respect , to " their
haemodynamics (hypothesis H1). Published studies dindicating

heterogeneity of the haemodynamics of hypertension was
- ¢ ~ - \~/—'4\

reviewed in chapter , 27

-

. A ¢y
calculation ‘of haemodyqam1§ parameters from noninvasively ’

. . 106
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9

The measurement most <critical to the accuracy of our
procedure is that of ventricular chamber dimensions and the

- subsequent estimation of  ventricular volumes and stroke
]

volume,., However, the. procedure 1ig not restricted to the

measurement techniques used in the above studies. As

-

improved noninvasive measurement techniques occur (perhaps

from M~Mode to 2D echos), similar improvements will occur in

-

tHe sensitivity and accuracy of the procedure. .

v -
)

‘Echocardiology is today one the primary investigative tools

in cardiology, and the.echocardiogram has been shown to be

)

sufficienqkﬁf/precise and reliable for cardiovascular

assessment of the effects of drug therapy (162).

a
.

.
we

Mathematical relations for estimating arterial compliance,

based on the first order Windkessel model of the arterial

system, have ©previbusly been validated on normotensive and
4\’

‘hypertensive subjects (163).  However, the present procedure
L

(celiminates the need for catetherization, as is required in

A
N a

the referenced study. Catetherization‘remains however, the
‘standard .against which our ©procedure will have to be
compared. The 'tool' has been presented hére and’ its
cababilitie% shown. There remains however, the process of

establishing relationships between ,data obtained by our

procedure and that obtained by catheterization.

-
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Chapter 6 .

" . . i e
91

6.1 SIMULATION MODEL ’ v

-

1 P N

¢ In an attempt, to assess, theoretically,‘ the possible,

*
s

- cardiovascildr® -responses to. & given cardiovascular

- A

intervention, a simulation study was carried out, the hope

~ being that such a study may aid in delineating the

haemodynamic control aspects’ determining response and,

non-response of blood pressure to ,the intervention.

- 9
o

<

Two simulation studies were carried out. The first study, a

-

A simulation of shortterm (38 minutes) cardiovascular

-

> » N L3 =
dynamics, was carried, out ¢to deteTmine whether‘ thé:

(4 A

cardiovascular control systems included 1in the model,o

v

.(Figure 6:1:1), were sufficient to adequately simulate the

i ¢ élinically observed shortterm dynamics of various
T

cardiovascular interventions.

by R
In the second study, we looked at the possible longterm
cardiovascular responses to drug interventions with

" diuretics, vasodilators and beta-blockers. in this

a

simulation study, we examined the role adaptation plays in

non-response” to cafdiovascular drug, interventions, as

indicated by the heart rate adaptation to beat-blocker

therapy (Figure 5:5:1),
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is presented here

* .

involving the dynamics, and intergctions of the heart and¥the’

’ . L

cirbu{afion, and their regulation by the autonomic nervous

c
3

*system (baroreceptors and cardiopulmonary ~repep£or

mechanisms), autoregqgulation, and r nalpcoﬁtrql functions. .
b o 8

A -
© N - ,
1

Model responses to simulated ipkerventions help to delineate

various ' pogsible responses to therapeutic interventions in
a b :

‘

"
hypertensive patients. External interventions are provided
\ .

- , X

stresses Ye.g. simulated cargiac pacing). The -madel is

ty N 3 - . ° 3 :
intended to be used for predictive/diagnostic purposes, as

it permits. the study of. cardiovdsculdr responses to

[}

physielogical stresses and various hypotengﬁve, drug

3

interventions.

\ & . . -
The” - circulation is modelled on the basis of the Windkessel

’ ’
P Y

system. - - The model includes the arterial, capillary
(including the microcfréulatory interstitial fluid system),

and venous systems. The circuit is completed via the

.coupling of the central venoushpreséure with the cardiac.

. . o K
stroke output via the Frank-Starling mechanism. The kidneys

are also included for the output of renal fluid volume (Fig

6:1:1). . o . * .

-

through imposed drug input levels and imposed heart function .

Fi
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The govpﬁning‘equations of the model relate the cardiac,
circulétory, and. renal variables with the controlling
systems namély; the baforeceptors, caiéiopulmonany

Y

receptors, autoregulatory, and renal renin-angiotensin

systems, Other vasoactive substances will be incorporated

N
within these basic controls. For example, prostraglandin

mechanisms will be assumed to function through the

autoregulatory mechanism, while circulating catecholamines

" will be related to level of autonomic activity.

-

The control relationships are expressed in terms of certain

parameters of the controlled system model listed in the
nomenclature. The catrdiovascular controllers as represented
in the mdgel are expressed as mul?ipl}ers with normal valueg
of unity. Fgr example, the autonohic output due té arterial
baroreceﬁtors with mean arferiall pressure input, is
represented by the variabie ANSM for which; ‘
ANSM > 1 represents increased sympathetic output,
and ANSM < 1 represents decreased sympathetic or

¢
increased parasympathetic activity.

The two arms of the autonomic nervous system (sympathetic

£

and parasympathetic) are here represented as a single system

in the model. " This was done since the sympathetic and

parasympathetic activities with regards to arterial

baroreceptors act reciprocally (98), with algebraic

.
) | L
]
.
-1
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“ %
summation of their effects (98). However, due tao the

different .reflex properties for cardiopulmonary low pressure

o

receptors, this segment of the autonomic input , was kept'

separate from the arterial baroreceptor autonomic input,

hence its distinctive effects may be sepafately and clearly

®
n

_ represented. The. ' cardiopulmonary control function 1is

?

represented by the variBleIACPM for which,
%

. ACPM > 1 represents autonomic inhibitibn, while

%

ACPM < 1 represents autonomic stimulation.
- 1 ' : . P
(:‘\ P

The two other control functions ARLM and ATRM which responds

4

to the level of fluid volume load presented to the -kidneys.

and to the 1e¥e1 of peripheral blood flow, respectively, are

similarly conﬁtitutedl : .
! .
! a

5

Each control function affects several of ° the system

variables external to region of origin of the controller,.

.

except for the autoregulatory control -which is here defined

as 'local', affecting_only vascular arteriolar resistance,

repreSenting a resetting of the basic local resistance.

e

This mayube represented by the equation,

RAB = RAZ* (ar*ATRM + l-ar).

*

" The effect of central volume load on cardic function via the

-

Frank-Starling mechanism 1is - here represented by the
multiplier SVM with normal value 1, and its contribution to

/.
changes in stroke volume expressed as:

-

r”'ﬁ%
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SMB=SVZ* (av*SVM + l-av). . |

!

3

The total dffect on the variables of the system.due to the

contributions of the various controllers are represented by

the linear codpling of the controlling “variables, with
coupling constants representative of the relative magnitudes
of the various controller gains with respect to’ the variable

*

at hand.

P

e.qg.
RA = RAB*(ka*ACDM. + kb*ANSM + kc*ARLM + d)
lfo

where

3

ka + kb + kc + kd = 1. \

I
+*

In the control system presented so far, control is obtained

through the parameters of the systém; hence the system is

highly nonlinear, despite its reiatively simple conceptual

r

form. -

® *
- .

As mentioned previously, adaptation of the controllers to

3

the prevailing 1levels of the 'sensed' system variable is
§aramount to this systems analysis. Receptor systems tend to
adapt to the prevailing level of input with varying time
constants of adapta}ion. For example, éfteraal'(Ql) and
cardiopulmonary (164) baroreceptors adapt to the ‘level of

¢

arterial blood préssure. The adaptation of the arterial
v N 1

baroreceptoré may be expressed diagramatically as:

’



1
@aNs |- T ANSM
PA(t) jw + TANS o J ~ AQ( )
13 A *
e

. ‘ {
Figure 6:1:2. Baroreceptor-Autonomic function controller.
. ' s . | -

: A . B 1
‘

. -,
£ "

-

Herce we may write for controller adaptation,

P
e dPAQ/dt = TANS* (PA-PAQJ, . .
C .
and the central autonamic output as, 7

ANSM = 1.-GANS* (PA-PAQ). o

4 K

Similarly,iwe may write for the other controllers:

[

TARL* (FUO-FUQQ) “

dFuogQ/dt =
- dFCQ/dt = TATR* (FC-FCQ) .
t
e dPVQ/dt = TACP* (PY-PVQ) .
, and, . . ‘ \ L
. " ARLM = 1.-BAHL*(FUO~FUOQ) ‘

ATRM = 1,+GATR* (EC-FCQ)

Lo ACPL = 1.+GACP* (PV-PVQ). \ c T

» -

K
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Ks can readily be ééen from the diagram aboye,‘;he dynamics
: s

of the system is based on closed loop control. This provides

i

the system with .more rapid damping of perturbations and_
allows for the control of -equilibria which is reélatively
A Y Ya @

"findépendent of the operating accuracy of the’ ‘systems
o F L L.

components.,- -

- L
B . N '

A}

-

Therapettic interventions into' the system iS included for

.

the . primary effects of various drugs on system parameters. *
“w . For example, the effect of triple drug therapy on vascular
%, 0 ’ .
arterial resistance may be represented as:

~* ", ' RAX = RAZ*( da*XBLM + db*XHHM + dc*XVLM + dd )
where
» ; da + db + dc + dd .= 1. )
- The drug effects are represented as nmultipliers with normal
2 * LY

value 1. The adaptation of the system to the level of drug

input is also-'incorporated in the model. This adaptation may

be expressed in the following equations:
dXBLQ/dt = TXBL*(XBL-XBLQ)
dXHHQ/dt = TXHH* (XHH-XHHQ) ,
R dXVLQ/dt = TXVL*(XVL—XVLQ). |

o
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642 SIMULATION STUDY PBOUEDURES

> .
Shortterm simulatgpn J w ) .

This ftudy was ‘carried out in order to examine the ﬂ
haemgé?nah range of operation of the model, to test the

~

ability of the modei's control systems to simulate the
haemodynamic events of varioﬁs interventions, and to
'fine~tune’', the various parameters of the control szfteﬁs.v
A computer 1listing of the model equations 1is given in

Appendix 5. -

The model was Pested on the data o{ Shaver et -al. (148). ~
Data on five subjects from that study~w2;e selected (Table :
6:2:1). They were the squects whose protocol consisted ‘of
recordings made in the control'(pre-idfervention) state,

r

controlled right atrial pacing, methoxamine infusion with
continued right atrial‘ p;cing and continued methoxamine
infusion without pacing. nMethoxamine, a pressQQ aming’ %§>
predominantly  vasoconstrictive aqtivigy, but ‘lackiﬁg
significa;t inotropic effect, was administered intravenously
resulting in an average increase in n&an arterial pressure

of 27mmHg. Heart rate was held constant by high right atrial :

pacing.
I

Right atrial pacing was simulated in this study by setting

‘Ehe-heart rate (HR) to the- hﬁfrt rate level during the
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. pacing period as givén by the data i.e. HR=HRP. At the end
of the atrial pacing period (24 minutes), heart rate was
returned to the 'basic' levgl wifﬁ a slight time délay, as

. given by the equéﬁion, .

4

HRB = HRN + (HRP-HRN)*exp(l5%(1~T/20),
where HRN is thg pre—intervenﬁfon heart rate.

.

The coupling donstants, relating the relative effects of the
controllers on the system parémeters, were selected on a
AT physiological basis. Minor adjustments were made based on

our experience with the model. .

-

- o

» LY .

Heart rate and cardiac contractility respbnd positively to
increased sympathetic actiyity (168,165), and to increased

right atrial, filling . (189,166,167), contractile function
/ eihibiting min}mal response to atrial filling (167,168).
.

El

Weak positive inotropic and chronotropic responses . to

?nqiotensin have been demonstrated in' isolated cardiag

a
v

preparations (169). 1In vivo these effects are overridden by

, baroreceptor reflexes so that the hypertension -of

-

. angiotensin II infusion is accompanied-by bradycardia (169).

¥ [l

The reflex effects’' of the controllers on heart rate and

stroke volume have been represented ag follows:

[§

! A HR

1]

HRB* (@ .5*ANSM + @.05*ARLM + @.35*ACPM + #.1)

]

SV = SVB* (#.2*%ANSM + 0.05*ARLM + @.@5%ACPM + 6.7).

s
L

s
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Renal functioh .is known to be _decreased by increased
sympathetic stimulation (114). Stimulatibh of
cardiopulmonary receptors results in diuresis with
dgc;easing levels of antidiuretic hormone (182,167), and a
dgcreased renal resistance (187,189). .‘-Cardiopulmonary
reflexes have been found to exert an equivalent or even, a
slightly greater effect on the renal vasculature than éhe

arterial baroreceptor reflexes (187,189). The renal

3

circulation is also under autorggulatory control. One study
has indicated that as much as 36% of the increase in renal
artery £esistance due to the infusion of norepinephrine was
due to autéregulation (178). The renal circulation is also
affected by hegative feedback effects of the
renin—-angiotensin system (165). The reflex effects of the

controllers on renal function have been represented as

follows: < '
PDRB = PDRZ* (#.3*ATRM + 0.7)
g PDR = PDRB*(f.3*ANSM + O.3*ARLM - 0.6%ACPM -+ 1.0)
SL = SLB*(-0.2*ANSM - @.5*ARLM + §.3*ACPM + \.4).

~
-

Increased sympathetic efferent actiwity leads to peripheral
circulatory vésoconstriction (68,187,178), systemic arterial
resistance being the major area of response (68). Arterial
resistance is also under autoregulatory control. ‘However,

autoregulétory effects can sometimes be masked by the more

powerful baroreflexes (130¢,171). The vasodilatory effect of

! -

a
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w .

increased figh£ atrial préssure (187,189) can also be

L)
3

completely masked when the arterial baroreceptors are

maximally activated (199).

- N

e

Stimulation of the rehin—angioﬁgnsin system has been shown
to result in increased vascular resistance (169), whilé
blocking of -the system leads to decreased peripheral
resistance and gight_atrial'and pulmonary pressure (172),

9 »

with a more significant effect on the pulmonary venous than

s

on the pulmonary’arterial r istance (172). The effect of
the controllers on -~ the ii

eripheral circulation has been
represented as follows: .

CA = CAB*(-@.3*ANSM

g.3*AREM + 0.95%ACPM + 1.55)

CV = CVB*(-fg.2%ANSM B.3*%ARLM + §.05%ACPM + 1.45)

RAB = RAZ* (f.2%ATRM + 0.8) ~
RA = RAB*( @,3*ANSM + 0.5*ARLM ~ 0.05*ACPM + @.25)
RV = RVB*( @.2%ANSM + §.6*ARLM - @.@5*ACPM + 0.25)

Methoxamine infuSion was simulated by first setting the
vasodilator input 1level, in this case XVLI=-10 (negative
sign indicating vasoconstriction). This drug infusion began
after ten minutes of high right atrial pacing. The active
drug level was caléulated, with appropiate time delay for

drug accumulation, by the relation:

‘I

XVL = XVLI*(l-exp(l@*(1-T/18))).

The' drug effect XVLM was then calculated as:

&

-

h
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' ~

XVLM = 1 + GXVL#* (XVL-XVLQ),

[y

where initially XVLQ=@, and

dXVLQ/dt = TXVL*(XVL—XVLQ)

. -

In this 51mu1atlon drug ellmlnatlon was incorporated-in the

adaptlve process via the time constant of drug adapta;ion

TXVL, and XVLM was restricted to the range (g,3).

The cardiovascular ef;;:ZD*“bf\\methoxamlne infusion was -

restricted to the resistance and compllance components of

the circulastion, namely:
- s

CAB = CAX*(8,25%XVLM + 0.75) .

a

. " CVB = CVX*(g. 25*XVLM + 8.75)

PDRZ = PDRX*(-0. 25*XVLM + 1. 25)

RAZ = RAX*(-0.75*XVLM + 1.75) .

RVB RVX* (-0, 25*XVLM + 1.25).

-

«

S&mu;pfion was cargied out using the FORSIM simulation
pack;ge (193,174), with flxed simulation time steps being
the onl¥#§ption'approgriate for our pugﬁoses. For economy of
computer time, the Eulgr method was used for solving the
differntial equations. The Euler method was compared to the
Runge—Kutta‘$ethod, and no loss of accuracy was encountered.
The FORSIM selected time Lste‘b for™ simulation was ~@.681
minutesg. Output was generated_ every 580 iterations i.e.
every #.5 minutes, and comparison with the data made every,

18 minutes. o

e

"
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Initially, the FORSIM optimization option was used for
modifying the time constant and gain ' parameters in.the
model , in order to obtaino better correspondence with the

data. However, this 'procedure was later abandoned due. to
. )
lack of sufficient data for meaningful optimization. Five

variables at three intervention stages gave only 15 data

points for optimization usage. . .

e
l‘-;;. . \
< - =

Since controller outputs are determined by the state

¢

parameters, and in turn affect the state parameters, we ‘have

relationships: of the form x=£(y}, y=g(x). ese algebraic’

3
-

relations were solved iteratively using the FORSIM supplied

‘
N

subroutine . IMPL.

)

Table 6:2:1. Clinical data on 5 subjects from data of Shaver

’

et al., used in simulation studies’
™

Subject EW TH GB MB RH
BSA sg m 2.080 2.48 -7 2.41 1.860 1.74
AGE years 17 20 24 18 29

(Data from Shaver et al. J Clin Invest 1967).

. 3 -

A~

o
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-

Longterm simulation -

In simulét{ng the longterm model of the circulation, several
changes _were made to the original shortterm simulation
mggel. However, no cganges were made to the coupling
constants or controller gains. Considering the,requirement
fog simulation over a time period of up to one year, effortsé
were made to increase the time step of each iteration of the

model. Considering the equation ¢ "&YAE/dt=FCO-FC, with

L Ay .

VAE=25¢ ml and FCO=FC=5¢9# ml/minute, 1% increase in FCO
(5058 ml/min) due to increased cardiac function say, will
require a _cautious selection of the appropriate time step,

~

as indicated below:

. Time Step(min) VAE (m1) $  VAE

. 081 g5 .02
) ol .5 2
.85 2.5 1.4
.1 . 5.8~ 3.0
To1.8 50.6 20.0
u : 10.9 500.0 200.0
T 196.p , 5000.0 . 2009.0

possible unrealistic results.
For the longterm simulation, we therefore elimigated the
systemic arterial bed as a separate component of the

simulation model. Arterial préssure was then calculated from

’

yhr

Hence a time step greater than ©.05 minutes would give

)
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the steady state pressure/flow relation, PA=FCO*RTP, with
capillary blood flow equal to cardiac output i.e. FC‘FCO

»

” » » - -
The system was considered to move from one guasi-steady

state to another from time step to time step, since under

conditions of stable functioning of-the control systems, the

\
1

Y

cardiovascular system 'can be considered stationary over

short periods of time, 5 to 15 minutes (175).

]

s
Drug input ports for beta-adrenergic blogkers, diuretics and

vasodilators were included in the modéi. Drug input levels
were set eyg. XBLI=XHHI=XVLI=5.0. Ac}&ve drug levels were
reﬁrésented by sinuSOids, with m%Fimgn values at mid-intake
periods, and encorporating-an inital time - delay for drug
accumulation. - This can be representeéd by the equation:
XBL= XBLI*(l + ABS(Sln(KXBL*TANG)))*(l/(l + Exp(- T/lZﬁ))— 5)
where TANS=[1*T/1444, and KXBL is the number of times per day
the beta-adrenergic blocker is to be taken. Most of the
simulation runs, however, were carried out with the
circulating drug rising ‘to a constant level XBLI, with a
time constant of two hours.
The drug effect Qgrameter was then calculated as: *

XBLM = 1 + GXBL*(XBL-XBLQ)
where initially XBLO=f# and AXBLQ/dt=TXBL (XBL-XBLQ). TXBL is
the time constant éf cardiovascular adaptation to the active

beta-adrenergic blocking drug level.

3

\



" affecting cardi§§~ function and the:operétiﬁg gain of the -

N .
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Similarly, we may write for the other drugs: R ‘ .
XHH = XHHI* (1 + ABS(Sin(KXHH*TAyG)))*ZDL%’;'
XVL = XVLI*(1 + ABS«Sin (KXVL*TANG)))*ZDLY '

L

]
-

where , 4DLY 1/(1 + Exp(-T/120))- B8.5;

XHHM = 1 + GXHH*(XHH-XHHQ), _ = .~

\ IS

v b i L

and - XVLM = 1 +u§XVﬁ*(XVL—XVﬂQ).

Ls
° )

The effect of the dfugs‘%srg represented as follows:
beta-adrenergic (beta-1l) plockers'e.g. metoprolol,’
HRB = HRX¥(-0.25*XBLM + 1.25)

SVZ = SVX*(-0.25%XBLM + 1.25)

Sy -

* GARLZ = GARL*(-@.25%XBLM + 1.25)

*

J - “\-
rgnal system function (176,177); beta-adrenergic receptor % '

*

mediated sympathetic activity beind one of the factors
\, Ky

Y
controlling renin secretion (114).

L4 - \
diuretics e.g, hydrodiuril, ' .

SLB = SLX*(@.5*XHHM + £.5) ¥
producing diuresis only (178,179);.
vasodilators e.g. hyd}alazine,

. L3
CVB = CVX*(@.@5*XVLM + @§.95)

PDRZ = PDRX*(-@.25*XVLM + 1.25). .

]

RAZ = RAX*(-@.5%XVLM + 1.5) L

RVB

va*(—ﬁ.iﬁfXVLM + 1.18)

affecting systemic and renal arteripl resistive propértieg,

with minimal effects on venous properties ¢18#). . E

&

%
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1

Theu relative effects of different beta-blockers, diuretics,
or vasodilators may be specified ‘from knowledge of their

cardiovascular properties, e.g. the vasodilator effects of

-

nitroglycerine infusion would be represented with a greater
g P : :
effect on venous resistance and compliance properties (188).

The system was simulated using the Euler method for sélving
the differential equations. A time step of 18 minutes was

found to be most economical in computer time without loss of

Y

accuracy.
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6.3 RESULTS CHAPTER 6

, w

Shortterm simulation

The results of our shortterm simulation (Table 6:3:1),
indicate that our mod€l contains the requisite controls to
account for the haemodynamic effects of various

cardiovascular interventions. The pattern of changes

occuring under clinical conditions are clearly represented

in our simulation results. Excellent correlations are
\QBbtained between the clinical data'aﬁd simulated values of
the various cardiovascular parameters, ranging from a
correlation’ coefficient Sf @.772 for compliance, to 0.949
for‘the resistance parameter. The arterial pressure, stroke

volume and cardiac output were simulated within a 5% maximun

error of the clinical datta values, for each of the

cardiovascular interventions. Other parameters simulated

were within 7% of .their «clinical data value, for each

.

intervention. .

The c¢linical effects of intervention on mean arterial
pressure c¢hanges were followed ciosely by the simulation,
ané the post pacing decrease in heart rate was accurately
reprgsented. The constancy of stroke volume and cardiac
output under conditions of increasing blood pressure by
methoxamine infusion, with reflex bradycardia blocked by

right atrial pacing, was clearly represented in the

simulation results.
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The simulation resllts indicated »a- slight degree of

vasodilation with the initial intervention of atrial pacing,

while the clinical datd indicated some vasoconstriction.

* " . r “ ) *
. . C . e . b

This vasoconstriction could . be indicative of

psychological/emotional effects, which afé not accounted for
in the model. However, both clinical data and simulation

show a degree of vasoconstriction when right atrial pacing

was stopped. ’ . )

R N . 3 3

. .
v 1] t "
N

*
» © -

The data for all 5 ‘subject and for all intervention‘ states .

were pooled, and regression equation equation for the
i %

- [
- ! \ ’ »
simulated values on clinical data values,‘fg& each of the

haemodynamic parameters. The slope of egression lines

»

v

*» . N v

. . e 37 'xt
varied from 6.80 to 1.87 (Table G:B:I g . > 3

.
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1

fable 6:3:1. Comparison of simulation (S) and data (M)
values for simulation study of 5 subjects.

CONTROL CONTROL METHOX. METHOX. REGRESS.
STATE PACING PACING NO PACE CORREL,

PA (M) 96+2.8 116%2.8  104+3.3  -5.2,1.87
mmHg ,90+3.4

PA(S) 92+3.3 122+45.2  18743.6 .82¢

R (M) 80+6.8 * ~ 80+6.0 66+45.7 ° 3.9,0.95
/min 74+45.5 -

HR (S) 80+6.0 8zi6.3l 61+4.4 .987
SV (M) 196+13. 19+14. ° 117+10. 15.6,0.88
ml . 114+11. )

SV(S) . 1p9+11. 109+12.  128+12. . 930

FCO (M) © 8.5+1.1 8.7+1.3  7.1+1.9 1.2,8.87
L/min  8.4+1.1

FCO(S) 8.7+1.1 8.7+1.1  7.4+1.¢ . 955

RTP (M) . . 955+194  1148+139 1278+180 , 188,0.80

d.cm.s-5 994+92, ) .

RTP{(S) o 893+89.  1165+116 1206+124 . 949

CA (M) ©1.76+6.17 1.6240.2 1.67+0.15  .34,6.81
ml/mmHg 1.84+.17 -

CA(S) . 1.8748.13 1.65+p.2 1.60+0.16 L772

VAE (M) © 169+16. 186+20.  173+12. 3.2,1.01
ml 168+20.

'VAE (8) ) 174+21. 203425+ 174+21. .781
METHOX., study during methoxamine infusion;

b
REGRESS., regression coefficients; CORREL., correlation

coefficients; héemodynamic‘valuesuare expressed,K as MEAN+SEM.
(M) (S8) measured/calculated, simulated values respectively. -

LY

o . 1 % b b
.

s
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Longterm simulation,

The results of the longterm simulatfion ihypertensive

drug therapy (Table 6:3:2), show h ynamf! patterns which

have beeh obtained from various clinical studies. .

"
t .

Beta—-adrenergic blockage S~

.

The ‘'simulation results show that the initial fall in blood

pressure was associated with decreased heart rate and

cardiac output (176,181), There was also a slight early

increase in stroke volume and total peripheral resistance
(181). There was a slight delay in the initial £all in

blood pressure, due to reflex vasoconstriction (181,182);

[
5

v * a
the haemodynamic effect of therapy being greatest after
aboué’ one week (182). After one month of therapy,
resistance and stroke volume returned towards normal, with

decreased blood pressure maintained - by decreased cardiac

. output (176,181). The pressure drop across the renal artery

decreased - (from 68 to 52 mmHg in the simulation), 'with an

¢

insignificant decrease in urine low rate (17}). Blood

v

- /
volume and interstitial fluid volume increased - after a

slight initial decrease (12,177). After 1 year of therapy
the same haemodyﬁamic pattern was observed, albeit with less
signifiéant changes, except for maintained fluid retention

in the intravascular system.
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Diuretics -
» : »

¥ >
Decreased blood pressure occured slowly after diuretic .

therap§ (74). After 3 d%ys of therapy the decrease in blood

pressure was assoclated with decreased stroke volume,

L]

cardiac output, blood volume and interstitial fluid volume.

However, there was an initial reflex increase in heart rate ”
and peripheral resistance (74,179). After 1 month of therapy .

the “haemodynamic effects were more signi}icant, éxcept for

heart ate which " had falien slightly, and rperipherali

4
resistance which returned towards normal. This haemodynamic
* :

4

pattern was maintained after 1 year-of therapy, though with

v

less significant changés (74,179), except for a decreasing

e -

intravascular fluid volume. . ,

Vasodilatd¥§

%

Vasodilator {herapy was associated with 'an initial rapid
decrease in blood pressure due to .décreased peripheral
. >
resistance, with reflex tachycardia, increased stroke

*

volume, cardiac ouput, blood and interstitial fluid volumes

LY

(18¢,183). This haemodynamic pqﬁt%rn persisted throughout
therapy, though heart rate decreased towards the pre~therapy

state, and intravascular fluid volume continuwed to increase.

[ ke ‘4
» - -

+

The effects on cardioiascular . adaptation on _ the
effectiveness of antihypertensive drug therapy was studied -

a *

via simulation runs with and without cardiovaséular

[y
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* regulator and drug adaptations -(Tables 6:3:2-6:3:5}. The
' i

results of >these simulations indicate that drug adaptation
may play & more critical rol'e than the adaptatfaq of

4

cardiovascular regulators in“patignts who fail to rgsﬁond to

P o :
antihyper tensive drug therapy. N .
N ° 14 * »

- . foa
* #
!

[

-

' . . .
For the, drug therapies simulatéd, blood pressure was
controlled jn all §tudies with adaptatipn of Cﬁrdigvascular
regulahors. but without drug adaptations (Table 6:3:2). Some

control was also obtained even in the absense of
cardiovascular  regulator - adaptations (Table 6:3:3).
I3 4 - -

HoweVer, no longterm blood pressure control was obtained in

3

-

= *

the presence of drug adapEatiohs (Tables 6:3:4-6:3:5). °*.

v °

. ¥

*It should be noted that in thege simulations, cardiovascular

of two ‘hours, and was maintained at-this level. However, in
more ~ practical situations, the ‘average circulatory drug

level may incréase.with continuing therapy over a petiod of

several days. Hence, maximum cardiovascular effects may not

be.observed during the first weeks of therapy.

-

For studies carried out with wvarying cardiovascular drug

levels, e.g.,

N 8 +

XBL;XBLI*(I + ABS (SIN (KXBL*TANG)))/2, A
I : : '

drug 1input increased to its‘peak level with a time constant
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. diuretics showed the minimun daily variation in haemodynamic

~ 3

variables; vasodilators showed

> o
variables. . .
#
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Table 6:3:2. Simulation of cardiovascular effects

anti-hypertensive drug  therapy: With adaptation
cardiovascular controls but without drug adaptation.
N BETA-BLOCKER THERAPY
PA RTP * HR 5V FCO VVE

.Pre-Therapy 126 2015 609 83 4995 1181

1 Day 114 2086 52 82 4255  141¢
7 Dpays ~ 112 1992, 49 88 4322 1608
3¢ Days 112 1992 4% 88 4389 1668
gs Days 112 1992 49 87 4276 1819
188 Days 112 1992 0 86 . 422p 2043
368 Days 113 1992 49 85 4133 2464

DIURETIC THERAPY

Pre-Therapy 126 2015 60 83 @995\\\ 1181
1  Day 118 2864 62 74 4599 1839
7 -Days = 109 = 2040 59 727 4263 1836
36 Days 108 2024 58 73 4257 1934
9g *Days 108 2024 58 73 427¢ 988
180 Days 108 2024 58 73 4284 920
360 Dazi- 197 2024 58  “74 4317 789

VASODILATOR THERAPY
Pre-Therapy 126 2015 60 83 4995 1181
1 Day 161 1312 78 89 6281 1151
74 Days 141 1176 64 169 6991 1572
39 Days 182 1168 64 169 7069 1627
96 Days ©y 182 1168 64 189 6966 1748
180 Days 182 1168 64 18 6889 1925

368 Days 183 1168 64 ige 6759 2261

133°
of
of
VIF
3543
35¢9
3583
3637
3771
3967

4349

3543

3286

.3686

3064
3623

2961

2844

3543
4869
4416
4472
4566
4704

4967 ¥
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Table 6:3:3. Simulation of cardiovascular effects of
anti-hypertensive drug therapy: Without cardiovascular
controls or drug adaptations.
BETA-BLOCKER THERAPY
PA RTP HR 3V FCO VVE VIF
Pre-therapy 126 2015 60 83 4995 1181 3543
1 Day 116 2104 53 82 4319 1366 3536 -
7 Dpays ‘119 2872 52 86 4471 1455  3642°
33 Days‘ 119 2972 52 86 4472 1455 3643
99 Days 119 2072 52 86 4472 ° 1455 3643,
18¢ Days 119 2072 52 86 4472 1455 3643
360 Days 119 272 52 86 4472 1455 3643
DIURETIC THERAPY I

Pre-therapy 126 2015 © 60 83 4995 1181 3543

-

1 . Day 126 © 2080 63 74 4618 1815 3299
7  Days 116 2136, 64 68 4373 92¢ 3161
39 Days 116 2136 64 68 4373 928 3161
99 Days 116 2136 64 68 4373 *\ 920 3161
186 Days flﬁ 2136 64 68 4373 926 3161,
360 Days 116 2136 64 -.68 4373 920 3161

VASODILATOR THERAPY.
Pre-therapy 126 2015 69 . 83 4995 1181 3543
1 Day 1867 * 1368 74 87 6465 - 1063 4159

7° Days 115 1296 70 194 7292// 1353 4598
38 Days 115 1288 70 194 7314 1361  .4689

" 115 1288 76 194 7314 1361 ~ 4669

4

9¢ " Days
180 Days | 115 1288 76 184 7314 1361 . 4689

.360 Days 115° 1288 70 194 7314 1361 4609
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Table 6:3:4. Simulation of cardiovascular effects of
anti-hypertensive drug therapy: With cardiovascular controls
and drug adaptations. ‘ ‘
BETA-~-BLOCKER | THERAPY
PA RTP HR S FCO VVE VIF

Pre-therapy 126 2015 680 8% " 4995 1181 3543
1 Day 114 2080 52 83 4256 1489 3509
7 Days 112 1992 58 88’ 4364 1579 3583
3¢ Days 115 1992 51 87 4465 1565 3622

¥ 54 86 4645 1538 3694

99 ’Days 119 . 24049
188 Days 123 ééﬁ§' 57 84 4784 1565 3753
368 Days IéS 2016 59 =~ 83 4888 1481 3799

‘ DIURETIC THERAPY n v
Pre-therapy 126 2015 60 83 4995 1181 3543
1 Day 119 2064 62 74 ~4gﬂ% 1931 3287
7 Days 1¢9 2032 °© 59 73 #% 4283 1941 3999
.. 38 Days 119 2024 58 74 - 4355 1955 3127
99 Days 115 2016 59 7. 4544 . 151 3209
186 Days 119 2016 59 8¢ 4748 1950 Béﬂ}
:36% Days 124 2916 60 83 ‘4942 1856 3394

VASODILATOR™ THERAPY

-
7

Pre-therapy 126 2015 68  83’, 4995 1181 3543
1 Day 191 1367 706 98 6297 1169 4877
7 Days 13 1218 64 1¢8 ° 6588 1556 4359
36" Days 107 1331 63 -is2 6451 1523 4220
99 Days :114 1571 62 94, 5778 1464 3991
180 Days 126 -+ 1783 61 88 5331 1424 3846

' 360 Days . 124 = 1952 68 84  5@38 1393 3751



Table

; 6:3:5.
anti-hypertensive

drug

Simulation of cardiovascilar

therapy: Without

effects of

adaptation of

cardiovascular controls but with drug adaptation.
BETA-BLOCKER THERAPY

Pre~therapy

1

“7
30
90
180

360

Pre-therapy

1

7
30
9
180

360

Pre-therapy

1

7
30
90
189

368

Day

Days

Days

Days
Days

Days

Day
Dhays
Days

Days

Days

Days

Day
Days
ays
Days
Dayé

Days

PA

126

117

119
121
123
124

125

126
120
117
118
124
123

125

126
187
116
118
121

123

RTP
2015
2104
2072
2056
2048
2032
2016
2015
2080
2128
2120
2088
2056

2024

HR

60

53

53

54

56

58

59
DIURETIC

60

63

64

63

62

61

62

SV FCO
83 4995
82 4324
86 4586
85 4594
85 4748
84 4872
84 4962
THERAPY

83 4995
74 4620
69 4391
76 4461
74 4612
78 4775
82 4931

VASODILATOR THERAPY

éQlS
1368
1328
14490
1648

1824

1968

60
74
70
568
65"
62
61

83
87
102
98
91

'87

84

4995
6395
7136
6660
5917
5423
5103

VVE

1181
1364
144p
1394
1311
1245

1198

1181
1¢61
927
954
1916
1685

1152

1181

1966
1348
1314
1253
1214

1189

136

"VIF

3543
3537
3640
3622
3596
3566

3549

3543
3300
3173
3215

3349

3409

3504

3543

4154

4524
4302

3958
3733

3591
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LEGEND | Figures 6:3:1-6:3:3"
+ . N4

Simulation of cardiovascular effects

‘of antiflyperténsive drug therapy:

C) with adaptation of cardiovAscular
controls but without drug adaptation.
" without cardiovascular controls or
. drug adaptatiohs.

with cardiovascular controls and

drug adaptations.

-t
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6.4 DISCUSSION CHAPTER 6 \

1 N *
.

. T

®

As stated in the introduction, the second of our two

. . . N
objectives was to simulate the haemodynamics
circulation in an effort to provide assistance
understanding of the interrelationships of the

. 14

cardiovascuilar /. control systems. The . simulation
-

141

major

of the

in the

various

of the,

dynamics of shortterm intervention shows that the\ﬁgdel has

met this objective.

A -

)

The accuracy of the simulation results depended on

factors which will be outlined here. First, the reflex

several

effects of the various controllers (baroreceptors,

cardiopulmonary receptors, autoregulation and renal control

function) on the various system parameters was specified on

»

the basis of literature studies (chapter 3). Estimates of

the sign and magnitude of the various coupling

constants

were based on this literature review of the physiology. The

accuracy of the simulation relates  to the reliability of

-

this - transformation of clinical and experimentally

phenomena into numbers (section 6:2)"

4

observed

Secondly, for comparison with the cl}nicai data, a

simulation real time of ten minutes was used for each

inﬁ%rvention stage, though this was not > explicitely

specified in the clinical study (148). A time period of at

[y
¢
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least 5 minutes was stated in the study <for the initial
intervention of high 1right atrial pacing, and othet
measurement after intervention when the system reached

steady.state.

'
Thirdly, the haemodynamic effects of psycholegical or
emqtional disturbanees, due to the intérventionﬁ, would vary
from person to person andé are ng} accounted %or_ in the
model.  Also the accuracy of the simulation.results depends
heavily on the accuracy o} the initial pre-intervention
data, as this error will be propagated in the simulation

results when comparison Iis made with the clinical

measurements.

Despite these possible sources of error, the simulation
model presented has shown itself to be a capable representer
of cardiovascular dynamics and its control systems.

-
v

As part o’caur second major objective, we were interested in
the use of the simulation model to stud§ possible responses
to therapeutic interventions. Thé model: has shown itself
capable of meeting this queq;ive, as the various
cardiovascular reflex effects of drug intervention have been
demonstrated jin  the simulations. These include the

tachycardia and fluid retention of vasodilator therapy

(189,183); resistance pattern of beta-blocker therapy (181);

.
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and the heart rate, resistance reflex changes of diuretic

‘

therapy (74).

The modelling approach to hypertensive study has been shown
here to be capable of providing answers to some questions

relating to the haemodynamics of hypertension. However, the
. . -»
"full extent of this capability can only be exploited

.

elsewherse. . - . «

s

We have attempted to examine qhe'role of adaptation in the

cardiovascular response to drug therapy (from hypcthesis
‘. f .
H3). Cardiovascular adaptation to the effects *of

beta-hlodkihg drugs has been {>ndicated (184). l Our

%imuléfibn indicates that this drhg adaptatibn hay be a ;ost

signifiéant factor in éhe non—responé%! to antihypertensive

therapy. ée may spéculate Rhaﬁcdiffexences ip’response t

therapy in different gene&ic, groups m;y 'hhe “due  to

differences 1in genetic factors controling this ad?ptaéio .
vy . Lo

-

Finally, the use of this model as a teaching aid in the

cardiovascular laboratory 1is anothet possibility to be

3 T

exploited. The effects of, various drug and  non-drug
' )
interventiohs could be studied with relative ease, subject

only to the constraint of camputer central processing time.
$ : .

¥
' i

b - "
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Chapter 7 - ‘ i e
7.1 SUMMARY ey

Given the demonstrated capabilities of our “‘modglling

approach to the study of hypertension, we may here speculate
on- the future directions of our procedure.
4

Y M N .

a
. "

N . s B

Each submodel of the cardiovascular models may be impfoyfd
4 oo *
with -the increasing information  on, cardiovascular
" ~e ; ot «

physiology. We: have used the Windkessel approach for its’

?

9 T .

simplicity; but more complex and detailed ,models of the?

'

haemodynamics may bé‘.applied in order, to give a better

repredentation EE the mechanical response of' the walls of

-

the arteries to the .stresses of maintained elevations of -

f
+ ° [ «

blood pressure. N

u
N

«

Our study procedure can also be .improved with the expansion

of echocardiographic technology, leading to improvgd

S

acguracy in the measurement of cardiac chamber dimensions.
s \‘ v L

The automation of echocardiographic measurements makes

»

geasible a larger number of simple measurementé,‘ and an-
improvement in sample accuracy. It also allows for the
complete automation of the . procedure for estimating

.

cardiovascular parameters. R

v
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With respect to the modelling of the adaptation process,
incre;sing * knowledge on  the physiology of  receptor
mechanisms make; for the expansion of this area of the model
to incorporate this information. _ Further aspects of gke
adapative process that may be assessed *inc%ude: ~ the
ordanization of the cardiovascular ;ontrol sysééms'(open
versug closed loops); the possfbdlitx of opening and gl&sing
cardiovasqular cohtrol loops via drug therapy, and ~ the
resultant effects on blood pressure stabi%ity; and td test
the hypothesis that aptihypertensivg therapy should be
directed towards the:elimination (equivalent to the surgical

«

removal of renal sympathetics) or_reclosure. of open blood
» L4

pressure control loops. The theoretical investigation- of
w0 4 5

i

such questions may serve as guides in the future desigh of
antihypertensive drugs and in the selection of therapy

schemes.

The wide variations in the time constants of the

cardiovascular processes (from rapid blood flows.into small

-

arterial spaces to very slow overall volume changes), leads
to a system of stiff differential equations. Solving sich
P

stiff systems of equations gequires relatively large amounts

4 ©

of computer time. Henq%, for greater effjiciency ‘in

-

simulating such systeﬁs alternate solution algorithms, or
¢

-

alternative modelling apbroaches are required. The

s

possibility of ,p%rallel computation will be an é?ded
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1) s &

“m
v

» B
advantage, not only with respect to this problem, but also
aid in réddcing; the time required in the solving the
iterativeﬂéystem of algebraic equations for the <effects of
. . . v o

the controller variables.

[N
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" APPENDIX 1

PA(t) |

PD

S FIGURE Al.l. Afterial Pressure Curve PA(t).

[

o
[§

The peak and trough of the arterial pressure curve PA(t)  are

equated , w1th the measured systolic (PSP) and dlastollc {PD)

blood pressures.

The arc ABC of Figure Al.1l is extended to F to complete the
sinusoidal ejection curve, with peak at B and half period

-

TS + TAU and AM = AF/2.
An empirical relation for TAU is given by:
{  Tau = k*TS*TD/(T*ANG)'
A ©
(where K is a regression constant) . .

Now, "ANG = IT*TS/ (TS+TAUY,

hence, for k=1 we *Have:
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W TAU = TS*TD*HR/(H*TD*HR{. .
Now,.  PA(t) = PD + (PSP-PD)*Sin([I*t/(TS+TAU)),
hénce, for t=TS we have:
Ps = PD + (PSP-PD)*Sin(AﬁG)._ //N\\
Taking an average pressure.over time period @,TS we have:

PSA = PD + (PSP-PD)*B .

where B = (l—Cos(ANé))/ANG, and hence B < @.725.

For the mean arterial pressure we have:

N <

PA

T IS TS+TD
1/2f pa(e) at = 1/7f PA(t) at + 1/7f PA(t) dt.
g 2 TS ’

S

TS/T*PSA + TD/T*PDA v

HR* ( TS*PSA + TD*PDA ), . '

where PDA is given by: ‘
PDA = (PS~PD)/Ln{(PS-PRA)/PD-PRA)) + PRA

i

as derived in Appendix 2.
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APPENDIX 2

BA(E

W(t) —>> . F(t)

ca

Heart (flow source) . % ] ’

-PRA- - : » .

4

FIGURE A2.1. Arterial Circulation Model. “
The above diagram gives a simple Windkessel representatiégfﬁ\\\\\

of the arterial circulation. The dynamig‘ flow egquation

may be expressed as:

dva(t) /dt = W(t) —~F(t).

’
’

Hence for the diastolic perjod we may write:

. dVA(t)/dt = ~-F(t) = —-( PA(t) - PRA/f/RTb ]
for TS < t < TS+TD. - )
Hence, .
C dpA(t) /dt = 1/CA*AQVA(t)/dt
= ~1/TRC*( PA(E) - RBA') .
where TRC = RTP*CA, ' )
Therefore, ' . | . '

PA(t) = ( PS - PRA )*Exp(-(t-TS)/TRC) "+ PRA.

Integrating PA(t) from TS to TS+TD we get:
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PDA = { PS ~ PD )*TRC/TD + PRA.
Substituting for t = TS+TD in the oriéinai equation we get:

PD °= ( PS - PRA )*Exp(-TD/TRC) + PRA , .

hence; )
\ N .
TRC = TD/Ln((PS-PRA)/(PD-PRA)) ,

y

and tPefefore,

PDA = { PS - PD )/Ln((psijA)A(PD—PRA)) + PRA.

»

+

!

From echocardiographic¢ data we obtain the left ventricular
volumes VLJ., VLVS and stroke volume SV(=VLVD-VLVS).
From these cardiac output:

FCO = HR*SV,

total peripheral resistance: . .
4/RTP = (PA-PRA)/FCO,
art;rial compliance;
CA = TRC/RTP,‘
arterial filling volume
" VAE = PA*CA, >
and an gstimate af left ventricular elastance T

- «ELV = PS/VLVS

are obtained.

Y
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APPENDIX 3

Given the equations for which the parameters are calculated,

their sensitivity to variations in the input data can be

° »

. FCO = SV*HR -
AFCO = OFCO/JSV * ASV + OFCO/3HR * AHR , ’
. hence N
AFCO/FCO = ASV/SV + AHR/HR. N

Similarly for PA = HR*( TS*PSM + TD¥PDM ) we have,
APA/PA = AHR/HR + TSZ’Tj‘(PSZ;/PA)*( ATS/TS + APSA/PSA)
+ TD/T*}PDA/PA)*(AATD/TD +-APDA/PD§).
Errors arise from two main sources:
(i) errors in the input data,

(ii) errors in the model relationships.
i

v
by

If errors in..the input data cause proportiénately larger
changes in the estimated parameters then there can be little,
confidence in the moéel's udiagnostic/predictive
capabilities. However, 1if the chénges are negligible, then
the sensitivity o% the model may not be suffiéient to

provide for the separation of various haemodynamic states.

In the abpve two examples, none of the above considerations

apply.



APPENDIX 4 - Excerpt from Manual of Operations .
EBuropean Canadian Hypertension Trial

- +

SCHEMATIC REPRESENTATION OF SUBJECT SELECTION ,

o

-STEP CRITERION FOR ADVANCING TO NEXT STEP -

L]

-

Enumeration Male, 40-64 years old _ -
+ Home Sereen Diastolic >99 mmHg ) .
- ‘ O
Cliqic Viﬁ?t I DBP”/DBP12
. >2 weeks
<'s20 .
Clinic VisiF 11 ) 400 f__DBP11 + DBP12 + DBP21 + DBPZZ'— 5
[} ,
. Trial Entry N6 history of: §

£ . myocérdial infarction, 'angina pectoris, stroke
- secondary or m;lignant hypertension )
\ :— malign;ht disease, cirrhosis‘of liver, alcoholism,
other serious diseases. '
No contraindication Fo treatment with betablockers

+

or diureties.
3.4 Iredtment
f V . \

Once a participant has been randomized, his medication has to follow , the
step care Plan of Figure 3.4. Each of the two treatment groups is started
with either the saluretic diuretic ‘or the Metoprolol., These base drugs will
be administered in one of two dosage levels and are to be distributed“rree of
charge to the participants by the Regional Centre. If the blood pressure can
not be lowered to below target level of 95 mm Hg by.either dose { or dose 2 of
the base drugs, combination treatment may be started in accordance with the
plan in Fiéure 3.4, Any of the additional drugs may on}f be prescribed by the
participant’s family physician and the participant has to obtain them from a
pharmacist bearing the costs himself.' - 4

If the bloocd pressure is still high after exhaustﬁiﬁ the step-care plan
of Figure 3.4, another drug (free choice) is to be added ~until pressure is
below 95 mmHg. Howeveg, the free choice drug may not be a B-blocker if the
participant is randomized into the diuretic group or vice versa. ) '

’

L]

>

ui&?g . R,
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FIGURE 3.4 - Treatment combinations which are invoked “in steps until the

" diastolic blood pressure is controlled below 95 mmHg.

B~BLOCKER GROUP DIURETICS GROUP
Step 1 Metoprolol 100 mg bid Hydrochlorothiazide 25 mg bid
Step 2 Metoprolol 200 mg bid Hydrochlorothiazide 50 mg bid

s ’ L]
Step 3 ﬁetoprolol 200 mg bid Hydrochlorothiazide 50 mg bid
wd
+ Hy%(élazine - 25 mg tid + Hydralazine 25 mg tid
Step 4 Metoprolol 200 mg bid Hydrochlorothiazide 50 mg bid
+ Hydralazine .50 mg'tid + Hydralazine . 50 mg'tid
fﬂ

Step 5 Metoprolol 200 mg.bid ~  Hydrochlorothiazide 50 mg bid
+ Hydralazine - 50 mg tid + Hydralazine 50 mg tid:
+ Spirgonolactone 25 mg tid + Spironoclactone 25 mg tid
Step 6 Metoprolol 200 mg bid Hydrochlorotﬁiazide 50 mg Sid
+ Hydralazine 50 mg tid + Hydralazine 50 mg tid
, + Spironolactone 50 mg tid + Spironolactone 50 mg tid

Patjents whose diastolic blood pressure is repeatedly above 110 mmHg, in
spite of treatment, are to be excluded from the study.

- Patients whose diastolic blood pressurg is repéatedly between 95 and 110,
despite, treatment, may remain in the trial if their physician considers
furthér reduction of the blood presshre not possible or desirable.

-

"3.41 Drug Titration : : 3

The individwalized ireatment plan is determined by step~eare approach
after the ﬁéndomlzatlon has been received from the Coordinating gentre and the

physical anmliatlon has not revealed any contralndications or exclusion

-
-

criteria., . ‘.

The appropriate drug of step 1 dosage is distributed to the participant
and an appointment ‘for BP determination is made for 2 to 3 weeks after start
of treatment. -If on the next visit the participant’s pressuré is sti1ll above
100 mnHg, the dosage is to be increased to step 2 and another 2 week

appointrent is made.
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L
If, however, the pressure is betwaenvgs and 100, no change in oqosage is

made, but instead another 2 week v151t is scheduled and the dosage is increased
to step 2 only if at that visit the pressure is still above target of 95 mmiig.
Patients whose blood pressure was controlled prior to enrolment with a single
gedication may not be titrated beyond step 2. If their BP can not be bgought
under ,control with step 2 medication, they have to be discontinued and
returned to! their original drug regimen,

L1

The titration visits should not be spaced closer than 2 weeks to allow
the medication to beccme fully active. Increase to the next step treatment
should only take place if the BP on titration v¥sit is above 100 mmHg or if BP

was betheen 95 and 100 on 2 consécutive visits.

3.42 Exception to Treatment Plan - '

i) If hypotensive symptoms occur at the first dosage level with the diuretic

-

or §-blocker, the dose may be halved.

113 If Dblood pressure can not be controlled by either step 1 or step 2.and
there is no significant diffeqence between step 1 and step 2 and the
participant complains about the large number of tablets prescribed, a
modification of step 3 can bg adopted combihing the dosage of step 1*
rather than step 2 with hydralazine.

iii) The lowest treatment step at which BP control (diastolic BP 95 mmHg) has
beern - achieved during titration is to be maintained throughout the trial

.

unless the participant complains about hypotensive symptoms.

v .
-
R '

iv) "If there is reasonable evidence that a participant 1is ‘not taking
medication as prescribed, a required step-up in treatment is delayed
until improved compliance has been achieved, (see Section 10, Compliance
Aids).

-

&

.

v) If contraindications to .one of the adjunet drugs exist, such as
hyperkalemia (K>S mEq/L) this prevents the use of Spironolactone. fThese
~Situations will be rare and difficult to prediet. No generally
applicable remedies are tﬁerefore listed here and it is left to the
judgement of‘bhe family physician what form of substibtution drug is wused

in each case.



s v 155

APPENDIX 5 »
w s
’ N
SUBRDUTINE UFDATE 73/730 OFT=0 TRACE FTN 4,8+577
. Loy . SUEROUTINE UFDATE

C THIS SUBROUTINE IS CALLED FROM “THE:FORSIM MAIN FROGRAM AND
C SIMULATES THE HAEMODYNAMICS EFFECTS OF CARDIAC FACING AND
€ OF VASDACTIVE ORUG INFUSION.
CARREFFE OFRRRRIEERKFRREARKFH KRR KR IR KRR K KRR KR KERHKKK KKK ¥ K
Cx SECTION 1 - STORAGE %
CHREFAREKEKRKHKKEYRKEKERIEKERK KR E RN KEEF R KKK KR K KRR KKERRKEKR KKK
COMMON/INTEGT/FCQrFUDRs FARYPUR» XVLA s VAE y VIF y VUE
' COMMON/BERIVT/FCAT»FUDQATyPART y FURT » XVLAT rVAET s VIF TP WUET
10 COMMON/RESERV/ Ty DTy DTOUT  EMAX » TF INy METHOL
COMMON/CNTROL/INOUT
COMMON/DATA/YD(20) 1 YO (20)
- CDMNDN/PES/TATR:TANS-ThCP:TARLrTXUL GATR r GANS » GACP » GARL s GASY
: ' COMMON/OF TVUAL/ACC s IMAX y Hr IFRINT y MAXFUN
15 i COMMON/OFTIM/OFT s FRNT r VAR
. COMMON/EFS/F(20)
LOGICAL OPTyFRNT
. REAL F2(20)
. [ATA LTQUT/10./ ’ .
20 . DATA EMAX/.00001/sTFIN/S0./sMETHOD/3/
DATA PI/3.1415927/7
CRFFFRKRKEIKE FRRKEKEFIHRKFEEF K E KRR N R R IE KKK K RRRFKIR KKk K
- Cx SECTION 2 ~ INITIALIZATION X
c*x*r*x**#***xx***xx****x*xx******x*xx***#*******x*xx***xxx*x
10 IF (INOUT +NE., —1) GO TO 15
C SET OPTIMIZATION FARAMETER TO TRUE
€ TURN OFF THE FRINTING FRODUCED EBY THE FINISH ROUTINE
OFT=,TRUE,
FRNT= .FALSE.
30 C SET PARAMETERS USEL EY THE "OPTIMIZER
H=.001
DMAX=5,
=,05 w»
MAXFUN=50
35 IFRINT=S
C INITIALIZE GAINS USED IN SIMULATION ¥ ¥¥¥R¥EkkkkkRERXXKKXKC
GATR=0,0001
" GANS=0.025
GALCF=0,1
A0 GARL=0.1
GNSY=0,3
GXVL=0,2
€ INITIALIZE CONTROLLER TIME consrnuqu**fx‘?*xz***xx*x**xxxr
. . TATR=0,0005
45 TANS=0,0005
TACF=0,000005
THRL=0, 000005
TXVL=0,01

h

=4

]
%4

N

C INITIALIZE VARIANCE AND' COUNTER USED IM OFTIM. STORAGE ¥k I
50 M=1 . ‘gﬁ' p
P VAR=0.0 .

cor C**#***#***********#Y*YY***#‘***?*?*#***************X********
C¥CALCULATE AND STORE DATA FJR OFTIMIZATION INTO ARRAY YI( )X
CHFF FF XK F J0r K FOKIORF K Solok A 508 0ok Kok osoolol ko ko ok kskokokoior opskokookokdokor ok

55 J=1 .
I0 5 I=1,3 .

READR (7s%) TSryHRSVFSFyFIyFRA )
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SURROUTINE UFDATE 73/730 DPT=0_TRQCE FTN 4.8+4577
CALL HﬁEUﬁL(TSrHR:SV;PSP:PB!PRArFCDrFA:RTPyCArUAE)
YO(J)=PA
é6Q Yo{J+1)=RTF . .
. YO (JF2T=CA
Yo{J+3)=HR
YD(JH4) =5V
9 J=J435
65 C ENI' DATA STORAGE Xkkkikkboibiokiookk kb dkkkikiorsiekikk
- FRINTXy (YD(I) ¢ I=1,15) ,
C READ FRE-INTERVENTION HAE YNAMIC DATA
READ (7»%) TSOsHRO»HRFOySVOrFSFOsFI0OsFRAD
' 15 IF (T «NEs 0.0) GO TD 20
. 70 IF ¢ INOUT .EQ. O +OR. IN .ER. 1) 60 TO 20
C. CHECK NON~NEGATIVITY OF OFTIMI SELECTED FARAMETER VALUES
C IF NEGATIVE ASSIGN LARGE FENALTY AND' RESTART OFTIMIZER
IF ¢ TXVL LT, 0. ) GO TO 17

' . IF ¢ TATR LT, 0. ) 60 TO 17
. v 75 IF ¢ TANS .LT. 0. ) GO TO 17
. IF ¢ TACP ,LT. 0. ) GO TO 17
s IF ¢ TARL LT, O, ) GD TO 17 * !
. IF, ( GXVL .LT. 0. ) GO TO 17
IF ¢ GATR .LT. 0. ) GO TO 17
80 IF ¢ GANS .LT. O, ) GO TO 17
' IF { GACF %LT. O, ) GO TD 17
. IF ¢ GARL .LT. 0. ) GO TO 17 | .
IF ¢ GASV ,LT. 0. ) GO TO 17 .
G0 TO 19 !
85 ' 17 [0 18 I=1i,15 N
; F(I)=F2(I)%2, ~ .
"18 GONTINUE .
INOUT=2
S G0 TO 300 .- ;
90 19 CONTINUE ’
C REASSIGN INITIAL VALUES FOR SUBSEQUENT OFTIMIZATION RUNS
: T5=T50 d
. HREHRO @ ,
HRFP=HRFO .-
95 5U=5V0 .
FSP=F8F0 .-
FO=FDO

CALL HAEVAL(TS:HRYSVsFPSFyPIy F‘Rﬁ! FCOsPASRTPyCASVAE)
O R T e
100 CXPRINT INITIAL DATA AND CALCULATED VALUES % -,
CE¥FPFFPEFFPPFEFFFPPFPPFFFFFFEFEFFFFFFEFFFFFFX
PRINTX» TSy TIyHR s SUYFCO .

N FRINTX»PSFyFD,FRASFA
. PRINTXrRTP:CA,VAE .
105 C REINITIAL;ZE VARIAINCE FOR OFTIMIZATION \ ;
) VAR=0,0
o C***#******K*?****************X***********X**X****#**X*******
. Ck ) SECTION 3 % -
' CxTHIS SECTION BEGINS THE SIMULATION OF THE DYNAMICS X
110 Cx OF THE CARDIDVASGULAR SYSTEM L 3

CRFW AR FONRIKEA KA RIS FARKIRIKIORFKIAKKF F KRR KA AAKK AR KRR Ak
ANSM=ATRM=ACFM=ARLM=8UM=1.0 Vs
: ANSN=ATRN=ACFN=ARLN=6UN=1.,0 .
CAB=CAX=CA -

41
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SUEROUTINE UFDATE 73/730 0OPT=0 TRACE K FTN 4,8+577

CIS=CA%100.
CUE=CUX&LU=CA%X100.,0
FC=FCQ=FVI=FCO
FIF=0.
FIN=FUOQ=FUO0=1,0 ' .

HRN=HRX=HR X . .

=500
Li=L2=L 3=L4=L5=0 ;
FAQ=PA ‘
PORR=FPURX=FIRZ=FDR=40,0
RFAC=25,0/FAXZFAC
RIF=0.18 <
RVL=RTPXRFAC . ’ -
. . RVR=RVL/3 .

- RVE=RVX=RV=RVL~RVR '
RAE=RAX=RAZ=RA=RTP-RVYL
FIF=FC={FPRA+FAXRVUL/RA) /(1. +RVL/RA) N
FUR=FV=FRA+(FC~PRAY XRVR/RUL
SLR=SLX=1,/{PA~-PDR)

. SVE=8VX=5Y \

! TCP=SECONI(CP)

- VIF=CIS¥PIF . N

VUE=FUXCY
XUL=0,0

0

XVL@a=0.0 . ' ’

XULM=1,0 .
€ METHOXAMINE INFUT LEVEL
XULI=~10,0
C END' IRUG INPUT :
20 IF ¢ INOUT .ER. O ) GO TO 50
IF ( INOUT .NE. 1 ) GO TO 300
" SRR § LTS BT oS PVt ——————
50 CONTINUE
CEXXXXXXXXXXXKRXXXXXKXXXXXXXXXXKXXXKXKKXX XK
CXCARDIAC FACING AND METHOXAMINE INFUSION %
CHXXXXXXXXEXXXXXKXXXXXXKKKXXXKXX XK KKK KKK XKXK XK
70 IF ¢ M JLT. 11) GO TO 80
XUL =XULT*(1,~EXF(10,0%(1,~T/10,)))
80 IF ¢ M (LT, 1&) GO TO 90
HRX=HRN+ CHRF~HRNY KEXF (15, % (1, =T/20.))
90 CONTINUE
C ENI' EXTERNAL INFUTS
¢ CARDIOVASCULAR EFFECTS OF CIRCULATING METHOXAMINE X¥¥%kXXI
XYLM=1+ FGXVLK (XYL ~XVULGA)Y
IF ¢ XULM ,LT, 0.0 ) XULM=0.0 )
CAB=CAXX (0, 25XXULM+H0, 75) '
CYB=CUX# (0, 25¥XVLM+0. 75)
PORZ =FIRX¥ (=0 . 25KXULM+1,258)
RAZ=RAXK (-0, B¥XULMFL o 8) : .

RUB=RVUXX (-0, 25kXVLM+1425) N
C ENIY CARLIIOVASCULAR EFFECTS .
CXNANNAAANAABAARAAAANAANANAAAAAARAAARAANAAANAAX i

CXTHIS SECTION BEGINS THE CONTROL ANALYSIS X
CEANAABAAAAAAAAAANANAAAAAAARAAAAAAAAAAANNAAK
100 CONTINUE
* © URINE QUTFUT FUNCTION **********##**3************X*?*****UD
PIRB=FIRZK (O« 3XKATRMT0.7)

]

o

*u

S
)
°

/8
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SURRDUTINE UFDATE 73/730 OFT=0 TRACE FTN 4.84577

awr

k. 3

e

FOR=FUREX (0, IXANSH 0, IXARLM -0+ SXACFMEL 0’
SL=SLXX (-0, *nnqﬁmo.dxARun+o.wxnuph+1 4)
FUO=(FPA--FIR ) ¥SL e
ENIY RENAL FUNCTION 4
CARDIAC FUNCTION xxt#xx*t*xa*x***x*x*x****x****x##**x#***cc
SUR=GUX¥ (0. 5XGUME0 . 5)
SU=SURK (0 2FANSHFO , OSFARLEHO » OSRACEH FO 7Y i :
HR=HRFP .
IF ¢ M JLT. 1& AND, M ,GT, 1) 60 TO t10
HR=HRXE €0+ SRANSHEO., os*aRLnfo.sq*ACFMro.i) ¢
110 FCO=HR¥SV .
ENDI' CARDIAC FUNCTION °
THE CIRCULATION ¥¥RkRKkkkkkRnkkkdorioorskoniokkkkiokkorkokkkxkxC
RAE=RAZ¥(0.20KATRM+0,B0)
", CA=CABX(-0.3¥ANSM-O,3KARLM+0.05¥ACFM+L.55), .
CU=CURK( -0 . 2XANSH~0 . TXARLM+0, OSXACFME1 . 45)
RASRARK (0 o SKANSMHO « SXARLM~0, 0SXACFME 0, 25)
RU=RVE% (0 . 2¥ANSM$0 . 6XARLM~0 , OTKACFM+0 + 25)
KTP=RA+RV+RVR .
FA=VAE/CA
FIF=VIF/CIS
FU=UVE/CV .
FRA=FA~-FCXRTF A
FU={FVIFAKRRV/RAFPIFRRV/RIF) /{1 .4RV/RA+RV/RIF)
FIF=(FC-FIF)/RIF
FC=(PA-FC) /RA Y .
FVI=FC-FIF
END CIRGULATION
KARORECEPTQR CONTROL kI kREREERRERKIRERRRKKIKF KKOKRKKY KRR B KK LR
JANSN=1 JFEANSK(FA~FAR)
ANSN=ALINM(ANSN,0,5:2.0)

ENDY BARORECEFTOR

CARDIOFULMONARY CONTROLXRKKEEKERKE RRKIH KKF KK KKKKKKA KKK KKKCF
ACFN=1, +GACF X (FU-FVUR) .
ACPN=ALIM(ACFENs0,5¢2.0) '

BUN=1 . +GASVX (FU-FVR) N
SUN=ALIM(SUN»O0.5y2.0) ~ ° '

ENIt. CARDIDFULMONARY .

AUTOREGULATION ¥XkkkEARREIKAFRFHHIRRRKF KRR K AKF R kKR KKK A
ATRN=1,+GATRX(FC-FCQ)

ATRN=ALIM(ATRN,0,.5,2.0)

END' AUTDREGULATORY CONTROL FUNCTION

LOCAL RENAL CONTROL KER¥ kKRRl KRIKEEXKRRAARN KL XXRRHFKAIKR
ARLN=1 , ~GARLZ%(FUD-FUOR)

ARLN=ALIM(ARLNr0.5,2.0}
END 'RENAL *CONTROL . °
IMPLICII FUNCTION CALLS ¥Xopksysxiaoriorkkkioiokiokkksookk ok IMPL
i=L1+1
CALL, IMPL( ATRMsATRNr1s1.0E-3 ) o RETURNS (100)
=L2+1 . * ‘\ .
CALLKIMPL( ARLMrARLNI2s1,0E-3 )+ RETURNS (100)
4. 3= 3+1 . . -
CALL IMFL( ACPMsACFNs3»1,0E-3 ) s RETURNS (100)
LA=l 4+1
CALL IMPL( ANSMsANSNs4r1,0E-3 )} y RETURNS (100} .

LS=L5+1
CALL IMPL( 8VMy» SUN»Sy1.0E=3 ) y 'RETURNS (100)

n

[

-~ Y
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SURROUT F UFTATE

Y . \'
73/730 0OFT=0 TRACE - FTN 4.8+4577

% C**#*t********#i***#***********************#**********8****PP

CXFRINJOUT OUT SIMULATION DATA AT 0.5 MINUTE INTERVALS ¥¥kkPP
c**x**xx****xx*x**xx***x**x*****xx***x**xx*x*x*x*mvx***x**xpp
IF ¢ J LT, 500 ) GD TO 150
FRINT (85125) T:Fath:SU:UAE:FCO:RTP:CA:FU:FUO:XUL
125 FORMAT(AX F7.254F 9 1+F10,2sF10.674F%.3) .
FRINTXy Tyvh,FunyLiyL sL3yL4s LGy TCP
FRINTXrFRAyFUyFCrCArRTF rHRy SV FCO .
FRINT k¢ * .
, JeLa=l 3= 4=].5=0 '
V150 CONTINUE
‘ NENES y
C******t*******#*#*******x**#**k*x*****##***********X*XX****X
Cx DYNAMIC EQUATIONS 3
LR RAEHF 00RO ORROOORORIRRRRR R, KKK KKK KKK
£ SIMULATION EQUATIONS @
FORT=RATRXFE~FC . N
FUDQT=TARL*(FUG—EU0Q) L . ]
FART=TANSX (FA-FAR) “« . .
v FUGT=TACFX(FVU-FUR) .° . . i
< XVLAT=TXVLX (XVUL~-XULQ) ﬂ
' VAET=FCO-FC . ‘ . ¥ "
VIFT=FIF %
. WET=FVI-FCO+FIN~FUO
C ENI. SYSTEMS ANALYBIS -
200 IF ¢ INOUT NE. 1 ) GD TO 300
IF ¢ T JEG. 0« F  GD TO 250 '
c*sssssssssssssssssagssssssssssssssqsssssss*

4

E¥STORE CALCULATEI® VALUES IN ARRAY YGC ) ¥ o
CXCALCULATE FENALTY \FUNCTION F(. ) UARIANCE X )
CASE5555555555555555555555856555555555585S5K s \
YC(M-5)=FaA .
F2UM-5)F{M=5)= YC(H S)/YI(M~5) =1, 0.
VAR=VARHF (M~5) k%2 . .

YC(H=4)=RTF . .
F2(M-4)=F (H>4)= YC(H 4)/¥D{H-4)-1. 0 .
VAR=VARHF (M-4) k%2 . ;
YC(M-3)=CA

F2(M-3)=F (H-3)= chn 3>/Yncn—i) -1,0

UAR"UGRFF(M~3)**°:O

YO (H~2) =HR 2 .

Fﬁ(n-n>_F<M—a>=Yc<n—a)/vncn-z>~1.o : 5

\ VAR=VARHF (M~2)%%24¢0 . s

YC(M-1)=58V '

FO(M-1y=F (-1 =YC(M-1) /YD (M-1)-1,0 c e

VAR=VARHF (M-1) k%2, 0 .
c**yv**w*r*w**xw*xx***xx*x*xx***xx*x**xxx*x*xxxxxxx*xx*xxxxx*

cx - SECTION 4, ~ FRINTOUT SECTION X
C*****?*******##X*********#*X****X*****#*X******?**#*ﬁ******* '
50 CONTINUE

FRINTXsTyPAQsFURYFUORYFCR Y VHE» VVESVIF . N
"FRINTXsFCyFVULsFIF yFIFyFIR 8Ly HRXr VAR '
FRINTXrRYs RO RARYGY ’ 3
RINT*1RTRH7QRLﬁrACFN19NSMySUMwJ7XUL1XVLG!XULM
FRINT*y" "
C ADVANCE COUNTER FOR OFTIMIZATION STORAGE o

M=M+3 ,

ot
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SUBROUTINE UFDATE

I
I
F'
300 I

400
€ CHECK
I
I
Fl
500 C
R
E
SURRQUTINE HAEVAL

¢ CREREKK

CXTHIS SUBROUTINE CACULATES THE VALUES OF SEVERAL

73/730 OFT=0 TRadE

F (¥ (LTs 17 ) GO TO 30
NOUT=2

RINTY»"// .

F C INOUT .NE. 2 ) GO TO
M=1

TCP = SECONDICF)

ON COMPUTER®CENTRAL FRO
F () TCP .LT. %0. ) GO TO
NOUF=3 .

RINKy® .

ONT INUE *
ETURN

NIt

73/7380 DPij TRACE

SUEBROUTINE HAEVAL (HRs TQ»
kRkR kRN Ok Rk ROk

160

v
. : )

FTN 4.8+577

z

0

400

L}

CESSING TIME USED
500

FTN 4.84+877

SVrPSESED PRAPFCOs PAYRTE » CA» VAE)

FRRRIIKKARH KR RIRORR R RAOKKK
X

R CXFARAMETERS ﬁnn‘wnx IAk VARIAELES FROM THE INFUT DATA X <
5 CHFRF FFERERRKFRRRIIKIRRRIRDERRAKRKRRERF KRR 4 RPRKA KPR EKIRKKRRK
C TIME INTERVALS -
TS§=TS/60000.
Th=1./HR-TS . .
. C CARDIAC OUTPUT CALCULATION. X
10 FCO=SV¥HR P
. € HAEMOIYNAMIC FRESSURES ’
F'RA-"O . 9 * * t N
C FRESSURE ESTIMATES .
. TAU=TSKTIKHR/ CRI~TORHR)
15 ANG=FT%TS/ (TS+TAU)
FS=FI FSF-FIYKSTN(ANG) s
PSA=FIH(FSP-FIIK (1, ~COS (ANG) ) /ANG
) A=ALDG ¢ (FS~FRA)Y/ (FD-PRA))
FDA=FRAH+(FS-ED) /A ! . N
20 FA=HR¥ ( TEXFSA+TIRPTIA )
£ ESTIMATION OF ARTERIAL COMPLIANCE TOTAL FERIPHERAL
{7 - C RESISTANCE AND' ARTERIAL VOLUME EXCESS -
. TRC=TI/A .« "
RTP=(FA-FRAYZFCO_ .
"5 ©  CA=TRC/RTP . * L
VAE=FAXCH . :
RETURN : - o
. ENT e i
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FROGRAM SIMULAT

737730 0OPT=0 TRACE |

CA=TRC/RTF

VAE=PAXCA
CYFPFRPFPFPFFFFPFEPFFFFEPPPPEPPFPFPFFFFFPRFFPPY
CAPRINT INITIAL UATA ANI CALCULATED VALUES X
CVPPPEFHFFPPPPPPPPPFPPPPPPPPPPPPPEFPPPPPFPF*
N FRINTX¢TS,TD

FRINT¥ySVrHRyFCO

PRINTXsPSyFDAYPA

* PRINTXPSFYPDSFSA //

PRINTXsPRAYAyTAU

FRINTXy TRCYRTPrCAVAE

PRINTXy " "

FTN 4.8+577

CkvpkkkkxkiRikRkrkE Rk Rk kkkrkkrikiorkiobkioricokiokkkoRkokkk

Cx SECTION 3

*

C¥THIS SECTION KREGINS THE SIMULATION_DF THE DYNAMICS OF X
CXTHE CARDIOVASCULAR SYSTEM STARTING WITH INITIALIZATION. X
T CREREFFEKF KN FREIROP KK KERRN HF RKKERKRE A RO RIORAEF KRR KRR RRAARK K

ANSH=ATRH=ACFH=ARLM=1.,0
ANSN=ATRN=ACFN=ARLN=1,0
CVE=CYX=CV=CA%100. .
CIS=CA%100.
FCO=FVI=FCO -~ N
FIF=0.
FIN=FUOD=FU0=1.0
GARLZ=GARL
HRE=HRX=HR
J=5000
1=l 2= 3=l 4=|.5=0 -
. FAD=PA
PORE = I'ORX=PURZ=FIR=460,0
RFAC=25.0/FA
RIF=0,18 %
RVL=RTFXRFAC
RUR=RUL/3,

«RUB=RVUX=RV=RVL-RVYR
RAE=€9X=RAZTRA=RTP—RUL
IF=FC=(PRA+FAXRVL/RA}/ (1.+RVL/RA)
=pPU=FRA+ (FA-FRA) XRVR/RTF
=GLX=1,/(FA-FDR)

SVENBUX=8VZ-=8V

SUM=1+0

TEP=SECOND(CF?

VVE=FUXCV
~VIF=CIS%FIF . o

XBL=XHH=XVL=0. Lo N

XBLD=XHHD=XVLD=0,0

XELY=XHHH=XVLM=1.0

€ DRUG THERAFY SECTION XREKKKKF KEKKKYRERKKLKFRKERERK K KKFRRKXD

£ C.IRUG DOSAGE LEVELS AND' FREQUENCY
. XBLI=5,0 °
XHHI=5,0
XULI=5,0
KXEL=3.0 . .
RXHH=3Z,0
hXVL=3,0
C END DRUG DOSAGE

-

C ITEEATIDN BEGINS HERE fobkdkd¥dRkdopd sopkpoksd kb sk y ko onir kI

o

'
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FROGRAM SIMULAT 73/730 OPT=0 TRACE FTN 4.8+577

115 50 CONTINUE .
€ CIRCULATING DRUG LEVEL DYNAMICS
TANG=PIXT/1440.0
IF ¢ T «GE, 5760. ) GO TO 70
XBL=XBLIKCL o/ (10 FEXF(=T/1204 3=, 35)%2,0
420 * XHH=XHHIKR(L . /{1 +EXP(~-T/120.))=.5)%2,0
XUL=XULIKR(L /(L HFEXF(=T/1204))~,5)%2,0
v i - G0 TD 80
70 CONTINUE . .
. XBL=XEL T, . '
125 XHH=XHHI N
s XVL=XVLI ¢
80 CONTINUE
XEBLM=1,+GXBL¥ (XBL-XELD)
XHHM=1 « +GXHH¥ ( XHH~XHHI
130 * XVLM=1 , +6XVLE (XUL-XULI) .
C CARDIOVASCULAR EFFECTS OF THE ANTI-HYPERTENSIVE DRUGS
. GARL=GARLZX (-0, 25¥XRL.M+1.25)
HRE=HRX%(~0 « 25XXELM+1 . 25)
SUZ=SUXX(~0.25KXBLM+1.25) -
135 SLE=SLXX(0.SkXHHM+0,5)
CUEB=CUXX (0, 0SkXVLM+0 . 95)
FORZ=FIRX¥(—0,25¥XVLM+1.25) .
RAZ=RAX¥X (=0 .5KXULM+1.5)
RVE=RUXX{~0., 10kXVLM{1.10)
140 C END DRUG.THERAPY SECTION ' R
CXAAAARAAAAAAAAAAAAANAAAAAAANAANAAAAANANABAAX
¢ N CXTHIS SECTION BEGINS THE CONTROL ANALYSIS X .
Y C¥ANAAARAAAANAAAAAAANANABANABAANNAANANANAAHX '
100 CONTINUE
145 C URINE OUTPUT FUNCTION XRREKKKKIKEKKKKIKKFRIKAKF KRRk K ¥ KK UD
FORE=FORZK (0, 3IXATRH+0.7)
FOR=FIREK (O . IRANSHF0 « SRKARLM~0 + SXACFM+1,0)
SL=5LEX(—~0,2XANSM—0 . SXARLM+0 . IXACFM+1 ., 4)
FUDZKFPA~FDR)%SL
150 C END RENAL FUNCTION
( c CARDIAC FUNCTION ¥XksobphiskirskshokxoksokkikiookokkkkkkkkkkCC
SUR=SUZX(0,5%EVM+0.5)
SU=GURX (0, 2KANSHE0 . OSKARLMFO « OTKACEMEC. 7)
. N HR=HRE% (0. 50KXANEM+0 , OF¥ARLMH 0« 35XACFM404 10
155 FLOD=HR*SV
C END CARIIAC FUNCTION
C THE CIRCULATION dkiiolikiskikkkkskkkiikkiokkkiokkkikks ikt kir ki
RAR= RAZ*(O.Q*ATRM+0;B)
CU=CYEX(—0 , 2XKANGM=0 , SKARLM+0 + IXACFH+1 4 4)
160 v RA=Ran<o 3*ANSH+0.5*ARLM 0. 05%ACFME0 . 25)
RU=RVEX (0, 2XANSM+0, A¥ARLM~0 . OS5 KACFM+0. 45) N
RTP=RA+RV+RVR
PIF=VIF/CIS .
FU=VUVE/CY
145 PA=FCOX (RA+RV) +PV
FRA=FA-FCOXRTP
FPL=(FU+FAXRV/RAFRPIFYRV/RIF)Y /(1 +RV/RAFRV/RIF) -
FIF=(FC-FIF)/RIF
FUI=FCO~FIF
170 C END CIRCULATION
’ C LDNARURECEFTOR CUNTROL#********************?**ix*x#x#x%##?**B
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SUBROUTINE INMPL 73/730 OFT=0 TRACE FTN 4.B+577

c*aox***m*xx*x****mmxm*x***w*m***x**x«*x*mmmm**mnu
CXIMPLICIT FUNGCTION SUBROUTINE
c*:x*n*m**x*x*x*xnmxxxxx*xmm*xm*x*mm*w**m**x*nmm
. SUEROUTINE IMPL(AXXsAXXXsXX?EX? s RETURNS (NN)
IF (AR5 (AXX-AXXX)~EX) $70y570:550 \
550  AXXX=0,5OKAXXXH0 . SOKAXY - .
RETURN NN )
570  AXXX=AXX N
RETURN -
END
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