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ABSTRACT

This work was initiated in 1976 with the initial aim of
measuring the simultaneous changes of flow in the thigh and in the
calf, in order to understand the haemodynamic changes in the art-
erial circulation in the limbs of patients with claudication. Such

had not been previously performed.

In Part I of the thesié the relevant literature of the
haemodynamic changes that occur in the arteries and veins of the
lower limb, at rest, during and after exercise in health and in the
presence of vascular disorders, as well as methods related to the
measurement of ankle pressure and muscle flow, are reviewed (Chapter
1). Special attention is paid to methods using isotope clearance
from muscle and to attempts made by various workers to produce

haemodynamic models of the lower limb.

Part II of the thesis deals with the simultanecus measurements
of changes in flow in the muscles of the thigh and calf and to ankle
pressure during and after exercise in order to understand the haem-
odynamic changes which occur in normal limbs and limbs with stenosing
arterial disease (Chapter 2 and Chapter 3, Clinical Studies I and IV).
The distinct patterns of flow observed, which were characteristic for
the various types of arterial lesions resulted in the development of a
method that could determine the site and severiﬁy of arterial lesiung
irrespective of whether these were single or multiple, occlusive or
simply stenotic (Chapter 3, Clinical Studies I, II and III). Although
arteriography is the only precise method available for determining the
anatomical extend of the disease, the method developed by the author
can provide a measurement of function which supplements arteriocgraphy,

(particularly in the presence of single or multiple stenoses). This may
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prove a useful test in patients with combined aortoiliac and femoro-

popliteal stenoses (Chapter 3, Clinical Studies I, II and III).

In Part III of the thesis a haemodynamic model was developed
{Chapter 4] and was subsequently validated enabling the author to
demonstrate how inflow, outflow and pressure distal toc a single
arterial lesion can change with exercise (Chapter 5 and 6, Clinical
Study V). Finally the effect of venous disorders on the haemodynamic
model has been investigated in two pilot studies which indicate the
direction future research should fellow (Chapter 6, Clinical Study

VI and VII).

Part IV of this thesis consists of a general discussian about
the significance of the results and ends with recommendations for
future work to study the venous circulation (Chapter 7) and a new
advanced haemodynamic model (Appendix A15) that could aliow the study

of changes in limbs with combined aortoiliac and femoropcpliteal lesions.



PREFACE

The purpose of the work described in this thesis was to
understand the haemodynamic changes in the arterial circulation in

the lower limb in patients with claudication.

A review of the literature related to methodology‘and the
current knowledge about flow and pressure patterns in the normal and

discarded arterial system is presented in Part I.

The methods of simultaneous gngc muscle clearance from the
thigh and calf, ankle pressure measurements and the clinical studies
to investigate the haemodynamic changes that occur during and after

exercise are presented in Part II.

How these studies led to the deveiopment of a method to deter-
mine the site and severity of arterial lesions irrespective to whether
these were single or multiple, occlusive or stenotic 1S presented in

the same part (Part II).

The development of a hasmodynamic model and clinical studies

used for its validation are reported in Part III.

Finally, a éeneral discussion and conclusions constitute Part
Iv.

The work for this thesis was initiated and completed in the
Vascular Laboratory, Academic Surgical Unit and Cardiovascular Unit
at 5t. Mary's Hospital, Medical School. The inveétigations and
clinical studies were performed during a two-year scholarship in
Vascular Surgery awarded by the British Council (1876-1877}. The

writing of the thesis was subsequently completed in 1378-79.



CLAIMS TO ORIGINALITY OF THIS THESIS
AS A CONTRIBUTION TO THE SCIENCE AND
PRACTICE OF SURGERY

The work in this thesis was initiated when very little
information was available about the simulteneous changes of flow in
the thigh and in the calf in the presence or absence of peripheral
arterial disease. Functional information about the severity of
arterial stenoses, especially when multiple, is difficult to obtain

even with biplane angiography.

It has been demonstrated by the work in this thesis (Part II)
that there are characteristic pétterns of flow in the thigh and calf
of nurmal limbs, limbs with aortoiliac, femoropopliteal and combined
aortoiliac and fermoropopliteal lesions after exercise; that these
characteristic changes of flow can be explained in terms of changes
in pressure, peripheral resistance and the presence of a redistrib-
ution of blood in the various vascular beds. This is the first time
that a redistribution of blood amounting to a "steal"” of blood by
the thigh from the calf in patients with combined acrtoiliac and
femoropopliteal lesions as well as in patients with.pure superficial

femoral artery occclusion has been demonstrated.

The simultaneous measurement of the hyperaemic index of the
thigh and calf provided a means by which not only the site but also

the degree of single or multiple stenoses could be determined.

The experience obtained from the above enabled the Author to
develop a haemodynamic model that could explain how inflow, outflow and

pressure distal to a single arterial lesion change with exercise using
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Isotope clearance values from the calf during three short tiptoe
exercises, involving 5, 10 and 20 tiptoe movements. This is the
first time a model that could provide such information from

relatively simple measurements has been presented (Part III).

The work in this thesis has been done by the author with
the exception of the angiograms performed by Dr. D. Sutton; the
preparation of the gngC which was done by the staff of the Medical

Physics Department and the writing of the computer programs which was

done by Dr E. Shapiro.
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CHAPTER 1

REVIEW OF LITERATURE



1.1 INTRODUCTION

Pressure and Flﬁw are related and depend oﬁ the resistance aof
the arterial tree. The behaviour of these three haemodynamic compon-
ents in health and in the presence of peripheral arterial discase has
been studied by several workers, using various invasive and non-invasive

methods.

In this section of the thesis-a brief historical review of the
develaopment of the various methods qsed to measure flow is presented
first (Section 1.2). Special detalled emphasis is given to the
development of isotope clearance techniques to measure flow and td the
use of Doppler ultrasoundto measure pressure in the lower limbs, because
these are the least invasive and most suitable methods for the work under-
taken (Sections 1.3 and 1.4); they allow continuous monitoring of flow

as well as frequently repeated measurements of pressure.

The current knowledge of the flow and pressure patterns in the
normal and diseased arterial and venous system of the lower limb are

subsequently reviewed.

Finally, reference is made to various mathematical and haemody-
namic considérations used by previous workers to explain the changes in
flow, pressure and resistance in the circulation of the lower limb
. (Section 1.6). This was an essential prerequisite to the study of
simultaneous flow measurement in the thigh and célf (Part II) and the

development of the haemodynamic model (Part III) in this thesis.

1.2 METHODS USED IN THE MEASUREMENT OF BLOOD FLOW

The development of methods of measuring blood flow in man was slow

and difficult. This is clear from the large number of technigues that have
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been devised and subsequently discarded or have found a limited
application. Current mecthods can be separated into two groups : (i)
those measuring blood flow in single vessels and (ii) those measuring

tissue flow.

Methods for measuring flow in single vessels employ indicator
dilution techniques, electromagnetic flowmeters, ultrasonic flowmeters,
thermal dilution probes and microvascular flow techniques.

-

The Fick principle is the basis of the indicator dilution

technigues. In its simplest form flow F = —

where § 1s the amount of a substance added to or removed from blood

by an organ in unit time, A is the arterial inflow concentration and V
is the venous outflow concentration; thus the Fick principle is
dependent on the difference in‘concentration of an indicator in ‘the
blcod entering and leaving an organ. An indicator must be innocuous
and not vasoactive; it must not leave the vasculature between the
point of injection and the point of sampling and there must be complete

and uniform mixing with the bloodstream beyond the point of injection.

The most notable application of the Fick principle has been the
measurement of cardiac output using oxygen as an indicator. Because
the direct method is very invasive, requiring right heart catheterisation
and systemic arterial cannulation (Cournard, 1945; Guyton et al; 1973),
a variety of indirect methods have been devised using carbon dioxide,
acetylene or nitrous oxide as indicators (Guyton et al., 13973). The

Fick principle has also been used to measure renal, hepatic and cerebral
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flow in single vescels by appropriate adaptation, by constant-rate
infusion of a suitable indicator into the limb artery (i.e. femoral
artery) and continuous sampling from the limb vein (i.e.femoral vein],
A major practical difficulty is the recirculation of the indicator,
which sets limits to the duration of flow measurements (Overbeck

et al., 19688; Jorfeldt and Wahren, 1971). Many indicators have beesn
used for this using non-diffusible dyes such as Evan's blue and indocy-
anine green, heat, plasma or dextran With sensing of electrical
conductiVity or 6ptical transmission, gemma - emitting radicnuclides
and hydrogen. A great variety of sampling equipment has been devised
such as intravascular sensing by a fibre-optic catheter or the less
invasive external spectrophotometric analysis (Singh et al., 1970) and
thermistors for thermal dilution (Fegler, 1957; Wilson et al., 1972;

Forrester et al., 1972; OGuyton et al., 1973).

The principle of the electromagnetic flowmneter is simple'but
its application is limited to exposed vessels during operative procedures
(Berger and Gessner, 1966; Cappelon, 1978; Mills, 1972). Electromagnetic
flowmeters measure flow instantanepusly.afe direction sensitive and can |
be clinically implanted for lbng—term measurement (Bergel and Gessﬁer,
1966; Mills, 1972). They can also be miniaturised for cathetertip
mounting (Taylor, 1973) and have been used in thé human heart, aorta
and venae cavae as a clinical research tool (Mason et al., 1870). The
greatest practical difficulty is the necessity for careful preparation
and calibration. The instrument settings must be adjusted to the
haematocrit and the baseline must be repeatedly determined dhring long-

term measurements by arresting blood flaow.

Instruments based on the Doppler ultrasound principle detect
changes in velocity (Franklin et al., 1961; Bergel, 1972). Measurements

are not invasive, and quantitative changes can be observed within the
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interval of the cardiac cycle. However, the absolute measurement of
velocity can be achieved only by uniformly insonating the whole vessel
and obtaining a mean velocity or a velocity profile from which the mean
velocity can be calculated (Renéihan et al., 1973). Calculations of the
actual flow can only be possible, if the angle of the ultrasonic beam to
the axis of the vessel and the diameter of the lumen are known.. The
latter has only recently been achieved by complicated equipment combining
B mode imaging and gated Doppler ultrasound (Gill, 1878]. The equipment
is still in prototype form and is not available for general use. 0Oespite
the above, the detection of changes in blood velocity for the measurement
of blood pressure (see Section 1.4) and determination of the presence of
arteriosclerotic disease (Yao, 1370; Nicolaides et al., 1976; Angelides

et al.,1978) has proved useful in recent years.

Thermal dilution probes have been described in a variety of shapes
and forms. Their principle is that a pulse of thermal indicator'is
released at an upstream point on the probe and an indicator-dilution
curve recorded by means of a probe-mounted thermistor downstream (Fronek
and Ganz, 1960; White et al., 1967). More promising .are the isothermal
flowmeters, in which high frequency-response electronic circuiting |
maintains catheter-tip temperature constant in the presence of varying flow
(Grahn et al., 1969). Unfortunately the frequency response of thermal
flowmeters is still limited by the heat capacity of the probe, including

the thermistors (Mills, 1872; Taylor, 1973)

Finally, several microvascular flow technidues have been used,
for measuring flow in single vessels. They employ purely optical methods
using high-speed cinematography or electronic counting through an optical

or flying - spot television system (Rushmer, 1966; Zweifach, 1873).
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The measurement of blood flow in organs and tissues can also
be achieved by venous occlusion plethysmography, thermal dilution,
methods of estimating proportional distribution among tissues
and organs, selective uptake technigues and finally tissue clearance

techniques.

Venous occlusion plethysmography is characterised by its
simplicity (Greenfield, 1960). It is noninvasive, but has several
possible sources of error. : incopplete venous occlusion, inadequate
size of distal vessels to accommodate the arterial inflow without the
generation of back pressﬁre, ana imperfections in the volume sensing
device. The most useful and historical type is the temperature -
controlled water plethysmaography. A variety of air-filled plethy-
smographs have been used also, but they gave little advantage. In
contrast, the mercury-in-rubber strain gauge (Strandness et al.,1981)
is less bulky, more acceptable to the patient and accurate [Lpnghurst

et al., 1974).

Calorimetry is the best known thermal metﬁod. It has been
used to measure flow in the skin (Greenfield, 1960). An alternative
to the traditional calorimeter has been the copper-tellurium heat
flow disc, which is applicable to any part of the skin surface

(Catchpole and Jepson ,- 1955]).

Methods of eliminating proportional distribution among tissues
and argans using indicatorshave been QBveloped in order to guantify
" the distribution of left ventricular output in animals (Sapirstein,
1975];New versions of their approach has been developed using isotopes

(Kaihara et al, 1368; Forsyth, 1972]).

The selective uptake techniques rely on the Fick principle and
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have been used for the measurement of blood flow in organs. The
nitrous oxide method of measuring cefebral flow is one example (Kety
and Schmitt, 1948). Others are the bromsulphthalein (Bradley et al.,
1945) or indocyanine green (Banaszak et al., 1960) for m=asuring
hepatic flow, and the para-amino hippurate or diodrast for measuring

renal flow (Levisky and Levy, 1373).

Tissue clearance technigques are the most popular methods
for measuring tissue flow. They -have a special place in vascular
physiology and clinical investigation because they are only slightly

invasive and can provide continucus monitoring of changes in flow.

Isotope muscle clearance was the method most applicable to the
work undertaken in this thesis and for this reason it is discussed in

detail in the subsequent section.

1.3 THE DEVELOPMENT OF MUSCLE CLEARANCE TECHNIQUES.IN THE
LOWER LIMB

The estimation of blood flow in the limbs by using radioactive
krypton (Smith and Morales, 1944] and radiocactive sodium (Smith and
Quimby, 1945) was first attemped in the esarly forties, and was based
on the principle that the local uptake of radiocactive tracers admin-
istered in the general cirulation could be used to calculate flow.
However, this method had the disadvantage of subjecfing the entire
body to radiation. In addition the mathematical analysis of the
saturation curves was extremély complex. Although Smith and Morales
were able to obtain approximate guantitative results by assuming a
constant arterial concentration of radioactive Kryptoﬁ, Smith and
Quimby did not attempt an analysis of their sodium uptake curves, but

used them as a qualitative test of the peripheral circulation.
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Subsequently, attempts were made to estimate the arterial
blood flow in the limbs by measuring the rate at which a tracer
substance (24Na) disappeared from the site of an intramuscular
injection (Kety, 1948; 1948). The application of this method was

based upon the following assumptions:
(1) the tissue was homogenous so that complete mixing occurred.
[(ii) the equilibrium between blood and tissue was immediate, and

(iii) the isotope was removed from the site of the injection by blood

only.

Kety's mathematical analysis of thevclearance of the injected
24Na demonstrating how the clearance rate could be a measure of the
local tissue circulation (Appendix Ad) has been the model upon which
subesqguent work in this field was based. This analysis suggested
that the tissue deposit of 24Na should decrease along a single expon-
ential curve which, if plotted semi-logarithmically, should yield a

straight line whose slope (K) was & measure of the ability of the local

circulation to remove freely diffusible substances(Seé Appendix A1).

The responces of K to alterations in the circulation were
studied by Kety with some procedures designed to speed or slow the local
circulation. The application of a tight tourniquet about the thigh
was invariably and immedistely followed by a sharp reduction in K to
practically zero., Release of this tourniguet after ten minutes was
associated with a K more than twice the normal which was undoubtedly e
reflection of reactive hyperaemia. Exercise of the gastrocnemius for
one minute by a repetitive extension and flexion of the ankle was
accompanied and followed by a considerable increase in K. The local
vasoconstrictor action of adrenaline was demonstrated by adding 0.1mg

of the hydrochloride to the 24NaCl before injection. This resulted
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in a decrease of K to less than one-sixth the resting value (Kety,1949).

Subsequently, thé 24Na clearance technique was used to study
muscle blood flow in patients with intermittent claudication (Walder,
1953; 1955 ). The patients were asked to exercise by repeatedly
rising themselves up un the toes of the leg under investigation, once
every second. Théy continued to exercise for two minutes unless stopped
by pain. When they stopped they remained standing until the resting

4Na clearance rate was re-established (Walder, 1958). - In the case of
patients suffering from peripheral vascular disease the 24Na clearance
curve showed little or even not any flow through gastrocnemius muscle
during exeréise. As soon as the pétients stopped exercising the 24Na
élearance was re-established and there was a period of several minutes
when the clearance rate was higher than the initial resting period.

This high rate graaually subsided until eventually the resting conditions

were re-established (Walder, 1958).

Sodium-24, the isotope initially employed, proved to be unsatis-
factory and the inactive gas 133Xe was introduced instead, for the
investigation of muscle blood flow (Lassen et al.,1864). Sodium-24,
was‘a hydrophilic particle which did not cross the cellular membrane
to>enter the capillaries and be removed by bloqd. Xenon-33 was
lipophilic and therefore the cellular membrane'did not constitute a
barrier; thus, a more even distribution of the 133Xe could be expected.
Other advantages of the inert gas were the high rate of diffusibility
within the tissues, the low radiation energy and its rapid elimination
from the body which permitted a lower radiation exposure (Lassen et al.,
1964). Wheﬁ both isotopes were injected simultaneously the 24Na

clearance rate was slower than the 133Xe. This was presumed to be

because of the impeded transfer of the 24Na (Lassen et al., 19864). This

experiment was subseguently criticised using the argument that the high

\
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clearance rates obtained with 133Xe were rarely seen under physiological

conditions (Walder and Makin, 1969).

In contrast to 24Na. the partition coefficient of 133Xe could
be estimated (see below and Appendix A2) and the results of clearance
rates could be expressed in absolute values, i.e. in ml of blood per
100 grams of tissue per minute. In vitro and in vivo studies were
made of the equilibrium distribution of 133Xe‘in various organs and
tissues of the dog (Conn, 1861)}. It was found that the affinity of
haemoglobin for 133Xe was appreciably greater than that of water.
Therefore, acceptable accuracy for blood flow determinations depended
on the use of a partition coefficient corrected at least for haemoglobin
concentration. The muscle to blood partition coefficient ( A) was
found to be 0.7 (or 70 percent) in vivo for blood with haematocrit
of 40 at body temperature. Fundamental to the calculations was the
asgumption of meintenance of complete or almost complete diffusion
equilibrium, thus

Cmuscle = A Cblood {(1.1)

where Cmuscle was the concentration of 133Xe in the muscle and Cblood
was the concentration in the blood. The value of the partition
coefficient (A) obtained in vivo at body temperature was given by the

following equation

Conc.of 133Xe per gram muscle

= 0.73 (1.2)
133
Conc.of Xe per gram blood

Since the specific gravity of muscle was 1.05, the above ratio could be
expressed as follows:

Conc. of 133)(9 per gram muscle {1.3)

x 0.7

Conc. of 133Xe per ml blood
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Calculations of muscle blood flow in ml of blood per 100 grams of
tissue per minuie were generally based on the assumption that the muscle
to blood partition coefficient A was 0.7, the same as found for skeletal
muscles in dogs by Conn. This assumption was subsequently criticised
by the argument that it was uncertain to what degree the value of A
was the same in human subjects because of the higher and variable fat
content (Lindbjerg , 1966). This higher fat content appeared to be
_caused by adipose tissue cells located in the perivascular connective
tissue between the muscle bundles. Local variations in muscle tissue
composition especially with respect to fat content could produce a
non-homogeneous perfusion of 133Xe leading to an underestimate of the
muscle blood flow. In such cases the muscle to blood partition

coefficient A would be greater than 0.7 (Lindbjerg, 1966) and values

up to 1.0 have been suggested (Clausen and Lassen, 1871).

Lassen’'s method was based on the following assumptions:

(1) the injection of the tracer did not interfere with the

steady state of molecules in the tissue {muscle)

(ii) the tissue itself was homogeneous

(iii) | uniform tissue labeling occurred.

(iv) recirculation of the tracer could be neglected, and

(v) regardless of the haematocrit the same partition coefficient

(A = 0.7) could be used in all cases. This was despite
the variation of the coefficient caused by a higher solubility

in red cells than in plasma.

Lassen’s formula (Lassen et al.,1864) relating blood flow to

the clearance rate of 133Xe and its partition coefficient was:

M.B.F. = -100. A. 1n10. D (ml/100gm/min) (1.4)

where, M.B.F. is the muscle blood flow, 100 is the multiplication factor
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converting the observed decimal logarithms on the logarithmically
recorded clearance curve ta the natural (Naperian) system and D is

the slope of the logarithmic disappearance curve. Since 100, A. 1n10
" 161, this factor was used in practice and therofore muscle blood flow

was given by the following equation:
M.B.F. = - 161 . D (ml/100 gm/min) (1,5)

The details of Lassen's mathematical anaslysis are given in Appendix AZ.

-

This analysis was based on a single exponential decay of the clearance
rate of 133}(8 which was injected into the muscular tissue. However, it
had been noted that a single ekponential curve did not exist and that
there was more than one slope leading to a double or hultiexponential
curve which éould be resolved into single exponential components (Dobsgn
and Warner, 1857), (See‘also Appendix A3). However, several workers
were in agreement that flow calculations based on the initial slope
provided a reasonable approximation particularly at high flow-rates

(Lassen, 1967; Tonnesen, 1968a; 1968b; Tonnesen and Sejrsen, 1870;

Clausen and Lassen, 1971).

The procedure followed by Lassen in order to.study the effect
of alterations in blood flow an the’ isotope clearance rate was as
follows:- A cuff placed just above the knee was rapidly inflated to a
pressure of about 250 mm of mercury. Ouring the induced ischaemia
the patients were asked to move the foot up and down using their crural
muscle anly. When intermittent claudication occurred the cuff was
rapidly released and the 133Xe clearance was recorded for five to ten
-minutes. A more "physiological” type of exercise employed later was
walking on a plane horizontal level in a corridor (Lassen and Kamp, 1965).
The patient walked 10 meters to and fro at a fixed rate of 4.8 km per

hour for 2 minutes. Most of the patients with intermittent claudication
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had to stop after about one and a half minutes. Subsequently, walking
on the treadmill was introduced and standardised {Albert et al., 1966]}.
The speed was 4.6 km per hour at an angle of elevation of g°. Patients
with intermittent claudication were required to walk until pain in the
leg stopped them. The control subjects walked for 4 minutes Df until
approximately 70 per cent of the 133Xe was washed out, whichever came
first. In other clinical studies the test varied according to the speed,

inclination o7 the treadmill, period and type of exercise (e.¢

&

comb-
ination of ischaemia produced by cuff and walking or just walking alone)
(Tonnesen, 1968; Sigpaard - Andersen et al., 13967; 1969; Corman et al.,

1970; Larsen, 1973).

Other freely diffusible tracers such as 79Kr and 131I-antipyrin
had been tested also (Lassen et al., 1964). However, guantitative
values for blood flow were not obtained as their partitionvcoefficients
were unknown. More recently muscle blood flow was studied with S9m Tc
injected.into the gastrocnemius as sodium pertechnate. (Cutajar and Marston
1970; Cutajar et al., 1971, Appleberg and Lewis, 1975). The data were
expressed as a half-life (T:). The type of exercise used by Cutajar
was similar to that introduced by Walter (Walter, 1958) : The clearance
rate was first obtained at rest and then the patient was asked to exercise
by tiptoeing at 2 second intervals. The exerciée continued for 2 minutes
unless the patient was stopped by‘claudication. After exercise the
patient remained standing and post-exercise measurements were made for
4 to 5 minutes. Technéfium— 89m was found to be a convenient tracer and
the results demonstrated different clearance patterns between normal
volunteers and patients with occlusive peripheral arterial disease. These
are discussed in detail subsequently (Chapter 1, Section 1.5). Technetium
-99m clearance Froh the hamstring muscle compartment was compared to ankle
pressures in patients with aortoiliac disease (Appleberg and Lewis,1975).

The patients walked on a horizontal treadmill at a standard speed of -4 km
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per hour for 5 minutes or until claudication occurred. Cilearance was
ekpressed as a percentage of the initial radiocactivity. Ankle
systolic pressures were recorded simultanebusly. A positive
correlation was found between the isotope clearance and the ankle

systolic pressures.

The information obtained from the above studies and its use-
fulness in understanding the haemodynamics of the circulation of
lower limbs in health and diseas€ will be discussed again in a subsequent

section of this thesis {Chapter 1, Section 1.5).

1.4 THE USE OF DOPPLER ULTRASOUND IN THE MEASUREMENT OF PRESSURE

Although the direct method of measuring érterial blood pressure

is the most accurate technigue, it is not practical or desirable to

J
insert needles and catherers into the arterial system for routine

tests. Indirect methods of measuring arterial blood pressure are
preferable. However, in the lower limb methods of detecting the
presence of flow distal to a cuff which is being deflated have been
tedious. It was not until Doppler ultrasound provided a simple

means of detecting blood flow in small arteries such as the posterior
tibial.and dorsalis pedis that the measurement of the systolic pressure
at the ankle became easy (Strandness et al., 1967)}. This method was
extensiveiy used to determine arterial pressure in the lower iimb
particularly distal to an area of arterial occlusion where the

pressure was too 10@ for pulses to be palpable (Yao et al,, 1968;1868;
Allan and Terry, 1969]}. The coefficient of variation of ankle pressures

has been shown to be 7 percent at 40 mm Hg and 3 percent at 160 mm Hg

(Nicolaides, 1879]):

It was realised that the width of the cuff was of great

importance in the lower limbs, particularly in the thigh. The use
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of a small cuff resulted in the recording of falsely high pressures.
Ideally the cuff width should be at least one and a half times the
diameter of the part where the pressure is to be measured (Sumner

and Strandness, 1969).

The information obtained from measuring flow and ankle pressures
in naormal and arteriosclerotic patients and its value in understanding
the haemodynamics of the circulation in the lower limbs will be

discussed in the next section of this thesis.

1.5 FLOW AND PRESSURE PATTERNS IN LOWER LIMB

1.51 Flow and Pressure Patterns in Arteries of Normal Lower lebv

1.511 At Rest

Blood flow at rest was quantitatively measured in several
j
muscles of the lower limb by means of 133Xe. The results cbtained
by several workers were in agreement (Lassen et al., 1964; Lassen and
Kamp, 1965; Albert et al..,1966; Tonnesen and Sejrsen 1370). Values
obtained for blood flow in different muscles were of the follaowing

order: tibialis anterior 1.7 * (0.3, gastrocnemius 2.2 + 0.7 and

quadriceps 2.5 + 1.6 ml of blood per 100 grams of tissue per minute.

Because the ankle systolic pressure varies with the brachial
pressure, the pressure index was introduced as a more reproducible
measure of the resistance to flow (Yao, 1970];' The pressure index is
defined as the ratio of the ankle systolic pressure over the brachial
systolic pressure. In normal lawer limbs the value of the pressure
index was between 1.0 and 1.3 (Yao, 1970)}. The discrepancy between
ankle and brachial pressure in normal limbs at rest has not been fully
explained. It is established that although the mean pressure in

the arteries of the leg is lower than in the aorta, the systolic
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pressure is actually higher (Fig.1.1) (Remington and Wood, 1856;
MacDonald, 1960). However, this does not explain why in some limbs
the pressure at the ankle should be 30 percent greater than the
pressure in the arm. Another suggeétion is that the configuration of
the tibia and fibula just above the ankle is such that for the same
pressure in the brachial and posterior tibial arteries, a higher
pressure is required in the pneumatic cuff to occlude the vessels at
the ankle. Confirmation of these facts by direct measurement became

essential.

1.512 During exercise

Blood flow in the calf during exercise, detected by means of
muscle clearance technigues in normal limbs, was found to be signific-
antly increased in comparison to the resting level. In normal subjects
walking on a plane horizontal level at 4.8 km per hour, blood flow in
the gastrocnemius increased by 10 to 20 times the resting value. This
increase occurred during the first 30 seconds and the flow remained
constant thereafter during the remaining period of the exercise (Lassen
and Kamp, 1885). In normal individuals the maximum steady state for
muscle blood flow appeared to be achieved in 30 to 48 seconds.
{Tonnesen, 1964; Clausen and lLassen, 1971). A discrepancy in calf
muscle blood flow was reported in normal individuals of different
ages. In young subjects the average flow during exercise in the
gastrocnemius was 30.3 + 14.1 ml per 100 gramé>per minute, whereas in

older individuals it was 21.4 + 5.4 (Lassen and Kamp, 1865].

By using gngc muscle clearance technique it was found that
the half life (Ti) of the injected isctope during exercise was always
less than 3 minutes (average 2.2 + 0.6) in normal individuals with an

average age of 48.6 years (Cutajar et al.,1871). In general,



_3,}_

difficulties were encountered in measuring blood flow during exercise.
It had been noted several years earlier that strong isometric exercise
could lead to complete cessation of flow in normal limbs (Grand, 1938).
Similarly, the tension in the muscle when standing on one limb influenced
and decreased the muscle blood flow (Walter,1958; Lassen and Kamp,1964).
The markedly increased cardiac output during exercise could influence
arterial inflow in the lower limbs (Fenn, 1853; Ekblom and Hermansen,
1968), whereas the decreased renal and hepatic flow observed during
exercise was part of the total redistribution of blood flow (Bucht

et al.,1953; Rowell et al,, 1966). Indeed, several hypotheses have been
made concerning the redistribution of blood during exercise. It was
suggested that some of the increased blood flow observed within the
actively contracted musclss could be due to a shifting of blood from

the skin or from non-exercisihg muscles (Blair et al., 1961).

Ankle systolic pressure measurementsby means of Doppler ultra-
sound have not been recorded during exercise for lack of method.
However, they have been obtained immediately after exercise and have
been equal to or above the brachial systolic pressure in normal limbs
(Carter, 1868; Yao, 1970), even after walking on the treadmill up to
8 km per hour {Strandness and Bell, 1884). 1In one report a slight
decrease in ankle systolic pressure was demonstrated in normal

individuals immediately after rumning (Stahler and Strandness, 1987].A

1.513. After Exercise

Muscle blood flow in the calf was invariably increased just
after exercise in normal limbs. Average maximum values measured by
133

Xe after a combination of induced ischaemia and foot exercise were

54.9 ml per 100 grams per minute in those younger than 50 years and



51.8 ml per 100 grams per minute in those older than 50 years.

(Lassen et al.., 13643}, Immediately after exercise blood flow in the
gastrocnemius was similar to that measured during exercise (20 to 40

ml per 100 ml per minute) (Lassen and Kamp, 19865). However, occasionally
blood flow after exercise was found to be greater than that measured
during exercise (Cobb et al.,1863). One explanation suggested was
that the flow during exercise was decreased by the mechanical effect
of the contracting muscle, whereas it was unimpeded after exercise
(Cobb et al.,1969). Another possible explanation suggested was that
flow in the calf appeared higher during the post-exercise period due

to a shifting of blood towards the thigh and thus decreasing blood flow
in the calf during exercise (Lassen and Kamp, 1985). None of these
"normal” subjects who showed this decreased flow in the calf during
exercise with a higher flow rate immediately after exercise had been
investigated by arteriography and it is impossible to exclude any mild

clinically undetectable arterial stenosis.

The post-exercise half-life (T3) of the gngC injected in the
gastrocnemius of normal individuals (4.3 minutes + 2.0) was always
greater than the half-life during exercise (2.2 min + 0.6). This
implied that the clearance rate during exercise was greater than during

the early post-exercise period (Cutajar et al., 1971).

In normal individuals blood flow in the célf measured by means
of muscle clearance technigues decreased rapidly'after the end of
exercise, reaching the pre-exercise level, within one cor two minutes
(Lassen and Kamp, 1965; Albert et al., 1967; Tonnesen and Sejren, 1870;

Cutajar et al,, 1871).

Ancther way of measuring reactive hyperaemia , introduced by
Hillestad, is the concept of the total exczss of blood. (Hillestad

1963a; 1963b; 1963c). This is the amount of blood that flows in excess



of the resting level during the period of reactive hyperaemia. It

1s usually calculated from the area under the curve of flow plotted
against time (Fig. 1.2). The total excess of blood after exercise
was found to be 7.0 * 3.5 ml per 100 ml of muscle. Most of this

flcw in normal limbs occurred during the first post-exercise minute.
It was found that the total excess of blood after a period of
ischaemia was proportional to the time the circulation was occluded
up to a maximum of 5 minutes. For more prolonged periods of
ischaemia the total excess of blood was slightly increased (Hillestad,

1963a; 1863b; 1963c; Zelis et al., 1970]).

It was found that the maximqm post-exercise hyperaemia was
linearly related to the amount of exercise (Albert et al., 1966).
However, this relationship was not simple. Thus, by using 33Xe
clearance and a calf exercise, on an ergograph which mimicked that
of walking,it was shaown that blood flow increased proportionately to
the intensity of muscle exercise until half of the total capacity
for muscular exertion was reached; beyond this point there was not any
further increase in flow even if the muscular effort was increased
(Tonnesen, 19643}. Similar conclusions were reported by others
(Clausen and Laseen, 1871). An explanation given for this interesting
observation was that the stable levels.of muscle blood flow observed
after a certain increase in the intensity of the exercise are conse-
quent upon the inability of the interﬂmscularvessels to establish a
greater flow, having already reached their méximum possible degree
of vasodilatation. Another explanation given was that when the cardiac

output reached a maximum it imposed 1limitations to the arterial inflow

in the limb. (Pirnay et al., 1871; 1872).
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1.521 At Rest

Blood flow in the calf estimated by means of muscle clearance
studies at rest did not show any significant difference between narmal
limbs and limbs with peripheral arterial disease. Using 133Xe it
was found that the average resting blood flow in the calf of patients
with peripheral arterial disease was 1.4 ml per 100 grams of tissue
per minute in the tibialis anterior and 1.1 ml per 100 grams per
minute in the gastrocnemius {(Lassen et al., 1965). Values obtained
by others ranged between 1.2 and 3.6 per 100 grams per minute (Albert
et al., 1966; Tonnesen, 1970; Cormah et al., 1970; Hirai; 1974). These

values were similar to those found in normal limbs (Section 1.5).

In patients with rest pain, muscle blood flow in the calf
varied during the 24 hours. The maximum blood flow at rest was 3.6
+ 3.0 ml per 100 ml per minute and lasted from 11.00 to 19.00 hours
with a peak about 14.00 to 15.00 hours; the lowest flow was found
between midnight and 04.00 hours (Bartoli, 1970]. This finding gave

a possible explanation of the frequent rest pain at night.

In patients with severe ischaemic changes, ulceration or
gangrene 1in the foot, muscle blood flow in the calf was alsa found

to be within the normal range (McEwan et al., 4870).

Although pressure index (P.I.) was equal or greater than 1.0
in normal limbs, it was almost always less than 1.0 in limbs with
occlusive peripheral arterial disease (Carter, 1968; 1963; Yao et al.,

'1869; Fronek et al. 1873a; 1973b;]. In general, there was not any
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significant difference bectween the resting pressure indices in single
aortoiliac and single femoropopliteal arterial disease. In contrast,
when multiple arterial lesions were present, the resting pressure

indices were found to be significantly Jjower (Carter 1969; Yao, 1870J.

The pressure index is related to the degree of the functional
disability:; it was 1.171 + 0.10 in normal limbs; 0.58 + 0.15 in limbs
with intermittent claudication; 0.26 + 0.13 in limbs with rest pain and

only 0.05 + 0.08 in limbs with impending gangrene (Yao, 1970).

1.522 During Exercise

Blood flow in the calf measured by means of isotope clearance
during exercise was as a rule lower‘in patients with peripheral
arterial disease than in normal individuals (Walter,1958; Lassen et al.,
1964; Lassen and Kamp, 1865; Albert et al., 1866; 1968; Wolf et al.,

1872).

Average blood flow in the gastrocnemius measured with 133Xe

was found to be 4.5 + 1.6 ml per 100 grams per minute. This value
represented an overall slight increase above the resting levels.
flow

However, in several cases blood had dscreased almost to zerc during

exercise (Lassen and Kamp, 1965; Coffman and Mannick, 1965).

By using gngc in limbs with arterial occlusions it was found
that the half life (T3) of the isotope during exercise was twice that

of normal limbs (Cutajar et al., 1871J).

Subsequently, it was shown that a negative linear correlation
existed between muscle blood flow in the calf and the severity of
exercise (Tonnesen, 1968). In patients with peripheral arterial
disease the decrease in calf muscle flow during exeréise became less
after they had undergone exercise training. It was suggested that
the funectional capacity of the collateral circulation had increased

(Skinner and Strandness, 1967a; 1967b; Larsen and Lassen,13867).



It has already been stated in the previous section that ankle.
systolic pressure was significantly lower than the pre-exercise levels.
This observation is associated with the familiar finding that the

foot becames white during exercise {Yao et el., 1970).

1.523 After Exercise

The reactive hyperaemic response in limbs with peripheral
arterial occlusion was found to be completely different from that in
normal limbs. In general, a lower maximum blood flow with a
prolonged hyperaemie>reébbﬁéérwasrobsé%Qéd”kéﬁeé;é;gjw;gsdégu{ééﬁﬁ:‘

Snell et al.,1960; Hillstead, 1963a; 1963b; 1863c; Myers, 1964:

Fronek et al.,1973a; 1973b).

By using 133)(9 it was shown that the average duratiocn of the
post-exercise hyperaemia in the calf was abnormally prolonged (10.4
minutes) in patients with occlusive arterial disease (Albert et al,,
1966). It was also shown that the maximum hyperaemic response
occurred several minutes after the end of exercise [Lassen and Kamp
1865; Albert et al,,1966; Tonnesen,1867]. Depending on the degree
of the circulatory insufficiency and on the intensity of the exercise
the maximum blood flow in the calf observed in pétients with inter-
mittent claudication after exercise ranged from 4.5 to 28 ml per 100
ml per minute with a delay of up to 22 minutes (Elsner and Carlson,

1862). Xenon-133 was used to demonstrate the effect of ischaemic

exercise on the blood flow in calf muscles Qf-patients with
superficial femoral occlusion and the effect of-fhromboendarterectomy
(Bell and Short, 1968; 1371). It was found that the peak blood flow
and time to peak blood flow were 28.3+ 11.3_m1/100 ml and 1.80 + 0.79
minutes before operation; they were 49.8 + 19.8 ml/100 ml and 0.57 +

0.47 minutes after operation. (Bell and Short,1871).
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By means of gngc muscle clearance it was found that the post-
exercise half-life of the isotope (Ti) was 8.7 * 3.1 minutes in
patients with peripheral arterial occlusions. This was a significant
decrease compared to normal limbs (4.3 + 2.0 minutes) (Cutajar et al.,

1871.

In patients with occlusive arterial disease the ankle systolic
pressure decreased significantly just after exercise and it returned
to the resting levels over a variable period of time (Yao et al,,19701].
In patients with superficial femﬁral artery occlusion, ankle systolic
pressure decreased by less than 50 per cent of the resting values
and recovered completely within 5 minutes. In patients with severe
intermittent claudication it decreased by more than 50 per cent and
recovered within 5 to 15 minﬁtes. Finally, in patients with multiple
occlusions the ankle systolic pressure decreased to undetectable
levels just after exercise ana the recovery time was prolonged by more
than 15 minutes (Yao et al,,1870). Similar results have been reported
by others {Winsor, 41950; Stradness and Bell, 1864; Carter, 1968;

1969; Fronek et al,,1973a&; 1973b).

1.53 Flow and Pressure Patterns in Veins of Normal Lower Limbs

1.531 At Rest

Flow in the superficial veins of the lower limb during
motionless standing was zerao. However, recordings with an electro-
magnetic flowmeter on the long saphenous vein demonstrated that slight
movements of the body and even speech or laughter initiated short flow

waves in a proximal direction (Bjordal, 1872a; 1972b}.

In the supine position venous flow in limbs was phasic with
respiration. The main factor respobsible was the increased intra-

abdominal pressure during inspiration (Lewis et al.,1872). In
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particular, flow in the femoral vein was found to be very sensitive
to variations of the intra abdominal pressure; it decreased with

inspiratiaon, Valsalva manoeuvre, and external compression of the

abdomen (Lewis et al.,1972; Sigel et al.,1973).

Pressure was stable and corresponded to the hydrostatic
pressure. In the supine position mean venous pressure measured at
the ankle was found to be 11.7mm Hg:; in the sitting pasition 56.0mm

Hg and during motionless standing 86.8mm Hg (Pollack and Wood, 1948).

During motionless standing the pressure was the same in the
superficial and deep veins, provided that the measurements were
obtained at the same level, (Hojengard and Sturup, 1852; Ludbrook,
1963; 1966a; 1966bL]. In one study it was demonstrated that the
pressure in the deep veins was higher than in the superficial by
imm Hg; it was argued that this small pressure gradient was adeguate
to keep the valves in the perforating veins closed (Arnoldi, 18B5;

1866;1968) .

1.532 During Exercise

Flow and pressure were found to vary according to the phase
of the walking cycle (Pollack and Wood, 1848; Stegall, 1966, Bjordal,

1872a; 1972b).

Recordings with an electromagnetic flpwheter and simultaneous
pressure measurements in the long saphenDUS'vein demonstrated that
the volume and the velocity of flow varied during walking according
to changes in pressure: during calf muscle relaxation, i.e. the foot-
.- lifting phase, the pressure decreased. In contrast, during the foot
descending phase there was a gradual increase in pressure due to the

hydrostatic effect. . This reached a maximum during the foot-on-the-
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ground phase when the caelf muscles contracted. Buring the

relaxation phase the direction of flow was from the long saphenous

to the deep veins via the perforeting veins. Flow within the perfor-
ating veins ceased during muscular contraction when flow towards the

heart reached its maximum value (Bjordal, 1972a; 1972b).

In general, during the walking cycle the direction of flow is
towards the heart both in the superficial and deep wveins and in an

inward direction in the perforating veins (Fig. 1.3)

In the late forties Pollack and Wood demonstrated that marked
pressure changes occurred in the long saphenous:vein at the‘énkle in
response to a single step: pressure increased by 10 mm Hg (from 85
to 95 mm Hg) just before the heel was lifted of% the ground. As the
foot came off the ground completely it showed an averagéagf 70 mm Hg.
During this phase calf muscles relaxed whereas thigh muscles contracted
forcing the valves below the knee to close rapidly. Subsequently, as
the heel touched the ground and the calf mucles contracted an icnrease
in pressure occurred to an average of 68mm Hg. When the heel was on
the ground it decreased again to an average of 46mm Hg. Finally, within
11 to 37 seconds of motionless standing the pressﬁre increased to the

resting level, (85 mm Hgl) (Pollack and Wood, 1949).

Direct pressure recordings carried out in the deep veins of
the normal 1imb demonstréted that in the postérior tibial vein the
pressure increased more (155 mm Hg) than in the popliteal vein (84mm
Hgl during calf muscular contractions. These changes suggested that
during the contracting phase, blood flaow was directed from the posterior
tibial to the popliteal vein. . Subsequently, during the relaxation
phase the decrease in pressure was less in the popliteal (51mm Hg)

than in the posterior tibial vein (30 mm Hg). This difference in
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pressure forced the valves below the knee to close rapidly preventing’

reflux (Arnoldi, 1965; 1968; 1968]).

Mean venous pressure was found to decrease .during the first
3 to 12 steps of walking. The decrease was not asscciated to the
severity of the exercise. Thus, walking at 2.7, 4.0 and 5.3 Km per
hour decreased venous pressure to 22.3 - 25.6 mm Hg. Venous pressure
returned rapidly to the resting levels within 30 seconds after the

end of the exercise (Pollack and Wood 1949).

The results of direct pressure measurement carried out during
exercise by several workers can be summarised as follows: during
a steady walk the mean pressure both in the superficial and deep veins
of the lower limb is reduced well below the hydrostatic level (Arnoldi,

1966; 1969; Ludbrook, 1966a;1966b).

1.54 Flow and Pressure Patterns in Veins of Limbs with

1.541 Saphenofemoral Incompetence only (Primary varicose Veins)

The flow in the superficial veins of the lower limb in a
patient who is completely motionless is zero. However, it was found
that slight movements initiated small flow waves which directed blood
distally, in contrast to the proximal direction'of flow in normal
limbs (Bjordal, 1872a; 1372b]). This retrogréde flow during quiet
standing in the incompetent superficial system Qas observed by others
and was also thought to be the result of minor muscular contractions

(Folse, 1870a; 13970b; Strandness and Sumner, 1975).

Simultaneocus flow and pressure recordings demonstrated that

in limbs with saphenoafemoral incompetence the volume:-and velocity of
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flow varied during the walking cycle according to the pressure changes:
during the foot - lifting phase there was a decrease in pressurg at the
ankle and a simultaneous increase in flow distally. As the foot
descended the pressure at the ankle increased and the flow decreased.

vhen the leg was carrying the full body weight the pressure reached its
maximum and the flow distally was at the minimum (Bjordal, 1971; 1972a;
1972b]). In general, during the walking cycle the direction of flow

is towards the heart in the deep veins; it is in a retrograde direction
in the superficial veins and in an inward direction in the perforating
veins (Fig. 1.4). This concept was demonstrated fluoroscopically in

the late twenties by McPheeters and his associates. Theyinjected lipiodol
into the proximal part of a varicose = longsaphenous vein. When the patient
was relaxed in a reclining position,-the solution remained at the point

of injection. However, an increase in the intra abdominal pressure
caused the solution to break into several globules which moved distally.
When the patient moved into a semi- reclining position the solution passed
down the entire length of the saphenous vein. Repeated increase in

the intra-abdominal pressure succeeded in producing a to-and-fro motion

of globules in the long saphenous vein; they did not pass into the deep
circulation through the perforating veins. When the patient was asked

to move the foot at the ankle the globules entered the deep veins.
Finally, they moved proximally when the patient was asked to push the foot
against the examlner's hand to stimulate the pumping action of thg calf

muscles {(McPheeters et al., 4932).

In limbs with saphenofemoral incompetence only, the pressure was
stable at rest and corresponded to the hydrostatic pressure. Pressure
patterns did not show any significant difference between normal limbs
and limbs with primary varicose veins under ;esting consitions (Pollack
et al.,1848]. However, marked differences were found during walking.

The average fall in pressure during exercise was 37mm Hg in limbs with
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saphenofemoral incompetence whereas it was 64mm Hg in normal limbs.
After the end of exercise, pressure returned to the resting levels

within 2.8 seconds in the former and within 31 seconds on average in

the latter (Pollack et al.,1849).

1.542 Incompetence of Saphenofemoral Junction and Calf Perforating Veins

Blood flow in the incompetent perforating veins in the calf
was zero when the patient was relaxed and motionless. However, slight
body movements were accompanied by corresponding to-and-fro flow waves

(Bjordal, 1872a; 1872b).

During the walking cycle the.direction of venous flow in the
incompetent perforating veins varied according to the phasic changes in
pressure: during the foot-1ifting phase flow was directed inwards: it
was directed outwards during the foot-on-the-ground phase. This
bidirectional flow in the perforating veins was associated with the
phasic changes in flow which aoccurred simultanecusly in the incompetent

long saphenous vein. During the relaxation phase flow in the long

‘sahpenous vein was retrograde and blood entered the deep .veins via the

perforating veins (diastolic inflow]. Subsequently, during calf
muscle contraction the increased pressure in the deep veins expelled

blood into the superficial system through the perforating veins (systolic

~ outflow]. It was found that the systolic ocutflow was less than the

diastolic inflow (Bjordal, 1372a; 1972b).

In general, during the walking cycle the direction of flow in
the deep veins is towards the heart and bidirectional in the long
saphenous and incompetent perforating veins; However, the resultant
mean flow is retrograde in the lang saphencus vein and in an inward

direction in the perforating veins (Fig 1.5).
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Direct pressure measurements carried out simultaneously in
the superficial and deep venous system at the ankle demonstrated that
the average pressure was 76 mm Hg in the former and 78 mm Hg in the
latter. This difference in pressure suggested that during motionless
standing a positive pressure gradient of 2 mm Hg existed between the
posterior tibial and the long saphenous vein (Arnoldi, 1866; 4969).
However, blood flow in the incompetent perforating veins was zero
when the patient was completely relaxed and motionless (Bjordal,1972a;
1872b). The positive gradient demonstrated by Arnoldi could well be
the result of minor muscular contractions. During the walking cycle
" the pressure in the posterior tibial vein increased on average to ﬁda
mm Hg while in the long saphencus vein it increased to 108 mm Hg.
This difference in pressure permitted sudden shifting of blood from
the deep to the superficial venous system (Arncldi, 1988). Subsequently,
during muscle relaxation a mean pressure of 30 mm Hg was recorded in
the posterior tibial while it was 43mm Hg in the long saphencus vein.

This reversed difference in pressure permitted an inward flow (Arnoldi, 1966),

The above results were confirmed by other studies in which direct
pressure measurements were carried out simultaneously in the deep and
superficial venous system (Hojensgard and Sturup, 1852; Ludbrook, 1966a;
1966b) . The effect of the haemodynamic changes described is that in
limbs with saphenofemoral incompetence and incompetent calf perforating
veins, the fall in the venous pressure at the ankle is much less than
in normal limbs. The average fall in pressure during exercise was 7mm
Hg in limbs with incompetence of saphenofemoral junction and calf
perforating veins whereas it was 55mm Hg on average in normal limbs.
After the end of exercise pressure returned fo the resting levels within
2.1 seconds in the former and within 37 seconds in the latter (Arnoldi,

1866) .
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1.55 Flow and Pressure Patterns in Veins of Limbs with Deep

In limbs with deep :vencus insufficiency, occlusion of the
deep veins and destruction of the valves occur as a result of deep
venous thrombosis. In the majority of limbs recanalisation of the
occluded segment occurs, but the destr&ction of the valves is permanent

(Bauer, 1942; Ludbrook, 1966a; 1866b; Sakaguchi et al,,1972; Barnes

et al.,1873a, 1973b).

At rest flow is approximately zero. During muscle contraction
the direction of flow i1s towards the heart and during relaxation
retrograde (Bjordal, 1972). Flow in the long saphenous vein depends
on whether the valves are competent or not. When competent, blood
is directed into the sahpenous via the perforating veins. When
incompetent, blood moves in a to-and-fro way without any significant

net direction of flow (Bjordal, 1972a; 1872b).

In general, when both the deep and the superficial venous
systems are incompetent the direction of flow during walking is
bidirectional in the deep, the superficial and the perforating veins,
However, the resultant mean flow in the perforating veins is in an

outwards direction (Fig 1.6).

Pressure at rest can vary moderately in limbs with deep venous
insufficiency. This depends on whether degp-.venous occlusion is
present or not as well as on the degree of the bollateral circulation
by-passing the occlusian. Direct pressure measurements carried out
in limbs with unilateral iliofemoral thrombqsis show that in the supine
position the resting pressure within the femoral vein is 5.5 + 10.5
mm Hg higher in the occluded than in the normal limb during the acqte

phase. This difference in pressure is less pronounced (0.6 + 1.4mm Hg)
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when the collateral circulation develops (Negus and Cockett, 1967).
Pressure patterns at rest do not show any significant difference
between normal limbs and limbs with deep venous insufficiency when
recanalization of the deep wveins occurs (Pollack et al.,1948; De Camp

et al.,1951; Husni, 1970}.

In limbs with deep venous insufficiency, marked variations
in pressure are found during walking: in limbs with acute iliofemoral
thrombosis an increase in the mean pressure within the femoral vein
has been noted (Negus and Cockett, 1967). In limbs with incompetent
deep veins which were not occluded, the pressure in the long saphenous
vein at the ankle fluctuates. The recorded fluctuation is three
times greater than in normal limbs. After the end of the exercise,
pressure returns to the resting level within 1.5 seconds in the
diseased limbs and within 37 seconds in the normal (Pollack et al.,1843;
Arnoldi, 1965; Negus and Cockett, 1867; Hjelmstedt, 1968a; 13968b;
Bjordal, 1972a; 1972b).. A positive correlation is found between
the mean venous pressure during exercise and the extent of the

occlusive process (Hjelmstedt, 1968a; 1968L).

The effect of the haemodynamic changes described is that din
limbs with deep venous insufficiency the fall in the venous pressure
at the ankle is much less than in normal limbs. In some patients
pressure can even ilncrease above the resting }eQels. Venous
claudication occurs when it exceeds the systoiic pressure. Venous
claudication can also ocour without an increase in venous pressure
during exercise in patients with both deep venous incompetence and

arterial
occlusive arterial disease. In such patients, the fall inApressure

during exercise results in a systolic pressure which is lower than the

venous pressure at the ankle.
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1.6 MATHEMATICAL AND HAEMODYNAMIC CONSIDERATIONS OF THE
ARTERIAL AND VENOUS SYSTEM

Several workers have produced hydrostatic and electrical
madels of the circulation of the lower limb in order to understand
and explain the haemadynamic changes that occur in health and in the
presence of arterial or venous disease. The basis of these models
is the relationship between pressure, flow and resistance (Flow = Pressure/
Resistance) which is the same, irrespective of whether the model is a
hydrostatic or an electrical one. Although this basic principle is
a common characteristic, the models produced vary considerably because
of the large number of arteriosclerotic and venous abnormalities that
occur and because different authors applied them to different parts
of the circulation of the lower limb (Green et al,,1944; Longland,i353;
Gaucer et al.,1965; Ehrenfeld et al., 1868; Holt, 19638; Rushmer, 1870;

Strandness and Sumner,1975; Sumner and Strandness,1370; 1975).

The study of the blood supply to the lower leg is facilitated
by dividing it into two major segments : (al) the small arteries,
arterioles, capillaries and venules lying within the calf muscles
plus those veins which return blood to the inferior vena cava and (b)
the cognate arteries (iliac, femoral, superficiai femoral, and
collaterals) which transport blaod to the calf (Strandness and Sumner,

1875; Sumner and Strandness, 1975) .

When a main artery is severely stenosed or occluded,blood flow
distal to the lesion is maintained through the collateral vessels.
The total resistance to flow can be obtained by combining the resistance
of the diseased main artery to the resistance of the collateral vessels.

Thus,

Ros = Rs x Rc

Rs + Rc
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where Rs = resistance of the main artery
Rc = resistance of the collateral vessels
Rcs = total resistance

It has been argued (Strandness and Sumner, 1975) that under
normal conditions Rs is very small and therefore Rcs is also very
small because it depends on the resistance of the patent main artery,
while the resistance of the cocllateral éirculation is immaterial.
Under abnormal conditions,i.e. when the main artery is severely stenosed
or occluded, Rs increases towards infinity; the combined resistance
Res increases also and depends on the resistance Rc of the collateral
vessels., Therefore it can be assumed that the more well develaoped
the collateral circulation is, the less is the resistance imposed to
the blood flow and the less the value of the total resistance Rcs

(Strandness and Sumner,1975).

Sumner and Strandness studied the changes in peripheral
resistance at rest and after exercise in limbs with and without arterial
disease by measuring calf flow with strain gauge plethysmography and
by using an estimate of the mean ankle pressure and of the mean systemic
arterial pressure calculated from the brachial systolic and diastolic
and ankle systolic pressure (Sumner and Strandness,1575). They found
that at rest the flow in the calf was the same in normal limbs and in
limbs of claudicants, but the peripheral resistaﬁce in claudicants was

lower. After exercise the peripheral resistance decreased to very low

levels. They also demonstrated that similar changes occurred in the
resistance of the thigh. They argued that the calculations of calf
resistance were valid, but the changes in the resistance in the thigh
were probably artificial, because the true resistance of the thigh could
only be calculated if blood flow in the thigh was measured, which they

did not do. It became obvious that simultaneous measurements of flow
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in the thigh and in the calf were essential in any attempt to measure

collateral rssistance.

On the basis of Green's (Green et al.,1944) and Longland's
(Longland, 1953) work, Strandness and Sumner (Strandness and Sumner, 1875)
attempted to explain the heamodynamic behaviour of the collateral
circulation by using an electrical model. In this model (Fig 1.7)
the main artery and the collateral vessels were considered to be two
parallel components of the arterial supply toc the limb. The muscular
arteries were taken to be the connecting channel between the main

artery and the collaterals.

According to this model, when the pressure Paq in the main

artery is greater than the pressure ch in the collaterel vessels the
flow of blood is diverted from the main artery into the collaterals
through the anastomic vessels. When Pa,I is lower than ch the flow
of blood is diverted from the collaterals into the main artery.
Finally, when Pa, eyuals Pe, the flow of blood through the anastomotic

vessels is zero.

In a normal limb Pa1 is equal to Pc1 and the flow of blood
through the anastomotic vessels is zero. This implies that the ratio
of theresistance of the collateral vessels (RC1) over the resistance
of the muscular bed (Recd) supplied by the collaterals is equal to the.

ratio of . 'the resistance of the main artery (Ra ) over the resistance

of the muscular bed (Rd) supplied by the main artery (Rc1/Rcd =Ra /Rd) .

In a limb with stenosis of the main artery (e.g. superficial
femoral artery) the above ratios are not equal. The direction of
flow in the anastomotic vessels where resisfance (Rcz] is fixed depends
on the ratio of the resistance of the superficial femoral artery over

the resistance of the muscular bed in the calf (Ra /Rd) and on the ratio
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of the resistance of the profunda femoris artery over the resistance
of the muscular bed in the thigh (ch/Rcd]. When the ratio Rai/Rd

is greater than the ratio RC1/RCd the pressure in the popliteal artery
is lower than in the profunda. Therefore, the flow of blood is
diverted through the collaterals to the popliteal artery and to the

calf muscles.

Assuming that the main artery, (i..e superficial femoral artery)
is occluded, Strandness's electrical model can be modified as in
figure 1.8. (Strandness and Sumner, 13975}. In this model, the
resistance of the collateral vessels and the resistance of the
muscles in the calf are in series, parallel to the thigh
vascular resistance. Since fhe collateral resistance is
always greater than the resistance in the profunda it can be
assumed that the resistance of the calf muscles will decrease
at rest as part of the compensatcry mechanism. (Sumner and Strandness.

18757,

Different workers using various technigues have demonstrated
that in limbs with single arterial lesions, peripheral blood flow at
rest is normal in claudicans but is decreased invpatients with
ischaemic rest pain (Hillestad, 1963a; 1963b;1363c; Pentecost, 1964 ;
Folse,1965; Strandell and Shephers,1868; lLarsen abd Lassen,18639;

Sumner and Strandness,1969). This is because.the peripheral resistance
is lower at rest compensating for the stenosi5 0r occlusion by allowing
an increased flow through'the stenosis of the main artery or the
colletral circulation (Sumner and Strandness,1870). During exercise,
peripheral blood flow increases in claudicants, but the increase is less
than that which occurs in normal limbs (Shepherd, 13870; Hillestad,13863a;
1963b; 1963c; Pentecost, 1964; Lassen and Kamp,1965; Sumner and

Strandness, 1969; Wolfesal, 1972), In patients with rest pain, exercise



may result in no increase in blood flow because the resistance of the
muscle bed is already at its lowest (Sumner and Strandness, 1869]. This
explains why bloed. pressure distal to the arterial lesion is decreased
in claudicants and even more so in patients with rest pain (Hillestad,
1964; 1963b; 1963c; Sumner and Strandess,1969; Yao,1970; 1973; Wolf,
1972). Exercise ordinarily results in a further decrease in peripheral
pressure resulting in an even higher pressure gradient (Strandness and
Bell, 1964; Sumner and Strandness,1969; Carter,1871; 1872; Wolf et al.,

1972).

In limbs with multiple lesions)although blood flow in the more
distal tissues may be normal at rest, it may decrease to even lower
levels during exercise producing a wﬁite foot as a result of minimal
perfusion (DeWeese, 1960; Allwcod, 1962; Lassen and Kamp, 1965; Yao, 1970).
Blood pressure below fixed obstructions will be reduced at rest and will
fall to even lower levels during exercise due toc the ilncreased pressure
gradient (Strandness and Bell, 1964; Sumner and Strandness, 1969; Yao,
1970). Finally, it has been sugpgested that one vascular bed can
steal from another only when the artery supplying both beds is functionally
obstructed (Ehrenfeld et al., 1868; Sumner and Strandness, 1972; Strandness

and Sumner, 1875]).

The study of haemodynamic behaviour of the venous system is
facilitated by regarding the venous system as conéisting of collapsable
and rigid tubes. Such a vertical tube model was produced by Gauer
and Thron (Gauer and Thron, 1965) and was later improved by Rushmer
{Rushmer, 1970). This model (Fig. 1.9) consisted of rigid and collapsable
tubes containing fluid, the total volume of which was not enough to
fill the collapsable part of the system. Under the influence of the
hydrostatic pressure the fluid dilates the lower part of the ccllapsable

tube 1leaving the upper part collapsea because of the atmospheric pressure.
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In this model, pressure measurements revealed that pressure was zero
{(equal to atmospheric pressure) in the collapsed upper part. Pressure
in the patent lower part was identical to the pressure in the rigid

tube provided that the level was tnhe same. (Fig 1.4). Pressure at

the upper part of the rigid tube (at the level of the cccluded part)

was founa to pe lower than the atmospheric pressure (-40mm Hg) (Fig.1.9).
The negative ?ressure in the upper segment of the rigid tube occurred
because the occluded upper segment prevented free communication with the

collapsable tube.

A horizontal - tube haemodynamic model is presented in figure 1.10
(Holt, 1968). This model consisted of a reservoir +rom which tluid
could pass through a system of horizoﬁtal rigid and collapsable tubes
connected in series. The collapsable tube was enclosed within a
chamber in which pressure could vary. The rigid tubes were subjected
to the atmospheric pressure. However, pressure P1 and P2 within the
rigid tubes could be regulated by varying the height of the reservoir

and could be measured in the two vertical tubes of the haemodynamic

model connected in parallel with the rigid tubes (Holt,18689).

The following assumptions were taken into consiageration so that
the horizontal tube model could explain flow within the tubes in a
similar way to blood flow within the veins: (i) pressure within the
chamber was taken to be equal to the atmospheric pressure and (ii)

pressure P, in the proximal rigid rube was taKen to be greater than

1
pressure P2 within the distal rigid tube. Under these assumptions flow
was found to be directly proportional to the pressure gradient [P1-P2].

Subsequently, when the pressure P2 in the distal rigid tube

decreased below the pressure within the chamber the tube towards the

distal end of the chamber collapsed; the rest of the collapsable tube



remained patent.

When tne pressure P, and the pressure Pc within the chamber

2
remained constant, then an increase in pressure Pq in the proximal

rigid tube produced a proportional increase in flow.

In this haemodynamic model the distal rigid tube can be
considered to be within the thorax and the pressure chamber through
which the collapsable tube passed, the abdominal cavity. It was shown,
that when the pressure P2 in the distal rigid tube was decreased
below the chamber's pressure, then the distal portion of the collaps-
able tube was occluded. This can simulate the collapse of the inferior
vena cava just below the diaphragm. It was also shown that flow through
the proximal rigid tube depended on the relationship of the pressure
F’,l in this tube and the chamber's pressure, Pc. This observation can
explain adequately why blood flow in the.Femoral vein is so sensitive
to variations of the intra-abdominal pressure. According to the above,
flow in the femoral vein is expected to decrease with inspiration (i.e.
lower intra-abdominal pressure) and to increase with expiration (i.e.

higher intra-abdominal pressure).. In recent years this has been

verified using Doppler ultrasound (Lewis, 1974).

In contrast to the horizontal - tube haemodynamic model,
different changes were observed in the vertical - tube haemodynamic
model when it was tilted horizontally. It was found that when the
collapsable and the rigid parts of this model were at an equal horiz-
ontél level, then the pressure was equal at all points. %his observation
suggests that the peculiar behaviour of the hydrostatic pressure on
the venous blood flow (i.e. in upright position) results from the

collapsable nature of the veins; it also suggests that the amount of
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blood in the body is insufficient to distend the entire vascular

tree completely.

The models described above summarise the relevant theories
of the haemodynamic changes that occur in the circulation of the lawer
limb available at the time the author undertook the investigations

presented in this thesis.
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PART II

SIMULTANEOUS MEASUREMENTS OF CHANGES

IN FLOW IN THE MUSCLES OF THE THIGH AND CALF
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CHAPTER 2

EXPERIMENTAL METHODS
USED IN PART II
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2.1 INTRODUCTION

The methods used in Part IT of the thesis are described in

this chapter.

The gngc clearance method was used, because gngc was avallable

and easy to handle and because absalute values of flow were not required.
Recirculation qf gngc was also negligible (Appendix A7). Ankle
systolic pressure measurements, by using Doppler ultrasound and cuffs,
are simple and reproducible. Although the pressure measured this way
may not be exactly the absolute pressure in the posterior tibial artery,
ifmﬁés\useful to the study as changes in pressure were of more interest
99m

so that they could be compared to changes in flow obtained by the . Te

clearance method.

Anglography did not invelve the author, but was part of

patients' management in the Cardiovascular Unit..

2.2 SIMULTANEOUS gngC MUSCLE CLEARANCE IN THE THIGH AND CALF
AT REST AND AFTER EXERCISE

2.21 Procedure

- - - -

All patients rested for 20 minutes in bed before starting the
test at a constant room temperature (28°C].~ Forty uCi of ngTc in
the form of sodium pertechnate diluted in 0.2 ml of saline were injected
into the thickest part of the gastrocnemius and quadriceps. A sharp
needle was used with an external diameter of 0.4 mm. The needle was
inserted at an angle of 45D to the skin and at a depth of 3 cm. The

plunger of the syringe was withdrawn each time before the injectiom-in-order

to ensure that intravascular administration of the radioactive isotope did

not occur. The probes of two Pitman 235-isotope localisation monitors

(See Appendix A4) were placed at a constant distance of 2 em from the
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skin over the site of the injections (Fig 2.1). The position was
marked to enable accurate replacement of the probss after exerciss,
The output from the detectors was recorded continuously on a CR 552 pen

recorder (Figs. 2.1 and 2.2]}.

The effect the one injection of gngc had on the radicactivity
measured at the other site of injection was negligible (See Appendix A7).
For reproducibility and comparison with 133Xe see appendices A8 and AS.

Clearance curves were recorded for 10 minutes at rest. The
patient then walked on a horizontal treadmill (Fig 2.3) at 4.5 km per
hour for a maximum period of 3 minutes or until claudication occurred.
Immediately after exercise he walked quickly back to bed and clearance
curves were recorded for 20 minutes. The total period between the

end of exercise and the beginning of the recording was always less than

30 seconds.

2.22 Calculation_of T _and_expression of Results

Percentage clearance per minute (T} at apy minute was obtainad

from the following equation:

flt) - f(t+1)
T = x 200 (2.1)
f{t) + f{t+1)

where f(t) was the radiocactivity measured at time t and f(t+1) was the
radioactivity measured one minute later. The radicactivity cleared

during one minute was f(t) - f(t+1). The mean radicactivity during
f(t) + flt+1)

the same minute was 5 and theré:}ore the percentage radio-

activity cleared per minute was given by equation 2.1.
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T was calculated at minute intervals during the resting and
the post-exercise periods. Thus, 10 values of T were obtained at
rast and 20 after exercise for each clearance curve. Because this
involved a total of 30 T values from the thigh and 30 from the calf
the calculations were done using a computer (See Appendix A14).

The values of T from the thigh and calf were plotted against time on
the same graph. This enabled a visual comparison of the simultaneous

changes occurring at both sites (Fig 2.4).

2.23 Other Parameters Measured

The calculation of Total excess of T, Maximum value of post-
exercise T, Hyperaemic Index, Time of onset of maximum value of post-
exercise T and Total period of increased post-experience T were obtained

from the graphs of T against time (Fig 2.4).

The Total excess of post-exercise T (A) was first claculated.
This was the area representing the post-exercise hyperaemia (shaded
area in Fig 2.5) . This area could be calculated by measuring the
height of the curve every minute from the line representing the resting

level and taking their mean (Fig 2.5).

The Hyperaemic Index (H.I) was defined as the ratio of the
total sxcess of post-exercise T (A) over the maximum value of T (M)
during the same post-exercise period (Fig 2.6).
A .
HeI. = 7 . . (2.2)

A,M, and H.I. were calculated by computer from the valugg.of T obtained

every minute during the pre and post-exercise periods.

The time of onset of maximum value of post-exercise T and the

total periad of increased post-exercise T were obtained from the graphs
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of T against time and both were expressed in minutes.

2.3 SIMULTANEQUS gngC MUSCLE CLEARANCE IN THE THIGH AND CALF

BEFORE, DURING AND AFTER EXERCISE

Because the probes of the235-isotope localization monitors
were heavy. and could not be used during exercise, lighter probes (80
g each) were obtained. They were attached on two Dual Channel
Analysers - model 45-24 (see Appendix AS5). These light probes were
strapped on the thigh and on the calf over the site of the injection

(Fig 2.7).

The same procedure already described (see section 2.21) was
used but it became possible to obtain a clearance curve during exercise
also. Although T was calculated according to equation 2.1 (p. 60)

a different computer program was used (see Appendix A14) because of

the extra readings (one every minuyte)j®btained during exercise.

2.4 PRESSURE MEASUREMENTS

2.41 Procedure

The same resting and exercise procedure was used as for thé
measurement of gngc clearance: all patients rested for 20 minutes before
starting the test. A 15 cm cuff was applied around the right arm: two
similar cuffs were applied around the ankles, 2 cm above the malleoli.

By using a Parks 806 directional Doppler to detect flow in the poéterior
tibial artery (see Appendix AB) systolic pressures were measured at rest
in the following order: right brachial pressure - right ankle pressure -
left ankle pressure. The patient then walked on the treadmill (Fig 2.3)
at 4.5 km per hour for a maximum period of 3 minutes or until claudication

occurred. The cuffs remained in position during exercise so that post-

exercise systolic pressure could be measured with minimum delay.
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Immediately after exsrclse the patient walked quickly to the bed and
the pressure measurements were carried out in the same order. If the
post-exercise ankle systolic pressure was found lower than at rest,
measurements continued at minute intervals until the pressure neached

the resting value (Recovery]). The recovery time was recorded.

2.42 Expression_of_Results

Results were expressed as:

(1) Resting Pressure Index,which was defined as the .ratio
of the ankle systolic pressure over the brachial systolic

pressure both measured at rest.

(ii) Post-exercise Pressure Index, defined as the ratio of the ankle
systolic pressure over the brachial systolic pressure both

measured during the first minute after exercise.

(iii) Recavery Time, defined as the time in minutes which was
necessary for the decreased pressure after exercise to reach

the resting level

2.5 AORTOGRAPHY

Single plane aortography was used as the aobjective arbiter of
the level and anatomical extent of the arterial lesions. It was done
in all the patients studied but not in the healthy volunteers. A lumbar
aortogram was performed in 83 per cent of the patients and a retrograde
percutaneous aortogram in the remaining. In both cases films were taken
serially starting at the pelvis and proceeding to the ankles. All
aortograms were performed by Dr. D. Sutton as part of the routine

management of the patients.
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2.6 STATISTICAL METHOODS

The significance of differences of the clearance changes in the
different groups was determined using student’'s t test,

This was justified because the data was normally distributed.
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CHAPTER 3

CLINICAL STUDIES
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3.1 INTRODUCTION

The purpose of the clinical studies presented in this Chapter
was to investigate the haemodynamic changes that cccur during and

after exercisa in normal and arteriosclerotic limbs.

In addition an attempt was made to assess the value of changes
in muscle blood flow after exercise in determining the severity and

site of arterial lesions.

Four clinical studies have been undertaken using the methods

described in the previous chapter (Chapter 2).
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CLINICAL STUDY I: Simultaneous muscle clearance in the

thigh and Calf, and ankle pressures at rest and after exerciss

Aims

Study I, was designed to answer the following questions:

Are there any distinct patterns of flow in the thigh and
ecalf in normal limbs, limbs with aortoiliac, femoropopliteal

and combined aortoiliac and femoropopliteal occlusions?

How can the paiterns of flow changes after exercise be
explained in terms of observed changes in pressure and probable

changes in peripheral resistance?:

Is there any redistribution in the flow of blood in limbs

with peripheral disease?

How can the changes in flow and pressure after exercise be
used to build a mathematical model of the arterial circulation
in the lower lLimb?

Are there any distinct patterms of the thigh and calf Hyperaemic
Indices in normal limbs, Zimbsiwith aortoiliae, femoropopliteal

and combined aortoiliac and femoropopliteal occlusive disease?
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3,22 Material

- - -

Twenty healthy volunteers (30 1limbs) and 114 patients (136
limbs) with peripheral vascular disease were studied. Limbs were
graded into 4 groups according to the state of the aortoiliac and

femoropopliteal segments.

Group A -(normal limbs)

In this group 30 limbs of 20 normal volunteers without any
evidence of arterial disease were selected using the follawing criteria:
Ankle pressure was lncreased after exercise and the post-exercise pressure
index was greater than the resting pressure index, confirming the

absence of stenosing arterial disease. The mean age was 26.4 + 3.1 years,

Group B - (limbs with iliac occlusion only)

In this group 35 limbs of 32 patients were included. Femoral
pulses were absent or weak and iliac occlusion was shown on the aortogram.

The patients’ mean age was 64.5 + 4.7 years.
Group C - (limbs with superficial femoral artery ccclusion only)

In this group 46 limbs of 38 patients were included. Pulses
over the paosterior tibial and dorsalis pedis arteries were absent. An
occlusion of the superficial femoral artery longer than 10 cm was shown

on the aortogram. The mean age was 59.8 + 5.1 years.

Group 0 - (limbs with combined aortoiliac and femoropopliteal

lesions)

In this group 25 limbs of 24 patients were carefully selected so
that either the aortoiliac or femoropopliteal segment showed more than 70

per-cent stenosis or occlusion while the other site was always occluded.
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remoral pulses were weak or absent while the pulses over the posteriaor
tibial and dorsalis pedis arteries were always absent. The patients’

mean age was 67.4 *+ 4.2 years.

3.23 Results

3.231 T, Maximum T, Time of onset of Maximum T, Ankle Systolic Pressures

Normal Limbs {(Group A)

The changes of T in the thigh and the calf of normal limbs before
and after exercise are shown in figure 3.1. Thigh and calf T were
stable and comparable at rest. They showed a fivefold increase
immediately after sxercise and both returned to the resting level within
3 minutes. The maximum increase in T was observed during the first
post-exercise minute. Thigh and calf T were comparable during the whole

of the post-exercise period.

The. mean ankle and brachial systolic pressures at rest were
132 + 15 and 130 + 12 mm Hg respectively. Immediately after exercise
both were increased: mean ankle systolic pressure 147 + 22 mm Hgs mean
brachial systolic pressure 144 + 24 mm Hg. As a result, the values of
the resting and post-exercise pressure indices were 1.0 + 0.10 and

1.0 + 0.17 respectively. The recovery time in normal limbs was zero.

For comparison, the mean changes of thigh T, calf T and ankle
systolic pressure in normal limbs before and after exercise are shown in
figure 3.2. The increase in pressure after exercise occurred when

the maximum thigh and calf T were observed.
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Limbs with Iliac Occlusion only (Group B)

Changes of T in the thigh and in the calf of limbs with iliac
occlusion only are shown in figure 3.3. Thigh T and calf T were
stable and comparable at rest. Immediately after exercise thigh and
calf T showed a threefold incrsase and both returned td the resting
level within 10 minutes. The maximum increase in T was observed during
the first post-exercise minute. Thigh T and calf T were comparable

during the wholes of the post exerciss period.

Thus the pattern of gngc clearance in group B was much the same
as in group A but the increase in T after exercise was less and the

time needed for this to disappear was longer (figs 3.1 and 3.3).

The mean ankle systolic pressure was less than the brachial
systolic pressure at rest. They were 85 + 13 mm Hg and 140 + 24 mm Hg
respectively. Immediately after exercise the mean ankle systolic
pressure decreased (40 + 11 mm Hg) whereas the brachial systolic pressure
increased (148 + 18 mm Hg). As airesult of these changes the values
of the resting and post-exercise p;essure indices were 0.58 + 0.12 and
0.32 + 0.10 respectively. The maximum decrease in the ankle systolic
pressure was observed during the first post-exercise minute. The mean

recovery time was 7.3 minutes. :

The mean changes of thigh;T, calf T and ankle systolic pressure
in limbs with iliac occlusion only'are shown in figure 3.4. The
decrease in pressure after exercise occurred when thigh T and calf T were

decreased. All returned to rasting level after a period of 10 minutes.
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Limbs with Superficial Femoral Artery Occlusion Only (Group C)

The changes of T in the thigh and in the calf of limbs with
superficial femoral artery occlusion only are shown in figure 3.5.
Although the clearance pattern at rest was the same, a completely
different pattern was abserved during the post;exercise period. Thigh
bT showed a threefold increase immediately after exercise while calf T
decrsased below the resting level. The decrease of T persisted until
there was a fall in thigh T. The maximum value of T in the thigh was
~ observed immediately after exercise. Thigh T returned to the resting
level within 5 minutes when a delayed maximum increase in calf T
occurred. Thereafter calf T decreased gradually until it reached the

resting level 14 minutes after exercise.

Thus the clearance pattern of ngTc was differsnt in the thigh
and calf. In the former, it was similar to that observed in normal limbs;
in the latter, it diminished immediately after exercise rising to a
maximum 6 minutes later and returning. to the resting level during the

subsequent 8 minutes (fig 3.5].

The hean ankle systolic pressure was lower than the brachial
systolic pressure at rest: they were 84.8 + S mm Hg and 123 + 17 mm
Hg respectively. Immediately. after exercise the mean ankle systolic
pressure decreased (49 + 11 mm Hg), while the brachial systolic pressure
increased (141 + 13 mm Hgl. As a result of these changgs the values
of the resting and post-exercise pressure indices were 0.71 *+ 0.08 and
0.42 + 0.13.w The maximum decrease in the ankle systolic pressure was

observed during the first'post-exercise minute. The mean recovery
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time was 3.8 minutes.

The mean changes of thigh T, calf T and ankle systolic pressurs
in the limbs with superficial femoral artery occlusion only are shown
in figure 3.6. The decrease in pressure and in calf T occurred
simultaneously. In contrast, a marked increase in thigh T was obssrved

during the same post-exercise period.

Limbs With Combined Aortoiliac and Femoropopliteal

Lesions (Group D)

The changes of T in the thigh and in the calf of limbs with
combined aortoiliac and femoropopliteal lesions are shown in figure
3.7. Thigh T and calf T were the same at rest but different during
the post-exercise period. Thigh T showed a threefold increase
immediately after exercise whereas there was not any clearance in the
calf (T = zero). The maximum increase in thigh T occurred during the
first post-exercise minute and then thigh T decreased gradually. Calf
T increased gradually and reached a maximum value during the tenth
post-exercise minute when thigh T reached the resting level. There-
after calf T decreased gradually until it reached the resting Level 18

minutes after exercise.

Thus the clearance pattern in the thigh was comparable to that

in limbs with iliac occlusion only (Group BJ.

The mean ankle and brachial systolic pressures at rest were
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100 + 17 mm Hg and- 170 * 21 mm Hg respectively. Immediately aefter
exercise the mean ankle systolic pressure decreased to an undetectable
level while the brachial systolic pressure increased (178 + 24.mm Hgl.
The ankle systolic pressure remained undetectable for an average period
of 2.9 minutes. As a result of these changes the mean resting pressure
index was higher (0.52 + 0.09) than the post-exercise pressure iﬁaex

(0.18++ 0.08). The mean recovery time was 17.5 minutes.

The mean changes of thigh T, ecalf T and ankle systolic pressure
in the 26 limbs with combined aortoiliac and femoropopliteal lesions
studied are shown in Figure 3. 8. The decrease in pressure to an
undetectable level was associated with the zero clearance in the calf
and the increased T in the thigh. The recovery of ankle systolic

pressure and increase in calf T were observed simultaneously.

3.232 Hyperaemic_Index

The mean values of the Hyperaemic Index in the thigh and in the
calf of the limbs in groups A, B,C and D are shown in table 3.1.
In normal limbs (group A) thigh and calf Hyperaemic Indices were compar-
able, In limbs with iliac occlusion only (group B), the Hyperaemic
Index in the thigh was comparable to the Hyperaemic Inaex in the calf;
both were three times greater than in normal limbs. In limbs with
superficial femoral artery occlusion only (group C) the meen Hyperaemic
Index in the calf was three times greater than in the thigh; the latter
was comparable to the thigh and calf Hyperaemic Indicés in normal limbs.
Finally, in limbs with combined aortoiliac and femoropopliteal lesions
{(group D) the mean Hyperaemic Index in the calf was two times grater than
in the thigh. The thigh Hyperaemic Index was comparable to the thigh

and calf Hyperaemic Indices in limbs with iliac occlusion only (Group B).
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In order to demonstrate how the measurements of the two
Hyperaemic Indices (thigh and calf) in each limb can separate the four
groups (A to 0}, the Hyperaemic Index in the calf has been plotted
against the Hyperaemic Index in the thigh (Figure 3.9). as a form of
bivariate . analysis. This was done with individual limbs. The means
from table 3.1 were also plotted and are shown as large black dots

(Figure 3.9).

3.24 Discussion

3.241 T, Maximum T, Time of Onset of Maximum T, Ankle Systolic Pressure

(a) Are there any distinet patterns of flow in the thigh and calf
in normal limbs, limbs with aortoiliac, femoropopliteal and

combined aortoiliac and femoropopliteal occlusion?

Although muscle blood flow in the thigh and calf in patients
with occlusive arterial disease at rest was not different from normal
limbs distinct patterns of changes in flow were found after exercise in
the four groups studied (A to DJ. Thus, in normal limbs (group A)
there was a marked and short lived hyperaemic response after exercise
both in;the thigh and in the calf. In patients with iliac occlusion
only (g;oup B) thevpattern was much the same, but the hyperaemic response
after exercise was diminished and prolonged equally in the thigh and in the
calf, ;In patients with superficial femoral artery occclusion only (Group C)
there was a marked and short lived hyperaemic response in the thigh, but
the flow in the calf Was diminished immediately after exercise with a
delayed hyperaemic response. Finally, in patients with combined aortoiliac
and femoropopliteal lesions (group D) there was a low and prolonged

hyperaemic response in the thigh, but flow in the calf was absent immediately

after exsercise. In these patients (group D) the hyperaemic response in
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the calf showed a more delayed and prolonged pattern than in patients
with superficial femoral artery occclusion (group CJ. These patterns
are so distinct that they may be used to identify the site of

arterial occlusion.

b) How can the patterms of flow changes after exercise be explained
in terms of observed changes in pressure and probable changes

in peripheral resistance?

The concept concerning blood flow is that the normal limb can
be regarded haemodynamlcally as a "standpipe system” in which pressure
is maintained along the whole length of the axial vessels and flow 1is
fed out of these vessels into vascular beds of varying resistancs.

In a simple standpipe, pressure. takes only one value, but for an
elastic system of vessels fed by an intermittent pump it is necessary
to consider mean pressure. If any or all of these resistances fall,
as in the hyperaemia caused by exercise, flow is increased. In
consequence, the mean pressure along the standpipe may be sustained

or may fall overall, the degree to which this takes place being determined
by central delivery and thus by cardiac output. The change in the mean
pressure is the result of a fall in the diastoiic pressure because of
the reduced peripheral resistance. This simple view of the limb
adequately explains the findings‘in normal limbs; flow is increased,
systolic pressure is increased, mean pressure is decreased according

to the above and diastolic pressure must be decreased.

When aortoiliac occlusion was present the results suggest that
the blood flow pattern was the same as in a normal limb but was

"throttled” by the occlusion so that blood flow was insufficient to
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permit normal reactive hyperaemia.

When there was femoropopliteal block only, the hyperaemia was
normal in the thigh, but flow in the calf was diminished initially and
was followed by a delayed hyperaemia. The only conceivable explanation
of the diminished flow in the calf immediately after exerciss when there
is maximum vasodilation of the muscle bed in that area, 1s a fall in
pressure in the axial vessels distal to the occlusion as demonstrated
by the decrease in ankle systolic pressure. This in turn must be the
consequence of a similar fall in the pressure gradient across the collateral
circulation due to the fall in mean pressure proximally (see also the
mathematical analysis of an électrical analogue which supports the above
and which derives pressure (voltagel) changes from flow (current) changes
p.79). As the hyperaemia in the thigh is decreasing there is an increase
in the peripheral resistance of the thigh muscle bed which results in
an increase in the mean pressure in the prbfunda, thus restoring the
pressure gradient in the collateral vessels. This then permits hyper-

aemia in the calf where maximum dilatation is'Still:pfasent.

The changes that occurred in patients with combined aortoiliac
and femoropopliteal lesions can be explained along similar lines. However,
the aortoiliac lesion is responsible for an aortofemoral gradient which
becomes even more pronounced immediately after exercise producing a lower
pressure in the profunda, a prolonged reactive hyperaemia in the thigh

and a more delayed onset of calf hyperaemia.

e) Is there any redistribution in the flow of blood in limbs with

peripheral arterial disease?

In the limbs with iliac occlusion only the increase in flow per

unit volume of muscle was the same both in the thigh and in the calf
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after exercise. Equal perfuslon pressure should have been present
distal to the . occlusion within the main arteries supplying the
thigh and the calf as their lumen was normal. The occurring vasod-
ilatation during exercise within the peripheral vascular beds was
responsible for the post-exercise hyperaemic response in the thigh and
in the calf, but the collatsral circulation limited the amount of blood
flow into the limb and therefore caused the diminished hyperaemic

response (Fig 3.3).

In limbs with superficial femoral artery occlusion the incresase
in flow which occurred in the thigh after exercise was the same as in
normal limbs, but flow in the calf was diminished. A large amount of
bloocd was available through the main arteries of tﬁe thigh and thus
vasodilatation during exercise was responsible for the marked and short-
}lived post-exercise hyperaemic response (Fig 3.5). The collateral
circulation through the thigh bypassing the occlusion limited the amount
of blood flow 'demanded’ by the vasodilated peripheral vascular bed of
the calf¥ at the end of exercises. However, when the flow in the thigh
was decreased towards the resting level, an increased flow occurred in
the calf producing the observed delayed hyperaemic response (Fig 3.5].
The decrease in flow .in the calf immediately after exercise and the
observation that theihyperaemic response occurred when.the flow in the
thigh decreased towards the resting level suggested that a redistribution
of blood was occurring in the limb during the early post-exercise period.
This was more pronounced in limbs with combined aortoiliac and femor-

opopliteal lesions.

Therefore, the concept of calf claudication in femoropopliteal
obstruction is of blood being "dumped” into a large vasodilated proximal

muscle mass. The calf is deprived and can only begin to receive blood
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to permit it to clear the isotops as the hyperaemia in the thigh

decreases.

d) How can the changes in flow and pressure after exercise be
used to build a mathematical model of the arterial circulation

in the lower limb?

A mathematical model of ths circulation of the lower limb should
be such that it can explain all the changes in flow and pressure éé a
rasult of exercise that have been observed by others and in th; presant
study. However, in the present study changes in flow per unit volume
of muscle and changes in the ankle systolic pressure have been measured
only. Therefore it 1s necessary to make certain assumptions concerning
changes in response to exercise. Until direct measursments of mean
pressure and of the various resistances of the different vascular beds
in the 1limb at rest and after exercise are available, such a model will
be the best approximation, providad it can explain all the observed

changes.

Figure 3.40 shows a diagramatic representation of the arterial
tree and its electrical analogue in a limb with superficial femoral
artery occlusion. ‘The resistaﬁce of the occluded superficial femoral
artery [R2] is infinitely high and the fixed resistances of the external
iliac (R1'] and of the main arteries distal to the occlusion are very
small. Therefore they can both be omitted and the electrical model can
be redrawn as in figure 3.11. The mathematical analysis is based on
the simplified electrical model (Fig 3.14b) and is carried out assuming

that constant pressure {voltage) is present in the aorta.
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Let R, = Resistance of common iliac artery (Fixed) (see Fig. 3.10)
R{'= " " external " " c "
R2 = " " superf.femoral " «c " )
R3 = " " profunda femoris” {Fixed)
R4 = " "collateral arteries «c "
RS = " " main calf " ")
Rt = " "thigh muscle bed (variable)
Rc = " " calf muscle bed ¢ )
V = Assumed constant pressure (voltage) in aorta

The resistance of the occluded superficial femoral artery

(Rz) is dinfinitely high and the resistance of.the external iliac .

(R1’] and of the main arteries distal to the occlusion (RSJ are

fixed are very small. All three can be omitted .(fig 3.11a) and the

electrical model can be redrawn as in Figure 3.11b.

Let T = Total flow of blood (current)
it = Muscle blood flow in thigh (current)
iC = Muscle " " " galf (" )
V = Pressure in aorta (voltage)
VA = " at point A (fig 3.13b)

The total resistance is:
Rt (R4 + RC]
(R1 + R3] +

Rt + R4 + Rc

According to Ohm’s Law

R, (R, + Rg; (1)
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But T = ic + it

Pressure (voltage) VA'at point A is:

V, =1 R, =1 (R, + RCJ

Theresfore:

‘This-.can be developed into

R4 + RC R4 + RC
1t=(R -I]_( R lt
t t
R, + RC R4 + Rc
ig + ( . it) = .

Rt Rt
R, + RC R4 + RC
it (1 + ) = . I
Rt t

Solving the equation for it

Ry + R
i, = £ . I
t R, * R_+ R

Substituting I with equation (1)

V. [R4 + RC + R

£}

(2)

(3)

(4]

(5]

Rt[R4 * Rc] * [Rl + RS] [R4 + RC

(61

+ Rt]
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which is |
it = [Rh+ RC)
Vv
. X
Rt(Rq+RCJ+(R1+ R%(Ru+ R+ R,) (7)
and
(Ry+ R} x V
i, = <
t RI((R+*R)I+R(R+R) + (R+RIR+R,) (8)
£ty e 4 1 3 1 3 ¢ 't
Substituting i, with 1 (R + R _)/R, from equation (4)
t c i c 't
i = Re x V (9
© R((R+R)I+R(R+R) + (R+RJIR_+R,)
t oy ¥ 1 3 1 3 ¢ t

The changes that occur in i, and iC as a result of changes in Rt and

t

RC after exercise can be illustrated with an example.

Let fixed resistances and constant aortic pressure be

tRl =1Q, R =24¢, Rk= 10 € and V = 100 V.
3

Before exercise (resting conditions)
Let Rt = RC = 10 Q. Then from equation (8)

2000 _ 2000
30 +200+60 290

= 6.9 A

and from equation (9)

; = 1000 o 3,45 4,
c 290

Immediately after exercise
Let Rt = 1 Q and RC = 1 Q. Then from equation (8)

{ = 1100 . 1160 _ 23.4 A

30+11+6 47
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and from equation (9)

_ 100 _
iC 77 2.1 amp
{C) At the time when Peak Flow occurs in the calf
Let Rt = 10 ohm and RC = 4 ohm

Then from equation (8)

. 1,400
t 30 + 110 * 42

= 7,69 amp

and from equation (9)

1,000 _
i, =285 = ° amp

Thus the chages which occcur in the thigh muscle [Rtl and calf
muscle (RC] resistancesduring exercise can explain the changes in flow
that occur in patients with superficial femoral occlusion (Fig 3.5).

The effect of these changes on pressure can be illustrated also:

In the same model (Fig 3.11b), the pressure at point (A)

proximal to the occlusion is:

Similarly, at point (B) distal to the occlusion the pressure is:

B c c
Thus before exercise VA = 10 x 7 = 70 volt
VB = 10 x 3.5 = 35 volt
Immediately after exercise VA = 22 x 1 = 22 volt
V.o = 2 x 1= 2 volt
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3.242 Hyperaemic Index

e) Are there any distinet patterns of the thigh and calf Hyperaemic
Indices in normal limbs, limbs with aortoiliac, femoropopliteal

and combined aortoiliac and femoropopliteal ocelusive disease?

Distinct patterns of values of the Hyperasmic Indices (thigh and
calf) were found in the four groups studied (A to D). The graphic form of
bivariate analysis used has demonstrated that the Hypsraemic Indices
can separate the four groups without any overlap (Fig 3.9).. This
separation means that in patients with claudication and occlusive lesians
the Hyperaemic Indices can determine whether the disease consists of
a single lesion confined to either the femoropopliteal or the aortoiliac
regions or whether it’is. double involving both the femoropopliteal and

aortoiliac segments.
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3.3 CLINICAL STUDY II: _ Hyperaemic Index in Limbs with
Combined Aortoiliac and Femoropopliteal Stenosis

3.31 Aims

It has been demonstrated in the ‘previous section (Section 3.2)
that the Hyperaemic Index can determine the site of single occlusions
or combined aortolliac and femoropoplliteal severe lesions. The purpose
of the present clinical study (study II) was to answer the following

question:

) To what extent can the Hyperaemic Index determine the site

and severity of combined aortoiliac and femoropopliteal

stenosis?
Hypothesis: The mean calf Hyperaemic Index of the four groups (A to D)

studied in the previous section was plotted against the mean thigh Hyper-
aemic Index of the same groups and the four points obtained were joined

by lines as shown in figure 3.12.

(1) It can be argued that the points representing limbs with combined
aortoiliac and femoropopliteal stenosis would be inside the ABCD quadrangle
and their position would be determined by the relative séverity of the

lesions.

(ii1) Points of limbs with femoropopliteal stenosis greater than
aortoiliac would be in ACD triangle and of limbs with aortoiliac stenosis

greater than femoropopliteal stenosis would be in ABD triangle.

{iii) Limbs with stenotic lesions greater than 70 per cent would be in
BOC triangle and with stenotic lesions less than 70 per cent in ABC triangle.
Thus limbs in triangle p would have a femoropopliteal stenosis greater

than 70 per cent which is more severe than the aortoiliac stenosis. Limbs
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in triangle g would have aortoiliac stenosis greater than 70 per cent
which 1s more severe than the femoropopliteal stenosis. Limbs in
triangle r would have less than 70 per cent femoropopliteal stsnosis
which 1is more severe than the aortoiliac stenosis. Finally, limbs
in triangle s would have less thén 70 per cent aortoiliac stenosis

which is more severe than the femoropopliteal stenosis.

Substantiating this hypothesis would be a.means of providing

an answer to question (+).

3.32 Material

Twenty-eight patients (33 limbs)with claudication and combined
aortoiliac and femoropopliteal stenoses of any degree were studied.
They were selected according to the aortogram which was part of their
in-patient investigation. The degree of stenosis seen in the AP plane
was expressed as a percentage of the normal size lumen. This was
based on measurements of ‘an, adjacent area of the angiographically
normal vessel. Lesions were classified as 0-10%, 10-40%, 40-70%,

more than 70% stenosis or occlusion.

Simultaneous muscle clearance curves weré recorded from the
thigh and calf and the Hyperaemic Index was‘calcuiated,according to the
methods described in section 2.23 (p.61). : The results were
expressed graphically by plotting the Hyperaemic:Index of the calf

against the Hyperaemic Index of the thigh.

3.33 Results

The results of the thigh and calf Hyperaemic Indices are

expressed graphically (Fig 3.13). The degree of stenosis in the
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aortolliac and femoraopopliteal segments in relation to triangles
p, g, T, s as postulated in the hypothesis and the arteriographic

findings ars shown in Table 3.2.

3.34 Discussion

The results in this section support the hypothesis. All the
points representing 1iﬁbs are inside the ABCD quadrangle. The
arteriographic findings in Table 3.2 suggest that points in triangles
s and q have stenasis which is more severe in the aortoiliac than in
the femoropopliteal segment. Limbs in triangles p, and r have stenosis
which i1s more severe in the femoropopliteal than in the aortoiliac
segment. Limbs in triangle p have femoropopliteal stenosis greater
than 70 per centi and in triangle g aortoiliac stenaosis greater than 70
per cent. Finally,limbs in triangle r have femoropopliteal stenosis
less than 70 per cent and limbs in triangle s, aortoiliac stenosis less

than 70 per cent.

Although one is "fully aware of the inherent error in grading
lesions on single plane arteriography, the results suggest that the
methods used to express the Hyperaemic Indices in this study may provids
a less invasive means of expressing the site and severity of arterial
lesions although it cannct match the definition of the anatomical
extent shown on the arteriogram. The study in the next section of

this thesis was designed to test this further.

In conclusion the question posed can be answered as follows:
Can the Hyperaemic Index determine which is the more severe lesion in

combined aortoiliac and femoropopliteal stenosis?

The answer is yes, considering the limitations of single plane arteriography

in the preseﬁt study.
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3.4 CLINICAL STUDY III. The Hyperaemic Index in Limbs with

Peripheral Arterial Disease-Prospective Study

3.41 Aims

The results obtained from the last two sections (3.2 and 3.3)
suggest that the Hyperaemic Indices obtained simultanecusly from the
thigh and calf can determine the state of the aortoiliac .and femor-
opopliteal segments, i.e. whether occluded or stenosed;  whether the
stenosis was greater or less than 70 per cent and finally in limbs with
combined aortoiliac and femoropopliteal lesions which of the two was
most severe. By superimposing the results of clinical study I in
section 3.2 (Fig 3.9) with the results of clinical study II (Fig 3.13)
figure 3.14 is obtained. Limbs with double stenotic lesions only are inside
the ABCD quadrangle while all limbs-on the lines and outside the quadrangle

(shaded areas) have occlusions.

The previous two studies (studies I and II) were in patients
selected according to the arteriographic findings. In this section of
the thesis a prospective study was undertaken. Patients wilth claudication,
admitted to the ward for investigation were studied by simultaneous
clearance of gngc from the thigh and calf and the state of the aortoiliac
and femoropopliteal segments was predicted before arteriography was
performed . The findings were then compared with arteriography. Thus,
the aim of this study was to substantiate the findings of the previous

studied.

3.42 Material

Twenty-three consecutive patients {44 limbs) with claudication,
admitted to the ward for investigation with a view to operation were

studied.



_88_

Simultaneous muscle clearance curves were obtalned from the
thigh and calf and the Hyperaemic Index was calculated according to the
methods described (Section 2.23, p. 61). - The results were expressed
graphically by plotting the Hyperaemic Index of the calf against the
Hyperaemic Iridex of the thigh. The state of the aortoiliac and
femoropopliteal segments was:. thus predicted before arteriography was
available, Aortography was subsequently performed and was used as the
objective arbiter of the state of the vessels. The degree of stenosis
seen on the AP plane was expressed as a percentage of the normal size
lumen. This was based on measurements of ad}acent areas of the
angiographically normal vessel. Lesions were classified as 0-10, 10-40,

40-70, greatér than 70 per cent, stenaosis, and occlusion.

Sixteen patients (24 limbs) had an operation. This was decided
by the consultant surgeon in charge who had no knowledge of the results
of the isotope studies. His decision to oﬁerate was based on the
clinical and anglographic findings. The 16 patients were restudied two
weeks after the operation in order to see the effect that the

reconstructive procedures had: had on the Hyperaemic Indices.

3.43 Results

The results of the Hyperaemic Indices are expressed graphically
in figure 3.15 and the degree of arterial stenosis suggested by them in
table 3.3. The state of the aortoiliac and femoropopliteal segments in
the same limbs as subsequently demonstrated by the acrtogram are shown in
table 3.4. Comparing table 3.3 with table 3.4 it can be seen that the

prediction of the lesions were correct in 40 out of 44 limbs (Table 3.5)

Sixteen patients (24 limbs) had a reconstructive operation (fig-

3.16). Femoropopliteal vein bypass graft was performed in four
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(1imbs 1,2,3 and 4 of fig. 3.16). Unilateral iliac endarterectomy

and profundoplasty in 1 1limb (18) and an aortoiliac endarterectomy

or dacron bypass graft to the aortoilliac segment in the remaining
limbs. With the exception of 4 1limbs which had the femoropopliteal
vein bypass graft, all limbs which had an aortoiliac reconstruction

had occlusion or greater than 70 per cent stenosis in the aortoiliac
segment. All stenoses were above the BC 1line (Fig 3.16). The
effect of the operation on the Hyperaemic Indices was to move all points
towards ACD triangle and towards point A. (Fig 3.17). The points that
remained above the BC line represented limbs which had severe combined
aortoiliac and femoropopliteal disease pre-operatively, while after
operation they were left with femoropopliteal occlusion and some

residual aortoiliac stencsis.

3.44 Discussion

I9my, clearance predict the presence

g) To what extent can the
and the extent of occlusive lesions in patients with peripheral

arterial disease?

The results indicate that it is possible to predict the degree of
stenoses.. - in femoropopliteal and aortoiliac segments, expressed as
normal, less than 70 per cent stenosis, more than 70 per cent stenosis

and occlusion accurately in 80 per.cent of limbs. In patients with single
segmental disease (i.e. limbs number 1,2,3,4,19,20,21 and 22 of fig 3.16)
the Hyperaemic Indices became normal after successful reconstruction

(Fig 3.17).

1, What is the value of gngc clearance method in limbs with combined

aortotliac and femoropopliteal disease?
The results indicate that this method can determine not only the

degree of stenosis in each segment in terms of the four categories
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above (i.e. normal, less than 70 per cent, mors than 70 per cent stenosis and
occlusion) but also which of the two is the more severe. In patients

with double segmént disease reconstructing one segment changed the
Hyperaemic Indices to a pattern compatible to the residual disease

(Fig 3.46 and 3.47)

The results of the Clinical Studies I, II and III led to the
production of a diagnostic chart (Fig. 3.18). According to this chart
it is possible to classify limbs with claudication to any of 12 possible

categories (a-h, r-q: see key of Fig. 3.18]).
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3.5 CLINICAL STUDY IV.  Simultaneous - "Tc Muscle Clearance
in the Thigh and in the Calf Before, During and After Exercise

3- 51 -61]1]

It has already been mentioned (see section 2.22) that it became

possible to obtain a clearance curve during exercise by using light
probes which could be strapped on the leg (Fig 2.7). These probes
were available at the later stages of this study and therefore the
number of patients investigated was limited. However, an attempt has

been made to answer the following question:

Z) Are there any distinet patterns of changes in flow

99m

during exercise determined by Te muscle clearance?

3.52 Material

- - -

5 healthy volunteers (5 limbs)and 23 patients (25 limbs) with
peripheral vascular disease were studied.- The normal volunteers wers
selected using the following criteria: (i) The ankle systolic pressure
was increased after a 3-minute walk on the treadmill at 4.5 Km per hour, and
(ii) the post-exercise pressure index was greater than the resting

pressure index.

The patients with peribheral arterial diseass had been admitted to

the hospital for acrtography as part of their routine management.

Limbs wgre graded into 4 groups:
Group O : 5 limbs of 5 normal volunteers
Group 1 : 5 limbs of 5 patients with iliac occlusion only.
Group 2 : 5 limbs of 5 patients with a long superficial femoral

artery occlusion only.
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Group 3 : 10 limbs of 8 patients with combined severe (mors
than 70 percent stenosis or occlusion) aortoiliac

and femoropopliteal lesions.

The methods described in sections 2.2 and 2.3 wsre used. All
the normal volunteers and the patients walked on the treadmill at 4.5

Km per hour for a period of 3 minutes or until claudication occurred.

3.53 Results

The changes of T in the thigh and in the calf of a normal 1limb,

a limb with iliac occlusion only, a limb with superficial femoral artery
occlusion only and a 1imb with combined severe aortoiliac and femor-
opopliteal lssions, before, during and after exercise are shown in
Figure 3.19, 3.21, 3.23 and 3.25 respectively. The mean values of
thigh T and calf T and their standard deviations before, during and after
exercise are shown in figure 3.20 for group 0 (normal limbs): 1n figure
3.22 for group 1 (limbs with iliac oceclusion onlyl); in figure 3.24 for
group 2 (limbs with superficial femoral artery occlusion only) and in
figure 3.28 for group 3 (limbs with combined severe aortoiliac and

femoropopliteal lesions).

Before and after exercise, the changes of T in the thigh and in
the calf were similar to those described in a previous section (see
section 3.22). During exercise, they were as follows: In normal
limbs (group 0) there was a comparable increase in thigh T and calf T
after the onset of exercise (Figs 3.18 and 3.20). They both reached a
maximum value  (sixfold increase) within 30 seconds and remained stable

thereafter during the rest of the period of exercise. (Fig 3.18 and 3.20).
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In limbs with iliac occlusion only (group 1), thigh and calf T
showed a comparable fivefold increase within 30 seconds after the onset
of exercise, then, they started to decrease gradually but they did not

reach the resting level at the end of walking (Fig. 3.21 and 3.22).

In limbs with superficial femoral artery occlusion only (group
2) there was a different pattern of changes in thigh T and calf T during
exercise : Thigh T showed a fivefold increase within 30 seconds and
remained stable thersafter. Calf T showed a similar increase initially,
then, it started decreasing and was lower than the resting level during
the third minute of walking (Figs. 3.25 and 3.24). In 2 out of 5 1limbs

studied, claudication occurred during the third minute of walking.

Finally, in limbs with combined severe aortolliac and femoropopliteal
lesions (group 3) a different pattern of changes in thigh T and calf T
was found also: Thigh T showed a fivefold increase within 30 seconds
from the beginning of exercise which was followed by a gradual decreasse
towards the resting level (Figs. 3.25 and 3.26). " Calf T showed a comparable
fivefold increase initially,; it was followed by a rapid decrease, to
below the resting level, during the second minute of exercise. Calf T
was very low during the third minute of exercise. (Figs. 3.25 and 3.26).
In all the limbs studied, claudication occurred during the third minute

of walking.

3.54. Discussion

Z) Are thereimy distinet patterns of changes in flow during exercise

9

determined by 9 "o muscle clearance?

The answer is yes.

In the control group of normal limbs there was a marked hyperaemic
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response both in the thigh and calf. The maximum value of T was
reached 30 seconds after the onsst of walking and remained unchanged

thereafter.

In limbs with i1liac ocelusion only the pattern was diminished
but equal in the thigh and the calf: A hyperaemic response was
established 30 seconds after the onset of walking; 1t started to

diminish but did not disappear at the end of the exercise.

In limbs with superficial femoral artery occlusion only, there
was a different pattern of flow in the thigh and in the calf: The
former showed a flow pattern similar to that in normal limbs; the
latter showed an initial hyperaemic response, which however, disappeared
by the third minute of walking; at the end of walking little flow was

found in the calf (Figs. 3.23, 3.24).

Finally, in limbs with combined aortoiliac and femoropopliteal
lesions the flow pattern in the thigh was similar to that in limbs with
iliac occlusion only, while the flow pattern in the calf was less than ths
resting 1level by the second minute of walking; during the third minute
of exercise, when claudication occurred, very little flow was found in

the calf (Figs. 3.25 and 3.286).



- g5 -

PART III

THE DEVELOPMENT AND VALIDATION
OF A HAEMODYNAMIC MODEL
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CHAPTER 4

DEVELOPMENT OF THE

HAEMODYNAMIC MODEL
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4.1 INTRODUCTION

Although the method described in Part II provided distinct
patterns of diagnostic value in patients with periphegral occlusive
disease it had a disadvantage : two injections were required and
because of technical limitations one lower limb only could be studied
at a time. The information was mainly obtained during the period
after exercise with the patient in a horizontal position in order

to avoid interference from venous disorders.

It became svident that a method which could allow both lower
limbs to be studied at the same time would be of great value for the
clinical assessment of patients. This new method had to be performed
with the patient standing with one. injection in each calf. However,
because of the standing position the possibility of interference

by the venous system had to be investigated.

In Part III of the thesis a theoretical haemodynamic model
was developed as a hypothesis, concerning the haemodynamic changes
prevailing in the arterial system during tiptoeing. The haemodynamic
model was then validated by testing it on normal volunteers and on

patients with peripheral arterial and venous diseases.

The haemodynamic model is described in this chapter.

4.2 THEQORETICAL CONSIDERATIONS AND DEVELOPMENT OF
HAEMODYNAMIC MODEL

4.21 Two-pool Haemodynamic_Model

OV ufpamdonrangig Shoniund gt Ao RO =

In order to elucidate the position and the significance of
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single arterial lesions the arterial tree of the lowsr limb is
considered to be composed of two pools of blood, one above and one
below the arterial lesion (Fig.4.1). Pool 1 i1s an infinite pool

of blood above the lesion. Pool 2 is a limited pool containing the
amount of blood (@) between the arterial lesion and the point.of an
intramuscular injection of gngC in the calf. The calf 1s chosen as

the site of injection so that the isotope clearance is measured distal

to vascular lesions amenable to reconstruction.

It 4is assumed that during a period of repeated elevations
of the heel from the ground (tip-toeing) a constant proportion (a)
of the blood contained in pool 2 leaves via exit B (Fig 4.1) during
gach tip-toe cycle. It is also assumed that an amount X (n) of
blood is brought into this pool (pool 2) during the nth tip-toe cycle.

Thus, (a) is a fraction of the amount of blood (Q,) in pool 2 at time n.

At the beginning of the exercise the amount of blood in pool Z is @.

At the end of the 1st cycle

= - 4.1)

01 ‘Qo aQO + X1 (
i.e. the amount of blood in pool 2 at rest (Q4). minus the

amount that left pool 2 (aQg), plus the amount that entered pool 2

(xl) L

Equation (4.1) can be rewritten as:

Ql = (l—a] QO + xl (4-2]



- g9 -

At the end of the 2nd cycle:

9, =(1-a) @, + X, (4.3)
Substituting Ql from equation (4.2}, equation (4.3) can
be rewritten as:
02 = (1-a) [(l—a] QO + Xl].+ X2 (4.4)
or
Q, = (1-a)2 @_ + (l-a)X, + X (4.5)
2 ) 1 2 '
Similarly, at the end of the 3rd cycle:
03 = (l-a) Qz + X3 (4.6)
Substitating Q2 from equation (4.5), equation (4,8) can
be rerwritten as:
Q. = (1-a) | (1-a)? @_ + (1-a) X, + X
3 a] 1 2 + X3 (4.7)
or
0, = (1-a)> @ _+(1-a)°X +(1-a) X, + X (4.8)
3 8] 1 2 3
th
So, at the end of the n cycle:
Q= (1-a)” @ +(1-a)"" X +(1-8)""%x, ...+X (4.9)
n 0 1 2 """ Tn

Assuming that the same amount of blood enters pool 2 during

each tiptoe cycle then:

Q.= QO (1-a)"” +[1—(1—a1”] A (4.10)
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Let, wn be the amount of blood that has left pool 2 via B
(Fig. 4.1) from the beginning of the first to the end of the no"

tiptoe cycle.

This Wn is the total amount of blood (n.A) that has entered

pool 2, plus the initial amount of blood in it at rest (QOJ. minus

the amount of blood Qn that remains in pool 2 at the end of the nth
tiptoe cycle.
wn= ni+ QO —Qn : {4.11)
Substituting Qn from equation (4.10)
_fr4_-1N
W=ni+Q-Q (1-a)" - A-t1-a) A (4.12)
n o o} a
Let, 1-a = B
- L
- n a0 _ (1-81)
wn- nl+00 QDB : — A (4.13)
or
W=2 tan-148™  + g (1-8™M (4.14)
n a ' 0 .

The amount of blood (wn) that leaves pool 2 via B from time
t=0 to time t=n (i.e. by the end of the nth cycle) is proportional to
the total percentage clearance between t=0 and t=n (i.e. total percentage

clearance=Dn),
Therefore,

W = K.0 (4.15)
n n
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Whera K is the muscle to blood partition coefficient for

the isotope used.
Substituting W, from equation (4.14)
K.D =Q_ (1-8" +2 (an-146™)
n o a

After five tiptoe cycles:

_ 5 A 5
KDS—QG(I B7) 3 (5a-1 +87)
After ten tiptoe cycles:
ko, = 9 (1-8"9) + 2 (10a-1+8"0)

10" Yo a a

After twenty tiptoe cycles:

. .20, A ..,20
KD,g=0, (1-87)+= (20a-146°")

(4.16)

(4.17)

(4.18)

(4.19)
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Solutions far (a) [Qol and (A} can be derived from the above

gquations (Ses Appendix A10).

Thus,

630, - 466D, + 900D,

ZSDISDS- 20101

(4.20)

g =

K D.(10a-1+819Y-D, (5a-1+8%)
5 10
(1-82)(10a-1+89) - (1-879)(5a- 1+ 8°)

[k D, -9 (1- 8‘5)]

A= 10a

(4.22]

(al, (QOJ and (A) can be calculated provided D., D and

5* D4’ Do

K are known.

a, Qo and A can be used to calculate the total amount of blood
Qn in pool 2 at the end of each tiptoe cycle. The same parameters (a,
QO and A) can be used also toc calculate the total amount of blood wn which

leaves pool 2 at the end of each tiptos cycle.

Qn"in pooL 2 can either increase or decrease with each cycle,
depending on the values of'a, Qo and A, Theoretically, this increase
or decrease in Qn should be continued indefinitely during exercise.
However, in practise, after a limited number of tiptoe cycles Qn reaches

a steady value (Qfinal).
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Qfinal can be determined from the following equation:

Qfinal=2
a (4.23)

wn will always increase at the end of sach tiptoe cycle.
This incresase in Wn is a function of the values of a, QO and A, and
should therefore vary in normal limbs and in limbs with peripheral

arterial diseass. wn can be calculated from equation 4.11.

The number (n) of tiptoe cycles at the end of which Qfinal
is obtained approximately can be calculated from equation 4,10.

This equation can be rewritten as follows:

n A n
U= 9587 + 3 (1-87) (4.24)
If, Qn = @
then, B =(1-a) =0
and
A A
Q, = Q.0+ ${1-0)=3 (4.25)

Therefore, Qn in order to reach a proportion (e, sayl)(e.g.

890 per cent) of the final value

g sel : (4.26)

Substituting Qn from equation 4.24, equation 4.26, can be

rewritten as:

9_.p +—[1-s]ke—2— (4.27)
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or
n A A A
or
A -
n PR (4.29)
B > | X
a Qo
Taking logarithms, equation 4.29 can be rewritten as:
A A
nlog B > log-g + log (l—e]-logtg - QOJ (4.30)
or
log-l +10g[1-e]-10g0l - Q)
a a o (4.31)

n 2 —
) log 8
Where n, is the number of tiptoe cycles which are needed so that

Q reaches o proportion e, of its final value.

In order to elucidate the. position and the significance of
combined arterial lesions of the main channels in the lower limb, a
heamodynamic model concerning three pools can bs considered (Fig 4.2).
This three-pool system could be analysed in a similar marmner as the two-
pool system (Fig 4.1). However, it was assumed that the supply of blood
in the top pool of the two-pool system was of restricted capacity because,
the main effect a proximal lesion would have on the lower pool would be
a reduction in the value of A, i.e. on the amount of -blood entering the
lower pool of the two-pool system. Thus, an approximation of the
behaviour of the.Iower two pools in the thres-pool system (Fig. 4.2) could
be obtained by lowering the value of A and examining the lower two pools only.

Therefore, the same equations (4.20, 4.21 and 4.22) could be applied.
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4.22 Effect_of_Venous_Insufficiency on_the_Heamodynamic Model

- - e s - o - G o - o o T o iy s et o o = T o - — = — - —

The two-pool haemodynamic model describes the haemodynamic
changes that occur in the arterial trse when the patient is tiptoeing
in the erect position. From previous studies outlined in the intro-
duction of this thesis (see sections 1.53, 1.54 and 1.55), the effect
of a venous system which is normal, bhas superficial venous insufficiency

or deep venous insufficiency will be differaent.

Because of the possibility that the co-existing venous diseass
will affect the results obtained, the presence or absence and type of
venous disease was considered during the experiments for validation of

the two-pool haemodynamic model.
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CHAPTER 5

METHODS FOR THE VALIDATION
OF THE HAEMODYNAMIC MODEL
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5.1 INTRODUCTION

The methods used for the validation of the haemodynamic model

are described in this Chapter.

The gngc. muscle clearance method was used as a measure of flow
and particularly to determine changes in flow that occur during exercise.
Ankle systolic pressure measurements were carried out by using cuffs and
Doppler ultrasound fo detect flow in the postefior tibial artery. The
Doppler ultrasound was also used to determine the presence of reflux at

the saphenofemoral and saphenopopliteal junctions and in the popliteal
vein. Ambulatory venous pressure measurements were carried out to
determine the presence of venous insufficiency and to differenciate
between deep and superficial venous insufficiency. Finally, aortography
and ascending venography were employed on arterial and some venous

patients respectively.

5.2 METHODS EMPLDOYED, CALCULATION AND EXPRESSION OF RESULTS

5.21 Procedure

gngC as sodium pertechnate diluted in 0.2 ml of

Forty uCi of
saline were injected into the thickest part of both gastrocnemius
.kmuscles, the patient being in bed. A sharp needle was used with an
external diameter of 0.4 mm. The needle was inserted at an angle of
450 to tﬁe skin and to a depth of 3 cm. The plunge of the syringe was
withdrawn each time befofe injection in order to ensure that intra-
vascular administration of the radioactive material did not occur. The
point of the injection was marked to enable accurate replacement of the

probes. The patient then stood up steadying himself against a

horizontal bar (Fig. 5.1 and 5.2). The probes of two Pitman 235-isotope
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localisation monitors were placed at 2 constant distance from the skin
over the site of the injections. Care was taken so that the limbs
were always placed apart in order to avoild amy interaction from the two
radiation sources and full collimation was used (collimators in the
extended position). The output from the detectors was recorded

continuously on a double-pen CR-552 recorder (Figs. 5.1 and 5.21}.

All patients rested for 20 minutes in a constant room temperature
(26°C) before starting the test. AClearance curves were obtained in the
standing position for 5 minutes at rest; the patient was then asked to
exercise by going up on tiptoe'as high as possible and down again at
2-second intervals keeping the knees straight (Fig. 5.3). Initially he
was asked to carry out 5, 10 and 20 movements respectively leaving
adequate rest intervals, three to five minutes, between each session so
that the post-exercise hyperaemic response could subside and resting
clearance levels re-establish themselves. The radicactivity was recorded
continuously during the 5, 10 and 20 movements of tiptoe and during the
resting imtervals. The above seguence was repeated twice after the

patient remained standing motionless for 5 minutes.

Each movement consisted of two components:

(a) the upward component on tiptoe which was characterised
by a rapid fall of the recording éen towards the base-
line. This was due to an increased distance of the

radiation sources away from the probes.

(b) the downward cemponent (i.e. the heesl on the ground)
which was characterised by & rapid reversed movement of
the recording pen away from the baseline which was due

to the return of the radiation sources to the original
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distance from the probes. However, the recording pen
was steadylng itself at a lower level at the end than
at the beginning of any session of 5, 10 and 20 move-
ments, the difference being proportional to the amount
of radloactivity cleared during the exercise (Figs. 5.4a,

5.4b and 5.4c).

When the light (80g) probes and the Dual Channel Analysers
(Model 45-24) became available they were used instead of the Pitman
isotope localisation monitors. The same procedure already described
was used (Figs. 5.5 and 5.8) but they gave a much smoother clearance
curve fFig. 5.7). In 5 patients both instruments (235-isotope
localisation monitors and Dual Channel Analyser) were used simultaneously.

The parameters a, Qg and A were found to be the same (see Appendix A13)

(Fig. 5.7).

5.22 Calculation_and Expression of Results

From the clearance curves obtained the total percentage
clearance (Dg, Djg and D2p) during 5, 10 and 20 tiptoe movements
respectively was calculated as shown in figure 5.8. From these
measurements a, Qg and A were calculated using the equations developed
in the previous shapter {Ch.4, p.102). Thus,

_ 63Dpg - 466010 + 90005
= T 2500805 - 207,) (4.20)

0, = K Ds (10a-1+810) - Dy 4 (5a-1+85) (4.21)
O " (1-B51 (10a-1+810) - (1-810) (5a-1+85) :

- _g5 :
A= [KDg 38;1 B°) ] (4.22)
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ngTc for muscle 1s 0.8 (Veal,

The partition caefficient of
1977). Since K Qg [see equation (4.21)] a 10 per cent error in K
leads to only 10 per cent error in the estimation of the amount of

blood in poaol 2 (Fig. 4.1).

On, @final, n and Wp were calculated using the equations

developad in Section 4.21. Thus,

On = Q0.8 +2(1-g") (4.10)

Qfinal = -2- (4.23)

log(2) + log(1-e) - log(2 - Q)

> Toz B (4.31)

and Wn = nA +Qg-8n 4.11)

For the calculations of n, e in equéfion 4,31 was taken to be

0.9 (90 per cent).

5.3 PRESSURE MEASUREMENTS, PROCEDURE AND EXPRESSION OF RESULTS

5.31 Theoretical Considerations

In theory, the values of pressure Pg, Py and P,y measured at
the end of five, -ten and twenty tiptoe cycles can be introduced instead
of the total percentage clearance Dg, Djq and Dpg measured during the
same cycles respectively. However, in practice this is not possible

for the following reasons:

Let, pressUre after r movements on tiptoe be Pp. Let Vg be the

volume of the arteries at rest and Vp be the "steady-state” volume which
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is reached at the rth movement on tiptoe. Similarly, let Qg be the
amount of blood in the arteries at rest and Qp be the amount of blood

in the arteries at the rth movement on tiptoe.

Pr is a function of Vy and Qr. Since,

VI‘= CP'VO

and Qr

"

Kp . Qo

where Cr and Ky are unknown constants, 1t can be deduced that Py cannot
be derived and thus pressures cannot be readily used ih the haemodynamic

model to determine a, Qg and A.

5.32 Procedure_and Expression_of_results

Two 15 cm cuffs were applied around the ankles, 2 cm abave the
malleoli. By using two Parks-806 directional Doppler probes to detect
flow in the posterior tibial arteries ankle systolic pressures were
measured at rest (PR) and éfter five (Pg), ten (Pjg) and twenty (Pjgq)
movements on tiptoe. Measurements were carried out simultaneously
with the help of Mrs R. Bowers, an experienced technician of the Vascular
Laboratory. If pressure was decreased below the resting level after any
session of tiptoeing, measurements were continued at one-minute intervals

until recovery of pressure cccurred.

In the present study the absolute values of the ankle systolic

pressure were used.

5.4 VENOQUS DOPPLER ULTRASQUND

An 806-directional Doppler ultrasound (see Appendix AB) was



- 112 -

used to determine the presence of reflux at the saphenofemoral and

saphenopopliteal junctions and in the popliteal vein.

The patients were examined standing. The probe was positioned
over the femoral vein at the groin. This position was determined by
localising the femoral artery and then by moving the probe medially
until the typical venous flow was heard on manual compression of the
thigh. The prabe was'adjusted so that the maximum audible signal was
obtained. The changes of respiration, on valsalva manoeuvre and on
manual calf compression and release were noted. Reflux at the
saphenofemoral junction was diagnosed if there was retrograde flow during
the valsalva manoeuvre and on release of calf compression provided this
reflux was abolished by compression of the long saphenous vein at mid-
thigh. The probe was then placed behind the knee which was slightly
fqued while the patient’'s weight was on the opposite limb. The
position of the probe was adjusted so that the signal from the popliteal
artery was audible 1n addition to the signal from the popliteal vein
on calf compression. The presence of retrograde flow on release of calf
compression which was not abolished by digital compression of the short
saphenous vein, indicated incompetence of the popliteal valves.
Retrograde flow on calf release winich was abolished by digital
compression of the short sabhenous vein indicated reflux at the

saphenopopliteal junction.

5.5 AMBULATORY VENOUS PRESSURE MEASUREMENT PROCEDURES

A 21G (bore 20G) "butterfly” needle was inserted into a vein on
the dorsum of the foot and was connected through an Akers transducer
{(Model 840) and a B.A.P. 001 amplifier teo a potentiométric pen recorder

{J. and J. Instruments, Model CR552mKZ2).
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Venous pressure was measured with the ﬁatient standing still and
then doing a tiptoe sxercise for 30 seconds at a rate of one heel
raising movement per second. Thils was repeated once after inflating a
2.5 cm pneumatic cuff at the ankle to a pressure of 140 mm Hg and a
second time after inflating a 2.5 cm pneumatic cuff at the thigh to a
pressure af 180 mm Hg. It has been demonstrated that the above pressures
will allow occlusion of the superficial veins only, because of the small

width of these cuffs (Nicolaides et al, 1971).

5.6 ASCENDING VENOGRAPHY

Ascending venography was done in order to determine the presence
or absence of deep venous occlusion (Craig, 1877). All ascending

venograms were performed by Dr D. Sutton.
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CHAPTER 8

CLINICAL STUDIES FDR THE
VALIDATION OF THE HAEMODYNAMIC MODEL
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6.1 INTRODUCTION

The purpose of the clinical studies presented in this Chapter

was:

1. to validate the haemodynamic model (see Section 4.2)
by testing it on normal volunteers and on patients
with peripheral arterial disease in the presence ar

absence of venous disease,

2. to investigate the hasmodynamic changes that occur
during exercise in normal and arteriosclerotic limbs,

and

3. to study the effect that external compression has on
the two-pool haemodynamic model in limbs with venous

insufficiency.
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6.2 CLINICAL STUBY V: VALIDATION OF THE TWD-POOL
HAEMODYNAMIC MODEL

6.21 Aims

The aim of this study was:
{a) to validate the two-pool Haemodynamic model,

(b) to investigate the haemodynamic changes that occur
during exercise in limbs with single and combined

arterial lesions, and

(c) to determine the diagnostic and clinical value of these

measurements.

The following gquestions were posed:

(k)  Are the results of the measurements made compatible with

the haemodynamic model?

(1)  Can the two-pool haemodynamic model provide any useful
information about blood flow in normal limbs and in limbs

with peripheral arterial disease?

(m)  Are the changes in pressure that have occurred compatible

with the changes in flow detected?

8.22 Material

18 healthy volunteers (28 limbs) and 56 patients (78 limbs) with
peripheral vascular disease were studied. The normal volunteers were

selected using the following criteria:
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(a) the ankle systolic pressure was increased after a
3-minute walk on the treadmill at 4.5 Km per hour (see

Section 2.4), and

(b) the post-exercise pressure index was greater than the

resting pressure index.

The patients with peripheral arterial disease had been admitted

to hospital for aortography as part of their routine management.

Limbs were graded into five groups:

Group 0 (normal limbs)}. In this group 29 limbs of 18 normal
volunteers were selected according to the criteria mentioned

above. The mean age of the normal volunteers was 23 + 2.8 years.

Group Aa (limbs with iliasc occlusion only). In this group
25 limbs of 17 patients were included. Femoral pulses were
weak or absent and iliac occlusion was shown on the aortogram.

The patients’ mean age was 60 £ 3.2 years.

Group Ba (limbs with superficial femoral artery occlusion only).
In this group 22 limbs of 15 patients were included. Pulses
over the posterior tibial and dorsalis pedis arteries were
absent. An occlusian of the superficial femoral artery longer
than 10 cm was shown on the acortogram. Patients' mean age was

55 + 4.2 years.

Group Ca (limbs with combined aortoiliac and femoropopliteal
occlusions). In this group, 7 limbs of 7 patients were
carefully selected so that both the aortoiliac and femoro-
popliteal segments showed occlusions on the aortogram. Femoral

pulses were weak or absent while the pulses over the posterior
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tibial and dorsalils pedils arteries were always absent. The

patients' mean age was 58.2 * 5.7 years.

Group Da (limbs with combined aortoiliac and femoropopliteal
stenoses). In this group 24 limbs of 20 patients were included.
Femoral pulses were normal or weak, while pulses over the
posterior tibial and dorsalis pedis were either weak or abéent.
Combined aortoiliac and femoropopliteal stenoses of various degrees
Qere shown on the aortogram. The patients'’ mean age was 51 %

9.8 years.

9 )

All limbs were studied by-g mTc muscle clearance in the calf as
described in Chapter 5 (see Section 5.2) and a, Qg, A, Qn,

Qfinal and n were calculated. For the calculations of n, e in equation

4.31 [see p.104) was taken to be 0.9 {80 per cent]).

Ankle systolic pressures were also measured using the procedure

described in Section 5.32 (p.111).

Finally, the presence of venous disease was excluded by
Doppler Ultrasound using an 806 directional Doppler (Lewis and Yao,
1874). One limb of a normal volunteer and one limb of a patient with
peripheral arterial disease had incompetence of the saphenofemoral

Jjunction and wers not included in this study.

6.23 Results

The mean values of a and standard deviation in the five groups

studied (Fig.6.1) were as follows:

Group 0: 0.09 % 0.03 (9 * 3.2 per cent);

Group Aa: 0.12 * 0.04 (12 * 4,5 per cent);
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per 100 ml of tissue per tiptoe cycle.

that a better separation of the 5 groups

In order to

show the overlap batween Groups 0 to Da the median and 95 per cent

tolerance levels of Qg and A were calculated and are shown in figures 5.4

and B6.5.

By plotting the values of Qg against the values of X as a form

of bivariate analysis (Fig. 6.8]) the 5 groups were separated:

Normal limbs (Group 0) and limbs with combined aortoiliac and

femoropopliteal occlusions (Group Ca) were distributed along a straight
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line (Fig. 6.6). The distribution of limbs with iliac occlusion only
(Group Aa) and of limbs with superficial femoral artery occlusion only
(Group Bal) was such that a "body” and two "talls” were formed graphically
(Fig. 6.6). The great majority of limbs formed the "body” of each group
(Aa and Bal). These limbs had aortographically a long occlusion of the
iliac and of the superficial femoral arterles respectively. One of the
"tails"” was moving away from the "body” along the Qg axis. Limbs forming
this "tails” had aortographically a short proximal occlusion of the
common illac and of the superficial femoral arteries respectively. The
other "tail” was parallel to the A axis (Fig. 6.6). This "tail" was
formed by limbs which had aortographically a long occlusion of the 1liac
and superficial femoral arteries respectively but with poor development
of collaterals. Finally, limbs with combined aortoiliac and femoro-
popliteal stenoses (Group Da) were distributed in a separate but broad

area of the graph (Fig. 6.6).

The values of a, Qg and A in Group 0 (normal limbs) are shown
in Table 6.1. The extent of the arterial lesion and the degree of
stenosis according to lumbar aortography in relation to the values of

a, Qg and A for every limb studied are shown in Table B6.2.

The mean values of a, Qg and A (a, ﬁb and 1) for Groups 0 to Ca
were used in order to calculate the mean values of Qn (@) per tiptoe
cycle. This is shown in figure 6.7 for Group 0 (normal limbs); in
figure 6.8 for Group Aa (limbs with iliac occlusion onlyl); in figure 6.9
for Group Ba (limbs with superficial femoral artery occlusion only) and
in figure 6.10 for Group Ca (limbs with combined aortoiliac and femoro-
popliteal occlusions). From these measurements the mean value of Qfinal
(Qfinal) and the mean number of tiptoe movements (n) after which @final

was reached were also calculated. In normal limbs (Group 0), @ increased
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and Qfinal was reached by the seventh tiptoe cycle (Fig. 6.7). In limbs
with peripheral arterial occlusions (Groups Aa, Ba and Cal, Bn

decreased during exercise irrespective of the site of the arterial
occlusion. In Group Aa, Gfinal was reached after 16 tiptoe cycles

(Fig. 6.8); in Group Ba after 9 cycles (Fig. 6.9) and in Group Ca after
7 (Fig. 6.10). 1In limbs with combined aortoiliac and femoropopliteal
stenoses (Group Da) ﬁn and Qfinal wefe not calculated because the means

of a, Qg and X had very large standérd deviations.

The mean values (PR, P5, Pjg and Pyg) of the ankle systolic
pressures PR, Ps, P1p and P2o ealculated im the five
groups studied (0 to Da) are shown in Figure 6.11. In Group 0 (normal
limbs), Es and.510 were greater than Ek; in contrastiﬁég was slightly
lower than Fﬁ. The latter resulted from a decrease in P5g observed in
32 per cent of the normal limbs studied (Table B6.3). In limbs with
peripheral arterial disease, although 53, 310 and Eéo were lower than
5§ they showed a different pattern of decrease: In Group Aa (limbs with
iliac occlusion only), they showed a step-ladder distribution
[Ps > Py1g > P2pl; 1n Group Ba (limbs with superficial femoral artery
occlusion iny] there was a rapid decrease in‘Elo but no significant
difference between Pjp and Pag [Ps > P1g = Pygl; in Group Ca (limbs
with combined aortoiliac and femoropopliteal occlusions) there was a
rapid decrease in 55 but no significant difference between Eg, 510 and
Eéo fﬁs ='510 = FZOJ; finally, in limbs with combined aortoiliac and
femoropopliteal stenoses (Group Da), a pattern similar to Group Ba was

found, but with an overall higher pressure (Fig. 6.11).

The values of Pg, Ps5, Pjg and Pyg for every limb studied in

relation to the values of a, Qg and A are shown in Table 6.3.
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6.24 Discussion

- - o - - -

(k)  Are the results of the measurements made compatible

with the two-pool haemodynamic model?

The results demonstrated that the two-pool Haemodynamic model
is valid for single occlusive lesions and can provide information of
the Haemodynamic changes that occur in the lower limbs. In such limbs,
the site of the arterial occlusion determines the amount of blood (QO]
between the arterial lesion and the site of the injection expressed in
ml per 100 ml of tissue. The greater the value of Qg the more proximal
is the arterial occlusion. Simiiarly, the degree of the collateral
circulation and thus the severity of the arterial occlusion determines
the amount of blood (A) through the collaterals expressed as ml of
blood that flows into 100 ml of tissue per tiptoe cycle.' The higher
the value of A tﬁe greater 1is the degree of the collateral circulation
(more proximally situated and shorter occcluded segment). Thus the
two-pool haemodynamic model apart from the anatomical information about
the site of a single arterial occlusion may provide functional

information about the collateral circulation.

In limbs with double grterial lesions which include Group Ca
and Da, it was difficult to p}edict the site and severity of each
arterial lesion exactly [Fig.EB.SJ. In these limbs, the proximal pool
of the two-pool haemodynamic model is not infinite as described in
Section 4.21. The capacity 0¥ this pool can take any value and so can
A. The magnitude will depend on the severity of the proximal lesion and
the change occurring inthigh pressure. For this reason the two-pool
haemodynamic model is not applicable to limbs with combined aortoiliac
and femoropopliteal lesions and can provide only functional information

) 99
of an apparent single lesion causing the cbserved change in e
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clearance. To separate limbs with double lesions from normal limbs

and from limbs with single lesions it is essential to analyse a three-
pool haemodynamic model (see Section 4.21) which will require the
recording of changes in flow in the thigh and in the calf simultaneously.

(Appendix A15].

By using the two-pool haemodynamic model absolute values of
blood flow are obtained. These depend on the value of the muscle to
blood partition coefficient (K]} for gngc which is taken to be equal
to 0.8 (Veal, 1977; see also Appendix A12). Since the amount of blood

(Qo) 1n pool 2 is proportional to K (see equation 4.21} a 10 per cent

error in K can lead to only a 10 per cent error in the estimate of

Qp and therefore cannot alter the significance of the results.

(1) Can the two-pool haemodynamic model provide any
information concerning the haemodynamic changes of
blood flow in normal limbs and in limbs with peripheral

arterial disease?

It has been demonstrated (see Section 6.23) that in both normal
and arteriosclerotic limbs rapid changes in flow occur during the initial
tiptoe cycles until a steady state of flow is reached (Figs. 6.7 - 6.10).
In normal limbs, the amount of blood Qn at the end of each tiptoe cycle
is greater than the initial amount of blood B, (@ > Qg) (Fig. 6.7].

In contrast, in arteriosclerotic limbs Qn is less than Qg (@[ < Qg)

(Figs. 6.8- 6.10).

Irrespective of the presence or absence of arterial disease,
On will change for a limited number, n, of tiptoe cycles until a steady

value (Qfinal) is reached. This suggests that after a certain number of
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tiptoe cycles very small changes in flow would occur during the remaining
pericd of the exercise. In arteriosclerotic limbs, the number of tiptoe
cycles which, are needed so that Qfinal is reached, 1s related to the
capaclity of pool 2 in the two-pool haemodynamic model and thus to the

site of the arterial lesions (Fig. 6.8 - 6.10).

In normal limbs, the increase in the amount of blood in pool 2
at the beginning of the exercise occurs because there is less blood
leaving than entering it (Table 6.4). The amount of blood entering is
2.1 ml per 100 ml of tissue per tiptoe cycle, while the amount of blood
leaving during the first cycle is only 1.7 ml per 100 ml of tissue;
thus, the amount of blood in pool 2 will increase from 18 ml per 100 ml
of tissue at rest to 23 ml per 100 ml of tissue when a steady state will
be reached. At this stage the amount of blood leaving per cycle will be
a x Qfinal i.e. 0.09 x 23 = 2.1 ml per 100 ml of tissue which is the

same amount of blood that is entering pool 2 per tiptoe cycle (Table 6.4).

In arteriosclerotic limbs, the decrease in the amount of blood
in pool 2 at the beginning of the exercise occurs because there is more
blood leaving than entering it (Table 6.4). In limbs with 1liac
occlusion the amount of blood entering poocl 2 (X) is 0.7 ml per 100 ml
of tissue per tiptoe cycle, while the amount leaving during the first
cycle is 1,2 ml per 100 ml of tissue; thus, the amount of blood in pool 2
will decrease from 10 ml per 100 ml of tissue at rest to 5.83 ml per
100 ml of tissue when a steady state will be reached. At this stage
the amount of blood leaving per cycle will be the same as the amount of
blood entering in pool 2 (Table 6.4). The changes that occur in Groups

Ba and Ca can be explained along similar lines (Table 6.4).
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(m)  Are the changes in pressure that have occurred compatible

with the changes in flow detected?

The increase in ankle systolic pressure that occurred in the
normal limbs and the decrease observed in the arteriosclerotic limbs
was noted during the early stages of the exercise before a steady state
(Qfinal) was reached. The step-ladder decrease in pressure observed in
limbs with aortoiliac occlusion is associated with the 16 tiptoe cycles
required for a steady flow to be reached. In contrast, the rapid fall
in pressure after 10 tiptoe cycles in limbs with single femoropopliteal

occlusion and after 5 tiptoe cycles in limbs with combined aortoiliac

[V

and femoropopliteal occlusions is associated with the 9 and 7 tiptoe
cycles required respectively for the @Qfinal to be reached. In these
limbs the steady state flow and steady state pressure were reached

simultaneously.

In normal limbs, although there is an increase in ankle sysfolic
pressure during the initial tiptoe cycles, a decrease finally occurs
irrespective of the steady state value (Qfinal) of tlood flow. This
may be the result of a similar fall in the peripheral resistance but
cannot be explained by the present haemodynamic model. Such a fall in
ankle systolic pressure was not observed in normal 1imbs after a 3-minute
walk on the treadmill (see Section 3.231). This may be associated with
the fact that pressure measurements after tiptoeing were carried out
immediately at the end of the exercise. Such a small transient fall in
ankle systolic pressure in the first 30 seconds after severe exercise

has been observed in normal limbs by others (lLassen, 1967; 1978).
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5.3 CLINICAL STUDY VI: EFFECT OF VENOUS INSUFFICIENCY ON THE
TWO-POOL HAEMODYNAMIC MODEL

6.31 Aim

It has been mentioned (see Section 4.22) that in the presence
of venous insufficiency it is very probable that the measurements of A
will be affected because the inefficient muscle pump will not produce

the high arteriovenocus gradient found in normal limbs.

The aim of this study was to test the effect of venous
insufficiency an the measurements of a, Gg and A in patients with normal
arterial tree but with various degrees of venous insufficieny and in

patients with combined arterial and venous diseases.

The following question, n, was posed:

(n)  What Zs the effect of venous insufficiency on the
measurements of a, Qo and )\ in patients with normal

or abnormal arterial tree?

6.32 Material

32 patients (37 limbs) with normal arterial tree but with various
degrees of venous insufficiency and 4 patients (4 1limbs) with combined

"arterial and venous disease were studied.

The presence of arterial disease was excluded using the criteria
mentioned in Section 5.22.. Thus, (1) the ankle systolic pressure was
increased after a 3-minute walk on the treadmill at 4.5 Km per hour and
(2) the post-exercise pressure index was greater than the resting

pressure index.
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Patients with a normal arterial tree but with varlious degrees

of venaous insufficiency were graded into the following 3 groups:

Group Va:

Group Vb:

Group Vc:

In this group 10 patients (15 limbs) were included. They
had superficial venous insufficiency, i.e. saphenofemoral
incompetence and varicose veins of the long saphenous
system, The dlagnosis was based on the followiﬁg grounds:
(1) veins were controlled by high thigh tourniquet;

(2) Doppler ultrasound confirmed the presence of sapheno-
femoral incompetence and the absence of reflux at the
saphencopopliteal junction; and (3) ambulatory.venous
pressure measurements showed moderate fall in pressure
during exercise to a mean of 45mm Hg; on application of an
ankle tourniguet to exclude the superficial veins
ambulatory venous pressures showed a fall to less than
30mm Hg. |

Patients' mean age was 28.0 * 4.3 years.

In this group 12 patients (12 limbs) were included. They
had saphenofemoral incompetence and incompetent calf
perforating veins. The diagnosis was made by the fact
that (1) the veins were not controlled by a high thigh
tournigquet, a low thigh tourniquet nor a tourniquet just
below the knee; (2) Doppler ultrasound confirmed the
presence of reflux at the saphenofemoral junction and the
absence of reflux at the saphenopopliteal junction;

(3) finmally, confirmation of the presence of incompetent
calf perforating veins Was obtained by venography.

Patients' mean age was 39.0 * 5,2 years.

In this group 10 patients {10 limbs) were included. They
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had deep venous incompetence. Thils was dlagnosed an the
following grounds: (1) all patients had a history of post-
phlaebitic limb; (2) Doppler ultrasound confirmed the presence
of a marked reflux in the popliteal veln even after digital
compression of the short saphenous vein; (3) ambulatory
venous pressure measurements showed a high ambulatory
venous pressure, greater than 60mm Hg even after occlusion
of the superficial veins by a narrow cuff and (4) all
patients had a venogram which demonstrated irregular deep
veins. This ifregularity suggested old thrombosis and
recanalisation.

Patients' mean age was 47 + 4,6 years.

The presence of arterial disease was based an the following

grounds:

(1) the ankle systolic pressure was decreased after a 3-minute

walk on the treadmill; (2} the post-exercise pressure index was lower

than the resting pressure index and (3) the diagnosis was confirmed by

an aortogram which was used as the objective arbiter of the state of

the arteries.

Patients with combined arterial and venous diseases formed the

following group:

Group Vd:

-

In this group 4 patients (4 limbs) were included. 3 out of
4 1imbs studied had iliac occlusion only; the remaining one
limb had a long superficial femoral artery ccclusion shown
on the aortogram. All the limbs studied had saphenofemoral
incompetence and incompetent calf perforating veins. The
diagnosis of the venous disease was made on the grounds
mentioned in Group Vb, thus (1) the veins were not controlled

by a high thigh tourniquet, a low thigh tourniquet nor a
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tourniquet below the knee; (2) Doppier ultrasound confirmed
the presence of reflux at the saphenofemoral junction but
not at the saphenopopliteal junction; and (3] venography
confirmed the presence of incompetent perforating veins.

Patlients’ mean age was 51 £ 4,2 years.

All limbs were studied by the 9ngc muscle clearance method

in the calf as described in Chapter 5. (see Section 5.2) and

a, Qg and A were calculated.

6.33 Results

The results are shown in figure 6.12. They demonstrate that A
was affected by the venous disease despite the presence or absence of

arterial lesions, whereas a and Q, remained unchanged.

The mean value and standard deviation of A was 1.90 * 0.23 in
Group Va (limbs with normal arterial tree and superficial venous
insufficiencyl; 1.10 £ 0.34 in Group Vb (limbs with normal arterial
tree, saphenofemofal incompetence and incompetent calf perforating veins);
0.32 * 0.26 in Group Vc (limbs with normal arterial tree and deep venous
incompetence) and -1.32 * 0.56 in Group Vd (1imbs with combined arterial

and venous disease).

By plotting the values of X against the values of Qg for each
limb studied Figure 6.12 is obtained. 1In this figure the position of
Groups 0 (normal limbs), Aa (limbs with iliac occlusion only) and Ba
(1imbs with superficial femoral artery occlusion only) of the previous
study 'V (see Section 6.2) are also included as shaded areas. In limbs
with normal arterial tree and superficial venous insufficiency [GroupVVa)

A was slightly diminished in comparison to normal limbs (Group 0); it was
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moderately diminished in limbs with normal arterial trse, sapheno?émcral
incompetence and incompstent calf perforating veins (Group Vb); finally,
it was markedly diminished in limbs with a normal arterial tree and deep
venous insufficiency (Group Vc). In all these limbs Q, was not affected

by the presence of venous disease.

In the 4 limbs studied with combined arterial and venous diseases
(Group vd) (1imbs No 38, 39, 40, 41 in Fig. 6.12) the findings suggested
that in the presence of venous disease A was also affected whereas (A7
remained unchanged. In all these limbs, A showed a negative value
(Fig. 6.12). Thus, limbs No 38, 38 and 40 with iliac occlusion only
should have been 1n the position occupied by Group Aa and limb No 41
with superficial femoral artery occlusion only should have bsen in the

position occupled by Group Ba (Fig. 6.12).

B.34 Discussion

(n)  What is the effect of venous insufficiency on the
measurements of a, Qp and A in patients with normal

or abnormal arterial trees?
The results demonstrated that a and §y are not affected, but A is.

In limbs with a normal arterial tree but with various degrees of
venous insufficiency the -fall in A might be the result of an increase in
venous pressure during exercise, which in turn decreases the arteriovenous

gradient.

Because only 4 limbs with combined arterial and venous diseases
have been studied the results should be viewed with caution. However, they

suggest that venous disease may result in a lower value of A. The
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negative values of A obtained may well be the result of a negative

arteriovenous gradient due to an ambulatory venous pressure higher

than the arterial.
Further studies are required to confirm this.

The results also suggest that the two-pool haemodynamic model
can be used as a diagnostic test in the absence of venous disease only.
In the presence of venous disease it may be impossible to distinguish
the existence of a second arterial lesion because there will be an
overlap with Group Da (l1imbs with combined aortoiliac and femoropopliteal

stenoses) (see Section 6.23).
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6.4 CLINICAL STUDY VII: EFFECT OF EXTERNAL COMPRESSION ON THE
TWO-POOL HAEMODYNAMIC MODEL IN LIMBS WITH VENOUS INSUFFICIENCY

6.41  Aim

It has already been shown (see Section 6.3) that in the presencs
of venous insufficlency the measurements of A are probably affacted
because the inefficient muscle pump is unable to produce the high

arteriovenous gradient found in normal limbs.

The last study {VII) was an.attempt to test the.effect of ‘external
compression on the measurements of a, Qg and XA in patients with a

normal arterial tree and various degrees of venous insufficilency.

The following question, o, was posed:

(o) What is the effect of external compression on the
measurements of a, Qo and A in limbs with a normal

arterial tree and various degrees of venous insufficiency?

65.42 Material and Methods

8 patients (8 limbs) which were,inciuded in the previous study
were selected. Four of the limbs belonged in Group Vb; they had
saphenofemoral imcompetence and incompetent calf perforating veins
(1imbs No.16, 18, 25 and 27 in Fig. 6.12). The remaining 4 limbs
belonged in Group Vc; they had deep venous incompetence (limbs No.28,

30, 33 and 37 in Fig. 6.12).

Every limb was studied before and after the application of two
elastic bandages 10" wide using the procedure described in Section 4.31.

The bandages were applied on the whole limb firmly starting from the toes
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up to the groin after the patient had been rested horizontally for

20 minutes with a 45° leg elevation.

From the clearance curves obtained before and after the
application of the external support a, Qp and A were calculated
according to equations 4.20, 4.21 and 4.22 respectively (see Chapter 5,

Section 5.2].

6.43 Results

The results are demonstrated in Table 6.5. They showed thatvthe
values of a and Qg were not affected by the external compression. In
contrast, A was increased after the applicaticn of external support both
in limbs with saphenofemoral incompetence combined with ihcompetent

perforatin3 veins and in limbs with deep venous insufficiency.

In order to demonstrate the results graphically as a form of
bivariate analysis the values of g before and after the application of
external compression were plotted against the relative values of A.

This is shownlin Figures 6.13a and 6.13b. The position of the limbs
before the application of the external support is demonstrated in

figure 6.13a, whereas in Figure 6.13b the position of the limbs after
the application of external compression is shown. In these figures the
position of normal limbs (Group 0) (see Section 6.22) is also included as
a shaded area. The effect that external compression had on X was to
move the 8 limbs prards, bringing them nearer to the shaded area

(Fig. 6.13b]).

6.44 Discussion

(0) What is the effect of external compression on the
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measurements of a, Qp and X in limbs with a normal

arterial tree and various degrees of venous insufficiency?

The results of this pilot study showed that a and Qg are not
affected by the application of external support but A is. It has been
suggested (gee Section 6.3) that in limbs with venous insufficiency
the fall in A is the result of a low arteriovenous gradient found in
these 1limbs., The increase in A after the application of external
compression may be the result of a relative increase in the arteriovenous

gradient.

Further studies should be undertaken to determine the effect

that elastic support may have on the measurements of a, §g and A.
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PART 1V

GENERAL COMMENTS
AND CONCLUSIONS
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CHAPTER 7

GENERAL DISCUSSION, CONCLUSIONS
AND SUGGESTIONS FOR FUTURE WORK
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In this chapter the results from the various studies presented
in this thesis are discussed as a whole, with recommendations of possible

directions that future research should follow.

A review of the literature in 1876, when the work for this thesis
was commenced, revealed that although isotope clearance techniques in the
muscles of the lower limb are well established (Kety, 18438; Walter, 1955;
1958; Lassen et al., 1964; Lassen and Kampp, 1965; Grimby et al., 1967;
Altert et al., 1866, 1969; Sumner and Strandness, 1869; Gutajar et al.,
1871), simultaneous clearance of radicactive isotopes from the thigh and

calf muscles after exercise had not been studied previously. The results

confirm the observation repeatedly made that in patients with
claudication from arterial occclusion, resting muscie blood flow is not
different from normal. However, of more interest are the changes
described . after exercise and the passible light they can throw on

the mechanisms of claudication.

The indicator used in this thesis is,gngc in the form of
sodium pertechnate, because it is readily available and easy to handle.
Although the use of 99m Tc does-not permit the determination of muscle
blood flow in absolute values (i.e. ml1/100 ml of muscle/min) because
its partition coefficient is not known, however, it allows the measurement
of changes in flow in arbitrary units (T). Five patients (five limbs)
have been studied on five consecutive days in order to determine the
reproducibility of the methad. The coefficiént of variation was 12 per
cent immediately after exercise when T was high (20 per cent/min) and
3 per cent at rest when T was low (3-4 per cent/min) (see Appendix A8).

gngc as a local radiocactive tracer for the measurement

The validity of
of the flow of blood was tested by comparing it to the results obtained

by 133xg clearance at rest and after exercise in five healthy volunteers.
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They were studied (5 limbs) by both isotopes on two consecutive days.
Similar changes in flow were demonstrated by both isotopes for increases
in T up to 15 per cent/min. For higher flows, which occurred during
the first minute after exercise, the “°™¢ was lower than 133Xe by 20

per cent (see Appendix ABJ).

In order to explain the pattern of changes in flow cbtained in
Part II of the thesis the normal lower limb can be regarded haemody-
namically as a "sandpipe system” i& which pressure is maintained along
the whole length of axial vessels and flow is fed out of these vessels

into vascular beds of varying resistance.

When aortoiliac occlusion is present, the results suggest that
the flow pattern is the same as in a normal limb, but is "throttled”
by the occlusion and blood flow via the collateral circulation is

insufficient to permit normal reactive hyperaemisa.

When there is a femoropopliteal blbck only, the hyperaemia is
normal in the thigh, but flow in the calf is unchanged initially and
is followed by a delayed hyperaemia. The only conceivable explanation
of the unchanged flow in the calf immediately after exercise when there
is maximum vasodilation of the muscle bed in that area, is a fall in
pressure in the axial vessels distal to the occlusion as demonstrated
by the decrease in ankle systolic pressure noted in these patients
(see Chapter 3, Clinical Study I). This in turn must by the consequence
of a éimilar fall in the pressure gradient across the collateral
circulation due to increased blood supplying the thigh whose vascular bed

has a decreased resistance. As the hyperaemia in the thigh is
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decreasing, there is an increase in the peripheral resistance of
the thigh muscle bed which results in an increase in the pressure
in the proximal part of the collateral ecirculation, thus restoring
the pressure gradient across the collateral vessels. This then
permits hyperaemia in the calf where maximum dilation is still

present.

The changes that occurred in patientswith combined aortoiliac
and femoropopliteal lesions (see Chapter 3, Clinical Study 1) can be
explained along similar lines. However, the aortoiliac lesion is
rgsponsible for an aortoiliac gradient which becomes even more
pronounced immediately after exercise producing a lower pressure in
the profunda, a prolonged reactive hyperaemia in the thigh and a more

delayed onset of calf hyperaemia.

Thersfore, the concept of calf claudication in femoropopliteal
occlusion is of blood being "dumped” into a large vasodilated proximal
muscle mass. The calf 1s deprived and can only begin to receive blood
to permit it te clear the isctope as the hyperaemia in the thigh

decreases.

The different values of the Hyperaemic Indices found in the
four groups of limbs studied (see Chapter 3, Clinical Study 1) can be
used in patients with claudication to determine whether the disease
consists of a single lesion confined to either the femoropopliteal or
the aortoiliac regions or if it is a double lesion involving both the
femoropopliteal and aortoiliac segments. However, the patients
studied were selected with occlusive disease which can be diagnosed
plinically by the weak or absent pulses. It has been argued that it

would be worth investigating to what extent the Hyperaemic Indices
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could determine the site and severity of combined aortoiliac and
femoropopliteal stenoses. It is for this reason that Clinical

Study II was undertaken (see Chapter 3J).

Although one 1s fully aware of the inherent error in grading
lesions on single plane arteriography, the results suggest that the
method used to express the Hyperaemic Indices in this study may
provlde a less invasive means of determining the site and functional
severity of arterial lesions although it cannot match the definition
of the anatomical extent shown on the arteriogram. Clinical Study

II1 was designed to test this further (see Chapter 3).

The results of this study indicate that it is possible to
predict the degree of stenosis in the femoropopliteal and aortoiliac
segments, expressed as normal, less than 70 per cent stenosis, more
than 70 per cent stenosis and occlusion with a high accuracy. In
addition in patients with double segment disease, this method can

determine which of the two is the more severe.

The results of the Clinical Studies I, II and III (see
Chapter 3) led to the production of the diagnostic chart in figure
3.18. According to this chart it is possible to classify any limb

with claudication to any of the 12 areas.

Finally, in Ciinical Study IV (see Chapter 3} it was found
that distinct and characteristic patterns of changes in flow exist
during exercise also in normal limbs and in limbs with aortoiliac,
femoropopliteal and combined aortoiliac and femoropopliteal
lesions, The results demonstrated that the redistribution of

blood started during exercise in limbs with superficial femoral
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artery occlusion (Fig. 3.23) and in limbs with combined aortoiliac

and femoropopliteal lgsians (Fig. 3.25).

Although the original aim of the isotope studies described
in Chapter é was to understand the haemodynamic changes that occur
with exercise, the simultaneous clearance of gngc from the thigh
and calf developed into a diagnostic test. However, the method is
unnecessary in patients with arterial occlusions because the diagnosis
can be made clinically. Single stenoses can be assessed by the
degree of reduction of ankle pressures after exercise. The main
value of the method may be in supplementing arteriography in patients

with combined aortoiliac and femoropopliteal stenoses.

In Part III of the thesis a theoretical two-pool haemody-
namic model was developed as a hypothesis concerning the haemody-
namic .changes which occur in the arterial system dufing tiptoeing
{see Chapter 4). The two-pool hameodynamic model was then validated
by testing it in normal volunteers and in patients with peripheral
arterial and venous disease (see Chapters 5 and B). The results
demonstrate that the two-pool haemodynamic model is valid for single
occlusive lesions and can provide information about the haemodynamic
changes that occur in the lower limbs(Chapter 86, Clinical Study V).
In such limbs, the site of the arterial occlusion determines the
amount of blood (Q,) between the arterial lesion and the site of the
injection (Fig. 4.1) expressed as ml per 100 ml of tissue. The
greater the value of QO the more proximal is the arterial occlusion.
Similarly, the degree of the collateral circulation and thus the
severity of the arterial occlusion determines the ambunt of blood

(A) through the collateral circulation (Fig. 4.1) expressed as ml
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blood that flows into 100 ml of tissue per tiptoe cycle. The higher
the value of A the greater is the degree of collateral circulation
(more proximally situated and shorter occluded segment). Thus, apart
from the anatomical information.about the site of a single arterial
occlusion, the two-pool haemodynamic model may provide functional

information about the collateral circulation.

The parameters QO and X were obtained in absolute values by using
the partition coefficient of sngc (K = 0.8). The partition coefficient
K was taken to be 0.8 as suggested by Veal (13977). Experiments
performed in healthy volunteers in whom blood flow in the Calf"EE,fBSt
and after exercise was estimated using strain-gauge plethysmography and
and gngc clearance simultaneously suggested that 0.8 was valld for the
first 20 minutes after the injection of 40 uCi in the gastrocnemius
(see Appendix A12). It has already been argued that a 10 per cent
error in K can lead to only a 10 per cent error in fhe estimate of QO
because QD is proportional to K (see equation 4.12]). Therefore, an

error in K cannot alter the significance of the results which are based

on the changes rather than on the absolute values calculated.

The results demonstrated that in both normal and arteriosclerotic
limbs rapid changes in flow occur during the initial tiptoe cycles until
a steady state of flow is reached (Figs. 6.7 to 6.10). In normal limbs
the amount of blood Qn at the end of each tiptoe cycle is greater than
the initial amount of blood QO [Qn > QO] (Fig. 6.7). = In contrast, in
arteriosclerotic limbs Qp is less than Qg (Qy < Qg) (Figs. 6.8 to 6.10).
Irrespective of the presence or absence of arterial disease, @ will
change for a limited number, n,of tiptoe cycles until a steady value
(Qfinal) is reached. The number of tiptoe cycles after which Qfinal is

reached is related to the capacity of pool 2 in the two-pool model and



- 143 -

thus to the site of the arterial lesions (Figs. 6.8 to 6.10).

In normal limbs, the increase in the amount of blood in pool 2 at
the beginning of the exercise occurs because there is less blood
leaving than entering it (Table 6.4}. The amount of blood entering
pool 2 (X) 4is 2.1 ml per 100 ml of tissue per tiptoe cycle, while the
amount of blood leaving during the first cycle (w}-= 5'.56) is only 1.7
ml per 100 ml of tissue. Thus, the amount of blood in pool 2 at rest
[5;] will increase from 19 ml per 100 ml of tissue to 23 ml per 100 ml of
tissue when a steady state will be reached (Q finall. At this stage the
amount of blood leaving poal 2 per cycle will be WFf = a .Qfinal, i.e.
0.09 x 23 = 2.1 ml per 100 ml of tissue which is the same amount of blood

that is entering pool 2 during each tiptoe cycle (Table 6.4].

In arteriosclerotic limbs the decrease in the amount of blood in
pool 2 at the beginning of exercise occurs because there is more blood
leaving than entering it (Table 6.4). In limbs with iliac occlusion
the amount of blood entering pool 2 () is 0.7 ml per 100 ml of tissue
per tiptoe cycle, while the amount leaving during the first cycle is 1.2
ml per 100 ml of tissue. Thus, the amount of blood in pool 2 at rest
(6;] will decrease from 10.0 ml per 100 ml of tissue to 5.38 ml per 100
ml of tissue when a steady state will be reached (@final). At this stage
the amount of blood leaving per cycle will be the same as the amount of
blood entering pool 2 (Table 6.4). The changes that occur inAgroups

Ba and Ca can be explained along similar lines (Table 6.4).

The increase in ankle systolic pressure that occurred in normal
limbs and the decrease in arteriosclerotic limbs were noted during the
early stages of the exercise, before a steady stats (§final) was reached.
The step-ladder decrease in pressure observed in limbs with aortoiliac

occlusion is associated with the 16 tiptoe cycles before the steady state
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was reached. In contrast, the rapid fall in pressure after 10 tiptoe
cycles in limbs with single femoropopliteal occlusion and after 5
tiptoe cycles in limbs with combined aortoiliac and femoropoplitsal
ccclusions 1s associated with the 89 and 7 tiptoe cycles required
respectively so that the Qfinal would be reached. In these limbs the
steady state flow and the steady state pressure were reached simultane-

ously.

Although there is an increase in ankle systolic pressure during
the initial tiptoe cycle in normal limbs, a decrease finally ococurs
irrespective of the steady value of blood flow (Qfinall. This cannaot be
explained ' by the present haemodynamic model. Such a fall in ankle
pressure was not observed in normal limbs after a three minute walk on
the treadmill (see Chapter 3). This may be associated with the fact
that pressure measurements after tiptoeing were carried out immediately
at the end of the exercise. Such a small transient fall in ankle
systolic pressure in the first 30 seconds after severe exercise has been

observed in normal limbs by others (Lassen, 13978).

In limbs with double arterial lesions (Groups Ca and Da) it is
not possible to predict the site and severity of each arterial lesion
{(Fig. B6.8) (Chapter B, Clinical Study V). In these limbs the proximal
pool of the two-pocl haemodynamic model is not infinite (Fig. 4.2).

The capacity of this pool which lies between the two lesions can take
any value and sao can A. The value of A will depend on the severity of
the proximal lssion and the thigh pressure. For this reason the two-
poal haemodynamic model is not applicable to limbs with combined
agortoiliac and femoropopliteal lesions and can provide functignal

information only of an apparent single lesion causing the observed change
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in gngc clearance. For a better separation of limbs with double

lesions from normal limbs and from limbs with single lesions it is
essential to develop a three-pool haemodynamic model (Fig. A15.1) which
will require the recording of changes in flow in the thigh and in the
calf simultaneously. The information obtained from the simultaneous
clearance studies from the thigh and calf fSée ChaﬁtervSJ and from the
validation of the two-pool model (S2e Chapters 4, 5 and B) encouraged
the author to proceed with the development of a three-pool model

(See Appendix A15)}.

In summary, the work in this thesis has provided the author with a
better understanding of the haemodynamic changes that occur in the
arterial system during exercise. Also, it has led to the development
of tests which may prove of clinical valde. In addition, the findings

have pointed the direction future work should take. These are as follows:

The three-pool haemodynamic model should be validated by doing
the standard tiptoeing exercise of 5, 10 and 20 movements, as used in
the two-pool model, with the measurement of the simultaneous clearance
from the thigh and calf. The decrease in radioactivity during each
one of the three exercises (5, 10 and 20 tiptoe movements) will provide
three values for the thigh and three values for the calf from which the
values of a, a , b, Q; UO and A can be calculated (see Appendix A15].
Subsequently, the possibility of expanding the three-pool haemodynamic

model to inbofporate the venous system should be explored.

Further work is also necessary to see what useful information can
be obtained from the simultaneous changes of flow in the thigh and calf

during exercise. Should this be so it may then become unnecessary to
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study the post-exercise hyperaemila.

The Hyperaemic Index was used throughout this thesis which is a
measure of time. Therefore, it should be investigated whether % (The
time taken for the hyperaemic response to decrease to half its peak
level) can give simllar results. Also, it should be investiagted
whether the Hyperaemic Index or,; from the thigh and calf can give

similar results by using reactive hypsraemia with a cuff at the upper

thigh.

Finally, a method that would allow the study of reactive
hyperaemia without the injection of an isotope should be sought.
Photoplethesmogranhy is a new method that allows the non-invasive
measurements of changes in skin blood flow and it follows that it will
be well worthwhile studying the reactive hyperaemic response in the

skin of thigh and calf simultanelously.
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