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To all those who taught me surgery



"The fundamental problems in the circulation derive from that fact that the
supply of adequate amounts of blood to the organs of the body is the main
purpose of the circulation and the pressures that are necessary to achieve it are
of secondary importance; but the measurement of flow is difficult while that of
pressure is easy so that our knowledge of flow is usually derivatory.”

D.A. McDONALD, 1974, quoting his
teacher Prof. K. FRANKLIN

“There are few areas in medicine in which the conditions encountered lend
themselves so readily to diagnosis solely on the basis of thoughtful history and
careful physical examination as do vascular diseases.™

R.B. RUTHERFORD, 1977
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1. INTRODUCTION

I.1. REASON TO PERFORM THE STUDY

The immediate and longterm results of aortofemoral reconstructive operations
in patients with isolated aortoiliac obstruction are uniformly reported as good
and more or less the same for the different surgical techniques in use (De BAKEY
et al 1958; IMPARATO et al 1970; MOZERSKY et al 1972; GARRETT et al 1977;
DARLING et al 1979). Equally satisfactory results are possible with translumi-
nal angioplasty (" Dotter procedure™) in cases of subtotal iliac obstructions (van
ANDEL and KREPEL 1979; van ANDEL 1980). Subjectively the results are only
good if the eliminated obstruction was of hemodynamic importance. Reports
can be found about patients not improving after reconstruction of angiogra-
phically abnormal iliac segments where the preoperative hemodynamic para-
meters could not confirm the X-ray findings (BRENER et al 1974; LEVESON et al
1978). The reverse is also occuring. Good improvement of symptoms and
parameters of limb circulation was reported if a proximal reconstruction was
performed in patients with insignificant disease of the iliac segments on
angiographic grounds, but whose physiological parameters for aortoiliac
obstruction were positive (BREMER et al 1974). The vascular operations most
frequently performed are peripheral arterial reconstructions (COUNCIL FOR
HEALTH RESEARCH TNO 1980), usually femoro-popliteal bypass aperations.
Although many other factors can be held responsible for the patency rates of
femoro-popliteal and femoro-crural reconstructions, it is generally accepted
that they are at jeopardy if aortoiliac stenotic lesions are not suspected and left
untouched (SUMNER and STRANDNESS 1978; TAKS 1978). CHARLESWORTH
and colleagues (1975) could show that a functional parameter of the circulation
like the .pulsatility index of the femoral artery (a parameter to be discussed in
section 6.3.3.) was of more prognostic value for the early patency rate of
saphenous vein femoro-popliteal bypasses than the angiographic evaluation of
the aortoiliac segment. Consequently they explored the iliac artery prior to
femoro-popliteal grafting when the functional parameter indicated aortoiliac
obstruction even if the iliac angiogram seemed normal. They invariably found
significant iliac obstruction in those cases. Others regularly performed succesful
femoropopliteal grafting in legs of which the aortoiliac segments were
considered to be moderately to severely obstructed on the angiogram, if
hemodynamic tests (direct arterial blood pressure measurements) suggested
non-significant proximal lesions (BRENER et al 1974; LEVESON et al 1978). In
patients with multilevel obstructive disease the elimination of a significant iliac
stenosis alone can relieve the symptoms by improving the circulation to an
acceptable level. This is also the case if occlusions of the superficial femoral
artery remain as was shown in series of so called "profunda revascularizations”
(WESOLOWSKI et al 1966; GARRETT et al 1977, WARD and MORRIS - JONES
1978). On the other hand aortofemoral reconstruction is less likely te be
beneficial when the aortoiliac stenosis is of minor significance compared with
the coexisting distal obstruction and consequently such cases should be
recognized preoperatively (BONE et al 1976; GARRETT et al 1977). In the light
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of this knowledge, obstruction in the aortoiliac pathway appears to be a very
important lesion to be indentified from a vascular surgical point of view.

Until one decade ago obstructive disease in the arteries of the lower
extremities was diagnosed mearly exlusively by physical examination and
angiography. In recent vears the evaluation of patients with vascular diseases
has been improved by the introduction of a variety of noninvasive functional
testing procedures wich usually are performed in the setting of so-called
“vascular laboratories” (STRANDNESS 1974; BERNSTEIN 1978; BUTH 1978).
These laboratories are rapidly increasing in number and some discussion has
already started about a too liberal and indiscriminate wse of wascular
laboratories. Their legitimate position in larger vascular clinics, however, is well
established (RAINES et al 1976; STRANDNESS 1979). One of the developments
that can be held responsible for the major break-through of physiologic testing
in vascular patients was the widespread marketing of handy ultrasonic Doppler
devices for the transcutaneous detection of blood flow velocities. Certainly,
nowadays Doppler equipment occupies the first place among the instruments
used in modern noninvasive arterial evaluation procedures due to its simplicity
and versatility (DEAN and YAQ 1976).

In view of the importance of a correct diagnosis of aortoiliac obstruction and
of ultrasonic Doppler examinations in noninvasive arterial testing procedures,
the present study was undertaken.

1.2. AIM OF THE STUDY

The aim of the present study was to determine the diagnostic value of various
noninvasive ultrasonic Doppler examinations of the lower extremities in the
assessment of the degree of chronic aortoiliac obstructive disease. Angiography
was selected as the standard to which the results of these tests were compared. In
spite of all objections to angiography as a poor method to determine the
anatomical degree of arterial obstruction, particularly in the pelvic region, no
better method is available in the daily clinical practice until now. In most recent
studies on noninvasive vascular examination methods comparable to the
present study, angiography had been used as the “gold standard” (e.g.
HYLKEMA 1975; BRUIININCKX 1976; BUTH 1978; BERNINK 1978; BRUINS
SLOT 1981). The tests performed in this study were partly established
examinations, like systolic pressure measurements in the limb, using Doppler
equipment for flow detection and partly some newer examinations, the value of
which in the assessment of arterial disease is still controversial. The latter ones
were analysis of the waveform of Doppler signal recordings (Doppler signal
analysis) and the determiniation of time delays between Doppler signals (transit
time measurements).

The study was designed in such a way that answers to the following questions
might be expected.

~  Which characteristics of the signal (signal parameters) are the most valuable
ones and from which sites should the signals be recorded to diagnose the
degree of aortoiliac obstruction?

- Is it worthwhile to perform Doppler signal analysis under conditions of
hyperemia?

- Isthetransit time measurement from the aorta to the common femoral artery
of value for the diagnosis of aortoiliac obstructions?

14



-~ How does the diagnostic value of Doppler waveform analysis and/or transit
time measurements compare to that of normal physical examination and to
systolic pressure measurements in the leg?

~  Which practical combination of noninvasive ultrasonic Doppler tests allows
the best agreement with angiography in the diagnosis of aortoiliac obstruc-
tion?

[.3. CONTENTS AND DIVISION OF THE THESIS

The first part of this thesis contains reviews from literature dealing with general
aspects of chronic aortoiliac disease (Chapter 2), hemodynamics of the arterial
circulation of the limbs in relation to the tests performed in the present study
with special emphasis on pressures and flow velocities (Chapter 3) and
principles of ultrasonic Doppler equipment and techniques (Chapter 4). This
part further includes chapters about the various test modes used in this study,
namely systolic pressure measurements in the limb (Chapter 5), Doppler signal
analysis (Chapter 6), as well as transit time measurements and determination of
parameters of Doppler waveform damping, used both alone and in combina-
tion with each other (Chapter 7). The first part of the thesis ends with a review of
the value of the various Doppler examinations in the diagnosis of aortoiliac
obstruction (Chapter 8). In the second part of this thesis the own study is
described. Instrumentation, test methods and analytical techniques of the study
are described and discussed in Chapter 9. In Chapter 10 all results are presented
in detail and compared to the findings of other investigators. Chapter 11
contains a general discussion on the final results of the study and conclusions.

The clinical research for the present study was performed in the surgical
department of the St. Antonius Hospital in Utrecht. Technical assistance and
guidance in the spectrum analysis of Doppler signals was received from the
department of Biophysics of the University of Limburg in Maastricht. (A.P.G.
HOEKS, M. Sc., C.J. RUISSEN). Computerized signal analysis and statistical
analyses were performed in the Institute of Medical Physics (MFI-TNO) in
Utrecht and the department of Medical Informatics of the Free University in
Amsterdam (both by J.L. TALMON, M.Sc).






2. CHRONIC AORTOILIAC OBLITERATIVE DISEASE

In this chapter general aspects of the aortoiliac obstructive syndrome as well as
the value of some methods to diagnose aortoiliac obstruction will be discussed.

2.1. GENERAL ASPECTS OF CHRONIC AORTOILIAC OBLITERATIVE
DISEASE

2.1.1. Terminology and definitions

Chronic aortoiliac obstructions are, with a few exceptions, part of the clinical
disease atherosclerosis obliterans (ASO), known also by such established names
as peripheral arteriosclerosis or arteriosclerosis obliterans. Atherosclerosis
obliterans is used here as a general diagnostic term for a chronic arterial disease
of the aorta, its major branches and the large and medium-sized arteries of the
extremities, particularly of the legs. As a result of the disease the lumina of these
vessels may be partially or totally obliterated. A variety of pathologic findings
and clinical syndromes are included in this diagnostic term (JUERGENS and
BERNATZ 1980, VOLLMAR 1975). In a strict sense arteriosclerosis and
atherosclerosis are definitions used in pathology. Arteriosclerosis denotes the
“normal’ changes in the arteries due to aging and the chronic strain of arterial
blood pressure, characterized by an increase of collagen fibers, loss of elasticity
and deposit of calcium in the wall. Atherosclerosis is the combination of a
deposit of lipoids and other bleod products in the intimal layers (in the form of
atheromatous plaques) and local fibromuscular proliferations (HAIMOVICI
1977; FUSTER et al 1980).

In the term “atherosclerosis obliterans™ the word atherosclerosis does not
have this strict histo-pathological meaning.

2.1.2. Pathology and eticlogy

In over 95 percent of cases of chronic aortoiliac obstruction the underlying
diagnosis is ASO and the primary pathologic lesions are nearly always
atherosclerotic plaques, with of without mural thrombi, which cause localized
stenosis or occlusion. Only rarely other degenerative arterial diseases are
involved (VOLLMAR 1975). A discussion about the probably multifactorial
etiology of atherosclerosis (HAIMOVICI 1977) is beyond the scope of this study.
Other, very rarely occurring, causes of chronic aortoiliac obstruction are
primary thrombosis, post-embolic occlusions, posttraumatic thrombosis, con-
genital aplasia, fibromuscular hyperplasia and external compression (VOLL-
MAR 1975).

2.1.3. Anatomic patterns of the disease
ASO is not evenly distributed along the vascular tree of the legs. Typical primary
sites of occurrence are the distal abdominal aorta and its bifurcation, the iliac

and common femoral arteries and their bifurcations, the superficial femoral

17



artery at the level of Hunter’s canal, the distal popliteal artery and in diabetic
patients the lower leg arteries. This unequal distribution of localization of the
disease has given rise 1o different morphological classifications of ASO of the
legs and within it to a variety of sub-classifications for the aortoiliac segment.

Usually the aortoiliac segment is considered to include the infrarenal
abdominal aorta, the common and external iliac arteries and the common
femoral artery, down to its bifurcation in superficial and deep femoral artery.

One frequently used classification of ASO of the lower extremities distinguis-
hes between:

- disease mainly confined to the aortoiliac region,
- disease limited to the arterial segments distal to it,
- and the cases where disease is diffusely found at both levels ("combined” of

"multilevel disease’).

(DeBAKEY et al 1958; IMPARATO et al 1970; HYLKEMA 1975; BRUIININCK X
1976; BUTH 1978; BERNINK 1978).

For the aortoiliac ASO a variety of sub-classifications are in use. Quite long
ago DeBAKEY et al (1958) made a subdivision in complete and incomplete
occlusions, which is no longer considered of much practical value by others
(VOLLMAR 1975). More important is the often used differentiation between
aortoiliac obstructions with and without distal arterial involvement (IMPARA-
TO et al 1970; DARLING et al 1979). These two types seem to occur in two
distinct patients’ populations with a different frequency of concomitant other
cardiovascular diseases and diabetes as well as differences in age and sex
distribution, disease progression and life expectancy (WESOLOWSKI et al 1966;
MOZERSKY et al 1972; DARLING et al 1979).

About 75-80 percent of all patients with aortoiliac obstructive disease belong to
the group with peripheral involvement (VOLLMAR 1975; DARLING et al 1979).

Within the aortoiliac segment one can distinguish between a morphologic
type with lesions confined to the proximal part of it down to the iliac
bifurcation, and the type where lesions extend to the groin. The first group is
probably only a less far progressed stage of the same disease process as indicated
by a younger mean age of this group (IMPARATO et al 1970; DARLING et al
1979). Some authors separately classify the total aortic occlusion which is often
considered to evolve out of bilateral occlusion of the common iliac arteries
(DeBAKEY et al 1958; IMPARATO et al 1970; VOLLMAR 1975; DARLING et al
1979). This sub-classification is justified because this disease, which gives the
classical LERICHE syndrome, carries the risk of ascending thrombosis up to the
level of the renal arteries which makes the indication to vascular surgery a very
stringent one. Vollmar finally distinguishes between short segmental occlusions
of the distal aorta or iliac arteries and the ""bifurcation” type where the origin of
the common iliac arteries is severely obstructed or occluded. The practical point
is that the segmental type is usually better tolerated by the patient than the
bifurcation type due to better collateral possibilities (VOLLMAR 1975).

Aortoiliac obstructions very often (70 percent) occur bilaterally (VOLLMAR
1975). No publications could be found mentioning anything about a preference
of the disease for one of the two sides of the body.

Obstructive aortoiliac disease may be associated with aneurysmal disease of
the abdominal aorta or iliac arteries. In 27 percent of their patients with
occlusive processes at the aortic bifurcation DeBAKEY et al (1958) also found
aneurysms proximal to it, whereas DARLING et al (1979) diagnosed associated
narrowing of the iliac vessels in 1S percent of their patients undergoing elective
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aortic aneurysm resection.
2.1.4. Occurrence and frequency distribution of aortoiliac ebstruction

No data are available about the absolute incidence (=number of new disease
cases observed during a certain period) and prevalence (=total number of
disease cases at a given time) of ASQO among the total population, much less
about that of aortoiliac obstruction. It may be illustrative that in a recently
published report about the importance of diseases of the circulatory system in
the Netherlands, which is quite detailed about some diseases, one will look in
vain for specified figures about atherosclerosis of the legs (COUNCIL FOR
HEALTH RESEARCH TNO 1980). Only indirect indications of the frequency are
found. In the sixties van BUCHEM (1967) did a follow-up study on 918
randomly selected men, aged 40-59 years, from oné Dutch town. During a six
vears period 25 of them dewveloped symptoms of intermittent claudication,
whereas 4 men already had claudication at the onset of the study. This
corresponds to a yearly incidence of about 45 per 10.000 in this group of men.
About the same incidence figures for intermittent claudication in men were
found in the well known Framingham study; women lagged behind men by 10
years to reach the same incidence (KANNEL et al 1970).

ASO occurs predominantly among men between 50-70 years (JUERGENS and
BERNATZ 1980}. The overall percentage of females among patients with ASO
coming to vascular surgery in greater patient’s series was between 5 and 10
percent (DeBAKEY et al 1958; VOLLMAR 1975). In these series the women were
particularly underrepresented among the patients with multilevel ASO. For
disease only confined to the aortoiliac region a quite equal distribution among
the sexes was found. Many of the female patients with aortoiliac ASO appear to
have had an artificially induced menopause (DARLING et al 1979). Van
VROONHOVEN and MULLER (1978) considered ASO in pre-menopausal
women less rare than is often believed; they described a characteristic group of
young female patients, all having used oral contraceptives during longer periods
of time with localized stenosis in the distal abdominal aorta.

Among patients with diabetes mellitus both the prevalence and the severity of
ASO are higher than in the rest of the population, whereas diabetics develop
symptoms of ASO on an average 10 years earlier than non-diabetic ASO patients
(JUERGENS and BERNATZ 1980).

In about one-third of cases with ASO of the lower extremities, seen by
physicians, the aortoiliac segments are affected. Threefourth of these patients
with aortoiliac ASO are between 40-59 years of age (VOLLMAR 1975).

2.2, THE DIAGNOSIS OF CHRONIC AORTOILIAC OBSTRUCTION

If a patient is suspected of arterial obstruction the following questions are
raised:

- Is there really arterial obstruction?

- How are the obstructive lesions localized?

~ How serious are the functional impairments caused by the obstruction(s)?
A complete physical examination will usually answer the first two questions in
patients with severe aortoiliac obstruction. With less severe disease and
particularly in patients with multilevel disease the mere physical examination
will leave the second question unanswered. In those cases complementary tests
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are needed to complete the picture of the discase. Weither routine physical
examination nor angiography will give a good impression of the functional
disturbances caused by the disease (MOORE and HALL 1971; BRENER et al
1974). Hence supplementary tests are also required to cover this aspect.

Angiography is rarely necessary to establish the diagnosis and should not be
considered as a routine diagnostic procedure (JUERGENS and BERNATZ 1980).
Its aim is to provide an anatomic “map”, after the decision to perform a
vascular operation in principle has already been taken (HYLKEMA 1975;
BRULININCKX 1976). This map will confirm the presence of lesions suitable for
surgery or interventional radiology (Dotter’s angioplasty), allow a direct
approach to the involved segment and help in the selection of the therapeutic
method to be used.

2.2.1. Symptoms and signs

Sometimes aortoiliac obstruction can be diagnosed in patients without
symptoms if they have isolated segmental occlusions of the common or external
iliac artery with a good collateral circulation (VOLLMAR 1975). In all others a
predominant symptom of the disease is pain sensation of intermittent (inter-
mittent claudication) or persistent (rest pain) character.

Intermittent claudication is usually the earliest and one of the most specific
symptoms of the disease and manifest in nearly all symptomatic patients
(WESOLOWSKI et al 1966; VOLLMAR 1975; DARLING et al 1979; JUERGENS
and BERNATZ 1980). In general, there is no direct correlation between the level
of occlusive disease and the localization of the pain of intermittent claudication.
A history of only proximal, femoro-gluteal, pain is nearly always an indication
of aortoiliac obstruction in the absence of significant occlusive disease below the
inguinal ligament. On the other hand, quite some patients with isolated
aortoiliac disease will only complain of calf claudication (WESOLOWSKI et al
1966; VOLLMAR 1975; DARLING et al 1979; FAIRBAIRN 1980).

Rest pain is a symptom of severe obstructive disease, only occurring in
patients with aortoiliac and peripheral obstructions in series (WESOLOWSKI et
al 1966; DARLING et al 1979; FAIRBAIRN 1980). It may occur rarely in patients
with isolated aortoiliac occlusions of acute origin (VOLLMAR 1975). The pain is
usually experienced in the digits, but also in the foot and the lower leg, often at
night and thus interfering with sleep.

A next grade of severity of obstructions is indicated by the presence of
gangrene and/or ulcerations, often associated with severe pain except in
patients with advanced neuropathy (diabetes). Further details about ischemic
rest pain and the characteristics of ischemic ulceration can be found in standard
textbooks (FAIRBAIRN 1980; JUERGENS and BERNATZ 1980).

A symptom considered to have a specific relation to aortoiliac occlusive
disease is male impotence. This is found to occur in about 20-29 percent of
patients with aortoiliac obstructions (VOLLMAR 1975; van VROONHOVEN
1977), and is suggestive of an impediment to inflow into the hypogastric arteries
due to proximal aortoiliac obstructions. It should, however, be recognized that
impotence is also related to the age of the patient (DARLING et al 1979),
whereas the lack of return of potency after succesful revascularizations of the
internal iliac arteries suggests that also other factors are reponsible for it
(VOLLMAR 1975). In women, suffering from aortoiliac obstruction, no
symptoms corresponding to the male impotence have as yet been recognized.
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Apart from various trophic changes - which will not be discussed here and for
which the reader is referred to the textbooks (FAIRBAIRN 1980; JUERGENS and
BERNATZ 1980) - the most important signs to the clinician in the diagnosis of
obstructive arterial disease are the character of arterial pulsations on palpation
and the presence and the character of bruits as heard with the stethoscope. It can
be stated in general that arterial pulsations of the femoral, popliteal and
posterior tibial artery are never absent in a resting patient in a warm
environment, except as a result of occlusive arterial disease (JUERGENS and
BERNATZ 1980). Absence of pulsations of one or both dorsalis pedis arteries is
possible on a congenital base and cannot be considered, therefore, as a sign of
obstruction (BARNHORST and BARNER 1968; JUERGENS and BERNATZ
1980). A weak or absent femoral pulse under resting conditions certainly
denotes severe proximal obstruction. The reverse, however, does not hold: with
well palpable femoral pulsations a considerable degree of proximal obstructive
disease may be present in cases associated with severe occlusive disease of the
superficial and deep femoral artery (BLAISDELL and GAUDER 1961; WESO-
LOWSKI et al 1966; JUERGENS and BERNATZ 1980). This phenomenon can be
explained by an augmentation of the otherwise damped pulse pressure by the
peripheral occlusions. Therefore, a palpable femoral pulse in association with
severe occlusive disease of the femoral bifurcation does not necessarily signify
lack of proximal disease. A femoral pulse which disappears after a period of
exercise or cuff occlusion at the thigh is an indication of stenosis of a major
proximal artery (KEITZER et al 1965; JUERGENS and BERNATZ 1980). During
the period of arrest of distal flow by the cuff in the test just mentioned often a
marked increase in the strength of the femoral pulse may be noticed (KEITZER
et al 1965). Because considerable aortoiliac obstructions are not always
suspected on the basis of femoral pulse palpation this test is not a sensitive
indicator of disease (BRULININCKX 1976). Another disadvantage is the fact
that grading of femoral pulses is very subjective and unreliable, particularly in
obese patients. Even experienced observers will rarely agree about the quality of
a pulse (BRENER et al 1974),

A bruit is the result of turbulences in the bloodstream and usually occurs
under resting conditions only if a diameter stenosis of at least 50 percent is
present in the artery. Therefore, a bruit is a good indication of significant
stenosis and at the same time of the existence of a residual lumen in the artery. In
healthy persons bruits are never heard over the arteries of the leg. A bruit also
indicates with great certainty the localization of the stenosis as the bruit
originates at the site of constriction and is only propagated downstream and
never upstream (FRANSEN et al 1969). The intensity of the murmur is not
strictly proportionate to the magnitude of the constriction, although a very
intensive bruit probably indicates a tight stenosis (HAIMOVICI and ESCHER
1955). With less severe stenoses in the iliac arteries, bruits may be absent at rest
but be provoked by some exercise. Such cases very often have aortoiliac
abnormalities which show-up on angiograms (WESOLOWSKI et al 1966). The
search for aortic, iliac and femoral bruits at rest and after exercise is an
indispensable part of the physical examination of patients suspected of
aortoiliac obstructions.

2.2.2. Angiography
At present no serious discussions exist about the necessity of an angiographical
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imaging of the pelvic and limb arteries, once the decision to perform operative
treatment has been taken in principle (BONE et al 1976).

Usually a translumbar aortography (TLA) or a catheterization method
(transfemoral retrograde or transaxillar orthograde) will be performed. After a
TLA additional direct needle contrast injections into the femoral artery (femoral
angiography) may be needed for a good definition of the lower leg arteries. In
many cases of aortoiliac obstructions the use of a transfemoral catheter
technique (Seldinger) is less advisable because of the chance of injuring the
pathologic arterial wall, dislodging thrombi or plagues or aggravating throm-
bus formation. This often makes TLA the primary choice in aortoiliac
angiography (MADDISON 1977; ROBICSEK 1978; FULTON et al 1980).

Radiological signs of stenosis are a reduction in the width of the lumen image,
increased local tramsparency of the contrast film and the appearance of
collaterals where an obliteration is apparently absent (MANSJOER et al 1976).
In the single plane projections of aorto-angiography for the aortoiliac system,
high grade luminal reductions in the dorso-ventral direction may not be visible
on the pictures if the transverse vessel diameter is not reduced or if a high dose of
contrast is used (MOORE and HALL 1971; KOHLER 1973; MANSJOER et al
1976; WATERS et al 1977, CRUMMY et al 1978). Other reasons for the non-
visualisation of stenoses are superimposition of other arteries and the fact that
the iliac arteries are seen foreshortened (CASTANEDA-ZUNIGA et al 1976).
Unfortunately the majority of plaques are localized on the dorsal and ventral
side of the aorta and iliac arteries, as could be shown in threedirectional
angiographic (KOHLER 1973) and pathological studies (MOORE and HALL
1971).

It can, therefore, be almost considered and axiom that disease in the
aortoiliac segments is more severe at surgical exploration than indicated by the
{routine) angiography (WESOLOWSKI et al 1966; MOORE and HALL 1971;
BRENER et al 1974; FARIS and JAMIESON 1975). To partially overcome this
disadvantage, multiplane projections can be used. For the iliac vessels, these
should be oblique to prevent superimposition of the illiac arteries. A major
disadvantage of this approach is the need for a catheter technique and multiple
contrast injections if no special X-ray equipment is available (KOHLER 1973;
SETHI et al 1975; CASTANEDA-ZUNIGA et al 1976; CRUMMY et al 1978).

A drawback of angiography is the absence of functional information offered
by it. Interpretation of angiographic data in a physiologic sense, particularly for
the iliac segments, can lead to surgical errors (MOORE and HALL 1971;
BRENER et al 1974; CASTANEDA-ZUNIGA et al 1976). In case of multilevel
disease of the aortoiliac and the femoral arteries it 1s difficult to decide on the
evidence of the angiogram alone which segment should be operated upon
{HARRIS et al 1974},

2.2.3. Indirect blood pressure measurements

These measurements constitute an important part of the examinations used for
this study and are discussed in detail in Chapter 5 and in the sections 8.1, 8.4 and
8.5.

2.2.4. Direct arterial blood pressure measurements

A valuable test of the functional importance of angiographically equivocal
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aortotliac abnormalities is the measurement of the bicod pressure drop which
may occur across it. The theoretical backgrounds of the pressure fall across
stenotic lesions will be given in section 3.5.2. In such a test intraarterial pressures
are measured both proximal to the aortoiliac segment, for example, in the
abdominal aorta or in the brachial artery and at the distal end of the segment,
for instance, in the common femoral artery. Frequently measurements are
performed during the angiography procedure through the catheters or needles
already positioned for the contrast injections (CASTANEDA-ZUNIGA et al
1976; BARDACH 1978;UDOFF et al 1979). Two aspects are considered of
importance in these measurements: the simultaneous measurement of both
pressures and the employment of a hyperemic reaction, induced, for instance,
by the intraarterial administration of a vasodilator drug.

In the case of significant aortoiliac obstruction a systolic pressure gradient of
at least 20 mmHg is found during hyperemia (CASTANEDA-ZUNIGA et al 1976;
UDOFF et al 1979).

Alternative methods are determination of the common femoral artery
pressures alone and comparison of these pressure before and after calf exercise
(MOORE and HALL 1971) or before and after a period of circulatory arrest by
thigh cuff occlusion (BRENER et al 1974).

These direct pressure measurement tests are always positive in case of
demonstrable angiographic aortoiliac obstructions. In cases where the angio-
graphy seems normal but the pressure measurements are indicative of
obstruction the pressure data should be preferred to rely on (WESOLOWSKI et
al 1966; BRENER et al 1974). The tests are also of value in the presence of distal
obstructive lesions (BRENER et al 1974).

2.2.5. Pulse waveform analysis

The pulsatile inflow of blood into the leg causes synchronous changes in
segmental volume and electric impedance of the imb as well as cyclic flow
velocity changes in the arteries.

The volume changes can be recorded plethysmographically as a volume pulse
wave (BUTH 1978). A general survey of available plethysmographic techniques
and their fields of application are to be found in the theses of HY LKEMA (1975),
BUTH (1978) and BERNINK (1978).

The electric impedance changes of a limb segment are recorded with the aid of
an impedance plethysmograph (or rheograph) (SCOTT 1977); this instrument
has not received wide acceptance in the vascular laboratories as yet (Van De
WATER et al 1971).

Flow velocity changes in the greater arteries of the leg can be recorded as flow
velocity curves with Doppler ultirasound equipment (see Chapter 4).

The volume pulse waves, the impedance curves and the velocity pulse waves
all have contours or patterns which are comparable to the pressure curves
obtained by direct arterial cannulation of the greater arteries or are strongly
related to them (RATNES 1977 and section 3.3.2.); they show typical deviations
from the normal in cases of obstructive arterial disease. The different methods
for analvsis of the Doppler velocity waveforms will be discussed extensively in
Chapter 6; they are not fundamentally different from the methods used for the
analysis of the other pulse waves. The place of Doppler signal analysis in the
diagnosis of aortoiliac disease will be discussed in Chapter 6 and in the sections
8.2, 8.4. and 8.5.
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An important plethysmograph from a clinical point of view is the mercury-in-
silastic (rubber) strain gauge plethysmograph (STRANDNESS 1969;: BAREND-
SEN 1973; SUMNER 1977). However, this is more frequently used in caif flow
measurements (section 2.2.6.) than in pulse wave analysis. An exception is the
digital plethysmography (STRANDNESS 1969; SUMNER 1977) in which the
wavelorm is an important parameter. Other groups use photo-electric scatter
eves for this digital plethysmography with similar results (HYLKEMA 1975;
BERMINK 1978). For the diagnosis of very peripheral arterial obstructions and
for vasospastic disorders, digital plethysmography is a good technique (SUM-
NER 1977) but for the specific functional evaluation of aortoiliac obstructions it
is hardly of any use as was shown by HYLKEMA (1975).

Another plethysmographic device which came into widespread use is the
Pulse Volume Recorder (PVR) developed by Darling and Raines, which is an air
filled rubber cuff plethysmograph (DARLING et al 1972; RAINES et al 1976;
RAINES 1977, BUTH 1978). The primary waveform parameter in PVR reading is
the well reproducible amplitude of the pulse wave (RAINES 1977; BUTH 1978).
Using this PVR amplitude, obtained at various levels of the leg, in combination
with segmental systolic pressure measurements both at rest and post-exercise
(necessitating the use of multivariance analysis with a classification rule with 9
different parameters!) an owverall correct anatomic diagnosis of aortoiliac
obstructive disease could be made in 70-80 percent of the cases; in the case of
iliac stenoses the score was considerably lower (BUTH 1978).

Since in many hospitals mechanic oscillography (HYLKEMA 1975; BERNINK
1978) is still part of the work-up of patients with peripheral arterial disease,
some words should be spent on this method. It is a non-standardized method,
the recordings of which are not suitable for waveform analysis. [t allows only
some conclusions about left-right differences and gives a rough indication about
the level of the obstructions, information also obtainable by a good clinical
examination (JUERGENS and BERNATZ 1980; RAINES 1977). It is impossible
to determine on the basis of the upper leg oscillogram, whether there is a
hemodynamically significant aortoiliac obstruction (HYLKEMA 1975).

2.2.6. Blood flow measurements

In clinical practice (semi-)noninvasive blood flow measurements to evaluate the
leg's circulation are nearly exclusively performed at the level of the calf. At
present two techniques are most frquently employed: venous occlusion
plethysmography (BARENDSEN 1973; HILLESTAD 1977) and isotope clea-
rance methods (LARSEN 1972; LASSEN and HOLSTEIN 1974). Both these
techniques give their results in ml bloodflow/100 gram tissue/minute. It is a
fully accepted opinion, found in all publications, that flow measurements at rest
have no value in the diagnosis of arterial obliterative disease, as they are equal in
normal and in ischemic limbs (see e.g. HILLESTAD 1963a, 1977, BARENDSEN
1973; STRANDNESS and SUMNER 1973, p. 233-234; HYLKEMA 1975).
Differentiation between normals and patients only occurs during hyperemia
caused by muscle exercise or temporary circulatory arrest in the limb.
Important plethysmographic hyperemic flow parameters, indicative of
arterial obstruction, are a low peak blood flow, a delay in the timing of this peak
flow, and a prolonged hyperemic response (HILLESTAD 1963a; STRANDNESS
and SUMNER 1975, p. 234; HYLKEMA 1975; BERNINK 1978). A considerable
overlap of values for various morphologic groups of obstructive arterial disease,
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however, makes these parameters useless for the anatomic diagnosis of the
obstructions (HYLKEMA 19735; BERNINK 1978). The absolute flow values
during and after exercise or after release of an occlusion as calculated by the
isotope clearance method are presenting such an overlap and poor reproduct-
bility that they are of no value for individual patient evaluation (T@NNESEN
1968; LLASSEN and HOLSTEIN 1974; KITSLAAR and van VEENENDAAL 1977).
For this reason the shape of the isotope washout curve became the more
relevant parameter to evaluate the functional status of the arterial system
(LEWIS et al 1972a, 1972b; LASSEN and HOLSTEIN 1974; SMITH et al 1977).

Quite in general, the types of hyperemic flow response curves are correlated to
the angiographic and clinical severity of obstructive arterial disease, but duetoa
substantial overlap they do not allow an anatomic diagnosis of the disease
{SUMNER and STRANDNESS 1969; LEWIS et al 1972a, 1972b; SMITH et al
1977). Interesting is the close inverse relationship between the postexercise
systolic blood pressures at the ankle and the calf flow values found by SUMNER
and STRANDNESS (1969) and confirmed in their studies by LEWIS and
coworkers (1972a, 1972b). They considered these pressure measurements just as
valuable or even better for patients evaluation as the more cumbersome and
expensive flow measurements.

It may be concluded that flow studies during hyperemia allow a very general
estimation of the functional importance of obstructive arterial disease but lack
specific information about anatomic or functional involvement of the aortoiliac
segment.

2.2.7. Measurement of aorto-femoral transit times

The short time for a pressure or velocity pulse to travel along the aortoiliac
segment — which normally is in the order of 20 milliseconds ~ may be changed by
obstructive disease (see Chapter 7).

Practically the only way to measure noninvasively the aorto-femoral pulse
propagation time is by the use of Doppler equipment. In peripheral limb
segments also other pulse-sensing devices could be used for this purpose. In the
sections 7.2, 7.4, 7.5, 8.3, 8.4 and 8.5 diagnostic and other aspects of pulse
propagation or pulse transit times determined by the Doppler method will be
discussed.

Different is the measurement of the time needed for a fluid solution, injected
into the bloodstream, to be transported from the abdominal aorta to the groin,
which normally takes about 0.5-1 second. HURLOW et al (1978) described a
“dynamic isotope angiography”, in which an intravenously injected isotope
bolus was followed during its passage through the aortoiliac segment.
Significant differences were found in these transit times for various grades of
severity of aortoiliac obstruction as checked by routine angiography. This
method consequently might be of value in the diagnosis of aortoiliac
obstruction.
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3. HEMODYNAMICANDPATHOPHYSIOLOGICASPECTS
OF THE ARTERIAL CIRCULATION OF THE LIMBS

3.1. BASIC PRINCIPLES

Blood is moving in the arterial system in response to local differences in total
fluid energy. This energy content is made up of the kinetic energy (K) imparted
to the blood by the contraction of the heart and of potential energy which is
composed of the intra-vascular pressure (P) and the gravitational potential
energy (G) (KEITZER et al 1965; SUMNER 1977). Kinetic energy (K) is a
function of the specific density of the blood (p) and its velocity (v) formulated as,

K=1%.p.Vv? H

Putting all components together, the total fluid energy per volume of blood (E)
can be expressed as,

=P+G+K 2)

Potential energy (P+@G) can be converted to kinetic energy (K) and vice versa.
For frictionless, steady, fluid flows through straight pipes this relation between
P, G and K is governed by the classical BERNOULLY’s Principle of continuity of
total energy content along the conduit (see e.g. KEITZER et al 1965; McDO-
NALD 1974 p. 35; de BOER 1978). In physiologic systems the BERNOULLI’s
theorem is not valid because the flow is not steady but pulsatile, the fluid is not
frictionless but approximates the characteristics of a Newtonian fluid (STRAND-
NESS and SUMNER 1975, p. 8]1-84; de BOER 1978, p. 66) and the bloodvessels
are not straight pipes. Yet, the principle provides some approximation of the
relationship between pressure and flow velocity if the energy dissipation of the
circulation is taken into account (KEITZER et al 1965; SUMNER 1977). When
comparing the energy content of a volume of blood at a proximal piont (Prox)in
the circulation with that at a more downstream site (Dist) the following
equation is valid (SUMNER [977):

- el ™ LR * . .
E o E g, t+ TLost energy (3)

In the vascular system lost energy of moving blood is dissipated as heat
(STRANDNESS and SUMNER 1975, p. 78; SUMNER 1977). In supine subjects the
gravitational term (G) in equation {2) may be cancelled. This allows equation (3)
to be written as:

P{me) + R//E 9 V(me)z = P(D‘nsn) + l/I 9 v(Dnsmz + heﬂ[ (4)

It means that increase of velocity of flow at a given place due to any factor is
accompanied by a drop of the arterial pressure at that very place and vice versa.
The energy losses associated with the blood flow in the normal, healthy,
arterial system are due to viscosity of the blood, and disturbance of flow profiles
(SUMNER 1977).
The main cause for depletion of total fluid energy is turbulence of flow, which
can be defined as an irregular flow condition in which the velocity vectors of
small blood volumes show a random distribution both in time and in space.
Turbulence 1s unlikely to occur in normal larger arteries except as short-lived
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flashes during peak svstole, although in large portions of the circulatory system
the blood flow is on the verge of turbulence. Energy losses resulting from flow
disturbances or turbulence are a function of the square of the flow velocity
(STRANDNESS and SUMNER 1975).

The total fluid energy in the greater conduit arteries - measuring over 0.4 cm
diameter (STRANDNESS and SUMNER 1975, p. 74) - is mainly made up of the
potential energy of intraarterial pressure, whereas the kinetic energy is only a
negligible fraction of it (SUMNER 1977; see also Figure 3.3). The total loss of
fluid energy in the normal arterial system is quite small as illustrated by the
mean pressure drop along the entire arterial system from the heart to the
arterioles which is only about 10 mmHg (KEELE and NEIL 1963, STRANDNESS
and SUMNER 1975, p. 74, SUMNER 1977).

In the next sections the two most important components of hemodynamic
energy, pressure and flow velocity, and their relationship will be discussed both
for the normal arterial system and for pathological conditions like stenosis.

3.2. NORMAL PULSATILE ARTERIAL BLOOD PRESSURES

In the normal arterial system the intravascular pressure increases with each
cardiac contraction from around 80 mmHg in diastole to 120 mmHg or more in
systole. At any place in the arterial system the instantaneous pressure values can
be plotted against time. This results in a characteristic pressure pulse wave (see
e.g. Figure 3.1). Its basic features are described in standard textbooks of
physiology and in many publications about hemodynamics (e.g. KEELE and
NEIL 1963; McDONALD 1974; STRANDNESS and SUMNER 1975; de BOER
1978).

This pressure wave - like many other periodic phenomena in biclogical
systems ~ may be decomposed into a number of sine or cosine waves, called
harmonics, by a so called Fourier analysis (ATTINGER et al 1966; O’'ROURKE
and TAYLOR 1966; McDONALD 1974; STRANDNESS and SUMNER 1975;
CAVE et al 1976, FARRAR et al 1977). The harmonics’ frequencies are integral
multiples of the fundamental frequency or the heart rate. The amplitude of each
harmonic is called modulus. Generally the various sinusoids of harmonics are
not in phase with each other. Considering a complete cycle to occupy 360
degrees, the phase shift of each harmonic can be expressed as an angle of a
certain number of degrees. Each pressure pulse (and the same applies to flow
pulses) can thus be described in Fourier analysis by both a certain limited
number of harmonics, each with their modulus and phase angle, and a mean
level. Knowledge about Fourier series of the pressure pulse wave facilitates the
understanding of the several changes which occurinits general form as it travels
from the heart to the periphery.

The factors influencing the shape of the arterial pressure curve are the force
and frequency of the cardiac contractions, the elasticity and dimensions of the
major and medium-sized arteries and the status of the peripheral arterioles,
determining the peripheral resistance. The predominant cause of distortion of
the pressure pulse wave shape is reflection of the travelling pulse wave against
bifurcations, branching points and the peripheral small vessels or the arterioles
(vessels below | mm in diameter) (O'ROURKE and TAYLOR 1966, WESTER-
HOF et al 1972; McDONALD (chapter 12) 1974; STRANDNESS and SUMNER
1975, p. 87; de BOER 1978). At any point in the arterial tree the amplitude of the
pressure pulsation is the sum of forward travelling and of reflected waves, which
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- by interference — results in an overall increase of the pulse wave amplitude
towards the periphery. A second cause for the changes is the amplification
especially of the modulus of the first two harmonics of the pressure wave as a
reaction to increasing vessel impedance (section 3.4) towards the periphery
determined by lumen area as well as wessel wall thickness and elasticity
(STRANDNESS and SUMNER 1975). On the other hand all waveform moduli are
subject to damping due to the visco-elastic character of the wall and the viscosity
of the blood. Especially the high frequency harmonics disappear due to
damping. Finally, minor changes of the waveform are caused by differences in
travelling speed between the successive harmonics. The higher harmonics travel
faster than the fundamental wave, a phenomenon know as dispersion (McDO-
NALD 1974, p. 313; STRANDNESS and SUMNER 1975, p. 87). Due to all these
mechanisms the following changes of the pressure pulse wave may be noticed on
its way from the thoracic aorta to the lower leg arteries: an increase of the
maximum amplitude and pulse pressure, a steepening of the systolic upstroke
and disappearance of its anacrotic notch, disappearance of the incisura on the
downslope side and the appearance of a diastolic dip followed by a second
positive deflection known as the diastolic wave in the femoral artery and
beyond.

3.3, NORMAL PULSATILE ARTERIAL VELOCITIES
3.3.1. The relation between pulsatile arterial pressure and flow
The mathematical backgrounds of the following section can be found in

McDONALD, chapter 6 and 13, (1974) and in STRANDNESS and SUMNER
(1975).

FIGURE 3.1
mm Hg Phasic relation between the pressure pulse
wave and the velocity pulse wave.

The figure represents one cardiac cycle
(360°) in a normal femoral artery.

B Eﬁ(ligilpijl mm He/em A Two pressure waves recorded a short

+ distance apart (a. upstream, b. down-
o fss bt e T T stream).

V B. The pressure gradient derived by sub-

stracting the pressure at b from that at
a divided by the distance a-b.

FLOW s C. Flow (velocﬁly) pulﬁ‘e wave resulting
(VELOCITY (Cm/ree) from the phasic positive and negative

pressure gradients.

Notice the phase difference between pres-
sure and flow.

(Adapted and redrawn from McDONALD,
D.A.: "Blood Flow in Arteries™, 2nd Edi-

0= : B S tion. Arnold (Publishers) Lid, London,
- \/ 1974. Figures 6.2, 6.11).

: ST S R ST
[t 90" 1807 2707 360°

29



In Figure 3.1A two pressure waveforms as recorded in the femoral artery a
short distance apart along the artery, are represented. Since the mean pressure
drop over this short distance is negligible the pressure waves are indentical. But
because of a finite period of time between the arrival of the pressure wave at the
proximal and at the distal site, the curves are out of phase, resulting in an
instantaneous pressure gradient between these sites (Figure 3.1B). The direction
and magnitude of blood flow (or flow velocity) are a function of this pressure
gradient. Therefore, the volume flow and flow velocity versus time curves
(Figure 3.1C) resemble the pressure gradient curve. As may seen from Figure 3.1
rapid changes in pressure gradient from positive to negative occur during one
cardiac cycle. A negative pressure gradient may result in flow reversal. Indeed,
flow reversal in diastole is a common aspect of blood flow in peripheral arteries.
The fact that not always a reverse flow component is found is attributable to the
inertia of the moving blood volume. In case of a normal peripheral resistance a
negative pressure-gradient causes a rapid deceleration of blood flow, but only if
the gradient remains reversed after the forward flow has been brought to a
stand-still it leads to a reversal of flow. This usually is the case in the arteries of
the leg.

3.3.2. Flow velocity pulse wave

A flow (velocity) versus time or flow pulse wave can be derived at any site along
the arterial system on the analogy of the pressure pulse wave on which it
depends (section 3.3.1). The same mechanisms which change the shape of the
pressure pulse wave (section 3.2) can be considered to change the shape of the
flow pulse curve on its way along the arteries. Marked differences, however,
exist between the flow pulse wave and the pressure pulse wave. While the
pressure pulse wave increases, the flow pulse wave progressively decreases in
apmlitude towards the periphery (McDONALD 1974, STRANDNESS and
SUMNER 1975). The normal flow pulse waveform as recorded in most of the
arteries of the leg shows a small steady component and large cyclic fluctuations
or, in other words, its oscillates with large sweeps around a low mean, usually
even swinging from positive to negative. The pressure pulse wave on the
contrary oscillates around a high mean with amplitudes which are small
compared to that mean. A very characteristic feature of most flow pulse waves
of healthy peripheral arteries under resting conditions is the presence of a
reverse flow component during part of the cycle (section 3.3.4 and Figures 3.1
and 3.2).

3.3.3. Flow velocity profiles

The just given description of the flow velocity pulse (section 3.3.2) is a
simplification of the matter in so far as it does not take into account the fact that
a range of different flow velocity waveforms might be recorded along the cross
section of an artery. The instantaneous flow velocity vectors of small fluid
volumes in the centre of the vessel differ in magnitude and sometimes even in
direction from the vectors near the wall or at intermediate position. The shape
of the front of all the velocity vectors across any diameter of the vessel is called
the velocity profile and presents the velocity distribution over the cross-
sectional area of the blood vessel. For steady flow of a viscous fluid through a
long straight and rigid cylindric pipe the velocity profile has a parabolic shape,
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the liquid in the axis of the tube moving faster than that near the wall.
Theoretically the “particles” of fluid can be considered to move in cylindrical
laminae of indentical velocity, the laminae in contact with the wall being
stationary and the successive layers more to the central axis slipping with an
increasing velocity against the viscous friction of the laminae outside it
(McDONALD 1974, chapter 2; STRANDNESS and SUMNER 1975, chapter 1).
Hence this flow type, obeying Poiseuille’s Law, is called “laminar™. With
pulsatile flow a parabolic profile is never really attained and certainly not in the
complicated, branching and tapering, conduit which the human arterial system
1S (McDONALD 1974, p. 105, SUMNER 1977). There the profiles are continuous-
ly changing shape during each cardiac cycle, approaching at one moment a
parabolic configuration and at other moments becoming nearly flat. Also
changes of direction do occur during one cycle in many arteries and the profiles
may assume skewed or otherwise asymmetric forms.
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Relationship between flow velocity as a function of time and the flow profile.

In the upper left of the figure the "velocity mode™ output and in the lower left the "profile
mode” o