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Introduction
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1

Current State of Noninvasive
Vascular Study: Carotid Artery

D.E. STRANDNESS, JRr.

When ultrasonic duplex scanning was introduced in 1974, the site to which
it was first applied was the carotid artery.! This was due to the fact that the
artery is close to the skin, is frequently involved by atherosclerosis, and
commonly studied by arteriography. It was the ideal testing ground for the
feasibility of this new technology. The application involved development of
velocity criteria for grading the degree of stenosis and its verification by
arteriography.2 This process produced several interesting results that are of
great importance and include the following: (1) stenoses and occlusions
could be detected and graded with a high sensitivity and satisfactory posi-
tive predictive value; (2) arteriography, while considered to be the gold
standard, was shown to be less than perfect in documenting the degree of
involvement; (3) ultrasonic duplex scanning was usable by technologists
once they became familiar with imaging and Doppler methods; (4) the test
was sufficiently sensitive and specific to permit its use for a large and di-
verse group of patients.

The patients who deserve study by duplex scanning include the fol-
lowing:

1. The asymptomatic patient found to have a cervical bruit.

2. Patients with transient ischemic attacks and strokes.

3. Patients who are to undergo major cardiac and noncardiac operative
procedures and found to have a bruit in the neck.

4. Patients who present with symptoms and/or signs of vertebro-basilar
insufficiency.

5. Patients who have undergone carotid endarterectomy and present with
new symptoms and/or signs.

6. Patients with documented carotid artery atherosclerosis who are being
assessed for progression of disease.



2 D.E. Strandness, Jr.
Diagnostic Criteria

The evolution of duplex scanning to its current status required the develop-
ment of velocity criteria for normal carotid bifurcation and when it became
involved by atherosclerosis. It is important to keep in mind that the carotid
bulb is a very unique bifurcation. It is the only place in the arterial system
where there is a dilatation at a branch point such as the carotid bifurcation.
This is important for two reasons: (1) it produces unusual flow patterns that
must be recognized since they can be misinterpreted as abnormal; and (2)
it is in the postero-lateral aspect of the bulb where atherosclerosis first
develops.

As flow enters the carotid bulb into the dilated region, flow will be very
complex with an area of recirculation that develops in the postero-lateral
aspect.3 Flow in this region will actually reverse. This is referred to as the
region of boundary layer separation. Flow is antegrade near the medial
wall and the flow divider. The area of flow separation will change in size
during each heart cycle. These complex flow patterns must be recognized
as a normally occurring phenomenon.

The flow patterns in the bulb can be recognized in two ways. If the sam-
ple volume of the pulsed Doppler is placed near the flow divider, flow will
be antegrade during the entire pulse cycle. However, when the sample
volume is moved a few millimeters into the zone of boundary layer separa-
tion, the forward-reverse flow patterns can easily be discerned. For the
experienced technologist, this is not difficult to document. With the availa-
bility of color, this can be more easily demonstrated. Since the convention
is to have flow in arteries be depicted in red and veins in blue, the flow
during systole near the flow divider will be red, but in the separated zone it
will be blue. When these flow patterns are observed, it is sufficient to rule
out the presence of atherosclerosis in the bulb. This is very important since
the presence of bounding layer separation in the bulb of patients who pre-
sent with ischemic events essentially rules out this region as a cause of the
problem.

When atherosclerosis develops, it will start in the bulb. If it remains
confined to that region, it is usually benign since it is usually a fibrous
plaque with a smooth intact covering. However, when the plaque prog-
resses the lesion undergoes degenerative changes to become a compli-
cated lesion. These advanced lesions can lead to the serious complications
that we are familiar with and include transient ischemic events, stroke, and
total occlusion of the internal carotid artery.

When the disease develops in the bulb, the unusual flow patterns associ-
ated with boundary layer separation will not be observed. This is a sign that
the bulb is occupied by atheroma. If the lesion does not extend beyond the
limits of the bulb, flow to the brain via the internal carotid artery is not
impaired, and there will be very little to no flow disturbances produced.
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These lesions are rarely of clinical significance since it is unusual for this
degree of involvement to lead to a clinical event.

When the plaque begins to extend beyond the limits of the bulb and
impinge on the region where the antegrade flow to internal carotid artery
normally occurs, flow disturbances will be produced and recognized by the
presence of spectral broadening.* If the peak systolic frequency recorded
does not exceed 4 MHz (using a 5 MHz pulsed Doppler at a 60 degree
angle), the lesion is classified as a 16-49% stenosis. If one is using angle
adjusted velocity as the parameter, the frequency shift would be equivalent
to 125 cms/sec.

When the plaque progresses further, producing increased narrowing, the
peak systolic velocity will correspondingly increase above the 4 MHz fre-
quency shift and the 125 cms/sec velocity value.* The stenosis will then be
classified into a 50-79% category. With this degree of narrowing the end-
diastolic frequency remains below 4.5 KHz. This would correspond to 145
cms/sec when angle adjusted velocity is used. This is considered to be a
pressure and flow reducing lesion but is not generally considered to be a
pre-occlusive lesion.

With a continued enlargement in the size of the plaque, there is a further
increase in both the systolic and end-diastolic velocity.> For the 80-99%
stenosis category, the major criterion used is the end-diastolic velocity
which exceeds 4.5 KHz or 145 cms/sec in absolute terms. These lesions are
often referred to as pre-occlusive since they frequently lead to total occlu-
sion.

The totally occluded internal carotid artery is relatively easy to detect if
simple rules are followed during the course of the examination. Normally,
70-80% of the flow in the common carotid goes to the brain, which is a low
resistance organ. As a result, the end-diastolic velocity in the common
carotid artery will normally be above zero. When the internal carotid
artery becomes occluded, the resistance now “seen” by flow in the common
carotid artery is much higher, and end-diastolic flow will now go to zero.
This should be the first hint that the internal carotid artery may be totally
occluded. Further confirmation can be obtained by the failure to detect any
flow in the internal carotid artery. Color may be of some assistance here
but it must be remembered that the residual channel in a very tight stenosis
may be difficult to find and demonstrate. It is important for the examiner to
look beyond the bulb to determine if any flow at all is present. Other in-
dicators that can be of value include an apparent increase in flow in the
contralateral carotid artery. This occurs because this artery is now serving
as the major supplier of blood to both hemispheres.

When the results of duplex scanning have been compared against arte-
riography, the sensitivity has consistently been above 90% . The specificity
in the earliest studies was as low as 37%.6 This was due to the fact that
the unusual flow patterns associated with boundary layer separation were
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not recognized as being normal. Once we determined the basis of these
flow changes, the specificity improved so that at the present time it is also
greater than 90%. This level of sensitivity and specificity makes duplex
scanning a good method for studying populations with a low prevalence of
disease as well as one where the prevalence is expected to be quite high.

Role of Color Doppler

The latest innovation in the field of duplex scanning has been the addition
of color to the systems. Color has appeal since it permits the observer to
immediately assess the location of the vessels of interest. Another advan-
tage is that variations in the anatomy of the vessels and their position rel-
ative to each other will be immediately evident. For example, coils and
kinks may be readily seen, which makes the interpretation of the velocity
changes more certain. In the current systems a change in velocity is noted
by a change in the hue of the color. By convention, it is also possible to
determine the direction of flow since flow in one direction is assigned one
color while the reverse flow component is assigned another. It should not
be unexpected that arterial flow would be presented in red with venous
flow in blue. However, one must be careful in interpreting color changes,
since any change in the angle of incidence of the sound beam with the
vessel will also result in a frequency shift change that does not reflect a true
change in velocity. This can be subtle and the observer must be aware of
this potential problem. It is also known that aliasing can occur with color as
it can with standard pulsed Doppler technique when the Nyquist limit has
been exceeded.

Our current use of color in the carotid artery is to use it as the road map
for the vessels but to continue to use the standard velocity criteria for mak-
ing a diagnosis of the degree of stenosis as noted above. Until such time
that precise color criteria are developed to replace the standard method,
we strongly urge users to stick with the time-proven approaches that have
been validated against contrast arteriography.

Applications in Practice

The theoretical advantage of an excellent screening test is that it might be
used to identify those patients who are at risk for developing an ischemic
cerebrovascular episode. Hopefully, therapy could then be applied to pre-
vent such an event from occurring. The most controversial patients are
those who are asymptomatic but are found to have a bruit in their neck.
What does one do with these patients? Should one be aggressive or simply
ignore the finding? If one adopts an aggressive stance, the future course of
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events depends entirely upon the extent of involvement in one or both
carotid arteries. If duplex scanning were not available, the only method of
determining the degree of involvement with certainty would be arterio-
graphy. This would result in a large number of unnecessary studies being
performed, since at least 90% of those performed would lead to the discov-
ery of lesions that should be treated conservatively. The only lesions that
deserve careful consideration for operation in asymptomatic patients are
those with a >80% diameter reducing stenosis.” When these are found
there is evidence that progression to total occlusion is common within the
first few months after discovery of the lesion. If the internal carotid artery
does occlude, the chance of the patient sustaining a stroke is in the range of
25%.

Plaques that narrow the artery by less than 80% are safe to follow be-
cause the event rate is small, being about 4% per year.” The one situation
that remains worrisome is the patient with an occlusion of one internal
carotid artery and a 50-79% stenosis of the other carotid artery. The prob-
lem here is that the natural history of this combination of lesions is poorly
understood. In some cases, it might be preferable to proceed directly with
carotid endarterectomy to preserve the patency of the internal carotid
artery. On the other hand, if a conservative course is followed, I would
strongly recommend that repeat duplex scans be done every three months
to determine stability of the lesion. If progression to an 80-99% stenosis
occurs, the patient should be considered a candidate for prophylactic
carotid endarterectomy.

For plaques that narrow the internal carotid artery by <50%, it is very
safe to simply follow the patients. An unanswered question relates to how
often these patients should be followed with repeat duplex scans. My prac-
tice at the moment is to do a repeat study every 12 months. This would
appear to be cost-effective and safe in terms of a progression rate from a
<50% to a >50% stenosis, which is 8% per year.

For symptomatic patients, the need for duplex scanning is often raised,
since many of these patients will likely undergo arteriography anyway. Du-
plex scanning can be useful for the following reasons: (1) it provides useful
information for the neuroradiologist in planning the study (for example, if
very little disease is found on the duplex scan, it may be helpful to obtain
multiple views of the bulb and internal carotid artery for better visualiza-
tion); (2) the duplex scan will provide the necessary baseline data for
follow-up studies, since it is clear that arteriography cannot be used for
such purposes; and (3) the duplex study may provide enough information
to forestall the need for arteriography. For example, if the internal carotid
artery were found to be occluded, there would be no need to proceed with
the contrast study. However, if there is any question at all about the status
of the internal carotid artery in terms of patency, it is important to verify its
status with the contrast study.
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The role of carotid endarterectomy has been a source of great concern
and controversy.® While numerous surgical series have been published
showing that the operation can be performed with a perioperative stroke
and mortality rate that is under 5%, this has not been accepted by many in
the neurological community.® This is due to the fact that some community
experiences and the report of the RAND Corporation have shown that the
perioperative morbidity and mortality rates were too high, making the role
of the operation more suspect as a method of preventing stroke. In addi-
tion, since only historical controls were available, the possible benefit of
the operation was uncertain.

This skepticism led to the mounting of several randomized clinical trials,
which included the Veterans Administration Asymptomatic trial (VAAT),
the North American Symptomatic Carotid Endarterectomy trial (NAS-
CET), and the trial with asymptomatic patients (ACAS). The VAAT trial
has completed all phases except data analysis and follow-up, scheduled for
completion in the spring of 1991.

The NASCET trial has been under way for three years. Recently, it was
determined by interim analysis that the subset of symptomatic patients
with a 70% diameter reducing stenosis or greater had a much better prog-
nosis when treated by operation. In fact, this part of the trial has now been
terminated and has led to the distribution of a national medical alert by the
NIH announcing this finding.1® This will have a profound effect in this
country and has special importance to those who use duplex scanning as a
method of screening symptomatic patients.

There are two aspects of the trial findings that can be usefully applied in
the practice of stroke prevention. If a patient is symptomatic with a TIA or
stroke, the finding of a high grade stenosis on duplex scanning will require
arteriography and subsequent carotid endarterectomy. On the other hand,
the finding of a lesser lesion will in all likelihood be followed by treatment
with aspirin until such time that operation has been proven to be of greater
benefit in this subset of patients. It is unlikely that contrast arteriography
will be required in this group if the accuracy of the testing falls into the
acceptable range as noted above.

There are other implications for the group with lesions that are less than
70%. This group should be followed, since if they progress to a greater
degree of stenosis, then operation would appear to be justified. This will
require repeat duplex scans to be done since arteriography cannot and
should not be used on a repetitive basis to make this determination. The
follow-up interval remains to be determined, but based upon the initial
findings and the degree of narrowing, it is possible to make some tentative
recommendations. For lesions narrowing the artery by >50%, there
should probably be a restudy at least every six months to assess the stability
of the lesion. For lesions less than 50%, it is probably safe to restudy the
patients every 12 months. However, if the patient remains symptomatic or
has recurrent events on aspirin therapy, one should adopt an aggressive
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stance with regard to use of endarterectomy to remove the focus of the
problem.

Another group of patients that have been the subject of some con-
troversy are those who are to undergo major cardiac or noncardiac surgery
and who are noted to have a bruit in their neck.!! These patients are a
problem because of the perceived increase in risk of a stroke when they
undergo their major operative procedure. The studies done on these pa-
tients would suggest that they are not at greater risk for a stroke and that
their primary reason for operation should be taken care of first, with one
exception, and that is when the patient is also symptomatic from their
carotid artery atherosclerosis.

In the case of coronary artery disease, the greatest risk for life is with the
coronary arteries and not the carotid arteries. Thus, even if one were
aggressive in treating a carotid lesion in this setting, it would be important
to still treat the heart disease first and the carotid artery at a later date.
Thus, a preoperative duplex scan is helpful since it will provide the neces-
sary information upon which to plan the course of therapy. It must be
remembered that there is no evidence that the coronary artery bypass
grafting has an adverse effect on carotid artery atherosclerosis that could or
should increase the risk of stroke. When stroke occurs in the setting of
coronary bypass surgery, it is likely to be secondary to emboli that develop
during the clamping of the aorta for placement of the vein grafts.

One area which remains very difficult to evaluate with duplex scanning is
vertebrobasilar insufficiency. While there is no doubt that subclavian ste-
nosis and/or occlusion can be detected with a high degree of certainty along
with reverse flow in the vertebral artery, this is commonly observed in
patients who are free of symptoms.12 It is also difficult to determine with a
high degree of certainty whether the symptoms that occur are in fact due to
ischemia of the posterior fossa.
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Current Status of Noninvasive
Studies for Extremity Arterial and
Venous Disease

RicHARD F. KEMPCZINSKI

Despite more than 30 years of clinical experience, noninvasive testing of
patients with extremity arterial disease remains controversial. Some have
suggested that noninvasive testing may be no more accurate than an ex-
perienced clinician in diagnosing arterial occlusive disease and therefore is
an unnecessary addition to the already high cost of patient care and a dis-
incentive to the development of clinical acumen by surgical trainees.!

Although an experienced examiner can usually document the presence
of extremity arterial occlusion, clinical examination alone may be mislead-
ing in certain situations; e.g., when there is concomitant neuropathy.?
Furthermore, since many patients with extremity pains are initially seen by
physicians who may be inexperienced in managing vascular disease, the
noninvasive laboratory can provide objective confirmation of their clinical
impression and assure prompt and appropriate triage of such patients. In
much the same way that measurement of brachial blood pressure has be-
come invaluable in the detection and management of hypertension,
measurement of lower extremity systolic pressures provides the clinician
with objective documentation of the regional hypotension that is the hall-
mark of arterial occlusive disease. Certainly, few would question the im-
portance of noninvasive testing in the diagnosis of extremity deep venous
thrombosis, an area where clinical diagnosis is notoriously inaccurate.

Apart from merely documenting the presence of vascular disease,
noninvasive testing is useful in relating an anatomical lesion to its resulting
functional derangement. This is especially important in patients with di-
abetes mellitus where hemodynamic data are critical in categorizing the
severity of resting extremity symptoms. It may also be valuable when there
are multiple, in-series occlusions whose relative hemodynamic significance
must be assessed to plan appropriate arterial reconstruction.

Noninvasive tests may also be used to help focus subsequent angio-
graphy. Knowing in advance the location of hemodynamically significant
lesions, the radiologist can alter his planned approach to better visualize
the areas of clinical interest. By contrast, failure to demonstrate a lesion
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consistent with the patient’s symptoms may avoid unnecessary arterio-
grams.3

Patients can also be followed more carefully in the vascular laboratory
than is possible with clinical examination alone. The results of nonopera-
tive therapy can thus be objectively documented and potential disease
progression detected even before the patient appreciates clinical deteriora-
tion. Furthermore, since distal pulses may be absent even after a successful
proximal reconstruction, and incisional pain or coexistent neuropathy may
create a confusing clinical picture, the need for hemodynamic parameters
is especially important in the perioperative assessment of patients.

Extremity Arterial Disease

Although there is no consensus regarding which procedures are most
appropriate for the evaluation of extremity arterial insufficiency, a few
generalizations appear warranted. As in other areas, a combination of tests
is often more sensitive than any single test used alone, and therefore most
laboratories generally use at least two of the procedures described below.
However, when a single test clearly establishes the diagnosis, additional
tests in such cases are redundant and decrease specificity. The practice of
routinely performing a battery of tests, regardless of the clinical situation,
is not cost effective and should be condemned.

In addition, noninvasive tests may be classified as Indirect if they identify
the presence of disease by detecting some physiologic or hemodynamic
alteration that is the result of the arterial lesion, or Direct if they interro-
gate the lesion itself, characterizing its extent and appearance. Over the
last several years, there has been a general movement away from indirect
tests with a proportionly greater reliance on direct studies.

As credentialing agencies have begun to look at the Noninvasive Vascu-
lar Diagnostic Laboratory, they have identified certain Primary test, which
they expect to be available in any laboratory wishing to study patients with
certain type of vascular disease, and Secondary tests, which might add im-
portant physiologic information to the assessment but which, by them-
selves, are not sufficiently accurate to establish the diagnosis.

Finally, since chronic arterial occlusions may be very well compensated
under resting conditions, persons with exercise-related complaints should
usually undergo some form of stress testing to confirm and accurately
quantitate the extent of their disability.

Doppler Arterial Survey

By surveying an accessible peripheral artery with a simple, hand-held, con-
tinuous wave Doppler velocity meter, an experienced examiner can often
derive a surprising amount of useful information. Although a multiphasic
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Doppler signal in a distal vessel strongly suggests that the proximal arterial
tree is unobstructed, such information is very qualitative and quite subjec-
tive. However, the presence of such a signal at the ankle in a patient with
equivocal symptoms often prompts us to shorten our formal extremity
evaluation to a simple measurement of the ankle/brachial index (ABI).
Furthermore, the presence of an audible Doppler signal in any vessel de
facto confirms its patency and should warrant an aggressive, radiologic
effort to document its presence even when it may not have been seen on
routine angiography. Although this technique is direct, its subjectivity
make it a secondary procedure that should never be the sole basis for di-
agnosis.

Segmental Limb Pressures

The measurement of multilevel, segmental, systolic pressures is probably
the most generally accepted and widely applied technique for documenting
extremity arterial occlusive disease. Although indirect, it is simple, repro-
ducible, inexpensive, and well accepted by patients. More data have been
reported using this technique than virtually any other in the vascular di-
agnostic armamentarium, yet it is subject to numerous shortcomings.

Although it is usually accurate in establishing the presence of arterial
occlusion, it is much less satisfactory for localizing the responsible lesions.
Aortoiliac disease is particularly difficult to identify and quantitate in the
presence of concomitant superficial femoral artery occlusion. Even when
separate, narrow, high and low thigh cuffs are used, the location of such
multisegmental lesions is, at best, correctly predicted in only 78% of the
extremities studied.* Brener et al. found that 55% of patients with angio-
graphically proved aortoiliac stenosis had normal proximal thigh indices,
while 31% of those with occlusion of the superficial femoral artery, but no
iliac disease, had a false positive thigh pressure, thus prompting them to
conclude that segmental limb pressures (SLP) were incapable of accurately
localizing lower extremity arterial occlusive disease.> In a similar study,
Flanigan et al. compared direct intra-arterial measurement of femoral
artery pressure to that obtained using wide and narrow thigh blood pres-
sure cuffs. They found that overall accuracy in diagnosing aortoiliac disease
was poor for both the wide (52%) and narrow (73%) cuff technique.® More
recently, Lynch et al. documented a 97% sensitivity to aortoiliac disease
and an 89% sensitivity to isolated femoropopliteal disease. However, in
the presence of combined disease, the specificity to aortoiliac disease de-
creased from 70% to 41% and the sensitivity to femoropopliteal disease
fell from 89% to 55%.7

The distal monitoring site also influences the accuracy of thigh SLP when
concomitant arterial occlusive disease is present below the groin. In 23% of
patients with such multilevel disease, the upper thigh pressure was more
than 15 mm Hg lower when a pedal artery was used to monitor return of



12 Richard F. Kempczinski

TaBLE 2.1 Correlation between ankle systolic pressure (SLP), ankle/brachial index
(ABI) and clinical severity of extremity ischemia.

SLP (mm Hg) ABI
Claudication 70-100 0.5-0.8
Rest pain <50 0.3
Gangrene 0-30 <0.2

blood flow compared to a similar measurement using the popliteal artery.8
Furthermore, in patients with diabetes mellitus or chronic renal failure, the
vessels may be so heavily calcified that they are virtually incompressible,
thus making the measurement of SLP meaningless.® Measurement of foe
pressures in such patients may occasionally circumvent this problem. Even
when measurements of ankle pressure can be made, there is significant
variability between consecutive measurements in the same patient. Baker
and Dix found a mean variation in the ABI of 0.18 and suggested that
multiple baseline determinations should be obtained and that the index
must change at least 0.15 before it can be considered significant.10
Because of these limitations, we do not use SLP to localize lower ex-
tremity arterial occlusive disease but rather to categorize the degree of
the patient’s ischemia (Table 2.1). If the examiner remembers that such
pressure changes may represent the sum of more than one lesion, mis-
interpretation is less likely to occur. Although the limitations of SLP can
be minimized by interpreting them in the light of the patient’s history and
physical findings, an additional diagnostic modality, such as wave form
analysis, should be a part of every complete extremity arterial evaluation.

Wave Form Analysis

Two types of wave form analysis are presently in widespread use: Doppler
velocity and pulse volume. Most laboratories that measure arterial velocity
wave forms use a directional continuous wave Doppler equipped with a
zero-crossing, frequency-to-voltage converter to produce an electric signal,
which is then transcribed on a standard strip-chart recorder. In the lower
extremity, tracings are usually obtained from the common femoral, pop-
liteal, and posterior tibial arteries. Using different dimensional param-
eters for the resulting wave forms, various authors have calculated the
proximal damping quotient,!! wave form index,? pulse rise time,!3 or pul-
satility index!4 in an attempt to derive quantitative data. However, Flani-
gan et al compared the accuracy of femoral pulsatility index (FPI) to direct
intra-arterial femoral pressure measurements in diagnosing aortoiliac dis-
ease and found that FPI had a sensitivity of only 62% and a specificity of
69% . They concluded that “FPI is not sufficiently accurate for its previous-
ly suggested use as a clinical tool to differentiate hemodynamically signif-
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icant from hemodynamically insignificant aortoiliac occlusive disease.”!3
Aukland and Hurlow compared the pulsatility index in the pedal arteries to
arteriography in 29 patients with symptomatic lower extremity ischemia
and concluded that “absolute values of the pulsatility index in the pedal
arteries indicate the cumulative effect of occlusive disease in the whole
limb, and therefore are of little value in grading the popliteal-tibial
segment.”16

Processing the Doppler velocity signal through a zero-crossing detector
can introduce artifacts into the velocity profile and is susceptible to distor-
tion from radio frequency interference, probe movement, and flow in adja-
cent veins.!? Although all these concerns are theoretically valid, in the
hands of an experienced technician this approach provides surprisingly use-
ful data in most clinical situations. It also has the advantages of being readi-
ly available in most institutions, applicable to a wide variety of clinical
problems, and one of the least expensive of the noninvasive techniques
presently offered.

Nevertheless, if truly quantitative information is required, the Doppler
signal must be processed by some other method, such as real-time fre-
quency analysis. Using this technique, Johnston has been able to localize
aortoiliac and superficial femoral artery occlusive disease with sensitivity
greater than 80% and specificity greater than 95%. However, this ap-
proach remains relatively complicated and has not been widely accepted.

Regardless of the method used to process the Doppler velocity signal,
several limitations persist: (1) considerable technical skill is required to
produce consistent, artifact-free tracings; (2) the presence of excess fat,
hematoma, or scar tissue around the vessel may significantly interfere with
ultrasound transmission; (3) atherosclerotic plaque on the anterior wall of
the vessel may make it difficult to obtain a diagnostically useful tracing; (4)
in the presence of severe occlusive disease, the signal-to-noise ratio is low
and one may be unable to obtain interpretable tracings, especially distal in
the extremity; and (5) it is usually impossible to penetrate prosthetic grafts
and obtain representative wave forms.

In view of these limitations, we rely on pulse volume wave forms (PVRs)
to help localize extremity arterial occlusions. They provide a better assess-
ment of segmental limb perfusion, are less technician dependent, are not
limited by vessel wall calcification, are readily and rapidly obtained using
the same cuffs already in place for SLPs, and can be analyzed qualitatively
with considerable accuracy.18.19

Stress Testing

Although resting measurement of SLPs and PVRs usually provides clini-
cally useful information, confusion arises when patients give a history sug-
gestive of intermittent claudication but have borderline or even normal
resting values. Furthermore, although such measurements may document
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the presence and location of hemodynamically significant arterial lesions,
they do not quantitate the resulting functional disability—information that
may be critical in selecting patients for revascularization. When one ex-
tremity is afflicted with symptomatic arterial occlusive disease, resting
pressure measurements in the contralateral, asymptomatic limb may be
deceptively normal. Laing and Greenhalgh studied 100 such limbs and
found that 78% had normal resting ankle pressures. However, after a brief
period of treadmill exercise, 41% of these “normal” limbs had a definitely
abnormal pressure response to exercise.2’

Reactive hyperemia can be induced using a variety of techniques.
Although we generally prefer treadmill exercise, we also use temporary,
pneumatic cuff occlusion of segmental limb blood flow in the following
clinical situations: (1) when walking is precluded by the patient’s overall
condition or by the presence of a previous amputation or foot lesion; (2)
when one extremity is so severely symptomatic that the contralateral “nor-
mal” leg cannot be sufficiently stressed; or (3) when an upper extremity
vessel is being evaluated as a possible donor source for an extra-anatomic
bypass graft. In the latter case, exercise is difficult to standardize and cuff-
induced ischemia is equally effective in assessing the vessel’s potential to
deliver the additional blood flow.

Except in the above situations, we study all persons who have exercise
related lower extremity complaints before and after standardized treadmill
walking. Depending on the patient’s age and agility, the treadmill is set at a
speed of 1} or 2} miles/hr and an incline of 10 degrees. Patients are exer-
cised for five minutes or until they are forced to stop because of local or
general symptoms. Ankle pressures and PVRs are then recorded as quickly
as possible to confirm a drop in perfusion pressure compatible with the
patient’s symptoms.

We prefer exercise-induced reactive hyperemia because it duplicates the
clinical setting in which the patient normally becomes symptomatic, it pro-
vides objective quantitation of his disability, and it permits assessment of
his total response to exercise, thus facilitating identification of patients who
are more limited by musculoskeletal or cardiopulmonary disease than by
their claudication.

Duplex Scanning

Although indirect hemodynamic tests are useful in identifying the presence
of arterial occlusive disease and roughly estimating its severity, they do not
provide any of the anatomic information that will be needed in planning its
correction, and they may not be sufficiently sensitive to predict impending
failure of infrainguinal arterial reconstructions. However, the duplex scan-
ner, which combines the anatomical data of a real-time, B-mode imager
with the hemodynamic information derived from spectral analysis of the
pulsed Doppler velocity wave form (Table 2.2), may prove more useful,
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TaBLE 2.2 Duplex scan criteria for estimating the severity of peripheral arterial
stenoses.2!

Grade Criteria
Normal Triphasic waveform
No spectral broadening
1-19% Stenosis Slight spectral broadening
PSV <30% greater than adjacent proximal segment
20-49% Stenosis No spectral “window”
PSV <100% greater than adjacent proximal segment
50-99% Stenosis PSV >100% greater than adjacent proximal segment

Reverse velocity component absent
Distal signal monophasic with reduced PSV
Occlusion No flow in imaged artery
Monophasic “thump” proximal to lesion
Monophasic waveforms and decreased PSV in distal artery

PSV = peak systolic velocity

especially in evaluating the aortoiliac segment.?! Its ability to distinguish
high grade stenosis from occlusion and to detect hemodynamically insig-
nificant disease is unique among noninvasive tests and represents the first
practical means for longitudinally following discrete arterial lesions.

Angiography has long been considered the “gold standard” in the detec-
tion of extremity arterial occlusive disease. Yet, because it provides only
two-dimensional information, it can be significantly misleading and it pro-
vides no physiologic data on the functional significance of the various
lesions seen. Furthermore, it is expensive, invasive, poorly tolerated by
patients and not suitable for long-term follow-up. Duplex scanning may
potentially overcome all of these limitations. In a recent report, color flow
duplex scanning was used to “map” the iliofemoral and femoral popliteal
segments in 61 patients being evaluated for laser angioplasty.?2 When the
findings on duplex were compared with traditional angiograms as the “gold
standard,” specificity and sensitivity were excellent. (Table 2.3)

Duplex scanning has proved to be an accurate and reliable noninvasive
method for following infrainguinal autogenous bypass grafts. Green et al.
followed 177 patients with infrainguinal grafts and considered a duplex
scan of the bypass abnormal if peak systolic flow velocity (PSV) was >120
cm/sec or <40 cm/sec.?> No patient in this study with abnormal ABI and
duplex scan suffered sudden graft occlusion prior to the next study. If the
duplex scan was abnormal but the ABI was normal, the incidence of sud-
den graft occlusion was 4% . By contrast, if both the duplex scan and ABI
were abnormal, the risk of graft occlusion was 66%. Sladen et al. also
found that PSVs >300 cm/sec or three times the velocity in the adjacent
normal graft were very sensitive in identifying the failing graft.?* Mills et
al. performed a similar study on 379 infrainguinal reversed vein grafts and
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TaBLE 2.3 Comparison of traditional angiography and color flow duplex scanning
when used to “map” the lower extremity arterial tree.??

Sensitivity Specificity
Normal vs abnormal 96% 83%
50% Stenosis 99% 87%
Occlusion 99% 81%

found that only 2.1% of grafts with a PSV >45 cm/sec in the graft failed
within the next six months.?> By contrast, 12.6% of grafts with PSV <45
cm/sec were found to have a stenotic lesion when studied with angiogra-
phy. Somewhat surprisingly, only 29% of the grafts identified by duplex
scan as failing were associated with a reduction of ABI >0.15. This study
emphasizes the importance of a routine surveillance protocol utilizing
duplex scan for all infrainguinal bypass grafts.

The amplitude and the quality of the velocity waveform obtained in any
given vascular graft will vary depending on the site where the recording is
made, the presence or absence of significant tapering or narrowing along
the length of the conduit, and the outflow resistance of the runoff vessels.26
For example, an in-situ vein graft usually tapers from proximal to distal.
Accordingly, blood flow can be expected to accelerate along the length of
such a graft and the highest flow velocities will be expected distally. By
contrast, a reversed saphenous vein graft will generally show a decrease in
flow along its length as the graft becomes progressively larger. Prosthetic
grafts are isodiametric and PSV should be constant in such a graft.

In the period following a successful lower extremity bypass, a hyperemic
flow pattern with forward end-diastolic flow velocity (EDV) should be
observed due to the low peripheral vascular resistance usually present.
Within one to two months of operation, normal peripheral vascular resis-
tance should return and a triphasic waveform should be seen. However,
despite these differences in EDV, PSV should not change significantly.

Typically, PSV is highest in femoropopliteal grafts with good runoff, in-
termediate in femorotibial grafts, and least in grafts to isolated popliteal
segments or femorotibial grafts with poor runoff. Despite the numerous
factors that can influence PSV in successful vascular grafts, flow velocity is
typically >45 cm/sec.26 However, a graft flow velocity between 35-45 cm/
sec has been described in some successful large diameter (>6 cm) in-situ
grafts with very limited runoff.

Transcutaneous pO, Measurement

Transcutaneous measurement of tissue oxygen content (TcpO,) adds yet
another dimension to the noninvasive evaluation of extremity arterial dis-
ease, since it is capable of documenting the hypoxia that is the hallmark
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of ischemic tissue and can thus provide information to supplement the
hemodynamic parameters presently generated by most vascular laborato-
ries. Although it has been used to classify patients into various clinical cate-
gories based on the severity of their disease, this information is already
available from hemodynamic studies. The greatest utility of TcpO, pres-
ently appears to be in the assessment of diabetic patients with incompres-
sible vessels and in predicting the healing potential of ischemic lesions or
amputations. However, additional experience will be required to deter-
mine not only the optimal technique for measuring TcpO, but also its clin-
ical applications,?? although early experience suggests that it may become
an important addition to most vascular laboratories.

Conclusions

Our routine evaluation for extremity arterial insufficiency includes: (1)
resting SLPs and PVRs at three or more levels in each extremity; and (2)
treadmill exercise in patients with exercise related complaints. For patients
with a functioning infrainguinal bypass graft, the entire graft is initially
scanned prior to discharge from the hospital. On subsequent follow-up
visits, flow velocities are only monitored in the proximal, mid and distal
thirds of the graft. Presently, we are not routinely scanning the native arte-
rial tree at the time of initial evaluation. TcPO, measurement is reserved
for patients being evaluated to predict the healing potential of extremity
ulcers or planned amputations if the hemodynamic data is equivocal.

Extremity Venous Disease

Deep Venous Thrombosis

The diagnosis of acute deep venous thrombosis (DVT) based on clinical
criteria alone is notoriously inaccurate.?® Haeger?® found that 46% of pa-
tients with the clinical diagnosis of DVT had normal ascending venograms.
For many years, the gold standard for diagnosis of DVT was ascending
venography. However, the expense, discomfort, and lack of repeatability
of venography, coupled with its potential for initiating thrombosis, limits
its usefulness as a diagnostic procedure.30-31 Given the frequent need for
screening asymptomatic high-risk patients, an ideal noninvasive method of
detecting acute DVT should be rapid, repeatable, well tolerated by pa-
tients, and have high positive and negative predictive values.

Most of the initial noninvasive tests for DVT were indirect and were
based on the detection of hemodynamic alterations in the extremity distal
to a more proximal thrombus. Although they represented a real advance
compared to venography and were widely adopted, they were only mod-
erately sensitive, especially to partially occluding thrombi, and were unable
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to provide any anatomic information regarding the extent or the age of the
thrombi. The recent availability of duplex venous scanning has overcome
most of these objections and has led to broad acceptance of this technique
for the diagnosis of DVT and the surveillance of high risk patients. In fact,
the technique has been so well accepted by patients and physicians that few
venograms are any longer ordered in most institutions where high quality,
duplex venous scanning is available, thus making it difficult for many
vascular laboratories to obtain sufficient numbers of venograms to validate
the accuracy of duplex scanning in their own institution and to prospective-
ly monitor the quality of their laboratory.

IMPEDANCE PLETHYSMOGRAPHY

Impedance plethysmography (IPG) has been reported to be a sensitive
indicator of hemodynamically significant venous outflow obstruction.32
The acknowledged limitations of IPG are both anatomic (inaccurate in the
diagnosis of thrombi in calf veins) and patient dependent (high false posi-
tive rate with obesity, congestive failure, external venous compression, and
chronic DVT). Despite these recognized limitations, IPG has been the
principal technique used for the diagnosis of acute DVT in most vascular
laboratories. Even following the development of venous duplex scanning,
there were theoretical reasons to believe that it would continue to be a
useful adjunct to this direct technique.

Impedance plethysmography depends upon changes in electrical im-
pedance in an extremity following inflation and release of a proximal ven-
ous tourniquet to diagnose the presence of compromised venous outflow.33
Thus, it provides indirect, hemodynamic data rather than anatomic evi-
dence of venous obstruction. False negative results can occur with non-
occlusive thrombi and with well collateralized thrombosis of the calf veins.
False positive results occur with any condition limiting venous outflow, for
example, extrinsic compression of the deep veins (tumor, pregnancy), pre-
vious DVT with inadequate collateralization or recanalization, severe con-
gestive heart failure with elevated venous filling pressures, etc. Lack of
patient cooperation, obesity, arterial occlusive disease, and low ambient
temperatures may also contribute to inadequate studies.

IPG’s theoretic advantage over venous scanning is its ability to detect
suprainguinal thrombi in symptomatic patients. Although a high degree of
accuracy has been reported by some investigators, there is significant
variability in the results achieved at different institutions33-3% (Table 2.4).
Bilaterally abnormal studies are associated with acute thrombus in only
26% of patients subsequently studied with venography.3® The hemodyna-
mic abnormalities seen in the postoperative period*’ contribute to the pos-
sibility of false positive studies in this high risk population. Comerota et
al.37 documented that IPG is especially inaccurate as a surveillance tool in
asymptomatic patients.
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TaBLE 2.4 Diagnostic accuracy of IPG compared with venography in selected
series.

# SENS SPE PPV NPV

(%) (%) (%)

Wheeler et al33 78 80.0 60.4 48.8 86.5
Flanigan et al34 207 90.1 75.7 66.0 93.6
Moser et al3s 42 60.9 100 100 67.9
Hume et al3¢ 32 71.3 100 100 66.7
Comerota et al3’ 308 49.0 85.0 80.0 58.0
Patterson et al38 49 75.0 44.8 48.4 72.2

DUPLEX SCANNING

Real-time, B-mode imaging of lower extremity veins provides a rapid,
noninvasive, direct means of identifying acute DVT. The scan heads used
in most laboratories permit complete interrogation of the infrainguinal,
deep venous system in virtually all patients. However, inadequate depth of
penetration and limited image resolution preclude routine assessment of
the suprainguinal veins.

Since Talbot*! first suggested that real-time, B-mode imaging could be
applied to the diagnosis of DVT, several centers have accumulated exten-
sive experience with this technique (Table 2.5).42-46 The patients are ex-
amined in the supine position and an effort is made to visualize all the
named veins below the inguinal ligament. The vena cava and the iliac veins
usually cannot be interrogated unless the patient is quite thin. The criteria
for a positive duplex scan include: demonstration of echogenic material
within the lumen of the vein, noncompressibility of the vein, absence of
demonstrable flow within the vein when interrogated with the Doppler,
and failure of the vein to dilate with the Valsalva maneuver. Difficulties in
interpretation arise in obese patients and in veins that are poorly compres-
sible due to their anatomic location (superficial femoral vein at the adduc-

TaBLE 2.5 Diagnostic accuracy of duplex scan compared with ascending
venography.

# SENS SPE PPV NPV

(%) (%) (%) (%)

Oliver#2 28 80.0 95.0 95.0 87.5

Hannan et al*3 68 95.0 89.0 93.0 92.0
Sullivan et al*4 23 100 92.0 92.0 100
Langsfeld et al4s 19 100 78.0 83.3 100

Comerota et al4® 110 96.0 93.0 96.0 96.0

Patterson et al38 64 88.9 91.9 88.9 91.9
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tor hiatus, deep peroneal vein, etc.). The use of a lower frequency scan
head (4 MHz) to interrogate the deep veins sacrifices resolution for the
sake of deeper tissue penetration.4’

The combination of IPG and duplex scanning theoretically should repre-
sent an ideal diagnostic pairing. The hemodynamic evaluation of the deep
venous system provided by the IPG should compliment the anatomic in-
formation obtained by B-mode imaging of the infrainguinal deep veins.
The increased sensitivity of this combination should diminish the likeli-
hood of missing potentially life-threatening thrombi.

Unfortunately, clinical experience does not support this hypothesis. The
improvement in sensitivity which occurred when IPG was combined with
scan versus scan alone (95% vs 88.9%) was not statistically significant.38
Furthermore, the addition of IPG significantly diminished the specificity of
duplex scan alone due to a large number of false positive tests. Although
the majority of the false positives had an identifiable cause for their mis-
interpretation (extrinsic venous compression, chronic venous obstruction,
limb paresis, etc.), if therapy had been based on the results of the com-
bined noninvasive tests, it would have resulted in the inappropriate treat-
ment of more than half of the patients studied.

Arguments in favor of continuing to use IPG are based on the inability of
current venous scanners to detect suprainguinal thrombi. In our experi-
ence, potential proximal disease “missed” by venous scan consisted of a
single focal iliac thrombus associated with extrinsic compression of the
vessel.38 Thus, the occurrence of acute thrombi limited to the iliac veins
without infrainguinal extension was uncommon and the venous scan accu-
rately detected most thrombi despite its theoretical limitations. Certainly
the high rate of false positive IPGs precludes treatment based on this tech-
nique alone. By contrast, we feel that treatment may be based on venous
scans with great confidence. If a negative scan occurs in a high risk patient
in whom there is a strong clinical suspicion of proximal DVT, the appropri-
ate diagnostic study is venography.

Venous Insufficiency

Chronic venous insufficiency is a common clinical problem. Unfortunately,
unlike the diagnosis of DVT, there is as yet no reliable noninvasive tech-
nique for quantitatively assessing the severity of venous valvular dysfunction
and localizing the site of valvular incompetence. The lack of a simple,
readily available, accurate, noninvasive technique to objectively document
and quantitate venous insufficiency of the lower extremities has hindered
our understanding of the pathophysiology of this common problem, has
restricted the selection of appropriate candidates for surgical correction
and has limited our ability to access and follow the results of therapy.
Direct measurements of ambulatory venous pressure have been used in
clinical investigations of this problem, but these studies are cumbersome,
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invasive, and impractical for routine clinical use. However, two tests,
venous photoplethysmography and venous duplex, are sufficiently promis-
ing to warrant further discussion.

CoNTINUOUS WAVE DOPPLER SURVEY

Interrogation of venous valvular competence using a hand-held, contin-
uous wave (CW) Doppler probe is a direct method for obtaining objective
information regarding venous physiology. Unfortunately, this technique,
although widely used, is very operator dependent and requires great ex-
perience, patience and precision to obtain useful information. It is also
limited by its inability to directly evaluate several important but inaccessi-
ble veins such as the profunda femoris vein, the calf vein, or the soleal
sinuses. In addition, many of the major, infrainguinal veins are duplicated,
thus further increasing the potential for misdiagnosis. Given all of the
above limitations, CW Doppler in not an adequate primary technique for
the diagnosis of venous insufficiency.

PHOTOPLETHYSMOGRAPHY

The introduction of the photoplethysmograph (PPG)“® and the subsequent
documentation that its alterations with leg exercise corresponded to similar
changes in direct venous pressure measurements*® represented a major
advance in the management of venous insufficiency. This technique pro-
vided clinicians for the first time with a simple, noninvasive, objective
method for studying the venous physiology in their patients and
documenting the results of therapy. Using a transducer which emits in-
frared light into the underlying tissue and measures the backscattered in-
frared light, this technique indirectly gauges the cutaneous blood content
in the dermal capillary network. Following a brief series of calf muscle
contractions, there is a rapid fall in blood content of the skin. If venous
valvular function is intact, refilling of the dermal capillaries (Venous Recov-
ery Time, VRT) is gradual with VRT >23 seconds considered normal and
VRT <20 seconds indicative of venous insufficiency.4® Unfortunately, a
significant number (30%) of apparently normal, young patients with no
clinical or physical evidence of venous insufficiency were found to have
VRT <20 seconds.5? Furthermore, even minor amounts of exercise prior
to testing or other clinical conditions such as cellulitis, which might cause
reactive hyperemia of the lower extremities, resulted in further shortening
of the VRT. Thus, the VRT was found to be a function not only of venous
valvular competence but also of the effectiveness of antecedent venous
emptying and the arterial blood flow into the extremity.

To develop a parameter that better reflected this complex interrela-
tionship, several authors have suggested that the rate of venous recovery,
rather than the absolute time, was a better measure of venous insuf-
ficiency,>° that volume data must be normalized for variations in arterial
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flow,51 and that emptying the veins by elevation was preferable to re-
liance on calf muscle contractions.>! Despite these improvements in the
technique, PPG remains an indirect, hemodynamic test incapable of giving
any of the anatomic information which necessary to select patients for sur-
gical correction of their problem and appears to more accurately reflect
superficial rather than deep venous insufficiency.>2

DUPLEX SCANNING

In an attempt to overcome the above objections, some investigators have
recently used duplex scanners to study venous valvular function. Using an
automatic cuff inflator for rapid inflation and deflation of pneumatic cuffs
placed at different levels of the limb and a duplex scanner to record venous
velocity time response proximal and distal to cuff inflation, van Bemmelen
et al. found that the median duration of reflux in normal popliteal veins
was 0.19 seconds, with 95% of the values being <0.66 seconds.>? In distal
areas, duration of reflux was short and uniform. Unfortunately, this study
was limited to normal subjects and thus provides no information on what
we might expect to find in patients with venous insufficiency.

Using a similar technique, Vasdekis et al. studied 46 patients with symp-
tomatic varicose veins.>* The best separation between patients without and
with liposclerosis and/or ulceration was produced by the measured venous
flow at peak reflux. In limbs with skin changes, reflux (median +90% toler-
ance levels) was 30 ml/sec; whereas in limbs without skin changes, it was 10
mm/sec. Reflux >10 ml/sec was associated with a high incidence of skin
changes (66%) irrespective of whether this was in the superficial or deep
veins. Reflux <10 ml/sec was not associated with skin changes.

Although preliminary, these results are encouraging and suggest that
duplex scanning may become an important part of the evaluation of pa-
tients with venous insufficiency. It remains as yet unclear whether or not
this technique will replace the volume-based indirect tests on which we
have relied up to now or whether they will complement them.

Conclusions

Our laboratory currently relies on duplex scanning alone for the docu-
mentation of venous thrombosis. We no longer perform indirect tests such
as IPG or phleborrheography, since they do not increase the sensitivity of
duplex scanning alone but significantly reduce its specificity when used in
combination with the latter. However, in those laboratories where high
quality duplex scanning is not currently available, indirect tests are far pre-
ferable to clinical diagnosis and can provide valid objective data on which
to base patient management.

For the evaluation of venous insufficiency, we still largely rely on PPG to
document venous reflux. If this study is consistently normal, we proceed no
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further. If it is abnormal, we then perform dynamic duplex scanning to
confirm the indirect study and to localize the site of valvular incompetence.
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History of Carotid Surgery: Present
Status and Future

ANTHONY M. IMPARATO

The charge to present a history of carotid surgery can be daunting, raising
the specter of pouring over dusty tomes in the dark recesses of libraries to
compile lists of “firsts,” as is often done, and thereby establish one’s right
to claim erudition. To quote from a recently published volume on the his-
tory of vascular surgery, Thomas Willis first recognized the significance of a
totally occluded carotid artery in 1684 from his postmortem examinations,
which led him to describe the configuration of the cerebral vasculature and
the anastomotic circle bearing his name. The first recorded operations
upon the carotid were done by Hebenstreit in 1793 and Abernathy in 1798
for control of hemorrhage, while Astley Cooper performed the first carotid
artery ligation for aneurysm in 1805.1 Such an approach admirably satisfies
one of Webster’s definitions of history: “an account of what has happened;
narrative, story, tale.” But there is another definition of history, viz., “a
recording, analyzing, coordinating and explaining of past events.”? Can
such an endeavor yield sufficient insight to predict future events, to guide
the course of research to accelerate acquiring the understanding necessary
to gain mastery over a human affliction that has probably had as profound
an effect on the recent course of human events as any other? To illustrate,
three of the major participants at the Yalta Conference in 1945 suffered
ischemic strokes or were suspected of having occlusive carotid arterial
disease, while at least three other 20th Century American presidents also
experienced bouts of recognizable cerebral dysfunction characteristic of
stroke syndromes: Wilson, Eisenhower and Johnson.4> Admittedly, prog-
ress in stroke prevention has been slow when one realizes that King David
(1050 B.C.) described the effects of a left hemispheric stroke, “Let my
right hand wither, let my tongue affix to the roof of my mouth. . . .”,% and
that the ancient Greeks, namely Hippocrates (400 B.C.), understood that
the carotid arteries were related to consciousness, that individuals who suf-
fered “little strokes” would shortly suffer major ones. McHenry, in his
volume Cerebral Circulation and Stroke, cites from the Hippocratic writ-
ings, “unaccustomed attacks of numbness and anesthesia are signs of im-
pending apoplexy.” Apoplexy, in Greek, meant struck with violence, re-

26
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sulting in paralysis of some or all parts of the body.” Thereafter, there
followed more than 20 centuries of intellectual struggle to understand and
explain the pathogenesis of stroke syndromes until Chiari in 1905 empha-
sized the role of extracranial occlusive arterial disease in the production of
neurologic symptoms and emphasized the frequency of carotid bifurcation
atherosclerotic disease and atheromatous embolization as their direct
cause.®

In 1914 Ramsay Hunt described the role of carotid artery occlusion in
the production of symptomatic vascular lesions of the brain,® and of
course, Miller Fisher in the early 1950s not only reemphasized the role of
the carotid arteries in the causation of stroke but provided admirable de-
scriptions of carotid pathology. Great credit goes to Dr. Fisher, a neuro-
logist, for suggesting the possibility that surgical intervention upon the
carotid bifurcation might be an effective therapeutic modality in stroke
prevention.10:11 Thereafter, it was a foregone conclusion that one or more
enterprising surgeons would take up the challenge offered by Fisher and
attempt to deal surgically with carotid bifurcation occlusive atherosclerotic
disease. Carrea, Molins and Murphy, 1951 in Argentina, resected the
stenotic segment of an internal carotid artery of a 41-year-old man who had
suffered recent aphasia and right hemiparesis and performed end-to-end
anastomosis between the external and distal internal carotid arterie.'? In
1953 Strully, Hurwitt and Blankenburg at the Montefiore Hospital in New
York unsuccessfully attempted to perform thromboendarterectomy of the
totally occluded internal carotid artery of a 53-year-old man who suffered
bouts of left-sided hemispheric cerebral transient paralysis,'3 while in that
same year Dr. Michael DeBakey successfully performed thromboendar-
terectomy of the common and internal carotid arteries of a 53-year-old
man who suffered repeated attacks of transient left-sided cerebral hemi-
spheric strokes. He did not, however, report this experience until 1975,
three years after the patient died from unrelated causes, neurologically
intact, having suffered no additional small strokes.14

The most profound effect upon carotid surgery, however, resulted from
the operation reported by Eastcott, Pickering and Rob, who on May 19,
1954, operated upon a 66-year-old woman and performed resection of the
left carotid bifurcation with end-to-end anastomosis between the common
and internal carotid arteries. The details of this endeavor illustrate many of
the subsequent concerns associated with carotid surgery. Their patient,
who had experienced 33 left-sided small strokes and transient monocular
blindness and who was shown by angiography to have total occlusion of
the left internal carotid artery, was operated upon under general body
hypothermia, made an uneventful recovery'> and was relieved of her
attacks for over 20 years.

Thereafter, although there were sporadic attempts to reconstruct the
carotid bifurcation with arterial homografts (Denman 1954)16 and auto-
logous saphenous vein (Lin 1955)17—probably greatly influenced by
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Wylie, carotid endarterectomy became the most commonly performed op-
erative procedure for carotid bifurcation atherosclerotic disease. The tech-
nique of endarterectomy had been described by Dos Santos in 1947,18 yet it
was nearly a decade before it was generally appreciated that the sharply
localized and limited extent of the carotid bifurcation plaque made it ideal
for removal by endarterectomy.

This severely abbreviated account of the events leading to the more re-
cent history of carotid surgery for stroke fails to deal with the dramatic
events which have occurred in the four decades since the first successful
operation by Carrea and associates.

A number of excellent references listed in the bibliography provide
greater detail of the early history of carotid surgery.l-19-22 All, however,
fail to deal with the events which have occurred since the acceptance of
carotid surgery as a viable therapeutic endeavor. It is upon this phase of
history that I shall dwell.

Over 3,000 years of astute observations of the anatomy and pathology of
the cerebral circulation, of insightful clinical-pathological correlations, and
of daring surgical endeavors by individuals too numerous to mention cul-
minated in the state of the art as it was four decades ago. By then the
relationship of the extracranial cerebral arteries to cerebral function, their
role in the causation of transient cerebral symptoms and catastrophic
strokes, and the ability of surgeons to successfully deal with occlusive
lesions and eliminate symptoms had been established. Why then, in 1991,
was there still doubt regarding the soundness of the concept that carotid
bifurcation atherosclerotic lesions cause ischemic strokes either by embo-
lization or by producing watershed ischemia, and that elimination of such
lesions prevents or relieves ischemic strokes?

The past four decades have been fraught with controversy and confusion
but in many ways blessed with brilliant advances. When, at later dates,
medical historians survey the recorded events and attempt to “analyze,
coordinate and understand” those events, what will they conclude?

History, as recorded, is an abstraction, an illusion conceived by histo-
rians attempting to create order out of chaos. What happened at the Battle
of Gettysburg? What was it like? There were thousands of Battles of Get-
tysburg, each fought by the thousands of its participants, for each of whom
the battle differed, and from each, were it possible to obtain their versions,
would emerge a different order of understanding, each valuable in its own
way and perhaps more valuable than the composite version necessarily cre-
ated by historians. Having lived through the four decades of the modern
era of carotid surgery and participated in its evolution or its battles if you
will, what were they like? What can be learned from a recounting by one of
the combatants of some of the events of the battle to conquer this terrible
affliction that threatens and destroys the most valuable and irreplaceable of
our many organs? The events are too numerous to recount in toto, the
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participants legion, the weapons marshalled numerous, complex and effec-
tive; and so, only the highlights will be documented, the dates, recalled
from memory, approximated.

For nearly a decade after the first reported carotid operation, many
surgeons successfully explored the possibility that these operations could
be performed with an acceptable degree of safety. Cerebral angiography
became a ‘nearly routine procedure as a cadre of vascular and neuro-
radiologists appeared upon the scene to relieve the surgeons of the onerous
and unfamiliar task of performing the angiographic studies. The toxicity of
the iodinated radiographic contrast media became markedly lessened by
the introduction of the methylglucamine salt of renografin to replace the
much more toxic sodium salts—Urokon and Diodrost, probably names
long forgotten.?? To Fields, DeBakey, Lyons, Thompson, Wylie?4-28 and
numerous others, already prominent in the field as successful carotid
surgeons, it became apparent that there was need to demonstrate the
efficacy of the operation in preventing and relieving stroke and perhaps in
prolonging life. I well recall a conference at the New York Academy of
Medicine in the late ’50s when Dr. Charles Rob offered a challenge by
publicly asking whether the patient who became asymptomatic following
carotid endarterectomy did so because of, or in spite of, operation, since
it was known by then that transient symptoms associated with stenotic
carotid arteries could stop occurring upon thrombosis of the artery, and
asymptomatic post carotid endarterectomy thrombosis had already been
recognized!

In any event, spurred by Dr. DeBakey and the astute and amiable
neurologist, Dr. William Field, a prospective study of carotid endarte-
rectomy was sponsored by the NIH. By 1962, 21 university services were
participants, 19 of which had agreed to randomize patients to surgical
treatment. Participants in The (JSEAO) Joint Study of Extracranial Arte-
rial Occlusions?®-33 agreed to perform four-vessel angiographic studies to
include visualization of the intracranial vessels on all patients who pre-
sented with any complex of neurologic symptoms, including devastating
acute strokes that might possibly be due to cerebral ischemia, and to surgi-
cally correct all accessible extracranial arterial lesions producing 30% or
more stenosis, whether affecting the anterior or posterior circulation,
whether deemed “appropriate” to focal symptoms or not. Nonfocal cere-
bral symptoms were to be studied to learn the full spectrum of clinical
syndromes that might result from extracranial arterial disease. Thirty per-
cent diameter reduction was considered significant, since the radiologists
felt that that degree of stenosis was the least that all radiologists would
recognize on the films. The surgeons, already experienced in vascular op-
erations, recognized that even minimal atherosclerotic lesions could rapid-
ly progress to total occlusion by thrombosis. Although the concept of
embolization had previously been described by Chiari, Hunt and Fisher, it
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was not recognized in the original protocol. Follow-up was to be for five
years at least, or until statistical significance was achieved, the end points
being death, stroke or transient cerebral symptoms.

The enthusiasm of the participants was almost electric. Meetings were
held regularly to exchange ideas and review problems. A major concern of
all the participants was the possibility of precipitating cerebral infarction
during the period of flow interruption to permit endarterectomy. There
was no unanimity of opinion, however, regarding how best to monitor the
brain or how to protect it from suffering ischemic damage. The discussions
were lengthy and would sound absolutely familiar today, since they con-
tinue to occur in the same vein: local versus general anesthesia; elec-
troencephalographic monitoring; carotid stump pressures; jugular venous
oxygen saturation determinations; cerebral protection by routine shunting,
by artificial elevation of blood pressure, by using specific general anesthetic
agents, or by induction of general body hypothermia. I admit to having
been alarmed by the inability of the most experienced surgeons to agree
upon the best anesthetic management. I have been influenced by the
thoughtful and wise observations of Champ Lyons, who suggested that the
predictive key to toleration of carotid clamping might ultimately be deter-
mined by analyzing the patterns of intracerebral blood flow observed on
the angiographic studies, and by Jr. Jack Wylie who spoke of the apparent
unreliability of electroencephalography in predicting cerebral ischemia
under general anesthesia. As a junior participant I decided to adopt the
technique of local anesthesia to permit monitoring conscious patients,
employing selective shunting for clamping intolerance aided by artificial
elevation of blood pressure. This approach would afford the opportunity
to compare the reliability of various monitoring techniques and protec-
tive measures in conscious patients.

Equally disturbing was the fact that the descriptions of carotid plaques in
situ, as observed by the surgeons before distortion was caused by surgical
manipulation, varied so markedly that drawing meaningful conclusions re-
garding pathogenesis of the arterial lesions and of cerebral symptoms was
not possible. Indeed, the descriptions of plaques given to us by our patho-
logist frequently were at marked variance from our original operative
observation, until a fine camera was secured with which to photograph
plaques in situ. When supplied with this record, our pathologist could
properly reconstruct the plaque and give more accurate descriptions.

Although the validity of the study has been repeatedly questioned for
many reasons, the findings were dramatic, enlightening, exciting, and set
the stage for all subsequent investigations, which in essence have con-
firmed its essential findings:

1. Acute stroke with altered consciousness is not surgically correctible
without doubling stroke mortality from 20% for medically treated pa-
tients to 40% for surgical treatment.
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2. Carotid endarterectomy must be done prophylactically before cerebral
infarction has occurred.

3. The period of operation is the most crucial in determining outcome.
Serious operative complications varied from approximately 2% for the
most successful groups to over 20% for the least successful.

4. The first cohort to demonstrate statistically significant improvement
following carotid endarterectomy consisted of patients with mild neu-
rologic deficit and corrected carotid stenosis who enjoyed improved
survival compared to medically treated patients.

5. While the high average surgical complication rates obscured the poss-
ibly beneficial effects of surgical intervention on late follow-up, it was
clearly demonstrated that unscathed survivors of carotid endarte-
rectomy had decided protection against suffering future stroke when
compared to the medically treated groups, and those with the most
advanced arterial involvement, namely bilateral carotid stenoses or
stenoses opposite occlusions, fared best following successful operations.

6. Vertebrobasilar symptoms were frequently relieved by carotid endar-
terectomy, and so, many groups ceased to operate upon the vertebral
arteries. Additionally, there was no agreement as to which of a number
of operations might be best to relieve the most commonly encountered
lesions at the vertebral origin from the subclavian.

7. Subclavian steal rarely required operation.

8. The major deficiency of the study was in not stratifying patients accord-
ing to degrees of arterial stenosis, the major emphasis being on clinical
status.

Many other facts emerged from the study based upon 4,776 protocols,
among which was the realization that cerebral hemorrhage could result
from carotid endarterectomy and that complete internal carotid occlusions
could rarely be surgically relieved. Yet there emerged no unanimity of
opinion regarding how best to perform the operation either as to anesthe-
sia, monitoring techniques, protective measures, or even how to surgically
deal with the artery: short versus long arteriotomy versus eversion internal
carotid endarterectomy; primary closure versus patch closure. The
pathogenesis of the arterial lesions and indeed the components of carotid
plaques were not well recorded, so that the mechanisms leading to cerebral
ischemia and stroke, unless internal carotid thrombosis occurred, were
usually not analyzed.

What has occurred since? In spite of the more recent recognition of
the prominence of intracarotid plaque hemorrhage in symptomatic
patients 3435 the findings in 1972 of small emboli in retinal arteries,
although most often seemingly composed of minute yellow particles
thought to be cholesterol particles,3° led to a prospective randomized study
of the effects of antiplatelet agents in patients with transient cerebral epi-
sodes in stopping attacks and preventing strokes. We participated in this
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study using aspirin and sulfinpyrazone in both nonoperated patients and in
patients post-carotid endarterectomy. The results were equivocal for
stroke prevention.3’ Nevertheless, 10 additional studies have been done
with equally equivocal results.3® Was this not predictable, given the facts
that had already been learned from the pathologic findings at the carotid
bifurcations? Curiously, however, there is a rather clearcut effect of anti-
platelets on death from coronary artery disease, only equivocal benefit on
stroke incidence, and some beneficial effect on TIAs.

Probably as significant as any development in carotid surgery was the
recognition in the *70s and ’80s that intraoperative strokes, which occurred
with such a widely disparate incidence regardless of what monitoring or
protective measures were employed, were due to a variety of causes and
that, indeed, different surgical groups did not share the same incidences of
causes.3%40 I well remember during the decade of the *70s interviewing
prospective applicants for our vascular trainee position and asking the in-
nocent question, “What does your professor tell you is the cause of stroke
in the patient who unfortunately awakens from general anesthesia post-
carotid endarterectomy?” Invariably the answer was: “embolization.” Un-
able to resist the urge to foster skepticism, the counter was, “How do we
know that there had not been rethrombosis of the artery, or that clamping
ischemia had not occurred, or that intracerebral hemorrhage had not been
precipitated as a reperfusion injury?”

If for no other reason than the fact that it was possible to differentiate
intraoperative cerebral embolization from clamping ischemia, the not in-
frequently criticized practice of doing our operations under local anesthe-
sia was continued. By employing various monitoring techniques and pro-
tective measures in conscious patients, it was possible to learn very early
the pitfalls of relying upon jugular venous oxygen saturations; electroence-
phalography; carotid stump pressures (originally said to be safe at 25 Torr
but subsequently increased to higher levels); routine shunting; the intra-
cerebral patterns of cross-fill on the angiogram; and preoperative carotid
compression testing in the upright or semirecumbent patient. False posi-
tives and false negatives occurred with all those techniques.41-52

There was a curious resistance on the part of the medical community to
accept the fact that intraplaque hemorrhage was a prominent event in the
evolution of the carotid plaque, and that it appeared to be a primary event
following the myointimal proliferation that resulted from the flow pecular-
ities demonstrated to occur at the carotid bifurcation,>3-54 rather than a
secondary phenomenon, secondary to degeneration and breakdown of a
fat-laden plaque. The rebuttals to the claims of primary intraplaque
hemorrhage came from those pathologists who claimed prior knowledge
and insisted that the clotted blood found within fibrous plaques was dissec-
tion of the flowing column of blood into the wall of the plaque, either
through grossly visible fissures or, if they were not seen, through micro-
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scopic cracks. Indeed, there were some who said they found no blood
within plaques while others said that it was created by the surgical manipu-
lations. Yet Paterson had described the phenomenon of primary intra-
plaque hemorrhage in coronary arteries in 1936.55

How exciting to be given our wonderful noninvasive tools for examining
both the arteries and the brain in our patients: ultrasound to measure
luminal diameters and to provide images; computerized axial tomography
and MRI to look at the brain and the arteries; PET scanning to study
details of metabolism; and pathologic anatomy of the brain. Each has
helped to confirm the essential facts and concepts deduced from previous
clinical and pathological studies. It has been possible to establish the threat-
ening nature of highly stenotic plaques by various sequential noninvasive
tests of the carotid bifurcations (Gee, Kartchner, Strandness);%-58 to
establish the importance of plaque softening by hemorrhage and by its
probable degeneration to atheromatous debris, the “cholesterol abscess;”
and to confirm the concept of massive embolization of encysted blood or
atheromatous material by noninvasive techniques,’*-62 such as those used
by Norris, who demonstrated what was initially termed “spontaneous re-
gression of plaques,” better interpreted as embolization of large segments
of plaque.

The insidious onset of ischemic brain syndromes was originally recog-
nized by the organizers of the Joint Study, who insisted that even patients
with nonlocalizing symptoms should be evaluated and included in the study
if the appropriate arterial lesions were encountered. CT and PET scanning
have shown that areas of the brain can be damaged by ischemia without
occurrence of focal symptoms either by repeated embolization or through
“watershed” ischemia. Is there now not recognition of vascular demen-
tia?63-67 And yet, there occurred disturbing rumbles in the country during
the decade of the ’80s. Undoubtedly spurred by poor surgical operative
results, discovered in various parts of the U.S., and perhaps encouraged
by the tantalizingly almost favorable results of antiplatelet agent studies,
there arose “expressions of concern”,®® usually on the part of neurol-
ogists, who were skeptical that localized surgical intervention on the arte-
rial system diffusely involved by atherosclerosis could be beneficial, who
felt that the available data regarding the beneficial effects of carotid endar-
terectomy obtainable from nonrandomized trials was unconvincing,® and
who were alarmed by some of the reports pertaining to surgical complica-
tion rates. The surgical results reported by the most successful groups were
said not to be representative of what prevailed throughout the country, and
anyway, surgeons tend to select the most favorable cases to operate, there-
by skewing results in favor of surgery.

The RAND Organization study of complications of carotid endar-
terectomy in “representative” geographic areas,” reports of “community
hospital experience”,”! and the skeptism of nonsurgical medical groups in
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believing that self-interested surgeons could accurately report surgical re-
sults led to a marked decline in carotid endarterectomy operations in the
latter part of the *80s.

The failure of the Extracranial/Intracranial By-Pass Randomized Clini-
cal Trial in 1988 to show a definite beneficial effect in patients with inter-
nal carotid occlusion further spurred the negativism toward surgical
intervention.” Yet that trial was flawed at its onset when, during its orga-
nizational phases, there was a reluctance to accept the proviso that EC-IC
bypass be done only on patients with internal carotid occlusions in whom
all other extracranial lesions had been corrected yet had persistence of
ischemic symptoms. _

In this climate of negativism and skepticism regarding favorable out-
come for surgical intervention, five prospective randomized clinical trials
of carotid endarterectomy versus medical treatment were organized, three
in the U.S., two in Europe. Criteria for selection of patients for randomiza-
tion differed markedly and ranged from asymptomatic marked carotid
stenosis to any degree of carotid stenosis greater than 30% diameter limi-
tation appropriate to clearly recognizable transient cerebral ischemic
symptoms. Only one, however, specifies a clearcut irrefutable end point,
stroke, the others permitting crossover to surgical treatment of patients
randomized to medical therapy who suffer TIAs. Additionally, TIA is
considered to represent a therapeutic failure.

Two of the studies have clearly confirmed what has been apparent
through previous clinical pathological correlations and studies of cohorts of
patients found to have carotid lesions, namely, that stroke risk is related to
the stage of carotid pathology.

The North American Symptomatic Carotid Endarterectomy Trial, for
which I have been on the Data Monitoring Committee, has conclusively
shown after only 18 months of observation that patients who have had focal
cerebral hemispheric symptoms and appropriate 70% to 90% carotid
bifurcation stenosis and who underwent operation with approximately a
5% operative complication rate fared better than randomized nonoperated
patients, so that that phase of the trial dealing with tight stenoses has been
discontinued. Groups with lesser degrees of stenosis remain on trial. The
European Carotid Endarterectomy Trial has reached identical conclusions.

The Veterans Administration Asymptomatic Carotid Endarterectomy
Trial, for which I have also served as a data monitor, is nearly completed.
Admission to the trial was dependent upon the existence of 50% or greater
diameter reduction at the carotid bifurcation in asymptomatic patients.
Unfortunately, results will be diluted by the fact that TIA, stroke or death
are end points, TIA being considered a “soft” end point. Nevertheless, the
results of that trial, which I cannot reveal, should be announced before the
end of this year.

What can be concluded from the available information, voluminous as it
is, as it pertains to the management of patients with extracranial cerebro-
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vascular occlusive disease? In general, the concept that advanced patho-
logic changes at the carotid bifurcation produce cerebral ischemia by em-
bolization of microparticles or of large segments of the arterial wall and
by flow impairment is well established. Marked stenosis manifested by 70%
or greater diameter constriction is the best current marker of the patient
at risk of stroke. This is evident from a number of sources, including patho-
logic study of surgically excised plaques, from sequential noninvasive arte-
rial studies of patients with carotid stenoses, from the recently completed
portions of two randomized prospective clinical trials of carotid endar-
terectomy, as well as from a number of nonrandomized clinical surgical
studies. The concept of symptomatic versus asymptomatic in the presence
of advanced arterial stenosis is probably not valid and is evident from the
reported incidence of stroke without premonitory TIA in patients with
advanced carotid stenosis and from the incidence of “silent” brain infarc-
tions found on brain CT scans in patients with carotid lesions. This last
observation is not surprising since there are areas of the brain clinically
relatively silent, while the entire brain is silent during the eight hours or so
when one is asleep.”? This further confirms the validity of the JSEAO,
wherein admission to the study was for even vague and ill-defined symp-
toms when found in association with significant arterial lesions.

Indeed, the advanced stage of the arterial lesion has been the stimulus
to perform endarterectomy even in patients with acute strokes, provided
the infarct size involved only a portion of a hemisphere and the patient
had not lost consciousness, while observing certain precautions at opera-
tion, including employing general anesthesia and routing intraluminal
shunting.?4.75

What, one might ask, should we do about the contralateral asymptoma-
tic lesion; about combined carotid and coronary lesions,’0~7° aneurysms
and carotids? The answers at the moment would appear to be that the
carotid arterial lesion and its degree of stenosis represent the overriding
factor in deciding whether carotid endarterectomy should be done. If suf-
ficiently stenotic it represents a risk and should be operated upon. The
controversial aspect of management is with regard to the proper sequence
of operations. Our own bias is to perform carotid endarterectomy under
cervical block anesthesia, an anesthetic technique for which claim is made
that cardiac risk is minimal compared to carotid endarterectomy per-
formed under general anesthesia, and proceed with either coronary artery
surgery or abdominal aortic aneurysm surgery, preferably the next day,
rarely on the same day.

Many challenges exist for the future and range from how to make the
operation of carotid endarterectomy safe in the hands of most surgeons
trained to do vascular operations,®-82 to refining the selection of patients
for operation,?3-86 to acquiring a better understanding of the evolution of
carotid plaques and of the precise mechanisms by which cerebral ischemia
is produced, including the role of blood rheology.87-93
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The immediate challenge relates to surgical management. Although
many claim superior results employing varieties of techniques, the anat-
omy, pathology and physiology involved in performing carotid endar-
terectomy are the determinants of what will succeed and what will not.
Many variables are involved, any of which may determine outcome: extent
of surgical exposure of the carotid triangle required for a safe operation;
length of the arteriotomy; specific plaque resection technique used; man-
agement of end points, redundancies and kinks; arteriotomy closure tech-
nique, whether primary or with roof patch of either autologous vein or
prosthetic material; method of inlying shunt insertion and the particular
shunt to be used. Indeed, there are those who insist that only completion
angiography is a satisfactory determinant of whether a proper operation
has been done. The marked variability of surgical results reported even
from highly experienced groups indicates that more than frequent repeti-
tion of the procedure is required to achieve excellence.

An additional immediate challenge deals with the relatively unsatisfac-
tory methods of selecting which arteries merit surgical intervention based
upon degrees of stenosis. The same films, examined by different indi-
viduals using different or even the same criteria for estimating stenosis,
result in sometimes widely varying estimates. Unfortunately, although re-
peatedly recommended in surgical publications, no one of the known
prospective randomized clinical trials included the recording, photographi-
cally, of carotid plaques in situ for subsequent comparison to angiograms
and to histologic sections. We are left now with the relatively vague con-
cept that plaques echogenically “soft” are dangerous, while those echo-
genically hard are less so. A more precise estimate of the contents of any
plaque, correlated with clinical course, is needed to eliminate a large ele-
ment of subjectiveness and error involved in relying upon the relatively
crude measurement of stenosis as the major criterion for whether the brain
needs to be protected from undergoing infarction.

“Watershed” infarcts are being recognized with increasing frequency.
Although most internal carotid occlusions cannot be reopened because of
the propagation of thrombus to the inaccessible portions of the internal
carotid artery, they do pose the risk of future stroke even while asymp-
tomatic. There are, however, a significant number of total occlusions that
start at the origin of the internal carotid, but which, as late as one month
after onset, remain easily operable since thrombus has not reached the
intracranial carotid. Duplex scanning, CT scans with contrast, and NMR
all merit investigation to determine reliability in revealing such operable
situations. If not operable, does extracranial-intracranial bypass merit
additional evaluation in those in whom all other lesions have been cor-
rected?

Beyond the immediate challenges expressed are those which delve into
the pathogenesis of cerebral ischemia. Will NMR and PET scanning of the
brain help to identify carotid arterial lesions that have already produced
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subtle brain abnormalities even before advanced stenoses have occurred?
Such a protocol was written nearly eight years ago as a proposal for the
Javits Center of Neurologic Excellence but it was rejected as frivolous. Yet
such techniques must be developed to identify truly dangerous plaques be-
fore severe and irreversible brain damage occurs.

Few surgical groups deal with vertebral arterial lesions, although they
are the second most commonly found arterial lesions, second only to carot-
id lesions. Hutchinson and Yates defined the role of vertebral lesions in
contributing to death of patients with strokes when associated with carotid
lesions. Our own concern with uncorrected vertebral lesions has been,
aside from the production of incapacitating symptoms, with their possible
role in the syndrome of sudden unexplained death, since 23 of our patients
suffered bouts of syncope as their predominant symptom associated with
bilateral vertebral origin stenoses. Syncopal attacks were relieved by res-
toring flow to one vertebral.94-96

There are many other issues for the future. It is not possible to visualize
how any percutaneously introduced intraarterial device could remove
carotid plaques with the same degree of finesse and safety as skillfully
performed open carotid endarterectomy, which now carries operative risks
of 1%-2%. It is difficult to justify limiting the field of study of stroke-
threatened patients to the carotid bifurcation with ultrasonic devices when
it can be shown by comparative studies that although immediate catas-
trophes because of limited studies occur infrequently, nevertheless, errors
of omission and commission can occur in as many as 8% of patients oper-
ated on the basis of duplex scanning of the neck alone.

In terms of pathogenesis of the carotid plaque, a burning question that
at present suggests only a number of divergent answers is, “What causes
the intrafibrous plaque hemorrhage?” Myointimal thickening in response
to flow anomalies at the carotid bifurcation occurs universally. Were it
to progress as such, as it does in some, to sufficient stenosis resulting
in thrombosis there would be few strokes. When hemorrhage occurs
within such fibrous plaques, the threatening nature of the plaque be-
comes manifest. Continued hemodynamic effect? Inflammatory intra-
plaque vascularity? “Cement substance” deficiency secondary to vitamin
C deficiency??

In parting, it is vital to remember that the truly significant advances in
the effort to control the ischemic stroke problem have come from clini-
cians. Clinical pathological correlations, observations of the pathology in
situ in living patients, diagnostic devices, clinical trials of medical and sur-
gical treatments, and development of safe surgical techniques have all been
by clinicians. The brilliant ancillary devices that have facilitated study of
living patients, ranging from ultrasound equipment to CT, NMR and PET
scanning equipment, have been instrumental in confirming concepts de-
rived from clinical observations. The challenge to continue to contribute as
clinicians persists.
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Carotid Endarterectomy: Indications
and Techniques

ALLAN D. CaLLOW

“The eventual definition of the precise role of surgery in the management
of cerebral vascular insufficiency must await the outcome of further
studies, but it may be safely said at this time that surgical measures have
already demonstrated their effectiveness in many patients with stroke
syndromes.”! Jesse Thompson, a most distinguished carotid surgeon,
wrote this in 1968. Nearly a quarter of a century had to pass before official
accreditation was bestowed.? During this time, rejection of surgical ther-
apy among many physicians ranged from simple withholding of acceptance
to stifling opposition. Largely because of the conviction among most vascu-
lar and neurosurgeons, based on their personal experience, that carotid
endarterectomy was a beneficial and durable procedure for the prevention
of carotid territory stroke, the number of operations increased each year.
Approximately 17,000 were performed in 1977 and over 100,000 in 1984
in the United States alone. From 1954 to 1990 the worldwide number of
carotid endarterectomies was estimated as approximately one million.
Although excellent results in terms of operative morbidity and mortality as
well as duration of stroke prevention were published,?>~7 many reports
were less salutary. This was particularly true in some series dealing with the
asymptomatic carotid lesion with clearly unacceptably high rates of periop-
erative stroke and death.8-15 Confusion as to the proper indications for and
the true utility of carotid endarterectomy increased in the medical and lay
communities, and the need for controlled randomized studies became
apparent.16-18

A Clinical Alert was issued in March of 1991 as the consequence of an
interim review of data from the North American Symptomatic Carotid En-
darterectomy Study.? Carotid endarterectomy was found to be clearly
superior to nonsurgical therapy, consisting of antiplatelet agents, among
symptomatic male and female patients with 70-99% stenosis of the inter-
nal carotid artery. Acquisition of patients to this study group was halted.
The earlier claims of vascular and neurological surgeons, albeit based on
nonrandomized retrospective experience, were at long last now confirmed.

From a review of the history of carotid endarterectomy and from the
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TasBLE 4.1. Recommended limits: perioperative mortality/stroke morbidity.*

Mortality Limit
All operations/causes 2%
Stroke
Asymptomatic 3%
Transient ischemic attack 5%
Ischemic stroke 7%
Recurrent disease 10%

*From the Committee on Carotid Surgery Standards, American Heart Association.

NASCES trial, two additional items of enormous importance deserve
emphasis: (1) excellent surgical results require a meticulous surgical tech-
nique supported by a committed team of specialists in neurology, internal
medicine, cardiology, anesthesiology, and angiography; and (2) rigorous
adherence to a detailed protocol for patient selection. Carotid endar-
terectomy can be justified only if it results in better long-term stroke
prevention than does medical management. Case reports with high peri-
operative stroke rates and limited long-term benefit represent more an
indictment of those individual practice patterns than of the usefulness of the
operation itself.

The Ad Hoc Committee on Carotid Surgery Standards of the Stroke
Council of the American Heart Association has published maximal accept-
able perioperative mortality and morbidity rates according to specific
clinical categories!® (Table 4.1):

In our literature review of surgical series reporting good to excellent
results, certain common practice patterns became apparent!® (Table 4.2).

Chief among important determinants of outcome were: (1) patient selec-
tion; (2) anesthesia evaluation and management; and (3) operative tech-
nique.

Common to all series reporting minimal perioperative stroke morbidity,
often below those rates suggested by the Committee on Carotid Surgery

TasBLE 4.2. Optimal perioperative mortality and stroke morbidity.

Perioperative
Report Mortality Stroke
Callow and Mackey (3) 0.6% 1.6%
Healy (4) 0.5% 2.0%
Hertzer (5)
Symptomatic group 0% 1.2%
Asymptomatic group 1.1% 34%

Hafner (26) 0.7% 0.9%
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Standards of the American Heart Association, are the procedures described
below.

A Generous Arteriotomy

Direct visualization of the distal end point of the disease must be obtained
because a perceptible ridge of tissue extending into the internal carotid artery
after a major portion of the plaque has been removed serves as a nidus for
platelet aggregation, thrombus formation and embolization.

Placement of so-called tacking sutures, although allegedly lessening the
likelihood of dissection or elevation of the plaque by the pulsing column of
blood, does not eliminate the chance of thrombosis and embolization. In
addition, it is conceivable that atherosclerotic progression within the res-
idual disease remnant is accelerated by the surgical trauma of the endar-
terectomy. Enhancement of residual atherosclerosis may also occur at the
proximal end of the endarterectomy site in the common carotid artery.
Thus, what is often interpreted as recurrent stenosis may in truth be accel-
eration of residual disease.

“Feathering” of the distal end of the plaque is essential. Although it can
be accomplished with a shunt in place, it is more difficult and time consum-
ing, particularly with a high lying, distally extending plaque, than when
visualization is not shunt obscured.

A meticulous and complete surgical procedure includes bright light illu-
mination, magnification, exposure of the normal internal carotid artery
above the distal extent of disease, an endarterectomy dissection plane be-
neath the plaque and deep to the media, and removal of all “floaters” aided
by copious irrigation of the endarterectomy field. The arteriotomy closure
must be meticulous, avoiding eversion of the edges, and butting them
together with sutures close to the edge and close to each other. We limit
the use of a patch to those operations where, for one reason or another,
immediate reopening of the arteriotomy site is required, reoperation for
recurrent carotid stenosis is required and, in a very small number of pa-
tients, when the internal carotid artery is unusually small. We are not con-
vinced that the incidence of recurrent stenosis is reduced by routine use of
a patch. When one is needed we prefer the proximal greater saphenous
vein.

Cerebral Protection

Excellent results can be obtained with a variety of techniques of cerebral
protection, illustrating again that it is probably more a matter of the meti-
culousness with which a given technique is applied than any special merits
of one particular technique over another. Our preference is for general
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anesthesia under normocarbic and normotensive conditions with selective
shunting based on EEG monitoring. We have done many patients awake
with regional block anesthesia and have also utilized carotid back pressure
to assess the need for a shunt. In our experience the most reliable method
is continuous EEG monitoring utilizing 20 electrodes cemented to the scalp
and with 10 leads to the recording console. There is approximately a 10-15
percent error in the correlation between back pressure and cerebral perfu-
sion when checked against the electroencephalogram. This inconsistency
has been displayed on both sides of the equation, i.e., a better perfusion
with a low back pressure than would have been anticipated as well as EEG
evidence of poor cerebral perfusion despite a so-called safe level back
pressure. For high risk patients with both carotid and coronary disease,
operating with the patient awake may add an element of safety.

Systemic heparin is administered before cross clamping. It is not re-
versed. Low molecular weight Dextran is administered prior to cross
clamping and is continued for approximately 24 hours or until the patient
can take aspirin by mouth. Neither the-arteriogram nor the operation are
deferred because the patient is on a maintenance dose. Prior to closure of
the arteriotomy the operated segment is copiously irrigated with hepari-
nized saline followed by Dextran diluted half and half with saline to avoid
both air and thrombus embolization. The arteriotomy site is back bled by
opening the distal or internal carotid artery clamp first. The external is also
back bled into the arteriotomy site and then the common carotid is opened
followed by the external branch. Should there be any remaining air or
debris, it should enter the external carotid system. The internal carotid is
opened last.

Completion arteriography, imperfect as it may be, is recommended after
closure of the arteriotomy site. Its shortcomings are failure to give a reli-
able representation of the lumen in more than one plane and to identify
minimal amounts of platelet, fibrin or red clot. Ultrasonography is also
useful, but again, may fail to detect the minimal imperfection created by a
small amount of clot or a strand of tissue floating in the lumen. Neverthe-
less, in view of the experiences of Blaisdell and Courbier,20-21 whereby
unsuspected imperfections of the endarterectomy site were much higher
than anticipated, some form of assessment of the reconstruction is strongly
recommended.

Peripheral Nerves

Although the normal position of the vagus nerve, with its accompanying
recurrent laryngeal branch, is between the carotid artery and the internal
jugular vein and posterolateral to the internal and common carotid arter-
ies, it may occupy an anteromedial location in approximately 5% of indi-
viduals. The plane of dissection of the carotid must be close to the wall of
the artery to avoid nerve injury. Vocal cord paresis follows upon trauma to
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the vagus and the recurrent laryngeal nerves. Possibly as many as 10% of
individuals display the recurrent laryngeal nerve in an anomalous non-
recurrent course. It fails to descend to the area of the clavicle but instead
traverses behind the common carotid artery directly to the larynx. Dissec-
tion must also be kept close to the carotid bifurcation to avoid trauma of
the superior laryngeal nerve, which, if damaged, could result in unilateral
numbness of the orifice of the larynx, mild difficulty in swallowing and
some change in voice quality due to cricothyroid muscle dysfunction. The
hypoglossal nerve descends along the course of the internal carotid artery
and passes medially over the external carotid in a more superficial position.
This nerve, usually encountered during carotid dissection, is easily mobi-
lized medially to expose the most distal reaches of the internal carotid
artery. Trauma to the hypoglossal nerve results in paralysis of the ipsilater-
al side of the tongue, which if severe, may progress to atrophy. The ansa
hypoglossus, branches of the hypoglossal nerve, takes various positions in
the neck, frequently lies in the field, and can usually be easily mobilized
medially. The ansa may fix the hypoglossal nerve in the operative field, and
if this is the case, it may be sacrificed.??

Patient Selection

THE IDEAL CANDIDATE

Second only in importance to meticulous operative technique for avoid-
ance of perioperative complications is selection of the patient. The ideal
candidate has an acceptable cardiac risk, has had one or more carotid terri-
tory TIAs, and demonstrates carotid disease appropriate to the involved
cerebral territory. Using patient selection criteria similar to these, the
North American Symptomatic Carotid Endarterectomy Trial (NASCET)
demonstrated in a randomized prospective study that carotid endarte-
rectomy carried a perioperative mortality/morbidity rate of only 3.4% at
30 days. This rate was 5.0% in patients treated with antiplatelet agents. At
12 months these figures were 6.5% and 17.8%, respectively. The study
group consisted of patients of less than 80 years of age with a hemispheric
TIA or a nondisabling stroke and angiographic evidence of 70-99%
stenosis.? Further patient entry was stopped.

Patients at increased operative risk are those with: (1) a history of a
previous stroke; (2) a positive CT scan with or without a history of a pre-
vious stroke; (3) coexisting vertebral basilar insufficiency signs and symp-
toms or angiographic evidence of disease; and (4) occlusion or severe ste-
nosis of the contralateral carotid. These conditions are all indicative of
reduced collateral circulatory reserve. During carotid artery cross clamp-
ing, approximately 25% of these patients will require an in-dwelling shunt
as determined by EEG monitoring. Presumably patients with impaired
cerebral vascular reserve are more vulnerable to intraoperative emboli or a



48 Allan D. Callow

fall in cerebral perfusion pressure than are normal subjects. Positron emis-
sion tomography studies indicate that the best index of cerebral vascular
reserve is the ratio of cerebral blood flow to cerebral blood volume.?? In
that study the significant risk factors for intraoperative neurologic deficit
were: (1) age over 65 years; (2) a residual neurologic deficit prior to opera-
tion; (3) complex plaque morphology; and (4) the combination of impaired
cerebral vascular reserve and a positive CT scan for infarct in the symp-
tomatic hemisphere. Patients with these findings, however, can be brought
through carotid endarterectomy quite successfully and with no higher inci-
dence of perioperative neurologic deficit or death than patients in the ideal
candidate group if great care is taken to identify the coexisting conditions
and to utilize measures to avoid undue physiologic stress.

The High Risk Patient

These patients are those with an evolving stroke, a so-called crescendo
stroke, or a waxing and waning of neurologic signs and symptoms. It is
often difficult to determine whether the patient is undergoing a true stroke
or merely suffering a prolonged episode of a transient ischemic attack. The
patient with a completed stroke with substantial recovery but who has re-
tained significant functioning carotid territory is also at high risk. Coexist-
ing coronary artery disease is a frequent finding if careful search is made?*
(Fig. 4.1). In our experience some 53% of 614 patients either had overt
coronary artery disease as determined by history or electrocardiographic
studies, or covert disease discoverable upon careful search. The long-term
survival of these patients is considerably reduced compared to those in
whom no coronary artery disease was present or identifiable?>-26 (Fig. 4.2).
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Ficure 4.1. Life-table survival for patients with (group I) and without (group II)
overt coronary disease.
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FiGURe 4.2. Life-table survival for patients without overt coronary disease but with
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Summary

Common to all series reporting excellent results in terms of perioperative
morbidity and mortality and long-term duration of the benefit of carotid
endarterectomy are certain items we have labeled shared practice patterns:

1.

2.

careful evaluation of the patient to identify, document and classify co-
existing disease;

meticulous anesthesia and surgical technique with appropriate measures
carefully applied to preserve cerebral perfusion or to detect its impair-
ment during carotid cross clamping;

particular attention to the possibility of coexisting coronary artery dis-
ease and myocardial vulnerability;

. avoidance of excess manipulation of the carotid bulb and the internal

carotid artery because of the probable existence of fragile plaque and
thrombus within the vessel;

. avoidance of complete dissection of the common carotid, the bulb and

the internal carotid from its bed on the basis that it is not only unneces-
sary but is additionally hazardous;

complete removal of the plaque and avoidance of tacking sutures in
most endarterectomies;

. for the surgeon with limited experience the use of a shunt and systemic

heparinization are considerably safer than a hasty operation in an effort
to reduce cross-clamp time;

proper first-time closure of the arteriotomy to avoid the need for even
partial reclamping; and

checking of the patient’s postoperative neurologic status by the re-



50 Allan D. Callow

sponsible surgeon because a minimal neurologic deficit, a possible har-
binger of stroke, may go undetected by someone else.

References

1. Thompson JE. Surgery for Cerebrovascular Insufficiency (Stroke). Charles C.
Thomas, Springfield, IL, 1968.

2. North American Symptomatic Carotid Endarterectomy Study, Annual Confer-
ence on Stroke, American Heart Association, February, 1991.

3. Callow AD, Mackey WC. Long term follow-up of surgically managed carotid
bifurcation atherosclerosis: Justification for an aggressive approach. Ann Surg
1989;210:308-316.

4. Healy DA, Clowes AW, Zierler RE, Nicholls SC, et al. Immediate and long-
term results of carotid endarterectomy. Stroke 1989;20:1138-1142.

5. Hertzer NR, Arison R. Cumulative stroke and survival ten years after carotid
endarterectomy. J Vasc Surg 1985;2:661-668.

6. Bernstein EF, Humber PB, Collins GM, Dilley RB, et al. Life expectancy and
late stroke following carotid endarterectomy. Ann Surg 1982;19:80-86.

7. Stewart G, Ross-Russell RW, Browse NL. The long term results of carotid
endarterectomy for transient ischemic attacks. J Vasc Surg 1986;4:600-605.

8. Dyken ML, Pokras R. The performance of endarterectomy for disease of the
extracranial arteries of the head. Stroke 1984;15:948-50.

9. Chambers BR, Norris JW. The case against surgery for asymptomatic carotid
stenosis. Stroke 1984;15:964-967.

10. Merrick NJ, Park RE, Kosecoff J, et al. A review of the literature and ratings
for the appropriateness of indications for selected medical and surgical proce-
dures: carotid endarterectomy. Santa Monica, CA: Rand Corporation. 1986
(Publication No. R-3280).

11. Committee on Health Care Issues. American Neurological Association. Does
carotid endarterectomy decrease stroke and death in patients with transient
ischemic attacks? Ann Neurol 1987;22:72-76.

12. Warlow C. Carotid endarterectomy: Does it work? Stroke 1984;15:1068-1076.

13. Easton JD, Sherman DG. Stroke and mortality rate in carotid endarterectomy:
228 consecutive operations. Stroke 1977;8:565-568.

14. Toole JF, Yuson CP, Janeway R, et al. Transient ischemic attacks: a prospec-
tive study of 225 patients. Neurology 1978;28:746-753.

15. Brott T, Thalinger K. The practice of carotid endarterectomy in a large metro-
politan area. Stroke 1984;15:950-955.

16. Dyken ML. Carotid endarterectomy studies: a glimmering of science. Stroke
1986;17:355-358.

17. Callow AD, Caplan LR, Correll JW, et al. Carotid endarterectomy: What is its
current status? Am J Med 1988;85:835-837.

18. Barnett HJ, Toole JF, Hobson RW. Design of Clinical Studies in Carotid
Surgery. 40th Annual Meeting, The Society for Vascular Surgery, New
Orleans, LA, 1986.

19. Callow AD, Mackey WC. Optimum results of the surgical treatment of carotid
territory ischemia. Circulation (Suppl) 1991;83:1-190-1-195.



20.

21.

22.

23.

24.

25.

26.

4. Carotid Endarterectomy: Indications and Techniques 51

Blaisdell FW, Lim R Jr, Hall AD. Technical Results of carotid endar-
terectomy. Am J Surg 1967;114:239.

Courbier R, Jausseran JM, et al. Routine intraoperative angiography. Its im-
pact on operative morbidity and carotid restenosis. J Vasc Surg 1986;3:343.
Matsumoto GH, Cossman D, Callow AD. Hazards and safeguards during
carotid endarterectomy: technical considerations. Am J Surg. 1977;133:458-
462.

Naylor AR, Merrick MV, Ruckley CV. Risk Factors for intra-operative neuro-
logical deficit during carotid endarterectomy. Eur J Vasc Surg 1991;5:33-39.
Mackey WC, O’Donnell TF Jr, Callow AD. Carotid endarterectomy contra-
lateral to an occluded carotid artery: Perioperative risk and late results. J Vasc
Surg 1990;11:778-785.

Mackey WC, O’Donnell TF Jr, Callow AD. Cardiac risk in patients under-
going carotid endarterectomy: impact on perioperative and long-term mortal-
ity. J Vasc Surg 1990;11:226-234.

Hafner CD. Minimizing the risks of carotid endarterectomy. J Vasc Surg
1984;1:392-397.



5

Carotid Endarterectomy (How I Do
It, A Safe Approach)

JouN B. CHANG

Introduction

Carotid endarterectomy was first performed in 1954 as a logical procedure
for the prevention of ischemic stroke distal to carotid artery stenosis.!

Callow et al. gave their review and made the following observations:
First, their aggressive surgical approach to carotid bifurcation atheroscle-
rosis is superior to “optimal” medical therapy in symptomatic patients.
Second, their aggressive surgical approach is also superior in selected
asymptomatic patients, most notably those with hemodynamically signi-
ficant stenoses. Third, to achieve superiority over medical therapy, surgical
series must maintain low perioperative mortality and stroke morbidity
rates. And fourth, late death in the carotid endarterectomy patient is pri-
marily related to coexisting coronary artery disease, and improvements in
long-term survival await improvements in the management of such coexist-
ing disease.?

The numbers of patients undergoing endarterectomy in the United
States (excluding VA hospitals) rose from 15,000 in 1971 to 107,000 in
1985.3 There are many reports showing reasonable and lower rates of
preoperative complications with the carotid endarterectomy.*-7

The beneficial effects of carotid endarterectomy in symptomatic patients
with high-grade carotid stenosis have been reported recently in random-
ized trial.® In this report, life-table estimates of the cumulative risk of any
ipsilateral stroke at two years were 26% in the 331 medical patients and
9% in the 328 surgical patients—an absolute risk reduction (*SE) of
17+3.5% (P<0.001). For a major or fatal ipsilateral stroke, the corre-
sponding estimates were 13.1% and 2.5%—an absolute risk reduction of
10.6 £2.6% (P<0.001). Carotid endarterectomy was still found to be
beneficial when all strokes and deaths were included in the analysis
(P <0.001). Therefore, it was concluded that, in a randomized trial study,
carotid endarterectomy is highly beneficial to patients with recent hemis-
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pheric and retinal transient ischemic attacks or nondisabling strokes and
ipsilateral high-grade stenosis (70-99%) of the internal carotid artery.
There is no definite randomized trial study available at the present time for
carotid endarterectomy of asymptomatic carotid stenosis, however, there
are many reports on this subject.

In a study of the natural history of the growth of carotid atheromata for a
period of one to nine years, there was no change in 41% and a significant
increase in 59% of patients studied.® The progress of the atherosclerosis
is not predictable in each patient. A moderate rate of progression is com-
mon for a carotid lesion as it becomes symptomatic within three to four
years. Progress can be very slow, but in other cases, the lesion can progress
rapidly to produce symptoms within one or two years.10

The author suggests that after noninvasive screening and arteriography,
specific indications for carotid endarterectomy of asymptomatic carotid
artery stenosis are: (1) severe unilateral stenosis greater than 70%; (2)
bilateral stenoses greater than 50%; (3) unilateral stenosis and contralater-
al occlusion; (4) progressing stenosis to greater than 50%; (5) positive
noninvasive tests, such as duplex scan, spectral analysis, OPG, and
perhaps CT and MRI studies; (6) before other major surgery, if the
noninvasive tests and arteriography are strongly positive; and (7) a
markedly ulcerated plaque (6).

The author strongly believes that, with well-chosen patients who have
had careful preoperative evaluation, carotid endarterectomy can be a safe
procedure, minimizing perioperative morbidty and mortality.

Preoperative Evaluation

ot

. Careful medical history and assessment.

. Carotid duplex scan.

. CAT scan and/or MRI study of head to make a proper assessment of
silent infarction, staging of the infarcted brain, and to exclude other
possibilities such as nonvascular pathology of the brain.

4. Cardiac evaluation, including noninvasive and, in selected cases, inva-

sive study such as cardiac catheterization.

5. Aortic arch study including extracranial as well as intracranial arte-

riography.

6. Preoperative Swan Ganz catheter after cardiac evaluation whenever in-

dicated.

7. Routine insertion of radial artery catheter for intra- and postoperative

monitoring.

8. Attachment of 12-lead EEG electrode to the head and recording of

baseline EEG tracing.

w N
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Operation

b S

General endotracheal tube anesthesia, normotensive and normocarbia.
Routine intraoperative carotid shunting.

Intraoperative EEG monitoring.

Routine use of vein patch utilizing proximal greater saphenous vein
graft except for specific criteria.

All patients undergo aortic arch arteriography using intraarterial DSA
technique. Recently, magnetic resonance imaging was initiated as a
preoperative evaluation and, in selected cases, in lieu of formal
angiography.

Operative Technique

1.

w

Patient is admitted to the intensive care unit the night before surgery for
cardiac evaluation and optimization for the operation. During this time,
preoperative Swan Ganz catheter is inserted for preoperative optimiza-
tion and intraoperative monitoring as well as postoperative monitoring.
Patient is placed in a semi-Fowler position with the neck extended and
rotated to the contralateral side.

Routine preoperative prophylactic antibiotics are given.

The neck, chest and selected lower extremity are prepped with Be-
tadine solution.

. The operative fields are exposed—operative side of the neck, selected

side of the neck and selected side of the thigh to harvest vein segment
for vein patch.

A semivertical incision is made on the operative side of the neck along
the anterior border of the sternocleidomastoid muscle. In younger
female patients, sometimes a transverse incision is made under the man-
dible at the level of the bifurcation (Fig. 5.1). The dissection is carried
out using sharp and blunt technique, controlling hemostasis with elec-
trocoagulation and ligatures. As dissection is deepened, the sterno-
cleidomastoid muscle is freed and retracted laterally, and the carotid
sheath is gradually opened.

The first anatomic landmark to be identified is a facial branch of the
internal jugular vein. Most of time, the level of bifurcation is under this
facial vein. The vein is freed, ligated and divided (Fig. 5.2). Then the
common carotid artery is freed proximal to the plaque. The dissection is
carried out distally to expose the bifurcation. A 0.5% marcaine solu-
tion, about 0.5 to 1.0 cc, is infiltrated into the carotid body. The first
branch of the external carotid artery is then easily identified by careful
dissection. The proximal external carotid artery is then freed and circled
with vessel loop. Distal dissection is then carried out to the internal
carotid artery. Many times ansa hypocrossi can be identified, running
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Ficure 5.1. Schematic drawing showing two types of incisions for carotid endar-
terectomy. A transverse incision and a semivertical incision along the anterior bor-
der of the sternocleidomastoid muscle.

FiGure 5.2. Schematic drawing indicating facial branch of the internal jugular vein
(facial vein) as a landmark of an anatomic position of the carotid bifurcation. The
hypoglossal nerve is shown in relation to the carotid bifurcation.
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FiGure 5.3. Schematic drawing after ligation and division of facial vein.

anteriorly, medially and sometimes laterally, joining up to the hypo-
glossal nerve. The hypoglossal nerve is identified and preserved intact
(Fig. 5.3).

When the lesion is high, with high bifurcation, the “sling vessels” are
carefully freed, ligated and divided. By this maneuver, the hypoglossal
nerve is further freed distally. In selected cases, the ansa hypoglossal
can be divided to facilitate the mobilization of the hypoglossal nerve.
Sometimes, the digastric muscle is carefully divided to gain further dis-
tal exposure. During this maneuver, care should be taken to avoid in-
jury to the glossopharyngeal nerve.

With these maneuvers, the mandible joint subluxation or dislocation
is seldom necessary. At this point, a 2-1/2 inch length of proximal great-
er saphenous vein is harvested and divided at the line of branch(es), if
any. Patient is given systemic heparinization, usually 6,000 to 7,000
units, depending upon the size of the patient. The common, internal and
external carotid arteries are cross clamped using atraumatic vascular
clamps. A longitudinal arteriotomy is made, extending from the pro-
ximal common carotid artery to the distal internal carotid artery distal
to the plaque (Fig. 5.4). It is also my practice to make two separate
initial arteriotomies, one on the proximal common carotid and the other
on the distal internal carotid artery if the lesion is critically stenotic,
making a single arteriotomy difficult. Then a T-shape, indwelling shunt
catheter is introduced into the common and internal carotid artery (Fig.
5.5). In cases where two separate arteriotomies are made, these two
arteriotomies are then connected after the shunt is inserted and opened.
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FIGURE 5.4. Schematic drawing with arteriotomy extending from the common
carotid artery proximal to the plaque to the distal internal carotid artery distal to
the plaque (dotted line).

Care should be taken to evacuate all possible air or clot from the
shunt unit and arterial system before the shunt is opened. During this
maneuver, intraoperative EEG monitoring is helpful in monitoring the
technique of cross clamping and shunting.

Under direct vision, with the shunt in, the endarterectomy is carried
out, starting from the opposite side of the external carotid artery origin,
coming down to the proximal common carotid artery (Fig. 5.6, circle 1).
Then the endarterectomy is extended proximally using a special spatula
instrument. At the point of normal intima, a sharp dissection is carried
out, cutting at the normal intima to the other side of the common caro-
tid artery (Fig. 5.6, circle 2). Then proceed distally, on the side of the
external carotid artery, up to the origin of the external carotid artery
(Fig. 5.6, circle 3). Attention should then be paid to the distal portion of
the endarterectomy technique, proceeding to the end point of the pla-
que at the internal carotid artery (Fig. 5.6, circle 4). Continue down the
internal carotid artery to the origin of the external carotid artery. At the
origin of the external carotid artery, the careful blunt, sometimes direct
endarterectomy, is carried out into the external carotid artery beyond
the origin of the first branch if necessary (Fig. 5.6, circle 5). At this
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FIGURE 5.5 Schematic drawing showing carotid artery shunt (T type). By using this
type of catheter, it is easy to evacuate any possible air bubbles or debris within the
shunt before the shunt is opened. Also using this T type of shunt, a hemodynamic
study can be performed with ease, such as stump pressure.

point, the entire specimen is hanging on the origin of the internal caro-
tid artery (Fig 5.6, circle 5). As the plaque from the external carotid
artery is pulled out, the entire procedure of endarterectomy is com-
pleted, removing the entire specimen as one piece.

If the end point at the internal carotid artery is not clean, leaving
normal intima behind, this normal intima is tacked down with 6-0
Prolene sutures, in interrupted fashion, to prevent possible distal dis-
section. If the end point is clean, there is no need for a tack-down su-
ture. The arterial lumen is irrigated with a copious amount of hepari-
nized solution. Painstaking effort should be given to remove all possible
debris from the arterial lumen. Then the arteriotomy is repaired using
the proximal greater saphenous vein patch graft. The patch graft should
be extended far proximally to the margin of the intima at the common
carotid artery and far distally beyond the end point, as indicated in (A")
and (B’) of Fig. 5.7. At the time of carotid endarterectomy, if there is
kinking at the internal carotid artery (Fig. 5.8), this is corrected at the
time of vein patch by using plication technique, bringing B to B’ point
(Fig. 5.8) by making transverse sutures using 6-0 Prolene sutures evagi-
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FiGURe 5.6. Schematic drawing showing carotid endarterectomy in sequential
steps. A indicates proximal end of arteriotomy. B indicates distal end of arte-
riotomy. C indicates proximal portion of the external carotid artery. A’ indicates
line of endarterectomy, proximally. B’ indicates line of endarterectomy and/or dis-
tal endpoint at the internal carotid artery. The carotid endarterectomy normally
starts at the midportion of the arteriotomy, opposite to the orifice of the external
carotid artery (one). Endarterectomy is extended proximally and transects the
specimen at the proximal common carotid artery (two). The dissection proceeds to
the side of the external carotid artery extending distally (three). Then attention is
directed to the distal portion of the endarterectomy plane opposite to the external
carotid artery origin. The endarterectomy is then carried distally into the internal
carotid artery to the endpoint extending proximally on the opposite side of the
internal carotid artery (four). The final stage of the endarterectomy is centered to
the origin of the external carotid artery. Depending upon the nature of stenosis of
the external carotid artery, either blind or open endarterectomy is performed to
complete the procedure delivering the specimen in total (five).

nating the redundant portion of the backwall as shown on (B) and (B')
in Fig. 5.9. After this is done, the vein patch is anastomosed at the
arteriotomy, which will result in a straighter arterial system as shown in
Fig. 5.9.

Before the vein patch is completed, the indwelling shunt catheter is
removed. Again, care should be taken to remove all possible air or clot
from the arterial system. Circulation is restored, first to the external
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FiGURre 5.7. Schematic drawing showing vein patch after carotid endarterectomy. A
indicates proximal end of the arteriotomy. B indicates distal end of the arteriotomy.
C indicates distal external carotid artery. A’ indicates line of endarterectomy prox-
imally. B’ indicates line of endarterectomy or endpoint at the internal carotid
artery. C’ indicates distal end of the endarterectomy at the external carotid artery.
Effort is given to extend the arteriotomy and vein patch proximal to the proximal
end of the endarterectomy line (A) and distal to the distal endpoint (B).

carotid artery, then to the internal carotid artery in a sequential man-
ner. EEG monitoring is especially useful during this process. If there is
no major problem or bleeding from anastomosis, the heparin is neutral-
ized with the Protamine in about a three to four ratio. The wound
spaces are irrigated with antibiotic solution. The incisions are closed
using 2-0 Vicryl or Dexon sutures and 4-0 absorbable sutures to the skin
in subcuticular fashion. Sterile dressing is applied to the wound. On the
neck, gentle pressure dressing is applied using 4 X 8 and combine pads.
Using a sterile towel, a gentle collar is made around the neck incision

=
FiGure 5.9. Schematic drawing indicating surgical correction of internal carotid
artery kink after endarterectomy. A approximating to point C after plicating and
evaginating sutures between B and B’ in Fig. 5.8—the distal internal carotid artery
(A) is now approximated to the proximal internal carotid artery (C). Then the vein
patch is sewn in as indicated with the white dotted line.
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FiGure 5.8. Schematic drawing indicating kink of internal carotid artery. A indi-
cates distal internal carotid artery endarterectomized. B indicates imaginary line of
plication with B’ to correct the kink. C indicates proximal internal carotid artery
endarterectomized.
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dressing. Patient is allowed to recover from general anesthesia, on the
table, with EEG monitoring. Patient is extubated on the table.

Once the patient is neurologically intact, moving all extremities on
command, transfer can be made to the recovery room. Until the pa-
tient’s neurological assessment is completed, the surgical instruments
remain in the operating room without contamination.

In the recovery room, cardiac and neurological evaluations are made
periodically. The first night the patient remains either in the recovery
room or the intensive care unit for observation. The dressing is removed
on the first postoperative day, and the patient is allowed to get out of
bed and ambulate, resuming a full regular diet.

The patient is normally discharged on the third postoperative day
unless there are specific reasons to keep the patient longer. The patient
is discharged with an antiplatelet agent, buffered aspirin and/or Persan-
tine.

Long Term Management

Patient is followed closely on an outpatient basis by the vascular surgeon,
using noninvasive vascular studies, including duplex scan.

Results

With this protocol, the author has performed 450 carotid endarterectomies
since 1976. The earlier results indicated 0.5% mortality with 1.4% stroke
rate.!l In a recent review of 450 carotid endarterectomies, there was a
0.4% stroke rate with 0.2% stroke related mortality, and 0.4% of myocar-
diac infarction with 0.2% MI related mortality. Of the last 300 carotid
endarterectomies performed using the rigid protocol outlined above, there

was no stroke rate or mortality rate, perioperatively and up to 30 days
postoperatively.

Discussion

Among symptomatic patients with high grade stenosis (70% to 99%),
those who underwent carotid endarterectomy had an absolute reduction of
17% in the risk of ipsilateral stroke at two years (P <.001) in the recent
randomized study.! Similar results have recently been reported from the
European Carotid Surgical Trial.'> Among 778 symptomatic patients with
severe stenosis (70% to 99%) who were randomly assigned to treatment
with carotid endarterectomy or medical care alone, 7.5% of the surgical
patients had an ipsilateral stroke or died within 30 days of surgery. Life-
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table estimates show that the risk of ipsilateral stroke during the next three
years yield an additional risk of 2.8% for surgical patients as compared
with 16.3% for medical patients (P <0.0001). Until a further guideline is
given for proper cerebral protection during carotid endarterectomy, the
author believes in a combination of intraoperative shunting and EEG
monitoring to minimize morbidity and mortality from the surgical proce-
dure.

There are many papers about saphenous vein patch and other patch
materials vs. primary closure after carotid endarterectomy.13-1° Bioche-
mical adaptation of venous patches have been studied, indicating that the
vein patch angioplasty favorably influences surface thrombogenicity of
healing on the endarterectomized arteries.?9-23 Some suggest that saphe-
nous vein angioplasty appears appropriate in habitual smokers and likely in
patients with small internal carotid arteries.24-25

In high bifurcation or extremely high lesion, there are other techniques
available. In our experience, careful dissection along the anatomical
boundary of the distal carotid artery, ligation and division of “sling vessels”
(sternoidcleidmastoid artery and vein), and division of posterior belly of
digastric muscle have all been successful. However, there are other tech-
niques, including anterior subluxation of the mandible, styloidectomy in
combination with other techniques, and lateral mandiblectomy or pos-
terior approach with mastoidectomy.26 Temporary mandibular subluxation
by diagonal interdental/Steinmann pin wiring has been utilized.?” Various
techniques of exposure and control of the internal carotid artery near the
base of skull, Zone III (from the lower margin of the first cervical vertebra
to the base of the skull) have been proposed by different investigators. An
exposure of the internal carotid artery was described that involved
preauricular amd postauricular incisions, making anterior and posterior
flaps. Dissection of the parotid gland anteriorly and resection of digastric
muscle from the mastoid process was burred down and resected. The glos-
sopharyngeal nerve was sacrificed, permitting exposure of the internal
carotid artery at the base of the skull.28 Subperiosteal osteotomy at the
angle of the mandible has been described by Welsh et al.2 The posterior
segment was rotated upward over the temporomandibular joint, and the
anterior segment was retracted forward. The styloid process and digastric
muscle were divided. Some surgeons perform radical mastoidectomy with
obliteration of the middle ear and resection of the mandibular condyle and
occasionally the zygoma.30 Arch bar wires were used to maintain subluxa-
tion of the mandibular joint.3! These techniques are of value in carotid
trauma at the base of skull, high internal carotid artery aneurysms, fibro-
muscular dysplasia, and recurrent stenosis requiring endarterectomy near
the base of the skull. However, these techniques are associated with sig-
nificant morbidity in the form of bone infection, loss of ear function, non-
union of mandible, cranial nerve paralysis, and compression of opposite
carotid artery.3? Atherosclerotic high plaque ended at Zone II in patients
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(from the lower margin of the second to the lower margin of the first cer-
vical vertebra), indicating that other forms of techniques for exposure are
rarely necessary for primary endarterectomy for atherosclerotic carotid bi-
furcation stenosis. The greater auricular nerve may need to be sacrificed,
causing temporary cutaneous paresthesia. The glossopharyngeal nerve
may be disturbed in dissection necessary for these high bifurcated lesions.
The possibility of high plaque should be considered in male patients with
bilateral severe carotid occlusive disease or patients with contralateral oc-
clusion. With careful dissection along the anatomic planes as well as knowl-
edge of anatomy superior to hypoglossal nerve and cephalad exposure,
endarterectomy can be accomplished. All atherosclerotic carotid bifurca-
tion plaque in internal carotid artery, however high, will ultimately taper
off in Zone II and should never have to be sharply divided, which would
compromise the adequacy of the endarterectomy.33

Conclusions

Carotid endarterctomy can be performed with reasonable safety using the
following rigid protocol that the author has applied to his 450 cases:

FiGURE 5.10A. Angiogram with high grade stenosis at left distal common and
proximal internal carotid artery as well as external carotid artery (arrow).
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1. Careful clinical assessment.
2. Preoperative evaluation including duplex scan, CT/MRI, and more re-
cently, with MRI angiogram.

3. Preoperative aortic arch angiogram.

4. Independent assessment of patient prior to surgical decision by medical/

cardiological/neurological consultants.

Preoperative Swan-Ganz catheter insertion.

6. Liberal use of autogenous vein patch (preferably proximal greater
saphenous vein segment).

. Routine shunting.

. Intraoperative EEG monitoring.

(9}

o

Most patients are discharged home on the third postoperative day.
Long-term follow-up is important for all patients, with periodic clinical
evaluation, duplex scan and, if necessary, angiogram. Recently, MRI
angiogram has been useful. This may be replaced, in some cases, for aortic
arch angiogram.

The following cases have been selected for further illustration of the
author’s clinical cases (see Figs. 5.10-5.21):

Ficure 5.10B. Endarterectomy specimen with severe stenosis and ulcerating
plaque (arrow). It is extremely important that the distal internal carotid artery
should be freed far away from the endpoint of the plaque (triangular arrow).



FiGure 5.10C. Vein patch. The distal end of the vein patch should be distal to the
endpoint of the plaque. Care is taken to extend distal arteriotomy further distal to
the plaque (arrow). The proximal end of the vein patch is further proximal to the
proximal endpoint or cut margin of the intima (triangular arrow).

FIGURE 5.11A. Angiogram shows high grade stenosis with pseudoocclusion of the
right internal carotid artery (two arrows).
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FiGure 5.11B. Specimen. High grade stenosis at right internal carotid artery (big
arrow) with ulcerating plaque, proximally (small arrow).

FiGure 5.11C. Vein patch with proximal end (arrow) and distal end (two triangular
arrows) beyond the end points.
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FiGUuRe 5.12A. Angiogram showing stenotic lesion in the right internal carotid
artery (arrow).

Fi1GURE 5.12B. On the same patient, an oblique view showing the lesion better (two
arrows).
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FiGure 5.12C. Specimen. High grade stenosis at the internal carotid artery (two
triangular arrows). Plaque at the external carotid artery is removed up to the end-
point (two arrows) by blind or sometimes open endarterectomy technique. The
proximal end of the endarterectomy is extended to the endpoint or most normal
level of the intima (big arrow).

FiGure 5.12D. Vein patch. Proximal (large arrow) and distal (two small arrows)
ends. The external carotid artery is shown in relation to the vein patch (triangular
arrow).



FIGURE 5.13A. Angiogram shows high grade stenosis at the right internal carotid

artery (arrow) with complete occlusion of the external carotid artery (nonvisualiza-
tion).

FiGURE 5.13B. Specimen. High grade stenosis at right internal carotid artery.
(arrow). Completely occluded orifice of the external carotid artery (two triangular
arrows) with endpoint of external carotid endarterectomy (large arrow). A large
complex ulcer filled with friable, cheesy material (two arrows) at common carotid
artery.
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FiGURE 5.13C. Vein patch with distal (triangular arrow) and proximal (two triangu-
lar arrows) ends. After endarterectomy of the external carotid artery in conjunc-
tion with the common-internal carotid endarterectomy, blood flow is established to
the external carotid artery (arrow).

FiGURe 5.14A. Angiogram shows segment of stricture. Because of sudden progres-
sion of stable, mild stenotic lesion to a hemodynamically significant stenosis and
occurrence of symptoms, patient was treated surgically.
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FIGURE 5.14B. Specimen shows stenosis (two triangular arrows) with subintimal
hemorrhage. At the proximal internal carotid artery (large arrow), stenosing
plaque was removed in conjunction with endarterectomy specimen (two arrows)
even though angiogram did not show significant stenosis at the proximal external
carotid artery.

FIGURE 5.14C. Vein patch with proximal (one arrow) and distal (two arrows) ends.
The external carotid artery is shown with the first branch being dissected free
(triangular arrow).

72



5. Carotid Endarterectomy (How I Do It, A Safe Approach) 73

FIGURE 5.15A. Angiogram shows multiple filling defects suggesting multiple
thrombi (triangular arrows).

FIGURE 5.15B. Close-up film shows the same defects (triangular arrows).



FIGURE 5.15C. Specimen. Subintimal hemorrhage at the distal common carotid

artery (arrow) with a large ulcer (two arrows) and multiple thrombi (triangular
arrows).

FiGURe 5.16A. Aortic arch angiogram shows high grade stenotic and pseudo-
occlusive lesion at the left internal carotid artery (two arrows) with incidental mild
stenotic lesion at the left subclavian artery (triangular arrow), which is not hemo-
dynamically significant.
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FIGURE 5.16B. Specimen. Extensive subintimal hemorrhage extending from the
common carotid artery into the internal carotid artery (big arrow), and complex
ulcer filled with atheromatous material and thrombi (triangular arrow). Distal end-

point at the internal carotid artery is seen on the right hand side of the specimen
(two big arrows).

Ficure 5.17A,B. Angiographic films show a moderate degree of stenosis but with
large ulcerating plaque (arrow) at the right internal carotid artery.
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Ficure 5.17C. No major stenotic lesion is seen on the left carotid artery system of
the same patient.
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Ficure 5.17D. Specimen shows an organized clot at the ulcer (two arrows) with
proximal (triangular arrow) and distal (two triangular arrows) endpoints.

Ficure 5.17E. Vein patch with proximal (triangular arrow) and distal (two triangu-
lar arrows) ends.
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FIGURE 5.18A. Angiogram shows high grade stenosis at the right internal carotid
artery (arrow).

FIGURE 5.18B. Angiogram of the same patient shows one-year-old carotid endar-
terectomy and vein patch with proximal end (arrow).
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FiGUREe 5.18C. The same angiogram shows vein patch with the distal end (arrow).

Figure 5.18D. Specimen shows high grade stenosis (two arrows) and subintimal
dissection and hemorrhage (arrow) with proximal (triangular arrow) and distal
(two triangular arrows) endpoints.
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FiGure 5.19A. Angiogram shows a long segment of stenotic lesion at the right
internal carotid artery (two arrows).

FiGURE 5.19B. Angiogram of the same patient shows moderate stenosis at the left
internal carotid artery (arrow).
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FIGURE 5.19C. Specimen shows severe stenosis with ulcers (two triangular arrows),
extended plaque into the distal internal carotid artery (three arrows). The proximal
end of the specimen is on the right hand side (two big arrows).

FIGURE 5.19D. Vein patch after endarterectomy with proximal (two arrows) and
distal (one arrow) ends. External carotid artery (triangular arrow) is seen in rela-
tionship with the vein patch.
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FiGure 5.20A. Angiogram shows high grade stenosis with near occlusion at the left
internal carotid artery (triangular arrows).

FiGure 5.20B. Angiogram of the same patient with status post-right carotid endar-
terectomy with widely patent common-internal carotid artery system (arrows) for
the past 12 years after surgery with primary closure.
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FiGure 5.21A,B. Angiograms show restenosis nine years after carotid endar-
terectomy and vein patch (arrows).
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Techniques for Transthoracic
Reconstruction of the Supraaortic
Trunks

RAMON BERGUER

The supraaortic trunks (SAT) are the branches of the aorta extending up to
the take-off of the vertebral arteries and to the carotid bifurcations.

Reconstruction of these vessels is usually done using the cervical
approach, generally with horizontal bypasses that often cross the midline.
In the seventies the popularity of the cervical approach was derived in part
from data indicating that direct anatomic reconstruction through the ster-
num was riskier and also from lack of familiarity with the transthoracic
approach. Today, improvements in anesthetic and surgical technique have
brought the mortality of transthoracic reconstructions down to 3-5%, simi-
lar to that noted following cervical reconstructions.

Reconstructions of the SAT have become more frequent. Patients with
multiple SAT lesions are seen more often since four-vessel arteriography,
including two views of the arch, is part of the standard work-up for patients
with cerebrovascular symptoms. In addition, it is accepted that about half,
if not more, of cerebrovascular ischemic pathology is caused by thrombo-
embolization as opposed to restriction of blood flow. Ulcerative disease
of the innominate artery, without severe stenosis, may cause the same
symptoms as a similar carotid bifurcation plaque. Since techniques for
extrathoracic reconstruction of the supraaortic trunks do not always permit
an easy exclusion bypass of thromboembolic lesions, particularly of the
innominate artery, indications for transthoracic reconstruction have in-
creased.

Today we limit the extrathoracic approach to patients who present with
symptomatic and single lesions of the subclavian or common carotid arte-
ries. These patients usually undergo a transposition of the involved vessel
into the neighboring subclavian or common carotid artery, whatever the
case may be. We have practically abandoned the technique of carotid sub-
clavian bypass for proximal subclavian artery disease except in patients
who have had a left internal mammary anastomosis to a coronary artery
and now have either coronary or arm symptoms because of stenosing dis-
ease of the proximal subclavian artery. These patients must be managed by
carotid subclavian bypass. The cervical approach is also considered in pa-
tients who had a previous midsternotomy, particularly if done for an aorto-
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coronary bypass operation, and in those patients who have poor pulmo-
nary reserve. In the first case reentering the mediastinum is fraught with
complication, and injury to a previously placed aortocoronary bypass could
be fatal.

The transthoracic approach .is recommended for severely stenosing or
embolizing lesions of the innominate artery and for the synchronous repair
of multiple lesions involving the innominate, subclavian and common
carotid arteries. It is also the technique of choice in patients who are to
undergo an aortocoronary revascularization and have severe and multiple
disease of the SAT. Both operations can be done in the same setting. If
present, the existence of severe left proximal subclavian disease should be
repaired at the same time as the other symptomatic trunks if the patient
is a potential candidate for coronary artery reconstruction in the future, to
permit a later left internal mammary transposition.

By far the most common lesion involving the SAT is an atherosclerotic
plaque. The second, but much less common indication, is Takayasu’s dis-
ease, which typically involves all the SAT but spares the vertebral artery.
The latter is often the remaining avenue for brain supply in these patients.
Rarely, a posttraumatic aneurysm of the innominate artery or a chronic
embolus, lodging in one or more of the SAT, may constitute a surgical
indication.

Transsternal Reconstruction of the SAT

The incision is the standard midsternotomy usually prolonged for an inch
or two into the right side of the neck to obtain easy access to the bifurcation
of the innominate artery below the strap muscles. If the bypass is to be
tented to a carotid bifurcation, the incision is prolonged anterior to the
sternocleidomastoid on the appropriate side. If both carotid bifurcations
need to be exposed, the incision is usually prolonged into the right side, up
to the carotid bifurcation. A separate carotid incision on the left side will
be used to access the left carotid bifurcation. If the reconstruction is pro-
longed to the carotid bifurcation on one side, usually the right, the head is
slightly turned to the left. If both carotid bifurcations need to be
approached, the nasotracheal tube is brought over the midline and taped to
the forehead to permit rotation of the head to both sides for the carotid
anastomoses. The Swan-Ganz catheter is placed through the left side for
reconstructions involving the innominate artery or left common carotid
artery. If the left subclavian artery is one of the SAT to be revascularized,
the Swan-Ganz catheter is inserted through the femoral approach, since
exposure of the left subclavian through the midline requires division of the
brachiocephalic vein.

After division of the sternum and hemostasis of its periosteal edges, the
thymus is dissected through its midline and preserved for ulterior coverage
of the prosthesis at the time of closure. The brachiocephalic vein is dis-
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sected and any thymic or thyroid venous branches entering it are divided to
free the vein and permit its mobilization. On the right side the strap mus-
cles are divided to expose the bifurcation of the innominate artery and the
proximal portion of its two branches. The pericardium is opened from its
reflection, usually about the take-off of the innominate artery, down to the
right ventricular surface. The pericardial edges are cauterized and gently
tented up with stay sutures. The pericardial stays on the right side should
not be pulled tight to avoid interference with the drainage of the superior
vena cava.

The appropriate distal vessels are dissected. The dissection of the in-
nominate artery bifurcation must be done with care to avoid injuring the
recurrent nerve. The latter can be injured both when dissecting the
proximal right subclavian artery and when freeing the posterior wall of the
most proximal right common carotid artery. The proximal common carotid
and subclavian arteries are slung with tapes. If one of the distal anastomo-
sis of the graft is going to be made to the right carotid bifurcation, the latter
is dissected at this point. On the left side, if the disease of the common
carotid artery is located below the strap muscle, the artery is exposed
through the chest. If the disease of the common carotid artery extends
distal to the strap muscles, the left carotid bifurcation is approached
through a separate neck incision for the distal anastomosis of the left limb
of the graft.

Contrary to common belief, the proximal segment of the left subclavian
artery can be approached safely through an anterior sternotomy. This ex-
posure requires division of the brachiocephalic venous trunk to permit fur-
ther opening of the sternal retractor. The proximal left subclavian artery
can then be exposed up to the take-off of the left vertebral artery.

Endarterectomy of the Innominate Artery

We use this technique exclusively in individuals who have lesions involving
the distal half of the innominate artery. In those who have lesions of the
ostium of the innominate artery, which is the most frequent situation, the
proximal break-off of the plaque during endarterectomy often presents
technical problems. More importantly, the exclusion clamping of the in-
nominate artery may result in involuntary occlusion of the ostium of the
neighboring left common carotid artery or in the fracture of the plaque at
its origin.

The classic description by Wylie involves clamping the origin of the right
common carotid and right subclavian arteries as well as the origin of the
innominate artery, the latter with a partial exclusion clamp (the “J” clamp)
especially designed for this purpose. The endarterectomy should not be
carried deep into the external elastic lamina because this could lead to a
frail wall, which may be difficult to close and may cause bleeding. In most
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cases the endarterectomy is terminated proximally by cutting the plaque
and tacking the intima about the origin of the innominate artery with a
continuous suture. Failure to tack the intima may result in a flap or subin-
timal dissection of the aortic arch. The appeal of this operation is that it
reestablishes anatomic continuity and does not require the use of a pros-
thetic. Its indications, however, are limited.

Ascending Aorta to SAT Bypass

This is the technique most frequently used. The dissection does not need to
include the origin of the innominate artery or of the left common carotid
artery—it is limited proximally to the proximal ascending aorta where the
quality of this artery is best, and distally to the recipient vessels, whether
they be in the chest or in the neck.

Once an appropriate segment of the ascending aorta has been isolated,
the systemic pressure is pharmacologically lowered with nitroprusside or
isoflurance to 100-110 mm Hg systolic. Using a Lemole-Strong clamp (Fig
6.1) an adequate portion of the wall is excluded. The arterial line monitor
is observed, noting if there is any change in systolic pressure. If this is the
case it is likely that too much aorta has been excluded, causing outflow
obstruction and requiring replacement of the clamp. Once the clamp is
applied the excluded aorta is aspirated with a needle, seeing that it does
not fill again. An arteriotomy is made and a small sliver of the wall is
excised to facilitate anastomosis.

Choice of Graft

The graft we use is PTFE although a collagen-impregnated Dacron graft is
also suitable. When there is more than one trunk to be inserted, some
have advocated the use of an inverted bifurcation graft. This is not the best
solution because the geometry of the bifurcation graft is such that it will
usually result in crowding of the anterior mediastinum and compression of
the airway or venous structures. If one were to use an inverted bifurcation,
the limbs that will match an innominate artery or carotid are generally a
size 10 or 8. This will call for a prosthesis with a trunk of size 20 or 16,
which, after beveling for anastomosis, will require an unnecessarily large
aortotomy, will occupy too much space in the anterior mediastinum, and is
more likely to kink against the sternum or compress the anterior mediasti-
nal structures.

Our choice is a size 10 graft anastomosed to the ascending aorta. If the
artery to be bypassed is the innominate, a size 10 prosthesis will match well
the size of the distal anastomosis. To these, main graft branches of size 8
are added that will extend to the other SAT.
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FIGURE 6.1 Partial exclusion clamping of the ascending aorta and aortotomy. A
small sliver of the aortic wall is excised and the prosthesis is anastomosed to it with
open technique.

The proximal anastomosis is done to the ascending aorta using a con-
tinuous 3-0 polypropylene (Fig. 6.1). If the wall of the aorta is friable, it is
sandwiched between a Teflon strip outside and the graft inside. When test-
ing the proximal anastomosis, the patient is placed in Trendelenburg to
avoid causing embolization from any pocket of air in the proximal graft
that may escape into the ascending aorta rather than into the graft being
purged. The graft is then clamped immediately above the anastomosis, and
the patient is returned to the normal position. If any branches (size 8) are
to be tented to the left common carotid or left subclavian artery, they are
sewn into the graft at this point. The anastomosis of a branch to the main
graft is done as low as possible to avoid kinking and crowding of the high
portion of the thoracic inlet. Once the side branch (or branches) has been
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FIGURE 6.2. In an aorto-innominate bypass the planes of the anastomoses at both
ends of the graft are at 90° from each other.

anastomosed to the main prosthesis, it is excluded with a clamp before
proceeding with the distal anastomosis of the main graft.

At this point 7000 units of of intravenous heparin are given, and the
distal vessels are prepared for anastomosis. If the distal anastomosis is to
be done to the innominate artery bifurcation (Fig. 6.2), the right common
carotid and subclavian arteries are clamped. The innominate artery is
clamped in its midportion and divided above this clamp. If the bifurcation
of the innominate artery is free of disease, the distal anastomosis is done in
an end-to-end manner using 5-0 polypropylene. It is best to use a thin
needle to suture this vessel which has a rather friable wall. The size 10
prosthetic tube lies better when it rests on top of the brachiocephalic vein.
Following the distal anastomosis and after appropriate backward and for-
ward bleeding, flow is resumed (Fig. 6.3), first into the arm and then into
the common carotid artery.

A number of configurations (Fig. 6.4) may be used for the distal anasto-
mosis of an innominate artery bypass depending on whether the disease
extends into the common carotid, subclavian artery or both.

There are two techniques that may be used if the distal anastomosis on



FiGURE 6.3. Sequence of declamping after completing the anastomoses of an aorto-
innominate bypass.
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FiGuRE 6.5. Distal anastomosis of the limb of a prosthesis to the carotid bifurcation
after transsection and eversion endarterectomy of the latter.

either side is to be made to a carotid bifurcation. One is to transsect the
common carotid artery and to open the carotid bulb posteriorly (Fig. 6.5).
This permits an eversion endarterectomy of the internal and external ca-
rotid arteries. The graft is then sewn end-to-end onto this arteriotomy as
a patch extending into the internal carotid artery. While this technique is
sound, it is sometimes noted in follow-up arteriograms that the elongation
inevitably occurring after transsection of the bifurcation and dissection of
the internal and external carotid arteries may result in a kink at the tip of
the patch. Our preference today is to do a standard endarterectomy of the
bifurcation plaque anastomosing the graft end-to-side to it as a patch (Fig.

<+
Ficure 6.4. Different solutions for the distal anastomosis of a bypass from the
ascending aorta to the bifurcation of the innominate artery.
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FiGURE 6.6. Distal anastomosis of the prosthesis limb to the carotid bifurcation
after a standard arteriotomy and endarterectomy. The distal end of the prosthesis is
sewn as a lay-on patch. The end-to-side anastomosis is made functionally an end-to-
end by the precise application of two large hemoclips secured with sutures,
obliterating the common carotid artery.

6.6). The proximal carotid artery is then excluded with two large hemoclips
affixed with sutures transforming this end-to-side into a functional end-to-
end anastomosis. Since the bifurcation has not been cut and freed, there is
less elongation or tendency to kink in the future.

Once the distal anastomosis of the main graft has been completed, flow
is established through it before clamping the opposite carotid. Failure to do
so may result in severe brain ischemia. The most frequent reconstruction
involves the innominate and left carotid arteries (Fig. 6.7). If all three
branches need to be revascularized, the main graft is placed in the in-
nominate artery, and the side branch is extended, usually to the left subcla-
vian artery implanting the left common carotid artery in this branch (Fig.
6.8). Under favorable anatomic circumstances one may also choose to
anastomose the side branch to the left common carotid artery, allowing a
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FiGure 6.7. The most common pattern of revascularization in transthoracic recon-
struction of the supraaortic trunks involves the innominate and left common carotid
arteries. The anastomosis of the left-sided branch should be low, near the proximal
anastomosis of the main bypass graft, so the the prosthesis emerges from the
mediastinum on the left side of the trachea.

bit of a loop that will permit an end-to-side anastomosis of the proximal left
subclavian to this graft.

The closure of the stump of the IA is done after reestablishing flow
through the bypass into the latter artery. The stump is closed with a mat-
tress suture in one direction, completed with an over-and-over suture in
the opposite direction.

When side branches extend to the left side, particularly to the subcla-
vian, it is important to loosen the sternal retractor to estimate the optimal
length of this branch. Failure to do so may result in redundancy or kinking
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FIGURE 6.8. One of the solutions to the revascularization of the three supraaortic
trunks.

of the side branch when the sternum is closed. Once the anastomoses
are completed heparin is reversed. The integrity of the pleural space is
checked. If the pleura has not been entered, a single mediastinal tube
is left in the low mediastinum and brought through a subxiphoid stab
wound. The thymus is approximated to cover the graft in the midline, sepa-
rating it from the sternum. Above the thymus the strap muscles may also
be approximated to cover the graft. The sternum is closed with wires, and
the skin and subcutaneous tissue are closed with polyglycolic suture.

Transthoracic Reconstruction of the Left Subclavian
Artery

The few indications for a transthoracic reconstruction of the left subclavian
artery are the need to repair this vessel in a patient in whom a previous
neck reconstruction, usually a carotid-subclavian bypass, has failed, and in
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FIGURE 6.9. Revascularization of the left subclavian artery through a left lateral
thoracotomy. The proximal anastomosis is constructed into the ascending aorta by
partial exclusion clamping. The distal anastomosis is end-to-end to ti.. first segment
of the subclavian artery.

individuals who have had neck irradiation or sepsis from a previous supra-
clavicular operation, making the dissection of the subclavian artery haz-
ardous.

The patient is intubated with a Carlens tube to decompress the left lung
during the operation. The approach is a left lateral thoracotomy through
the fourth intercostal space. After depressing the lung, the subclavian is
identified at the dome of pleura. The first segment of the subclavian artery
is dissected beneath the pleura, taking care not to injure the phrenic and
vagus nerves that cross in front of the left subclavian artery. The superior
intercostal vein runs between these two nerves.

Direct endarterectomy of the subclavian artery is hardly ever used. It
requires dissection of the distal portion of the arch and often presents prob-
lems with the break-off of the plaque at the level of the aorta. Our prefer-
ence is a bypass originated in the descending aorta. Once the subclavian
has been dissected, a segment of the proximal descending aorta is isolated
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for enough length to permit placement of a lateral exclusion clamp (Fig.
6.9). Once the clamp is applied the adequacy of this lateral clamping is
checked by a good distal pressure through a femoral arterial line. After a
needle aspiration indicates that the exclusion clamping is adequate, an
aortotomy is made and a size 8 PTFE graft is anastomosed using a 3-0
polypropylene suture. After testing this anastomosis the patient is sys-
temically heparinized. If a corrugated collagen Dacron graft is used, the
anastomosis is tested and the graft is clamped distally, allowing it to dis-
tend under pressure to assess the proper length needed to reach the sub-
clavian artery. The subclavian artery is cross-clamped and divided, and the
graft is anastomosed to it with 5-0 polypropylene suture. At the conclusion
of the anastomosis, flow is reestablished and heparin is reversed. High and
low chest tubes are left in the left thoracic cavity, and the thoracotomy is
closed.
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Techniques for Reconstruction of the
Vertebral Artery

RAMON BERGUER

The lesion most commonly affecting the vertebral artery (VA) is a plaque
stenosing its takeoff from the subclavian artery. This lesion alone is re-
sponsible for approximately 70% of all VA reconstructions. In its intra-
spinal course the VA is affected by atherosclerosis and by other entities;
however, from C, up to the atlanto-occipital membrane, where the artery
becomes intradural, the artery is usually spared from disease. The correc-
tion of compression or occlusion of the VA in its intraspinal course is done
by accessing the distal vertebral artery at the C,—C, intervertebral space.
This segment of the artery, as mentioned above, is seldom involved by
disease and is the widest gap between any of the transverse processes. This
permits the surgeon to work in the distal VA with relative ease. Very rare-
ly, usually in the course of repairing an aneurysm, will the VA have to be
dissected above the transverse process of C; in its horizontal portion below
the occipital bone.

Although the gist of this chapter is the discussion of technical options for
the repair of the VA, it is worth stressing beforehand that the standard
4-vessel arteriogram is often inadequate to identify all the potential lesions
of the extracranial VA. A full arteriographic study of the various intrinsic
and extrinsic lesions involving the VA often requires selective catheteriza-
tion of the parent subclavian artery, obtaining films with the neck and body
in special positions. It is also pertinent to note that unless the surgeon is
dealing with a thromboembolic lesion, unilateral VA lesions in patients
who have a normal contralateral VA do not constitute a surgical indica-
tion. When patients are operated to correct flow-restrictive lesions, these
must be severe and involve both vertebrals or the clearly dominant one.

Technique For Proximal Vertebral Artery
Reconstruction

There are two techniques to correct severe lesions of the ostium of the VA.
The best and simplest technique is the transposition of the proximal VA to
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the posterior wall of the adjacent common carotid artery. In our practice,
this technique is used in over 90% of proximal VA reconstructions. There
are, however, circumstances where cross-clamping of the common carotid
artery is not desirable, such as when the contralateral internal carotid
artery is occluded or when the ipsilateral common carotid artery is severely
diseased. In such cases the reconstruction of the VA is based on the ipsi-
lateral subclavian, either by tending a subclavian-vertebral bypass or, if
there is enough redundancy in the VA, transposing it to another subclavian
site.

For a transposition of the proximal VA to the common carotid artery,
the VA is approached through the intersternocleidomastoid space. The
short oblique incision at the base of the neck, drawn from the head of the
clavicle, allows dissection between the two bellies of the sternocleidomas-
toid as they separate near their lower insertions. The jugular vein encoun-
tered at the bottom of the field is retracted laterally with the vagus nerve.
The common carotid artery is dissected and slung with silastic tape. The
surgeon then exposes the common carotid artery as far down into the
mediastinum as feasible. The thoracic duct is identified, ligated, and cut as
it emerges from behind the common carotid artery to curve transversely
into the left jugulo-subclavian confluent. On the right side accessory ducts
are regularly seen. These lymphatic vessels are ligated and then divided to
avoid a postoperative lymph leak. The main anatomical landmark for

FiGure 7.1. The approach to the proximal vertebral artery. The division of the
vertebral vein permits identification of the underlying vertebral artery.
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Ficure 7.2. Left: Relationship of the lower sympathetic ganglia to the vertebral
artery. Right: After division of its origin the artery is passed through this loop,
freeing any attachments that might exist between the sympathetics and the adventi-
tia of the artery without damaging either.

finding the VA is the vertebral vein. Once this vein is identified it is doubly
ligated and divided (Fig. 7.1). The VA lies beneath it.

The anatomy of the sympathetics as they relate to the VA at the base of
the neck merits some mention. The middle cervical ganglion when located
low in the neck (below Cg) is also called the intermediate ganglion. The
lower cervical ganglion in the majority of patients fuses with the first tho-
racic ganglion to form the stellate ganglion. The connections between the
middle and lower (or stellate) ganglia pass both in front and behind the VA
and must be preserved during dissection of its first segment. We normally
isolate the artery above and below the sympathetic trunks (Fig 7.2). After-
wards, with the patient systemically heparinized, the VA is divided from
the subclavian artery pulling its distal end free through this sympathetic
loop while freeing whatever adhesions there may be between the sym-
pathetic nerves and the adventitia of the artery. The VA is then brought
into proximity of the common carotid artery for anastomosis. The VA is
prepared for anastomosis by spatulating its end. The common carotid
artery is cross-clamped and an arteriostomy made in its posterior wall with
an aortic punch. The anastomosis of the VA to the common carotid is done
by open technique using 7.0 polypropylene suture.
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Technique for Distal Vertebral Artery Reconstruction

Reconstruction of the distal VA requires techniques that are lesser known.
The approach to the artery is at the level of the C,—C; interval between the
transverse processes. Although there are three main technical alternatives
for reconstruction of the VA, the approach to the C,—C; segment is the
same for all of them and is described below.

The incision is anterior to the sternocleidomastoid. The neck is
approached through the retrojugular space dissecting between the jugular
vein and the sternocleidomastoid muscle and isolating the spinal accessory
nerve. This nerve is followed up to the level of C;. This prominent bony
landmark is easily identified by the palpating finger. After removing some
of the fibrofatty tissue that covers the levator scapula, its anterior and pos-
terior edges are identified. The anterior ramus of C, or its branches are seen
emerging from beneath the anterior edge of the levator scapula (Fig. 7.3).

\ \\\\
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Ficure 7.3. Identification of the anterior edge of the levator scapula.
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FiGure 7.4. Once the levator has been divided, the anterior ramus of C, can be cut
before its bifurcation.

The levator scapula is cut immediately below its insertion at C;. This per-
mits identification of the trunk of the anterior ramus of C,. This nerve
trunk is cut proximal to its division (Fig. 7.4).

Cutting the anterior ramus of C, permits identification of the VA, which
runs perpendicularly and beneath it, surrounded by the vertebral veins
(Fig. 7.5). The vertebral veins are dissected away from the VA, and the
latter is then looped and freed for a sufficient length to construct an anasto-
mosis to it.

Three basic techniques are used in the reconstruction of the distal VA
once the segment C;—C, is dissected. The most frequent is a common
carotid to distal VA autogenous saphenous vein bypass. In this technique,
once an appropriate saphenous vein has been obtained, the patient is
heparinized and the distal VA is cross-clamped. The anastomosis of the
vein graft to the artery is end-to-side (Fig. 7.6) using an open technique
and, if the artery is small, interrupted stitches in the upper half. The suture
should be 7.0 or 8.0 polypropylene. Once the anastomosis is completed it is
back bled and tested. If suitabie, the proximal end of the vein graft is



FIGURE 7.5. A suture retracts the distal end of the anterior ramus of C,. The verte-
bral artery covered by the vertebral vein plexus is deep to the nerve and perpen-
dicular to it.

104
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FiGure 7.7. Schematic representation of the common carotid to distal vertebral
bypass. Note the distal anastomosis has been converted functionally into an end-to-
end junction by the application of a hemoclip below it.

passed under the jugular vein and anastomosed to the common carotid
artery. For this the common carotid artery is cross-clamped clearly below
the bifurcation so as not to involve any plaque that may be present there
(Fig 7.7).

An alternative technique for reconstruction of the distal VA is to trans-
pose the external carotid artery to it (Fig 7.8). This operation is usually done
in younger individuals who have extrinsic compression of the VA in the
intraspinal portion and carotid bifurcations free from atheromatous dis-
ease. The appeal of this technique is that it does not involve clamping of
the internal carotid artery. The external carotid artery is dissected to a

<
FiGure 7.6. Distal anastomosis of the common carotid to distal vertebral bypass.
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FiGure 7.8. Transposition of the external carotid to the distal vertebral artery.

point beyond the digastric muscle, ligating all of its branches and dividing
the end of the dissected segment. The freed external carotid artery is ro-
tated in front of the internal carotid artery, passed under the jugular vein
and anastomosed to the distal VA either end-to-side, as described for the
vein graft technique or, if the artery is a bit short, end-to-end. The VA in
the latter case is swung toward the external carotid artery for an easy
reach.

The third technique for reconstruction of the distal VA is the transposi-
tion of the distal VA to the cervical internal carotid artery (Fig. 7.9) by an
end-to-side anastomosis, which will make the distal VA a branch of the
distal cervical internal carotid artery. For this the internal carotid artery
and the distal VA are freed for an adequate length to permit swinging the
latter into the former. The anastomosis is end-to-side. If the arteries are
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Ficure 7.9. Transposition of the distal vertebral artery to the distal cervical inter-
nal carotid artery.

small the front half of the anastomosis may be done with interrupted su-
tures of 7.0 or 8.0 polypropylene. This technique should not be used in a
patient with a contralateral internal carotid occlusion because the risk for
cerebral ischemia would be prohibitive.
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Combined Carotid and Coronary
Artery Surgery

D.P. HALPIN, S. RIGGINS, J.D. CARMICHAEL, J.H. ISOBE,
J.L. MATHEWS, T.R. KAHN, and T.A. GASKIN

Summary

Simultaneous coronary artery bypass grafting (CABG) and carotid endar-
terectomy (CE) were performed on 133 patients over an eight-year period.
Twenty-seven patients (20%) had previous TIAs, 12 (9%) had previous
strokes, the remainder were asymptomatic (71%). All asymptomatic pa-
tients had greater than 85% stenosis of the internal carotid artery dem-
onstrated by noninvasive ultrasound and four-vessel angiography. CE was
performed prior to the sternotomy for coronary artery bypass under the
same anesthesia. Nineteen patients had bilateral carotid artery disease.

Postoperatively three patients suffered strokes (2.2%), an additional
three patients (2.2%) suffered transient upper extremity weakness; one
patient from each of these groups died. There were no post-op strokes or
TIAs in patients with bilateral carotid artery disease. Average length cf
hospital stay was 10 days. Our experiences lead us to conclude that the
morbidity/mortality of the simultaneous procedure is not affected by bi-
lateral carotid artery disease. We believe that in patients with symptomatic
coronary artery disease and symptomatic carotid artery disease, or asymp-
tomatic carotid artery disease with a high grade stenosis, simultaneous re-
pair of both lesions should be undertaken.

Introduction

Surgical management of combined carotid and coronary artery disease is
controversial. The incidence of carotid artery disease in patients under-
going coronary artery surgery is reported to range from to 6-16%,! while
the incidence of coronary artery disease in patients undergoing carotid
artery surgery in some series is as high as 25-54%.2 Patient mortality rate
for carotid artery surgery for those who have significant coronary artery
disease is reported by Ennix et al. to be as high as 18%,3 coronary-related
events accounting for 50-75% of late deaths in this group.4

108
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The incidence of stroke is reported to be as high as 10% in patients with
significant carotid artery disease who undergo coronary artery bypass
surgery. The initial period of hypotension associated with the institution of
extracorporeal circulation and the decrease mean and pulsatile flow and
pressure may be associated with sudden cerebral hypoperfusion in some
patients. In 1972 Bernhard demonstrated a significant reduction in cardiac
morbidity in a group of patients undergoing simultaneous carotid endar-
terectomy and myocardial revascularization compared with a similar group
undergoing staged carotid repair followed by coronary artery bypass graft
at a later date.> This combined approach was subsequently advocated by
others.%78 We present here our experience with the simultaneous ap-
proach to this complex lesion.

Materials/Methods

From 1982-1990, 133 patients had coronary artery bypass surgery and
carotid surgery performed simultaneously, Data was obtained from patient
chart review. A total of 84 men and 49 women were studied with an aver-
age age of 66 (range 45-88). A history of cigarette smoking and hyperten-
sion was present in 57% and 60%, respectively, 28% were diabetic, and
19% had type II hyperlipidemia. All patients had severe coronary artery
disease—30% presenting with unstable angina, 45% with stable angina.
Previous myocardial infarction, demonstrated by EKG, was present in
9.7%. Coronary angiography showed that 24% had left main stem disease.
One hundred thirty patients (76%) had triple vessel disease. Patients con-
sidered to be at risk for a stroke, either by the history of neurologic events
or by the presence of a carotid bruit, underwent ultrasonic duplex scan-
ning of the carotid arteries. All patients with a high grade (>85% carotid
stenosis) underwent arteriography and carotid endarterectomy, followed
by coronary artery bypass during the same anesthesia. Neurologic exams
were performed postoperatively in all patients. Cardiopulmonary perfu-
sion techniques were standardized with a bubble oxygenator and moderate
hemodilution and flow reduction (1.6 1/m2min) with cooling to 30°C.
Perfusion pressures were not modified unless they were consistently less
than 40 mm Hg.

Results

There were 15 postoperative complications in 133 patients (Table 8.1)
and three patients (2.2%) suffered permanent neurological deficit, two
of whom were able to live independently and one of whom died in the hos-
pital. Three more patients (2.2%) suffered transient upper extremity
weakness, which resolved completely. There were six (4.5%) post-op
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TaBLE 8.1. Postoperative complications.

Number %o

TIA 3 2.2

CVA : 3 2.2

Myocardial infarction 6 4.5
Ventricular dysfunction

requiring IABP 3 2.2

Operative morbidity in 133 patients

myocardial infarcts, demonstrated by EKG and enzyme changes. Average
hospital stay was 10 days (range 5-30). Nineteen patients were identified
with bilateral significant carotid stenosis, nine of whom had one occluded
internal carotid artery. None of these patients suffered neurologic mor-
bidity or mortality postoperatively.

Discussion

Various authors have reported their experience in dealing with coexisting
carotid and coronary disease. Initial reports of staged and simultaneous
procedures indicated a favorable outcome with the simultaneous approach.
Bernhard et al.> in 1972 reported on 31 patients, 15 having staged proce-
dures, the remainder simultaneous procedures. Three patients (20%) died
of cardiac complications prior to myocardial revascularization in the first
group, while only one patient (6%) in the second group had a permanent
neurological deficit. Morris and associates, in a retrospective study of 79
patients, compared both approaches and found the simultaneous proce-
dure gave the best long-term results.®

In contrast Craver et al. reported a series of 68 patients with no deaths
and a 7.5% incidence of stroke in patients undergoing simultaneous
procedures.10 Hertzer and colleagues at the Cleveland Clinic!! echoed this
high stroke rate in reporting 115 simultaneous operations. They noted an
8.7% incidence of stroke and a mortality of 4.3%. These results were com-
pared to stroke rate of 3.1% and a mortality of 1.7% in 59 patients who
underwent staged repair. It is of note that most of the morbidity occurred
in patients with contralateral carotid artery disease. If the contralateral
carotid was normal, neurological deficit occurred in only 1.5%. With a
contralateral carotid stenosis of greater than 50%, the incidence of perma-
nent neurological deficit was 6.7%.

Similarly, Carey and Cuningnan!? encountered two postoperative
neurological deficits in four patients undergoing simultaneous procedures,
which they attributed to disease in the nonoperated carotid artery.

In contrast our series showed 19 patients identified with greater than
70% stenosis of the contralateral carotid artery, nine of whom had contra-
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lateral occlusion. There was no neurological morbidity or mortality in this
group.

From our experience and the data reported, several conclusions can be
reached. Carotid and coronary artery disease frequently coexist. Patients
seen for coronary artery surgery require clinical assessment for carotid
symptoms or a bruit. If present, neurological review, noninvasive studies
and, if necessary, contrast studies are indicated.

The presence of bilateral significant carotid artery stenosis in patients
with coronary artery disease does not influence morbidity or mortality
adversely.

The approach for patients with coexistent carotid artery and coronary
artery disease is not an obvious one. It should probably be tailored to fit
individual patients. In our hands simultaneous repair of carotid and coro-
nary arteries has substantial merit, the carotid artery being repaired prior
to CABG. The low neurological morbidity and mortality in our series and
others support the use of the combined approach.
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Anomalous Branch of Cervical
Internal Carotid Artery:
Embryological and Technical
Considerations

CALVIN A. RIDGEwWAY, ROBERT D. WIiLLIAMS, and
L. BEATY PEMBERTON

Arterial branches from the cervical portion of the internal carotid artery
are unusual. However, surgeons who perform carotid endarterectomies
encounter this situation occasionally. These branches may give rise to tech-
nical problems. This paper will report a case and discuss embryological and
technical aspects of cervical branches of the internal carotid artery.

Case Report

A 70-year-old white woman had a past medical history of a myocardial
infarction approximately one year prior to admission and mild hyperten-
sion. Her recent complaint of dizziness caused her physician to order a
duplex scan, which demonstrated high grade stenotic lesions of the internal
carotid arteries bilaterally. A digital subtraction angiogram was subse-
quently performed (Fig. 9.1), which revealed a high grade stenosis of both
internal carotids as well as a possible ulcerated lesion on the left side. Care-
ful examination of this angiogram revealed another vessel, running parallel
to the internal carotid artery, which appeared to be an artifact. At opera-
tion, with the left common, internal, and external carotid arteries clamped
and the shunt in place, there was troublesome back-bleeding. Further dis-
section revealed that the back-bleeding was caused by an ascending pharyn-
geal artery arising from the posterior surface of the internal carotid artery
approximately one centimeter above the bifurcation. One week later, a
right carotid endarterectomy was performed, and a duplicate of this artery
was identified.

Discussion

The six aortic arches arise from the aortic sac in the fourth week of
gestation.! (Fig. 9.2). They are not present at the same time. The first and
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Ficure 9.1. This angiogram demonstrates a high grade stenosis of the internal
carotid artery. The arrow points to the anomalous branch of the cervical internal
carotid artery.

second arches are gone by the time the sixth arch appears. By the eighth
week, the aortic and brachiocephalic vessels have their adult appearance.
The first arch yields the maxillary arteries and may provide portions of the
external carotid. The common carotid and portions of the internal carotid
arise from the third arch.'® The dorsal aorta also supplies a portion of the
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FiGure 9.2. Transition of the primitive aortic arches to the adult state. The stippled
area represents the dorsal aorta; the striped area is the third aortic arch. These
combine to form the adult internal carotid artery.

internal carotid. On the left side it continues as the descending aorta. The
external carotid artery is a branch from the third arch,! which connects to
portions of the vascular buds in the subpharyngeal region in order to pro-
vide the adult external carotid artery with, its branches.2-

Anomalies arise when the vascular buds connect first and second arch
remnants directly to the internal carotid instead of using the external ca-
rotid as an intermediary.2> The most frequent anomalous branch is the
ascending pharyngeal.4 Several reports have described occipital arteries
from the internal carotid.? In 1965 Seidel described complete obliteration
of the distal external carotid with all of its branches arising from the inter-
nal carotid.> Surgeons performing carotid endarterectomies will encounter
one of these unusual branches of the internal carotid arteries.

These internal carotid branches are important to consider in the diagno-
sis of carotid occlusive disease as well as in its surgical treatment. Littooy
described two cases of anomalous branches from the internal carotid that
provided blood flow into the distal internal carotid even though the plaque
had completely occluded the artery at its take-off from the common
carotid.® Both cases required additional dye studies. One required a ver-
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tebral injection with double subtraction in order to elucidate further the
anatomy of these arteries. He went on to say that patients with an occluded
proximal internal carotid artery with reconstitution must have a branch to
maintain patency. Usually, a completely occluded internal carotid artery is
a contraindication for a carotid endarterectomy. However, if the internal
carotid receives blood flow from an anomalous branch, then the internal
carotid is not completely occluded. These patients are still physiologically
candidates for a carotid endarterectomy.

During the performance of the endarterectomy, back-bleeding from
these arteries may be troublesome.’-8 Brown described a case where the
internal carotid bifurcated into two equal vessels with the anterior vessel
providing normal circulation and the posterior vessel providing vertebral
basilar circulation. Performance of this operation required the use of two
Javid shunts, but he still had trouble with back-bleeding. Branches may not
arise from the contralateral side.? In the case presented they were symmet-
rical. The branch did need to be occluded to prevent back-bleeding into the
operative field. Back-bleeding during a carotid endarterectomy is the most
common complication from all of these anomalous branches.

In addition, the surgeon must keep in mind that the vagus nerve travels
in the carotid sheath directly posterior to the normal internal carotid
artery. Meticulous dissection techniques must be used in order to prevent
injury to the vagus nerve with its subsequent complications.
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Current Concepts for the
Pathogenesis of Abdominal
Aortic Aneurysms

JoN R. CoHEN

Abstract

The classic description of abdominal aortic aneurysms as random variants
of atherosclerosis occurring at a weakened site in the aortic wall is now
being challenged by an increasing amount of data from recent clinical,
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