Interventional Neuroradiology 5:11-18,1999

An Experimental and Angiographic
Explanation of Why Ulcerated Carotid

Bulbs Embolize

S.G. IMBESI, CW. KERBER*

Department of Radiology, Hospital of the University of Pennsylvania; Philadelphia, Pennsylvania
* Department of Radiology, University of California, San Diego Medical Center; San Diego, California

Key words: flow dynamics, vascular pressure, carotid stenosis, ulcerated atherosclerotic plaque, angiography

Summary

The flow dynamics and pressure relationships
in an ulcerated atherosclerotic carotid bulb
obtained at post-mortem were studied and corre-
lated with angiographic findings in a similar live
patient.

Using the lost wax technique, we created repli-
cas of an ulcerated atherosclerotic carotid bulb
from a fresh cadaver, and placed those replicas
in a circuit of pulsating non-Newtonian fluid.
Flow profiles were adjusted to replicate human
physiologic flows, and flow rates of 400, 600, and
800 milliliters per minute were evaluated. In the
replicas, the slipstreams were opacified with iso-
baric dyes, and images were recorded both on 35
mm film and on SuperVHS high speed video.
Data were collected from needles placed radial-
ly in the common carotid artery, in the region of
the maximal atherosclerotic narrowing, and in
the internal carotid artery. Though pressure rela-
tionships could not be obtained in the live
human for ethical reasons, angiography in a sim-
ilar stenosis was evaluated for slipstream
dynamics.

The post-mortem replica had a 55% diameter
stenosis (88% area stenosis) of the carotid bulb
with a shallow 3 mm ulcer.

Flow in the common carotid artery showed

undisturbed slipstreams, but as these slipstreams
entered the narrow bulb, they crowded together,
accelerating dramatically, with a jet continuing
distally beyond the maximal narrowing for at
least 2 vessel diameters, where flow again
became normal. As fluid entered the narrowed
bulb, radial pressures decreased and within the
ulcer a vortex circulation was found. Similar
findings were observed on the angiographic
images of the live patient.

This combination of events, the slowly
swirling fluid in the ulcer, which would allow
platelet aggregates to form, and the intermittent
low pressure of the Bernoulli effect which could
pull the aggregates into the adjacent rapidly
flowing blood may help explain how ulcerated
carotid plaques lead to embolic stroke.

Introduction

Distal embolisation of thrombus from nar-
rowed carotid bulbs is a well recognized source
of ischaemic infarction. To that end, carotid
artery flow dynamics have been investigated
but the studies have generally involved normal
vessels, and direct pressure measurements from
the changes caused by atherosclerosis have not
been extensively studied .
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Figure 1 Needle tip placements during radial pressure
recordings: A) common carotid artery; B) stenotic ulcerated
bulb; C) internal carotid artery.

We have recently obtained a fresh cadaver
containing an ulcerated stenotic bulb, have
made accurate castings and reproductions of
that carotid system, and have studied the flow
dynamics and pressure relationships in it °.
Rapid serial angiography in a patient with a sim-
ilar ulcerated narrowing was analyzed to verify
the findings seen in the replica.

We would now like to report the results of our

observations.

Material and Methods

Using a previously described technique, we
created an accurate casting of an ulcerated ath-
erosclerotic carotid bulb from a fresh human
cadaver ",

Accuracy of the casting and the resultant
replicas reproduced the original specimen to
within 1%. The clear silicone replicas were
placed in a circuit of pulsatile non-Newtonian
fluid =

Fluid flow was provided by a heart pump
(model 1421, Harvard apparatus, S Natick, MA)
cycling at one pulse per second with fluid flows
adjusted to replicate human physiologic flow
profiles. Flow profiles were analyzed with a
Square Wave Electromagnetic Flowmeter
(Carolina Medical Electronics, Inc., King, NC),
so that internal carotid artery flow during dias-
tole was 40% that of peak systole. Diastolic
flow in the external carotid artery fell to zero,
replicating flow profiles found in normal
humans by ultrasonography. Total common
carotid artery flow rates at 400, 600, and 800
milliliters/minute (mL/min) were evaluated.
Though in normal humans only about 30% of
common carotid artery flow enters the external
carotid artery, the stenosis resulted in about
50% of the total flow passing into the external
carotid artery. We opacified the slipstreams
with isobaric colored dyes, and recorded our
images both on 35 mm film and on high speed
super VHS video at shutter speeds of 1/1000
second. The pressure recording device (Dual
Pressure Recorder, Opt. 21, Tektronix #414,
Beaverton, OR) was calibrated in the non-
Newtonian fluid and synchronized to the blood
pump by an electrocardiograph monitor to
record systole.

Blunt 23-gauge needles recorded radial pres-
sures along the vessel wall. Radial pressure is
the pressure perpendicular to the long axis of a
vessel and is the pressure recorded by a blood
pressure cuff. Radial recordings were made at
three locations: the common carotid artery (2-3
vessel diameters proximal to the bulb), the
internal carotid artery (2-3 vessels diameters
distal to the bulb), and within the atherosclerot-
ic stenosis (figure 1).

A magnified cut film angiogram was per-
formed in a live patient to evaluate transient
cerebral ischaemia.

The patient had an ulcerated stenotic carotid
bulb. Images were obtained at a rate of three
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Figure 2 Ulcer entry and exit flow analysis. A) There is
slipstream entry into the distal neck of the ulceration
(arrow). B) Sluggish swirling slipstreams in a reverse vortex
pattern are seen within the ulceration. C) Injections into dif-
ferent slipstreams show an opacified slipstream exiting the
proximal neck of the ulcer (arrow) and being sucked into
the central jet of the stenosis.

films per second for a total of six seconds, and
the resulting images were studied both from the
plain film radiographs and with subtraction
technique.

Results

For descriptive purposes, we will consider the
internal carotid artery and the bulb a posterior
structure, and the external carotid artery an
anterior structure.

Measurements

The diameters of the vascular cast from the
cadaver were measured in the regions where
the pressure measurements were obtained. The
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Figure 3 In vivo angiographic flow analysis. A) Slipstream
entry into the distal neck of the carotid bulb ulcer (arrow).
Film subtraction technique used for slipstream visualization.
B) Vortex circulation is seen within the ulcer cavity. C)
Slipstream exit from the proximal neck of the ulcer into the
central jet of the stenosis (arrow).

Table 1 Radial Pressures: peak systole / peak diastole

(x Vessel segment \
CCA Stenosis ICA
400 26/14 21/10 21/11
Q 600 43/22 27/16 34/17
800 52/23 39/16 44/22

QO = Flow milliliters/minute (mL/min); CCA = Common
carotid artery; Stenosis = Stenotic atherosclerotic bulb; ICA =
Internal carotid artery; Pressures measured in centimeters of

water (cm H20)

4
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high radial pressure

low radial pressure

Figure 4 Graphic depiction of area-velocity and velocity-pressure equations. Vector length is proportional to vector mag-

nitude.

common carotid artery measured 7.2 mm. In
the narrowest portion of the atherosclerotic
plaque, the internal carotid artery measured 2.5
mm.

Distal to the bulb, the internal carotid artery
measured 5.5 mm.

The ulcer was shallow, measuring 5.0 mm
long, 2.9 mm wide, and 3.3 mm deep. These val-
ues equate to a 55% diameter stenosis using
NASCET criteria and an 88% area stenosis of
the carotid bulb.

The diameters taken from the angiogram
radiographic projections in a single plane were
6.3 mm at the narrowest portion of the carotid
bulb, and 7.4 mm at the internal carotid artery
measurement site. This equates to a 15% diam-
eter stenosis of the carotid bulb by NASCET
criteria.

Slipstream Flows

In the common carotid artery, the slipstreams
were undisturbed and parallel to the vessel side
wall. As in a human, these slipstreams were of
generally equal velocity.

As the slipstreams entered the bulb though,
they crowded together and accelerated signifi-
cantly. Beyond the narrowing, a central high-
velocity jet continued for a distance of two to
three vessel diameters, passing mostly along the
posterior wall of the internal carotid artery.

In the immediate post-stenotic segment,
there was disturbed flow around the periphery
of the jet, with slipstreams eddying circumfer-
entially, but mostly anteriorly. As the slip-
streams passed more distally into the internal
carotid artery, 2-4 vessel diameters down-
stream, they regained a more normal profile,
and assumed a helical flowing pattern espe-
cially in regions of vessel curvature. Some fluid
slipstreams entered the distal portion of the
ulcer, swirled along the posterior plaque oppo-
site the direction of normal flow, and then exit-
ed via the proximal opening of the ulcer (fig-
ure 2).

The angiographic images show a similar
reverse vortex flow within the atherosclerotic
ulcer of the live patient (figure 3).
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Pressures

Radial pressure recordings throughout the
cardiac cycle at flow rates of 400, 600, and 800
mL/min, which represent low, average, and high
physiologic flow states, yielded the results in
table 1.

As fluid entered the plaque narrowing and
accellerated, radial pressures fell. The same
inverse radial pressure to velocity relationships
continued for about two vessel diameters
downstream beyond the narrowing, but to a
lesser degree. Most important, at peak systole,
the lowest radial pressure with a sluggish vortex
circulation was found at the ulceration.

These lowered readings were not apparent at
a rate of 400 mL/min, but their relationships
became obvious at the higher flow rates. We did
not attempt invivo pressure correlation in the
live patient because of ethical considerations.

Discussion

Ischaemic stroke remains a major problem in
western countries, and it is likely that the major-
ity of ischaemic strokes originate from an ath-
erosclerotic carotid bulb. It is difficult to study
what effect flow dynamics have on the origin
and development of ischaemic stroke as flowing
blood is opaque, and most of the methods used
to study it are invasive, with the exception of
duplex Doppler ultrasonography.

Angiography, for example, provides superb
anatomic detail of both normal and stenotic
arteries, but unfortunately gives essentially no
physiologic data. Magnetic resonance angiogra-
phy can provide physiologic information, but is
relatively underutilized today for this.
Individual slipstream flows and, more impor-
tantly, pressure changes cannot be measured by
either of these modalities.

We have used clear elastic silicone vascular
replicas which we have created from fresh
human cadaver sources to allow a high resolu-
tion detailed recording of individual slipstream
profiles in an attempt to understand carotid
flow dynamics better.

Also, we are able to make in vitro measure-
ments of physiologic forces such as pressures.
Understanding these slipstream dynamics and
those forces may provide important insight into
pathologic processes. The angiographic series of
images provides invivo confirmation of what
was found in the laboratory and lends credence

to the experimental observations and the sub-
sequent conclusions.

The underlying mathematics relating velocity
to pressures is relatively simple. The radial pres-
sure changes inversely and proportionally to
the fluid velocity as described by the following
equations **.

A1vi = A2v2 [equation (Eq) 1]
where A = cross-sectional area

and v = fluid velocity

Pi+ 2pvi2 = P2 + Y2pv22 [Eq 2]
where P = radial pressure,

p = fluid viscosity, and

v = fluid velocity

Thus in a Newtonian system (which is a sim-
plification - blood being a non-Newtonian
fluid) as arterial cross-sectional area decreases,
the fluid velocity increases, and the radial pres-
sure decreases (e.g.if A2 < A1,thenv2>v1[Eq
1] and if v2 > v1, then P2 < P1 [Eq 2]) (figure 4).
The physical principles thus favor a lower pres-
sure in the stenosis during the highest velocities,
e.g. during peak systole.

Conclusions

How does this help us understand distal
embolisation? Following analysis of the fluid
slipstream profiles, we found that in the com-
mon carotid artery, slipstreams in the replica
were similar to those found by Doppler ultra-
sonography; that is all velocity vectors were
nearly equal, except for those near the artery
wall’s boundary layer, where velocities fell
rapidly toward zero .

At the site of the stenosis, the opacified slip-
streams crowded together and' accelerated
within the narrowing. Despite the narrowings
caused by the plaques, fluid slipstreams in the
poststenotic segment were non-turbulent,
though disturbed.

As important, vortexes and reverse swirling
flow were evident within the atherosclerotic
ulcer cavity. If the ulcer cavity is denuded of
endothelium, the combination of the slow
swirling flow and the lack of endothelium
would result in platelet activation and aggrega-
tion as well as thrombus formation. It was not
possible to see the individual slipstreams in the
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human internal carotid artery because of com-
plete mixing of the contrast agent.

Further, it must be remembered that contrast
agent is not perfectly physiologic as it is denser
than human blood. However, due to the slow
swirling flow in the ulcer cavity, opacified indi-
vidual slipstreams could be identified and con-
firm the laboratory observations.

In comparison to the radial pressures mea-
sured in the common carotid and internal
carotid arteries, radial pressures in the high
velocity stenotic segment decreased. In particu-
lar, this relationship of radial pressure decrease
found at the stenotic ulcerated bulb was most
profound during periods of maximal flow veloc-
ity (peak systole).
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EDITORIAL COMMENT

An Experimental and Angiographic Explanation of Why Ulcerated Carotid Bulbs
Embolize.

The mechanisms of ischaemia were initially believed to be mainly ischaemia and that carotid
stenosis had therefore and important role to play in this. This, however, is increasingly being
recognized, as being a less common mechanism and embolic phenomenon has now been
recognized as a more important factor.

The authors have created a model to allow them to test a theory. It has presented us with
some evidence that lends credence to their belief that the cause of strokes could be attribut-
able to embolisation from ulcerated plaques in the carotid and the mechanism for this.

The need to study flow abnormalities in the carotid bulb have taken a new impetus with the
attention that carotid stenting is now receiving. The understanding of flow characteristics
here in the presence of stenotic and ulcerated lesions has become essential to allow us to bet-
ter decide the manner in which these lesions should be regarded and how these should be
treated. The role of protected angioplasty could well be better assessed if we also understood
the role played by plaque ulceration.

The use of flow models is not new but the role of these models could have an important
impact on the understanding of the nature of both stenotic and high flow lesions.

It is difficult to understand the apparent slowness of medical doctors to embrace the new
computer technology and capabilities that it has to offer. Could this model have been simi-
larly constructed on a computer? We could be encouraged to begin assessing the ability of
computer science to assist us in better understanding the relation between haemodynamics
and pathology and how we can alter or correct these to treat problems.

Robert Kwok
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