Intracranial collateralization determines
hemodynamic forces for carotid plaque disruption
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Introduction: Percent diameter reduction provides an imperfect assessment of the risk for stroke from carotid atheroembolism.
Stroke associated with atherosclerotic carotid stenosis commonly results from plaque disruption brought about by hemody-
namic shear stress and Bernoulli forces. The aim of the present study was to predict the effect of incomplete intracranial
collateralization through the circle of Willis (COW) on disruptive hemodynamic forces acting on carotid plaques.
Methods: A simple circuit model of the major pathways and collaterals that form and supply the COW was developed. We
modeled the intra- and extracranial arterial circuits from standard anatomic references, and the pressure-flow relation-
ships within these conduits from standard fluid mechanics. The pressure drop caused by (laminar and turbulent) flow
along the internal carotid artery path was then computed. Carotid circulation to the brain was classified as being with or
without collateral connections through the COW, and the extracranial carotid circuit as being with or without severe
stenosis. The pressure drop was computed for each scenario. Finally, a linear circuit model was used to compute brain
blood flow in the presence/absence of a disconnected COW.

Results: Pressure drop across a carotid artery stenosis increased as the flow rate within the carotid conduit increased.
Poststenotic turbulence from a sudden expansion distal to the stenosis resulted in an additional pressure drop. Despite the
stenosis, mean brain blood flow was sustained at 4.15 mL /s bilaterally. In the presence of an intact (collateralized) COW, this
was achieved by enhanced flow in the contralateral (normal) carotid artery. However, in a disconnected COW, this was achieved
by sustained systolic and enhanced diastolic flow through the stenosed artery. For a similar degree of stenosis, flow and velocity across
the plaque was much higher when the COW was disconnected compared with an intact COW. Furthermore, the pressure drop
across a similar stenosis was significantly higher with a disconnected COW compared with an intact COW.

Conclusions: Incomplete intracranial collateralization through the COW results in increased flow rates and velocities, and therefore
large pressure drops across a carotid artery stenosis. This exerts large disruptive shear stress on the plaque compared with patients
with an intact COW. Percent diameter reduction provides an inaccurate assessment of risk for atheroembolic stroke. An assessment
of carotid flow rates, flow velocities, and the intracranial collateral circulation may add independent information to refine the
estimation of stroke risk in patients with asymptomatic carotid atherosclerosis. (J Vasc Surg 2011;54:1461-71.)

Clinical Relevance: Percent carotid narrowing is not an accurate method to assess risk of stroke in patients with carotid
stenosis. Stroke from carotid stenosis results from plaque disruption and atheroembolization. We developed a computer model
of blood flow through the carotid and intracranial system. We found that high carotid flow rates and velocities, and not tight
stenosis alone, resulted in high disruptive shear stress and Bernoulli forces on the plaque. The highest flow rates occurred in
individuals without intracranial collateralization. Therefore, carotid flow rates, velocities, and the integrity of the circle of
Willis determine risk for carotid plaque disruption, independent of degree of stenosis.

The standard method to assess risk of atheroembolic
stroke in patients with carotid stenosis is the degree of arterial
narrowing. While asymptomatic patients with stenoses =60%
do benefit from carotid endarterectomy (CEA), the stroke risk
of 11.0% in medically treated patients is only reduced to 5.1%
with surgical treatment.'? Over 89% of asymptomatic pa-
tients with high-grade stenosis remain stroke-free with medi-
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cal therapy alone. Advances in and increased use of medical
management for atherosclerosis may have further reduced the
risk of stroke from asymptomatic stenosis. For these reasons,
there is continuing reluctance among physicians to revascular-
ize asymptomatic patients at the 60% stenosis threshold,* and
there is an urgent need to identify additional markers to
determine the risk for stroke from carotid atherosclerosis.
Stroke from carotid stenosis commonly results from
plaque disruption and atheroembolization. Biological factors
such as fibrous-cap erosion*® by macrophages,®® hemor-
rhage,’ and/or lipid core expansion'®!'' may render the
plaque vulnerable to disruption.'? While magnetic resonance
imaging (MRI)® and ultrasound B-mode imaging'*!® can
differentiate symptomatic ruptured from asymptomatic intact
plaques, noninvasive markers for plaques that are vulnerable
and will rupture in the future remain elusive. Another critical
factor in plaque rupture may be hemodynamic shear stress and
Bernoulli forces acting on the plaque to mechanically disrupt
it. There are several studies that provide evidence for the
existence of intraplaque hemorrhage or lipid necrotic cores
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within carotid plaques. These are based on histolo-
y, 101116718 yltrasound,**? and magnetic resonance imag-
ing™2%2! of the plaques. Large pressure drops across a stenosis
can act directly,>* or can apply shear stress to the plaque
manifesting as tensile stress at the proximal edge or shear stress
within the plaque,>*2® to cause plaque disruption; while
Bernoulli pressure depression due to high velocities within a
stenosis may promote intraplaque hemorrhage.?®
The aim of the present study was to compute the effect
of incomplete intracranial collateralization on disruptive
hemodynamic forces acting on a carotid plaque. To accom-
plish this, a simple circuit model of the major pathways and
collaterals that form and supply the circle of Willis (COW)
was developed. We modeled the intra- and extracranial
arterial circuits from standard anatomic references, and the
pressure-flow relationships within these conduits from
standard fluid mechanics. This model provided the basis for
an examination of the effect of an intact versus a discon-
nected COW on the hemodynamic forces acting on similar
sized carotid bifurcation plaques.

METHODS

Anatomic model. The brain is supplied by three arterial
spurs in each hemisphere branching from the COW: the
anterior (ACA), middle (MCA), and posterior (PCA) cerebral
arteries. The COW acts as a distribution manifold providing a
collateralized supply to these cerebral arteries. Three sources
provide inflow to the COW manifold: internal carotid arteries
(ICA), basilar artery (BA) formed by a confluence of the left
and right vertebral arteries (VA), and the ophthalmic artery
(OA), which is a branch of each ICA with collateral connec-
tions via the external carotid (ECA) to the common carotid
artery (CCA) where the ICA originates. Thus, the majority of
people have three redundant pathways to the COW, each with
a pair of potential inflow sources.

Only half of all people have a complete COW, while
45% have one segment missing or atretic. Five percent have
at least two segments missing, thereby disconnecting one
distal ICA from the BA and the contralateral ICA. This
leads to a non-collateralized (referred to as “disconnected”
in this study) COW. Any combination of COW segments
may be missing or nonfunctional; for this analysis, missing
segments modeled were the ACA and both PCAs. Despite
these missing segments, if each ICA supply is normal, then
the cerebral hemispheres will remain adequately supplied.

If the COW is complete, brain perfusion is not compro-
mised by a unilateral carotid stenosis because of collateral
supply from the contralateral ICA and BA. This collateral
compensation allows reduced flow rates to be maintained in
the stenotic ICA, which limits the velocity elevation in the
stenotic segment. The collateral compensation also maintains
arterial pressure in the affected distal ICA and normal perfu-
sion to the ipsilateral eye. However, a disconnected COW plus
an ICA stenosis results in pressure reduction in the ipsilateral
isolated COW segment. Although collateral supply via the
ipsilateral ECA-OA pathway can provide some compensatory
flow, perfusion of the ipsilateral cerebral hemisphere is still
primarily achieved by the ICA through the stenosis. To sustain
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a normal mean flow rate, this ICA will exhibit high intraste-
notic velocities. Concurrently, the arterial pressure supplied to
the ipsilateral eye will be low and the pulse will be delayed.

Physiological model. We assumed that normal mean
blood flow to each cerebral hemisphere was 4.15 mL/s. This
was derived from Poels, et al*”: hemispheric cerebral flow
~[(497.4 mL/min)/(60 s)]/2 = 4.15 mL/s. The mean
flow to each hemisphere includes 6 mL/s flow for 350 ms
during systole, plus 3 mL/s flow during diastole. As a result of
efficient autoregulation in the brain, this flow to each hemi-
sphere is preserved irrespective of the presence or absence of
carotid stenosis, as long as perfusion pressure remains above
60 mm Hg.?® In our model, none of the stenoses we tested
resulted in perfusion pressures below that threshold. Altered
flow to the brain via the ECA and VA were not modeled
because these collateral pathways contribute limited flow to
the brain, and were assumed to be open and connected to the
carotid.

Fluid mechanics assumptions. Pressure drop along
the carotid artery pathway was computed using methods
pioneered by Jean Poiseuille, Henry Darcy, Osborne Reyn-
olds, and Lewis Moody. They are expressed in three equa-
tions.

The Hagen-Poiseuille equation for pressure gradient in
a tube with laminar Newtonian flow was computed with
Equation 1.

dp/dL = (128pQ)/(wD*) (1)

The turbulent pressure gradient was computed using the
friction factor (f) and the Moody diagram, with Equation 2.

dp/dL = (8/(2))pQ%/ (D) (2)
where f increases with tube wall roughness.

Equation 3 for Reynolds number allowed identification of
the transition from laminar to turbulent flow and guided
the choice between using the Hagen-Poiseuille equation or
the Moody friction factor.

Re = 4Q/(wDm) = (intertial forces)/(viscous forces)

(3)
Added to the pressure drop of flow through tubes, the sim-
plified Bernoulli Equation (4) was used to define the maxi-
mum pressure drop at the exit of a stenosis into a normal
lumen where a sudden expansion allows turbulence to form
rather than a streamlined exit. If the transition is streamlined,
the kinetic energy is recovered as potential energy (pressure),
and there is no Bernoulli pressure drop. If the expansion is
sudden, the resulting poststenotic turbulence dissipates ki-
netic energy as vibrational energy (bruit, murmur, or heat)
causing the Bernoulli pressure drop.

8p = pV2/2 = (8/7)pQ/(D*) (4)

Abbreviations: dp/dL = pressure gradient; 8p = pressure
drop; Q = volume flow rate; D = lumen diameter; V =
blood velocity; p = viscosity; p = density; u/p = m =
kinematic viscosity; and m = pi; f= friction factor.

The pressure drop caused by flow along the ICA was
computed by adding the equations appropriate to each seg-
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Fig 1. Electrical equivalent circuit of the cerebral circulation. A, Detailed circuit of intra- and extracranial
circulation. B, Abbreviated circuit showing a left carotid artery stenosis and one representative collateral path. C,
Abbreviated circuit showing a disconnected circle of Willis (COW) with a carotid stenosis. D, Abbreviated circuit
showing an intact COW. EL, Left eye “Test Point”; ER, right eye “Test Point.” Details of the individual
components of the circuit, the anatomical structure they represent, and the values utilized to model a collateralized

and disconnected COW are as follows:

Value for disconnected
Cow

Value for
collateralized COW

100 mL/mm Hg
22.5 mm Hg/(mL/s)
15.0 mm Hg/(mL/s)
100 mL/mm Hg

e}

100 mL/mm Hg
21.0 mm Hg/(mL/s)
21.0 mm Hg/(mL/s)
100 mL/mm Hg

0

ee] o<}
e} e}
ee] o<}

Abbreviation Component

Cp1 Left brain capacitance
Ry Left brain resistance
Ryr Right brain resistance
Cgr Right brain capacitance
Rea Anterior COW resistance
Ry L post circle resistance
Rpr R post circle resistance
Ryp Left external resistance
Rer Left ICA resistance

Rgp. Left stenosis resistance
Rer Right ICA resistance
Rgr Right stenosis resistance
Rer Right external resistance

2.5 mm Hg/(mL/s)
0

2.5 mm Hg/(mL/s)
7.5 mm Hg/(mL/5s)

2.5 mm Hg/(mL/s)
0

2.5 mm Hg/(mL/s)
7.5 mm Hg/(mL/s)

ment of the carotid artery conduit for each of the following
scenarios: with /without intracranial cross-collateral connec-
tions, and with /without extracranial ICA stenosis.
Equivalent circuit model. A linear circuit model was
created to represent the cerebral circulation (Fig 1). This
consisted of brain components (a capacitor, C, in parallel
with a resistor, R), supplied by the carotid component
comprising a resistor. The average perfusion pressure dif-
ference between the aorta and cerebral veins is ~100 mm
Hg and hemispheric flow is ~4 mL/s, so the sum of brain
and carotid resistance is 25 mm Hg/(mL/s) (100/4 =

25). These values are derived from true readings.>” In 982
cases, cerebral blood flow = 497 + 86.2 mL/min = 4.14 =
0.7 mL/s (95% confidence interval [CI] 3.44-2.74). So if the
mean blood pressure is 100 mm Hg, the 95% CI on cerebral
resistance is 36.5 to 18.1 mL/s/mm Hg. Similar results were
reported by Fortune et al.>® The sum of brain and carotid
resistance was therefore modeled as 25 mm Hg/(mL/s). In
the nonstenotic side, carotid resistance was modeled as 2.5
mm Hg/(mL/s) and the brain as the remaining 22.5 mm
Hg/(mL/s); on the stenotic side with a disconnected COW,
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Fig 2. A, Pressure-dropsina 10-mm long carotid stenosis from laminar flow in the stenosis (Hagen-Poiseuille, dashed
lines) and from turbulence distal to the stenosis (Bernoulli, so/id lines). Results are shown for different carotid flow rates
(typical end-diastolic and peak systolic flow rates are 3 and 6 mL /s), and for different grades of carotid stenoses (normal
luminal diameter is assumed = 5.0 mm). B, Total pressure-drop across the entire carotid conduit ( bold line) by adding
the individual components (pressure-drop from laminar flow in the stenosis, distal turbulence, and laminar flow in the
remaining normal conduit). Derived combined resistance of the conduit = 10mHg/(mL/s).

carotid resistance was modeled as 10 mm Hg/(mL/s) and solved once using Py, = Py = Pgp, Cy = 2C; =2Cgg, Rc =
brain as the remaining 15 mm Hg/(mL/s). Component (ReL*Rer)/(Rer + Rep), and P = P /2 = P /2. In
values were chosen empirically to match the known flow and the scenario with a disconnected COW with isolated cere-

pressure values listed above. The resulting Equation 5, equat- bral hemisphere circulation, Equation 5 was solved sepa-
ing carotid flow with brain storage plus brain flow is: rately for each side. Thus, carotid blood flow and velocities
. required to perfuse the brain were assessed in scenarios with

(P(aorta) — P(COW))/(R(carotid)) and without an intact (collateralized) COW.

= C(brain) dp(COW)/dt + P(COW)/R(brain) (5)

Using the eye pressure pulsation (Py;) as a measure of the RESULTS

COW pressure, the equation can be rewritten as: Pressure changes with carotid stenosis. Anidealized
gradual stenosis with a streamlined distal end like a Venturi
tube will exhibit Hagen-Poiseuille pressure drop propor-
For the scenario with a complete COW, the equation was tional to stenosis length, but will not exhibit additional

(Py — Pg)/Re = CpdPy/dt + Pp/Ry (5)
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Brain blood flow in the presence of a carotid artery stenosis
with a complete circle of Willis
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Fig 3. Simulation of brain blood flow in the presence of a carotid artery stenosis and an intact (collateralized) circle of
Willis (COW). Results shown are for a 67% stenosis with a residual diameter of 1.5 mm and with poststenotic turbulence
(see center panel). The aortic (AP, cm Hg) and CP (cm Hg) remain identical in both, the stenotic (A) and the normal
(B) side. Of note the mean brain BF (mL/s) is sustained despite the stenosis but peak systolic CF (mL/s) is blunted.
Oculoplethysmography (OPG) recordings (C) demonstrate no difference between the two sides. Carotid velocities (D)
are appropriately elevated on the stenotic side (1.5 m/s) compared with the normal side (0.75 m/s). AP, Aortic
pressure (cm/Hg); BF, brain blood flow (mL/s); CF, carotid blood flow (mL/s); CP, COW pressure (cm/Hg).

Thickness of arrows indicate amount of blood flow.

Bernoulli pressure drop since there will be no poststenotic
turbulence. Conversely, if the stenosis ends abruptly or
irregularly, we anticipate a Hagen-Poiseuille pressure drop
contributed by the stenosis, followed by additional Ber-
noulli pressure drop from poststenotic turbulence. The
sum of these provides the total pressure drop at the distal
ICA and reflects the most common clinical presentation.

We first computed individual components of pressure
drops at systolic and diastolic flow rates assuming a 10-mm
long unilateral ICA stenosis. Fig 2, A demonstrates the results
of our analyses for pressure drops contributed by the stenosis
(Hagen-Poiseuille) and by the distal turbulence (Bernoulli),
for different grades of stenoses, and for typical flow rates
within the carotid artery. These represent the pressures en-
countered at the plaque. For these computations, we as-
sumed: baseline carotid diameter = 5.0 mm; physiological
end-diastolic flow = 3mL/s; and physiological peak systolic
flow = 6 mL/s.3°

We found that pressure drop increased as the flow rate
within the carotid artery increased. Pressure drop from the
stenosis alone (Hagen-Poiseuille) was small when the resid-
ual luminal diameter at the ICA stenosis was >1 mm. For
instance, at a peak systolic flow rate of 6 mL /s, the pressure
drop was only 12 mm Hg for a 10-mm long stenosis with
residual luminal diameter of 1.5 mm (Fig 2, A). When

additional poststenotic turbulence (Bernoulli) was mod-
cled, then the pressure dropped (Fig 2, A) an additional 46
mm Hg, and the total systolic pressure drop from this
stenosis became 58 mm Hg. Thus, a 70% ICA stenosis
(residual lumen of 1.5 mm), resulted in a severe (58 mm
Hg) or mild (12 mm Hg) pressure drop depending on the
shape of the distal end of the plaque.

The sum of pressure drop (1) across the plaque (Hagen-
Poiseuille plus Bernoulli) and (2) across the distal normal
arterial lumen (Hagen-Poiseuille) provides the total pres-
sure drop experienced across the entire carotid artery con-
duit. In Fig 2, B, the components of pressure drop in
successive segments of the carotid conduit were added
together to provide a total result (Fig 2, B, bold line).

Flow changes. In the combined pressure/flow diagram
(Fig 2, B), a sloped dotted line was added (labeled Resistance)
denoting stenotic lumen resistance = 10 mm Hg/(mL/s)
which is an approximation of the true pressure/flow line.
When the pressure/flow relationship is linear with a zero
intercept, the line can be represented as a “resistance,” and
linear circuit theory can be applied to the complex arterial
network supplying the brain. In our model, the circuit was
simplified to assess brain and carotid blood flow in the pres-
ence/absence of carotid stenosis and in the presence /absence
of a disconnected COW (Figs 3 and 4).
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Brain blood flow in the presence of a carotid artery stenosis
with a disconnected circle of Willis
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Fig 4. Simulation of brain blood flow in the presence of a carotid artery stenosis and a disconnected circle of Willis
(COW). Results shown are for a 67% stenosis with a residual diameter of 1.5 mm and with poststenotic turbulence
(see center panel). The CP (cm Hg) is significantly reduced on the side with a carotid stenosis (A) compared with
the normal side (B). Mean brain BF (mL/s) is sustained on the stenosed side through an elevation of diastolic flow
and prolonged systolic flow. The oculoplethysmography (OPG) recordings (C) demonstrate a delay in peak systole
with low amplitude on the side with a stenosis. Also of note, carotid velocities (D) were significantly higher on the
stenotic side in this scenario (3.2 m/s), compared with the normal side (0.5 m/s). AP, Aortic pressure (cm/Hg);
BF, brain blood flow (mL/s); CF, carotid blood flow (mL/s); CP, COW pressure (cm/Hg). Thickness of arrows

indicate amount of blood flow.

In a stenosis with a complete (collateralized) COW,
circuit simulation of each hemisphere separately (Fig 3)
showed that mean brain blood flow was sustained by in-
creasing the flow through the contralateral (normal) ca-
rotid artery. On that side, the ratio of peak systolic flow
(PSQ) to end diastolic flow (EDQ) was 11.02/4.62 =
2.39, and mean flow was 6.63 mL/s. On the stenotic side
the ratio was 2.76/1.15 = 2.40 and mean flow in the
carotid was only 1.67 mL/s.

In a symmetrically disconnected (non-collateralized)
COW, each ICA had to supply its own cerebral hemisphere
(Fig 4). Mean brain flow could not be sustained on the
stenosed side by increasing flow through the contralateral
side, and each ICA had to maintain a flow rate = 4.15
mL/s on its own. Circuit simulation showed that this was
achieved by a ratio of peak systolic flow to end diastolic flow
on the stenosed side of 5.48,/3.19 = 1.72, and on the
contralateral side of 7.48/2.80 = 2.67. Therefore, mean
flow was sustained in the stenosed carotid conduit (at 4.15
mL/s) by increasing diastolic flow and by spreading systolic
flow over a longer time period. Peak flow in the stenotic
carotid occurred 250 ms after the onset of systole, signifi-
cantly later than the 100 ms delay on the normal side. These
findings should prompt one to consider the possibility of
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Fig 5. Blood flow velocity across a carotid stenosis is influ-
enced by the carotid flow rate and by the severity of stenosis.
Assuming a mean normal internal carotid artery (ICA) diameter
of 5.0 mm, a residual luminal diameter of 2.5 mm will corre-
spond to a 50% stenosis and a residual diameter of 1.5 mm will
correspond to a 70% stenosis. The changes in carotid velocity
with increasing flow rates are plotted for individual degrees of
carotid artery stenosis. The residual luminal diameter is listed
against its corresponding plot in the graph.
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Table. Predicted hemodynamic parameters in the ipsilateral (67% stenosis) and contralateral (normal) internal carotid

artery with a collateralized or disconnected COW

Ipsilateral ICA Contralateral ICA
Collateralized Disconnected Collateralized Disconnected
Parameter COow CcCoOw CoOw CcCow
Peak systolic velocity 1.56 m/s 3.10 m/s 0.73 m/s 0.49 m/s
End diastolic velocity 0.65 m/s 1.81 m/s 0.30 m/s 0.18 m/s
Peak delay 150 ms 250 ms 150 ms 100 ms
Peak systolic flow 2.76 mL/s 5.48 mL/s 11.02 mL/s 7.48 mL/s
End diastolic flow 1.15 mL/s 3.19 mL/s 4.62 mL/s 2.80 mL/s
Mean flow 1.67 mL/s 4.15 mL/s 6.63 mL/s 4.15 mL/s
Systolic/diastolic ratio 2.40 1.72 2.39 2.67
COW, Circle of Willis; ICA, internal carotid artery.
A Pressure drop Arterial velocities were also affected by the status of
60 at peak systole COW collateralization. We modeled the two scenarios of
50 mmHg . . .
40 an intact versus a disconnected COW using the same
20 :{Z?assgedmp angiographic degree of stenosis (67%) in both cases
. 22 mmHg (Table). With a disconnected COW, a 67% stenosis
20 6 mu Incomplete demonstrated an end diastolic velocity that exceeded the
mL/s iy . .
E 40/ B cow traditional criteria (1.4 m/s) for severe stenosis (=70%)
8 20 Distal normal carotid - (Fig 4, D). The same 67% stenosis demonstrated a
a — 5 diastolic velocity below that criterion when the COW
o 0 / . .
> X was intact (Fig 3, D).
8 40 c 2 oststenofic ey’ Pressure changes with disconnected COW. We first
% 20 turbulence modeled a unilateral 10-mm long 67% ICA stenosis in the
§ // presence of a disconnected COW. The mean flow through
2 0 b each carotid artery was 4.15 mL /s, peak systolic flow was 6
40 mL/s for a short period of time, and diastolic flow was 3
20 Within stenosis ___—— mL/s for a longer period. Fig 6 shows the pressure drop
0 — across the normal distal conduit (Fig 6, B), from postste-
T T T T

3 6 mL/s
Carotid flow rate

Fig 6. Pressure drop across a 67% diameter-reducing carotid
artery stenosis in the presence of an intact circle of Willis
(COW). A depicts final pressure drop after summing the pres-
sure drops across the distal normal carotid segment (laminar
flow, Poiscuille, B), at the distal end of the stenosed segment
(turbulent flow, Bernoulli, C), and across the stenosed segment
(laminar flow, Poiseuille, D). The corresponding pressure drops
at peak systolic and peak diastolic flows are shown on A.

isolated intracranial anatomy. There was a corresponding
delay in oculoplethysmography (OPG) recordings and a
larger rise in carotid velocities compared with the collater-
alized case (Fig 3, Cand D).

Velocity changes. The relationship between ICA lu-
minal diameter (ie, stenosis) and velocity is affected by the
arterial flow rate. Velocity within a stenosis was plotted
against carotid flow rates with increasing stenoses (Fig 5).
Effects of turbulence, helical or parabolic flow, and the
Doppler angle were not included. Velocities obtained from
this model were consistent with clinical reports in the
literature, thereby validating our simple model.

notic turbulence (Fig 6, C), and across the stenotic
segment (Fig 6, D), respectively. Fig 6, A depicts the
sum of the pressure drops from the stenosis and the
poststenotic turbulence (ie, the total pressure drop that
the plaque would be subjected to as a function of flow
rate). At the carotid flow rates existing in patients with a
disconnected COW, the plaque experienced a pressure
drop of 50 mm Hg during systole and 22 mm Hg in
diastole.

We next modeled an identical stenosis (67%, 10-mm
long) in a patient with an intact COW (Fig 7). The normal
(contralateral, non-stenosed) carotid artery carried 80% of
total flow to the brain, and provided 60% of contralateral
hemispheric blood supply. In contrast to patients with a
disconnected COW, the same plaque in an intact system
would only be subject to a pressure drop of 15 mm Hg in
systole and 10 mm Hg in diastole (Fig 7).

OPG waveform changes. In the presence of'a carotid
stenosis, the degree of intracranial collateralization affects
the blood supply to the periorbital region. OPG displays a
tracing of each eye diameter waveform, (Figs 3, C and 4,
C). These graphs show that an uncollateralized stenosis is
associated with a significant and measurable delay in the
systolic peak.
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Fig 7. Pressure drop across a 67% diameter-reducing carotid
artery stenosis in the presence of a disconnected circle of Willis
(COW). A depicts final pressure drops after summing the pres-
sure drops across the distal normal carotid segment (laminar
flow, Poiseuille, B), at the distal end of the stenosed segment
(turbulent flow, Bernoulli, C), and across the stenosed segment
(laminar flow, Poiseuille, D). The corresponding pressure drops
at peak systolic and peak diastolic flows are shown on A.

DISCUSSION

Disruptive hemodynamic forces on carotid atheroscle-
rotic plaques are increased when intracranial arterial collat-
eralization through the COW is incomplete. In the absence
of COW collateralization, the mean carotid flow rate must
be sustained, even if this results in a significant trans-stenotic
pressure drop (Figs 4 and 6) thereby generating severe stress
(Fig 8). Large pressure drops across a stenosis can act di-
rectly,?? or can apply shear stress to the plaque.?*2%-3! If the
plaque core were liquid (and therefore unable to withstand
shear stress) then the proximal cap would relieve that strain by
rupturing. In contrast, the same plaque in a collateralized
system is subject to lower flow rates and lower pressure drops
(Figs 3 and 7), thereby rendering the plaque less vulnerable to
rupture (Fig 8). Percent diameter reduction has been used for
over half a century as the only scale for estimating the risk of
stroke from carotid plaques. Our analysis suggests that an
assessment of the intracranial collateral circulation may add
independent information to refine the estimation of stroke
risk.

Several techniques can assess the physiological integrity
of the COW. In this analysis, we modeled OPG since it is
well recognized that a delay in the systolic peak in its
waveform indicates uncollateralized carotid stenosis.>> OPG
simultaneously measures bilateral ocular and external carotid
pulses. Pulse delays reliably reflect reduced pressure in the
internal and/or external carotid arteries, respectively. The
pulse delay does not occur if the COW is intact and provides
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collateral flow. Computed tomography, magnetic resonance
angiography,?? or transcranial Doppler (TCD) may also as-
certain the anatomic integrity of the COW. Of these, TCD
would potentially provide the most cost-effective assessment
in a clinical environment.

Carotid auscultation for bruits has been a traditional yet
inaccurate method of screening for carotid stenosis. Al-
though ICA bruits have low specificity for carotid stenosis,
our results indicate that they may identify plaques most
likely to rupture. Carotid bruits indicate poststenotic tur-
bulence. According to our analysis (Fig 6), once a diagnosis
of carotid stenosis has been confirmed, then the presence of
a bruit could indicate a non-collateralized COW. In one
report, OPG pulse delay with an associated carotid bruit
carried a 17% risk of stroke with CEA compared with a 1%
risk in the absence of these findings.3*

The relationship between percent carotid stenosis and
risk for plaque disruption is modest at best. We found that
increasing carotid flow rates resulted in progressively larger
pressure drops (Figs 2, B and 6; Hagen-Poiseuille plus
Bernoulli), generating larger disruptive hydraulic shear
forces at the distal end of the plaque. Therefore, carotid
flow rate is an additional factor that must be considered in
assessing the risk for stroke.

If flow rate influences risk for plaque rupture, then any
situation that increases carotid flow rate and intrastenotic
velocities should also predispose to an atheroembolic
stroke. In atrial fibrillation (AF), the beat following a
prolonged RR interval (in an electrocardiogram) is associ-
ated with increased carotid flow rate and velocity because of
the uncompensated excess peak systolic pressure. Of note,
approximately 15% of patients with AF will experience a
stroke during their life-time.®® All ischemic strokes in these
patients are not necessarily cardiogenic. Fifty percent of
patients with AF have detectable carotid stenosis, and 11%
to 24% have stenoses >50%.3%*7 While it is difficult to
differentiate the etiology of ischemic stroke when two risk
factors coexist, in various reports 5% to 20% of strokes in
patients with AF have been attributed to atheroembolism
from their carotid plaques.®®-*° In this subpopulation of pa-
tients, strokes tend to occur more frequently and are more
extensive compared with those with AF alone. Our results
provide a potential explanation for the pathogenesis of athe-
roembolic stroke in patients with coexistent AF and carotid
plaques.

Patients with sleep apnea have a higher rate of stroke
compared with normal individuals. This risk has been at-
tributed to the increased incidence of hypertension, heart
disease, and coagulopathy found in these patients.*°*!
However, sleep apnea is also associated with hypercapnia
and consequent intracranial vasodilation, which is associ-
ated with an increase in carotid artery flow rates. While the
incidence of carotid plaques in sleep apnea patients is not
known, our analysis indicates that plaques in these patients
would be subject to increased hemodynamic disruptive
forces, thereby providing a potential explanation for the
increased stroke rates in these patients.
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Fig 8. Disruptive hemodynamic forces on extracranial carotid atherosclerotic plaques are increased when
intracranial arterial collateralization through the COW is incomplete. A, In the absence of COW collateralization,

the mean carotid flow rate must be sustained, even if this results in a significant trans-stenotic pressure drop
generating severe stress that could result in plaque rupture. B, In contrast, the same plaque in a collateralized
system is subject to lower flow rates, lower velocities, and lower pressure drops, thereby rendering the plaque less

vulnerable to rupture. Intraplaque vasa-vasorum are shown drawn in grown. A, Cross-sectional area of arterial
lumen; COW, circle of Willis; Pa, arterial pressure; S, shear; V, peak systolic velocity.

It is well known that a stenosis or occlusion in one ICA
may elevate velocities in the opposite ICA and, in some
instances, the elevation may be high enough to falsely
suggest that a stenosis is present.*>"** This has prompted
vascular laboratories to modify their threshold velocity
criteria for stenosis assessment when disease is present in
the opposite artery. Our results confirm these clinical find-
ings (Table), thereby validating our mathematical model.

Relative increases in shear stress of 170% have corre-
lated with an increased risk of plaque rupture.*® Li et al
have reported that wall shear stress (WSS) rises with increas-
ing stenosis severity and associated peak systolic velocities
(PSV) within the carotid artery.*® They found that a PSV of
1.47 m/s corresponded to a maximum WSS of 40 Pa; and
aPSV of 3.2 m/s corresponded to an increased WSS of 220
Pa. Our own modeling predicts a PSV of 3.1 m/s in a
carotid stenosis of 67% when associated with a discon-
nected COW. This corresponds to an extremely elevated
shear stress, well beyond the threshold that predicts a high
risk of plaque rupture.*®

Flow rate and velocity elevations in the carotid artery
varied with the integrity of intracranial collateralization
(Table), and we found that a disconnected COW caused a
significantly higher PSV in an ICA with a 67% stenosis
(3.10 m/s) compared with the PSV in an ICA with an
intact COW (1.56 m/s). Conversely, a disconnected COW
was not associated with a compensatory rise in PSV in the
opposite ICA (0.49 m/s), while a compensatory rise in
velocity did occur when the COW was intact (0.73 m/s).
This may explain why carotid velocities do not perfectly cor-
relate with angiographic stenosis,*” despite adjustments for
contralateral stenoses.** The possibility of a disconnected
COW must therefore be entertained when interpreting veloc-
ities for assigning degree of carotid stenosis.

Limitations. Our model does not account for variabil-
ity in pressure drops incurred by carotid lesions with irreg-
ular surfaces and mixed geometry. The variability is infinite
and thus impossible to account for in any model. However,
we have placed some simplified boundaries on the relation-
ship between pressure drop and flow. The exact relation-
ship between measured Doppler velocity and flow rate will
be affected by the stenosis morphology, but it will not
change the overall concept that collateralization through
the COW affects carotid flow and forces on the plaque. We
have not accounted for the VA or the ECA as potential
collaterals to the COW. We believe that for the purposes of
establishing the importance of collateralization through the
COW, and how it may affect the relationship between
Doppler velocity and anatomic stenosis measurement,
modeling for the VA or ECA may be useful, but not critical.
Our findings indicate an important role for a disconnected
COW in enhancing risk of atheroembolic stroke from
carotid stenosis. However, a disconnected COW also cre-
ates an isolated hemisphere that may present an increased
risk (as yet untested and unproven) for perioperative stroke
associated with CEA. As vascular surgeons, we have pro-
gressively improved our techniques for identifying cerebral
hypoperfusion during surgery (eg, stump pressure, awake
surgery, or neural monitoring), and taking actions to pre-
vent ischemia (selective shunting). For those that do not
utilize these techniques, mandatory shunting is an alterna-
tive. Carotid artery stenting may be another alternative in
such situations, since the ICA is occluded for only a few
seconds during the procedure. We would argue that fore-
knowledge of a disconnected COW will enhance outcomes
of carotid revascularization since it will forewarn surgeons
about these risks.
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CONCLUSIONS

We have developed a simple model of blood flow
through the carotid system that enhances understanding of
a complex network of vessels. Individuals with high carotid
flow rates and flow velocities, and not those with a tight
angiographic carotid artery stenosis alone, (although these
groups may overlap) are at a high risk for carotid plaque
disruption and atheroembolization. High carotid flow rates
and flow velocities are encountered in individuals without
intracranial collateralization through the COW. Additional
subgroups of patients with episodic increases in carotid
artery flow rates and velocities include those with sleep
apnea or cardiac arrhythmia, and may have an enhanced risk
for stroke. We suggest that carotid flow rates, flow veloci-
ties, and the integrity of the COW are key determinants of
the risk for carotid plaque disruption that must be evaluated
in patients with asymptomatic carotid plaques. Clinical
studies will be required to validate these findings.
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