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Cost Effectiveness of Assessing Ultrasound Plaque Characteristics to
Risk Stratify Asymptomatic Patients With Carotid Stenosis

Hediyeh Baradaran, MD; Ajay Gupta, MD; Yoshimi Anzai, MD, MPH; Alvin I. Mushlin, MD, ScM; Hooman Kamel, MD; Ankur Pandya, PhD

Background—Imaging may play an important role in identifying high-risk plaques in patients who have carotid disease and who
could benefit from surgical revascularization. We sought to evaluate the cost effectiveness of a decision-making rule based on the
ultrasound imaging assessment of plaque echolucency in patients with asymptomatic carotid stenosis.

Methods and Results—We used a decision-analytic model to project lifetime quality-adjusted life years and costs for 5 stroke
prevention strategies: (1) medical therapy only; (2) revascularization if both plague echolucency and stenosis progression to >90%
are present; (3) revascularization only if plaque echolucency is present; (4) revascularization only if stenosis progression >90% is
present; or (5) either plague echolucency or stenosis progression is present. Risks of clinical events, costs, and quality-of-life
values were estimated based on published sources and the analysis was conducted from a healthcare system perspective for
asymptomatic patients with 70% to 89% carotid stenosis at presentation. Patients who did not undergo revascularization had the
highest stroke events (17.6%) and lowest life-years (8.45), while those who underwent revascularization on the basis of either
presence of plaque echolucency on ultrasound or progression of carotid stenosis had the lowest stroke events (12.0%) and longest
life-years (14.41). The either plague echolucency or progression-based revascularization group had an incremental cost-
effectiveness ratio of $110 000/quality-adjusted life years compared with the plaque echolucency-based strategy, which had an
incremental cost-effectiveness ratio of $29 000/quality-adjusted life years compared with the joint echolucency and progression-
based strategy.

Conclusions—Plaque echolucency on ultrasound can be a cost-effective tool to identify patients with asymptomatic carotid artery
stenosis most likely to benefit from carotid endarterectomy. (/ Am Heart Assoc. 2019;8:e012739. DOI: 10.1161/JAHA.119.
012739.)

Key Words: carotid stenosis * cost effectiveness ¢ ultrasound

G iven the high efficacy of medical therapy in patients
with asymptomatic carotid artery stenosis with esti-
mated annual risk of stroke of ~1%, there is continued
debate regarding which patients should be selected for more
invasive surgical intervention.”® In light of the uncertainty
around this treatment decision, physicians and patients may

From the Department of Radiology, University of Utah, Salt Lake City, UT (H.B.,
Y.A.); Departments of Radiology (A.G.), Healthcare Policy and Research (A.I.M.),
and Neurology (H.K.), Weill Cornell Medical College, New York, NY; Department
of Health Policy and Management, Harvard T.H. Chan School of Public Health,
Boston, MA (A.P.).

Accompanying Tables S1 through S9 and Figure S1 are available at https://
www.ahajournals.org/doi/suppl/10.1161/JAHA.119.012739
Correspondence to: Ankur Pandya, PhD, Department of Health Policy and
Management, Harvard T.H. Chan School of Public Health, 718 Huntington Ave,
2" Floor, Boston, MA 02115. E-mail: anpandya@hsph.harvard.edu

Received April 3, 2019; accepted September 12, 2019.

© 2019 The Authors. Published on behalf of the American Heart Association,
Inc., by Wiley. This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial-NoDerivs License, which permits use
and distribution in any medium, provided the original work is properly cited,
the use is non-commercial and no modifications or adaptations are made.

benefit from a more accurate tool to stratify patients with
asymptomatic carotid stenosis. Historically, the degree of
luminal stenosis has been the most frequently used imaging-
based marker to assist in decision making, with increasing
stenosis being associated with increased risk of cerebrovas-
cular ischemia.* Recently, there has been increased atten-
tion on how individual plaque components may confer
increased risk, independent of the degree of stenosis.>®
Certain plaque components on histopathology, such as lipid-
rich necrotic core, intraplaque hemorrhage, and plaque
surface irregularity, are strongly associated with and predic-
tive of cerebrovascular ischemia.”” On ultrasound imaging,
we can reliably detect “plaque echolucency,” which is the
imaging correlate to histopathologic evidence of either lipid-
rich necrotic core and/or intraplaque hemorrhage and is
known to increase risk of future cerebrovascular ische-
mia.>®? Carotid duplex ultrasound is an appealing diagnostic
examination for potential stroke risk stratification because of
its wide availability, few contraindications, and its ability to
detect high-risk “plaque echolucency” and carotid artery
stenosis progression.
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Clinical Perspective

What Is New?

» Using a decision-analytic model to project costs and quality-
adjusted life years for stroke prevention, we found that
revascularization decisions based on ultrasound plaque
characteristics were effective in risk stratification for
patients with asymptomatic carotid stenosis.

What Are the Clinical Implications?

* In most patient groups, identifying high-risk echolucent
plaque on ultrasound was a cost-effective risk stratification
method and may be a practical tool in making more
personalized medical decisions for stroke prevention.

We sought to compare the lifetime health benefits,
healthcare costs, and cost effectiveness of 5 imaging-based
stroke prevention strategies for asymptomatic patients with
carotid artery stenosis: (1) medical therapy only (antiplatelet,
statin, and antihypertensive agents along with lifestyle
modification); (2) revascularization if both plaque echolucency
on ultrasound and stenosis progression to >90% are present;
(3) revascularization only if plaque echolucency on ultrasound
is present; (4) revascularization only if stenosis progression
>90% is present; or (5) either plaque echolucency or stenosis
progression is present.

Methods

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
Institutional Review Board approval was waived for this study,
which used computational modeling.

Model Overview

Using a previously developed computer simulation state-
transition model,'®'" we projected stroke events, life
expectancy, quality-adjusted life years (QALYs), and lifetime
healthcare costs for asymptomatic patients with 70% to 89%
carotid artery luminal stenosis after the incidental diagnosis
via carotid ultrasound. The yearly risk of stroke varied,
depending on the plaque components on ultrasound (pres-
ence or absence of plaque echolucency), risk of complications
from revascularization procedures, and progression of arterial
narrowing over time. In the model, death could occur from
complications during revascularization, stroke, or nonstroke
causes (ie, all-cause mortality without deaths from stroke).
Depending on the treatment strategy, patients were simulated
to either undergo revascularization procedures immediately,

later in life based on disease progression, or never. Table 1
describes base-case model inputs and sensitivity analysis

ranges.'? "°

Stroke Risk and Degree of Stenosis

The simulated patient population was assumed to have an
average age of 70 years (varied between 60 and 80 years in
sensitivity analyses) and be 52.1% male, with age and sex
based on the patient population evaluated in the Gupta et al
meta-analysis of plaque echolucency on stroke risk. The mean
annual risk of stroke for this patient population was assumed
to be 1.13% based on a meta-analysis of studies of
asymptomatic carotid artery stenosis.>'® All patients within
the model were assumed to be receiving intensive medical
treatment according to current American Heart Association
guidelines, which includes antiplatelet agents, high-dose
statins, and strict glycemic and blood pressure control.3" Al
simulated patients began with 70% to 89% stenosis and could
either progress to a more advanced category of luminal
narrowing (90-99% or 100%), stay in the same stenosis
category, or regress to a lower stenosis category (Figure S1).
The analyses were also repeated for an alternative scenario
using 50% to 69% as the starting point for all patients, to
assess for any change in the cost-effectiveness results in
patients with moderate carotid stenosis. The annual proba-
bility of progression was 5.2% (with 79% of these progressions
by 2 categories) and for regression was 4.5%.'” Any patients
whose stenosis had progressed by 2 or more stenosis
categories in a year were assigned a higher risk of stroke. Any
patient who reached 90% to 99% stenosis underwent a
revascularization procedure in the same year. All patients who
underwent a successful revascularization procedure were
moved to the lowest stenosis category (0-49%), but still
retained the ability to have re-stenosis (ie, progress to
increased stenosis categories) at an annual probability of
3%.'® All patients with 100% stenosis (ie, complete occlusion)
experienced an ongoing increased annual risk with no chance
of regression or revascularization intervention.

Plaque echolucency was assessed via routine duplex
carotid ultrasound. We stratified the risk of stroke based on
the presence or absence of echolucent plague on ultrasound.
The test characteristics were based on data from a meta-
analysis on plaque echolucency and stroke risk.® This analysis
of 7 studies included 7557 subjects with asymptomatic
carotid artery disease with a mean follow-up of 37.2 months
and found that a relative risk of 2.31 of future stroke in those
with echolucent plague on ultrasound compared with those
without echolucent plaque.® In addition, an analysis of
subjects with >50% stenosis found a relative risk of 2.61 of
future stroke in those with echolucent plaque compared with
those without it.
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Table 1. Model Variables With Base-Case Values and Ranges Used in 1-Way Sensitivity Analysis

Sensitivity Analysis Probability Distribution for
Variable Base-Case Value Range Sensitivity Analyses Source(s)
Average age, y 70 60-80 n/a 6
Proportion male 0.521 0%, 100% n/a 6
Initial carotid artery luminal narrowing 70%—-89% 50%—69% n/a Assumption
Average annual probability of stroke 0.0113 0.0100-0.0211 Beta 3,16
Probability of echolucency positive 0.31 0.25-0.45 n/a 6
Relative risk of stroke for echolucency positive 2.61 1.47-4.63 Normal 6
Annual probability of stenosis progression 0.052 0.034-0.070 Beta 17
Conditional probability stenosis progression is 2+ categories (given 0.21 n/a n/a 17
progression)
Conditional probability stenosis progression is 3 categories (given 0.50 n/a n/a Assumption
progression 2+ categories)
Rate ratio of stroke for stenosis progression of 1 category 1.65 1.11-2.45 Normal 17
Rate ratio of stroke for stenosis progression of 2 categories 4.73 2.33-9.63 Normal 17
Rate ratio of stroke for stenosis progression of 3 categories 5.38 1.33-21.70 Normal 17
Rate ratio of stroke for 100% carotid artery luminal narrowing 7.74 2.19-27.44 Normal 17
Annual probability of stenosis regression 0.045 0.024-0.065 Beta 17
Probability of restenosis (from 0%-49% carotid luminal 0.03 0.01-0.04 n/a 18
narrowing state)
Relative risk of future stroke for CEA 0.54 0.43-0.68 Normal 19
Probability of complications during CEA 0.0197 0.016-0.038 Beta 20
Conditional probability of death given CEA complication 0.315 0.1-0.5 Beta 19
Conditional probability of stroke given CEA complication 0.500 0.685 n/a 19
Conditional probability of myocardial infarction given 0.185 0.000 n/a 19
CEA complication
Probability of death from stroke (in first year) 0.14 0.10-0.18 Beta 21
Annual probability of death after stroke or myocardial infarction 0.05 0.048-0.059 Beta 22
(post first year)
Death from nonstroke causes Life tables n/a n/a 23
Cost of CEA $12 218 $12 073-12 363 Gamma 24
Cost of stroke in first year* $20 891 $16 713-25 069 Gamma 25
Cost of stroke in all other years (annual)* $5982 $4726-7089 Gamma 26
Cost of myocardial infarction in first year* $61 548 $49 239-73 858 Gamma 25
Cost of myocardial infarction in all other years (annual) * $2995 $2396-3594 Gamma 26
Cost of bilateral ultrasound duplex scan of carotid arteries $297 $100-500 Gamma
Utility (quality of life) of asymptomatic carotid stenosis Table $1 1.0 n/a 27
Utility (quality of life) of moderate to severe stroke 0.39 0.31-0.52 Beta 12, 28, 29
Utility (quality of life) of mild stroke 0.76 0.71-0.87 Beta 12, 28, 29
Proportion of strokes that are moderate to severe 0.44 0.39-0.49 n/a 13
Weighted utility for stroke 0.60 Calculated Calculated Calculated
Utility (quality of life) of myocardial infarction 0.84 0.79-0.88 Beta 14,15
Utility (quality of life) of CEA (applied for 2 wks) 0.77 No utility change Beta 30

HOYVISHY TYNIDIYO

Note: All costs shown in 2019 dollars. CEA indicates carotid endarterectomy; n/a, not applicable.
*Sensitivity analysis range set to +20% of base-case value.
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Mortality in the absence of stroke was based on adjusted
age- and sex-specific life tables for patients.”*> We accounted
for the risk of stroke deaths by subtracting those from total
risk of death. Stroke events increased the immediate risk of
death (case fatality of 14%) and increased risk of death in the
remaining years of stroke survivors (to 5%, unless the
mortality derived from the age- and sex-specific tables
exceeded 5%).2"%?

Clinical Treatment Strategies

Five clinical treatment strategies were modeled: (1) medical
therapy only (antiplatelet, statin, and antihypertensives with
lifestyle modification) without revascularization; (2) revascu-
larization if both plaque echolucency was present on ultrasound
and there was stenosis progression to >90%; (3) revascular-
ization only if plaque echolucency on ultrasound is present; (4)
revascularization only if stenosis progression >90% is present;
or (5) either plague echolucency or stenosis progression >90%
is present (Figure 1). Within the base-case analysis, revascu-
larization procedures had a 2% chance of complications, 31.5%
of which were fatal, 18.5% of which resulted in nonfatal
myocardial infarctions (with subsequent increased risk of death
in the future), and the remaining 50% of complications resulted
in nonfatal perioperative strokes.'??%?? Revascularization
without complication reduced the risk of future stroke by
46%, according to the largest and most recent randomized

controlled trial.' Luminal narrowing was evaluated annually
via carotid artery ultrasound. For those undergoing only
intensive medical therapy, patients only underwent revascu-
larization if their luminal narrowing reached 90% to 99% on
subsequent imaging. All patients with complete occlusion did
not have revascularization, according to clinical guidelines.>?
When the “both plaque echolucency and progression” strategy
was used, those with echolucent plaques on ultrasound and
with stenosis progression underwent revascularization. When
the “only plague echolucency” strategy was used, all those
with echolucent plaques on ultrasound underwent immediate
revascularization.

Costs and Health-Related Quality of Life

Revascularization costs were estimated from the Stenting and
Angioplasty with Protection in Patients at High Risk for
Endarterectomy trial conducted in the United States at 29
hospitals and included the procedure costs, ancillary and
hospital room costs, and physician fees.?* The cost of the
annual carotid Doppler ultrasound was $297, inflated to 2019
ultrasound dollars from the 2017 ultrasound Medicare
reimbursement figures for carotid ultrasound. Costs for
medical therapy were not included in the model because all
patients were assumed to be receiving the same drug
regimens regardless of clinical treatment strategy (ie, whether
or not they underwent revascularization), according to current
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Figure 1. Strategies evaluated in the model-based cost-effectiveness analysis, which varied in terms of which patients received

revascularization.
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clinical guidelines.®® All patients were assumed to have had
their carotid artery stenosis detected via ultrasound screening
or on auscultatory findings on physical examination, and the
costs for this identification were not included in the model
because any incremental cost would be applied to patients
across all strategies at baseline. The cost inputs for acute
stroke and myocardial infarction were taken from a study on
healthcare costs and utilization using claims data from a large
US health plan (>14 million geographically diverse partici-
pants).?® The cost inputs for chronic (ie, post-first year) stroke
and myocardial infarction were taken from an analysis of the
Medical Expenditure Panel Survey data on direct US health-
care costs.? Health-related quality of life was represented by
utility values between 0 (equivalent to death) and 1 (perfect
health) assigned to all health states in the model. Major and
minor stroke events were assigned utility values of 0.39 and
0.76, respectively, which were varied in sensitivity analyses.?®
Revascularization was given a utility value of 0.77 for
2 weeks.®® All other health states were assigned a utility
value in the range of 0.724 to 0.840 based on age- and sex-
specific utility estimates US nationally representative EQ-5D
scores (Table S1).27%°

Analysis

We calculated and compared incremental cost-effectiveness
ratios (ICERs) for the 5 clinical treatment strategies using the
lifetime costs and QALYs projected by the simulation model for
each clinical strategy. We assessed cost effectiveness based
on a cost-effectiveness threshold of $100 000 per QALY,
representing the willingness of a healthcare system to pay for
care.®® We conducted the analysis from a healthcare system
perspective throughout a lifetime horizon with all costs in
2019 US dollars and all future healthcare costs and QALYs
discounted at 3% annually.** The model was programmed in
Tree-Age Pro 2014 (TreeAge Software, Williamstown, MA).

Parameters were varied individually in 1-way sensitivity
analyses to evaluate the sensitivity of the results to plausible
variations in model inputs. Overall model uncertainty was
evaluated in probabilistic sensitivity analysis by simultane-
ously conducting 10 000 random draws from probability
distributions for each variable and recalculating cost effec-
tiveness for each iteration within the model.

Results

In the base-case analysis, 35% of patients underwent
revascularization because of either plaque echolucency
(31%) or progression-based revascularization (4%) in the
strategy that included either plaque echolucency or progres-
sion-based revascularization. Patients who did not undergo

revascularization had the highest stroke events (17.6%) and
lowest life-years, while those who underwent revasculariza-
tion on the basis of either presence of plaque echolucency on
ultrasound or progression of carotid stenosis on ultrasound
had the lowest stroke events (12.0%) and most life-years
(14.4092). The strategy rankings were the same (from no
revascularization to either plaque echolucency or progression-
based revascularization) for revascularization-related costs
(Table S2).

Table 2 outlines the cost-effectiveness results for patients
at age 70 years who start at 70% to 89% stenosis. The either
plaque echolucency or progression-based revascularization
strategy had an ICER of $110 000/QALY compared with those
who underwent revascularization based on only plaque echolu-
cency, the plaque echolucency-based revascularization had an
ICER of $29 000 per QALY compared with the joint plaque
echolucency and progression-based revascularization strategy,
and the joint plagque echolucency and progression-based
revascularization strategy had an ICER of $11 000/QALY
compared with the no revascularization strategy. When using
starting patient ages of 60 years, the ICER for either plaque
echolucency or progression-based revascularization was
$19 000/QALY (compared with the plaque echolucency-based
revascularization strategy), while plaque echolucency-based
revascularization had an ICER of $3700/QALY (compared
with the joint plaque echolucency and progression-based
revascularization strategy, Table S3). However, when the
starting patient age is 80 years, the either plaque echolucency
or progression-based revascularization had an ICER of
$1 800 000/QALY (compared with the plague echolucency-
based revascularization strategy) with a 6.9% stroke risk, the
plaque echolucency alone-based revascularization had an ICER
of $160 000/QALY (compared with the joint plague echolu-
cency and progression-based revascularization strategy) with
a 8.6% stroke risk, and the joint plaque echolucency and
progression-based revascularization had an ICER of $64 000/
QALY (compared with the no revascularization strategy) with a
9.5% stroke risk (Table S4). Tables S5 through S7 contain the
cost-effectiveness results for the 60 through 80 years age
groups but use 50% to 69% stenosis as the starting point for the
model, rather than 70% to 89%. The ICERs for the 50% to 69%
stenosis starting point were all slightly higher than when
starting at 70% to 89% stenosis and again favored the either
plaque echolucency or progression-based strategy for both 60-
and 70-year-olds.

In 1-way sensitivity analyses, the ICER for the either plaque
echolucency or progression-based revascularization (com-
pared with the plaque echolucency-based revascularization
strategy) was most sensitive to the rate ratio of stroke for
100% carotid artery luminal narrowing and probability of
complications during revascularization inputs (Table S8), while
the ICER for the plaque echolucency-based revascularization
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Table 2. Lifetime Per-Person Clinical Outcomes, QALYs, Costs, and Incremental Cost-Effectiveness Ratios for Base-Case Analysis
With 70-Year-Old Patients Starting at 70% to 89% Stenosis

Strategy Stroke Events Life Years QALYs* Costs* ICER
No revascularization 0.1755 14.3550 8.4473 $12 155 Reference
Joint plaque echolucency- and progression-based revascularization 0.1593 14.3747 8.4701 $12 411 $11 000/QALY
Progression-based revascularization 0.1408 14.3826 8.4808 $13 257 Dominated”
Plague echolucency-based revascularization 0.1387 14.4011 8.5064 $13 451 $29 000/QALY
Either plaque echolucency- or progression-based revascularization 0.1201 14.4092 8.5174 $14 618 $110 000/QALY
ICER indicates incremental cost-effectiveness ratios; QALY, quality-adjusted life years.
*Discounted at 3%.
J‘Weakly dominated (ie, not on the efficient frontier).
strategy (compared with the joint plaque echolucency and Discussion

progression strategy) was robust to plausible variations in
model inputs (Table S9).

The results of the 2-way sensitivity analysis showing the
optimal strategy for varying combinations of baseline annual
stroke risk and risks of complications from revascularization
is shown in Figure 2. Combinations of low complication rates
for revascularization and high stroke risk values of stenosis
favored the either plaque echolucency or progression-based
revascularization strategy. In the probabilistic sensitivity
analysis, the strategy of either plaque echolucency or
progression-based revascularization was most likely to be
optimal with a cost-effectiveness threshold of $100 000 per
QALY (optimal in 46.6% of probabilistic sensitivity analysis
iterations), followed by the plaque echolucency-based revas-
cularization, which was optimal in 45.4% of probabilistic
sensitivity analysis iterations (Figure 3).

Using a decision-analytic model to compare various clinical
treatment strategies for stroke prevention in asymptomatic
patients with previously detected carotid artery stenosis, we
found that revascularization decisions based on the presence
of plaque echolucency on carotid ultrasound (and sometimes
echolucency or carotid disease progression) was optimal in our
base-case analyses of 50% to 69% and 70% to 89% carotid
artery stenosis for patients starting at age 60 or 70 years
based on a cost-effectiveness threshold of $100 000/QALY in
the United States. These age- and stenosis-based subgroup
results are intuitive in that they indicate that younger patients
with stenosis are more likely to benefit from revascularization,
whereas the lifetime benefits of revascularization may be
outweighed by the immediate perioperative carotid endarterec-
tomy risks in older patients (starting at age 80 years). Our
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Figure 2. Two-way sensitivity analysis showing the optimal strategy for different combinations of baseline
stroke risk and revascularization effectiveness. The “plaque echolucency-based” strategy is optimal in the
blue region, which includes the base-case result (marked by an “X”); other strategies could be optimal given
other combinations of stroke risk and revascularization effectiveness.
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threshold of $100 000/quality-adjusted life years (46.6% of PSA iterations) followed by the “Plaque
echolucency-based” strategy (45.4% of PSA iterations).

results suggest that with further verification of the ability of
ultrasound imaging of plaque echolucency to accurately
stratify stroke risk in patients with asymptomatic carotid
artery stenosis, there may be a benefit of targeted population-
based screening and that such screening might be cost
effective in certain high-risk patient groups.

We focused on using ultrasound markers of high-risk
plaque, especially plaque echolucency, but other features of
high-risk plaque may also be important risk stratifiers. Our
findings were similar to previously reported cost-effectiveness
studies using similar plaque characteristics on other modali-
ties."" While other markers may also be effective tools for risk
stratification,'®"" ultrasound is a readily available, relatively
inexpensive, and widely used tool which, if used appropriately,
may aid in risk stratification. Our findings were robust for
variations in the cost and performance of carotid duplex
ultrasound imaging, probability of stroke, mortality parameters,
and utility estimates. Our results were relatively unaffected by
changes in stroke probability, suggesting that even if future
studies indicate a continued downward trend in annual stroke
risk with optimal medical management, our point estimate (ie,
mean value) for absolute stroke risk reduction from revascu-
larization and model outputs would still be large enough to
show good value for targeting high-risk patients for these
procedures. Our cost-effectiveness results were most sensitive
to changes in the model input values for rate of complications
from revascularization procedures, stenosis progression rates,

and rate ratio of stroke with carotid occlusion. For example, our
results suggest that the either plague echolucency or progres-
sion-based strategy has a higher ICER and becomes unfavor-
able when the complications from revascularization are high,
because this strategy is more inclusive of who receives
revascularization. The ongoing CREST-2 Trial (Carotid Revas-
cularization Endarterectomy versus Stenting Trial) for stroke
prevention in carotid stenosis patients (estimated completion
in 2020) could provide future information on revascularization
effectiveness and safety, which were key inputs in our model.**

Our study has several limitations. First, like any simulation
model-based cost-effectiveness analysis, our model inputs
came from a variety of sources using the best available
evidence. Even despite this inevitable limitation, our sensitivity
analyses demonstrated that our cost-effectiveness results
were robust for plausible changes in most model inputs. Next, a
central input in our cost-effectiveness model is the annual risk
of stroke with intensive medical therapy, which has been
progressively decreasing over the past 2 decades."® Our model
relies on the annual risk of stroke from a recent study® that
estimated an annual stroke rate of 1.13%, which is much less
than the previously cited 2% to 3% rate from past decades. Even
if there is a continued decrease in annual stroke rates in those
with carotid artery stenosis, our results were relatively
insensitive to this input and our results were shown to remain
valid in a sensitivity analysis. This suggests that even with
improved annual stroke rates, our overall conclusions about the
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cost effectiveness of ultrasound imaging as a stroke risk
stratifier are unlikely to be changed. Third, our study focused on
carotid endarterectomy rather than the less invasive carotid
artery stenting. If the role of carotid artery stenting is confirmed
in the management of asymptomatic carotid artery stenting in
clinical effectiveness studies such as the Carotid Revascular-
ization for Primary Prevention of Stroke study, future cost-
effectiveness studies on imaging risk stratification strategies
may be warranted.®® Next, we performed an analysis from a
healthcare system perspective, rather than a societal perspec-
tive. From a societal perspective, costs for patient time are also
included in the model. Our analysis assumes minimal incre-
mental cost differences across strategies for patient time
costs. In addition, since payers ultimately decide whether to
implement these programs, we decided to use a healthcare
system/payer perspective. When assuming a plausible range
for costs from a societal perspective to reflect non—healthcare
related costs (such as informal caregiver time, for example) for
the chronic stroke health state did not change the rankings
among the 5 strategies (ie, there was no threshold value for this
societal cost parameter that changed the rankings among
strategies). An additional limitation is that if the patients who
actually receive revascularization procedures are less healthy
than those in the trial from which we estimated benefits from
the procedure, then the strategies that involved more revas-
cularizations (the either echolucency or progression-based
strategy being the most aggressive) would be less cost-effective
than what we report in our analysis. Finally, the probabilistic
sensitivity analysis results were affected by the uncertainty of the
complication rate and cost of carotid endarterectomy. Since
these model input estimates come from population-based
aggregated data, specific provider and patient characteristics
were not accounted for, including comorbid conditions for
patients and provider surgical experience.

The decision to undergo revascularization in patients with
already detected asymptomatic carotid artery stenosis can be
a challenging clinical predicament. By using ultrasound
imaging of plaque echolucency, patients with carotid artery
stenosis who are at a higher risk of stroke and may benefit
the most from revascularization can be identified. Using
ultrasound imaging (specifically the presence of the high-risk
echolucent plaque) as a risk stratification strategy is cost-
effective compared with intensive medical therapy alone or
just stenosis progression-based intervention in most patient
groups. Using this tool may be a practical way to inform
personalized medical decisions for stroke prevention in
patients with asymptomatic carotid artery stenosis.
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SUPPLEMENTAL MATERIAL



Table S1. Disease free utilities by age and sex used for asymptomatic carotid stenosis health state.

Utilities

Disease-free utilities by age and sex

Males, ages Source
60-69 0.840 3
70-79 0.802 3
80-89 0.782 3
Females, ages

60-69 0.811 3
70-79 0.771 3
80-89 0.724 3




Table S2. Breakdown of total costs for each of the five strategies for the base case scenario.

Strategy Imaging costs | Revasc costs | Stroke costs Total costs
No revascularization $2,485 SO $9,670 $12,155
Joint plaque echolucency- and progression-based revascularization $2,686 $845 $8,880 $12,411
Progression-based revascularization $2,120 $2,892 $8,245 $13,257
Plaque echolucency-based revascularization $2,208 $3,816 $7,427 $13,451
Either plaque echolucency- or progression-based revascularization $1,935 $5,909 $6,774 $14,618

Revasc = revascularization (carotid endarterectomy). Note: All costs shown in 2019 dollars, discounted at 3% (annual rate)




Table S3. Lifetime per-person clinical outcomes, quality-adjusted life years (QALYs), costs, and incremental cost-effectiveness ratios for base-
case analysis with 60-year-old patients starting at 70-89% stenosis.

Strategy Stroke events | Life years | QALYs* Costs* ICER
Joint plaque echolucency- and progression-based revascularization 0.2282 20.6559 | 11.4195 $17,826 Reference
No revascularization 0.2528 20.5892 11.3641 $17,959 Dominatedt
Plague echolucency-based revascularization 0.2053 20.7606 11.5072 $18,152 $3,700/QALY
Progression-based revascularization 0.1961 20.6989 11.4583 518,251 Dominated¥
Either plaque echolucency- or progression-based revascularization 0.1717 20.8052 11.5472 $18,893 $19,000/QALY

*discounted at 3%
tstrongly dominated by “Joint plague echolucency- and progression-based revascularization”
¥strongly dominated by “Plaque echolucency-based revascularization”

ICER- incremental cost effectiveness ratios



Table S4. Lifetime per-person clinical outcomes, quality-adjusted life years (QALYs), costs, and incremental cost-effectiveness ratios for base-
case analysis with 80-year-old patients starting at 70-89% stenosis.

Strategy Stroke events | Life years | QALYs* Costs* ICER

No revascularization 0.1010 8.9410 5.6125 $6,820 Reference
Joint plaque echolucency- and progression-based revascularization 0.0945 8.9468 5.6205 $7,325 $64,000/QALY
Progression-based revascularization 0.0863 8.9464 5.6211 $8,177 Dominatedt
Plague echolucency-based revascularization 0.0771 8.9531 5.6324 $9,299 $160,000/QALY
Either plaque echolucency- or progression-based revascularization 0.0687 8.9527 5.6331 $10,462 | $1,800,000/QALY

*discounted at 3%
tweakly dominated (i.e., not on the efficient frontier)
QALY= Quality adjusted life years

ICER- incremental cost effectiveness ratios



Table S5. Lifetime per-person clinical outcomes, quality-adjusted life years (QALYs), costs, and incremental cost-effectiveness ratios for base-
case analysis with 60-year-old patients starting at 50-69% stenosis.

Strategy Stroke events | Life years | QALYs* Costs* ICER

No revascularization 0.1990 20.7565 11.4992 $14,643 Reference
Joint plaque echolucency- and progression-based revascularization 0.1901 20.7722 11.5124 $14,873 $12,000/QALY
Progression-based revascularization 0.1798 20.7834 11.5228 $14,939 Dominatedt
Plague echolucency-based revascularization 0.1710 20.8455 11.5758 $16,262 $25,000/QALY
Either plaque echolucency- or progression-based revascularization 0.1592 20.8583 11.5875 $16,644 $33,000/QALY

*discounted at 3%
tweakly dominated (i.e., not on the efficient frontier)
QALY= Quality adjusted life years

ICER- incremental cost effectiveness ratios



Table S6. Lifetime per-person clinical outcomes, quality-adjusted life years (QALYs), costs, and incremental cost-effectiveness ratios for base-
case analysis with 70-year-old patients starting at 50-69% stenosis.

Strategy Stroke events | Life years | QALYs* Costs* ICER

No revascularization 0.1393 14.4083 8.5048 $10,075 Reference
Joint plaque echolucency- and progression-based revascularization 0.1366 14.4125 8.5096 $10,417 Dominatedt
Progression-based revascularization 0.1320 14.4142 8.5121 $10,538 $64,000/QALY
Plague echolucency-based revascularization 0.1209 14.4272 8.5340 $12,336 $82,000/QALY
Either plaque echolucency- or progression-based revascularization 0.1157 14.4292 8.5368 $12,777 $160,000/QALY

*discounted at 3%
tweakly dominated (i.e., not on the efficient frontier)
QALY= Quality adjusted life years

ICER- incremental cost effectiveness ratios



Table S7. Lifetime per-person clinical outcomes, quality-adjusted life years (QALYs), costs, and incremental cost-effectiveness ratios for base-
case analysis with 80-year-old patients starting at 50-69% stenosis.

Strategy Stroke events | Life years | QALYs* Costs* ICER

No revascularization 0.0873 8.9581 5.6337 $5,810 Reference

Joint plaque echolucency- and progression-based revascularization 0.0856 8.9590 5.6349 $6,191 $300,000/QALY

Progression-based revascularization 0.0847 8.9587 5.6349 $6,223 Dominatedt

Plague echolucency-based revascularization 0.0713 8.9607 5.6416 $8,791 $390,000/QALY
. . - $180,000,000/

Either plaque echolucency- or progression-based revascularization 0.0703 8.9605 5.6416 $9,135 QALY

*discounted at 3%
tstrongly dominated by “Joint plague echolucency- and progression-based revascularization”
QALY= Quality adjusted life years

ICER- incremental cost effectiveness ratios



Table S8. One-way sensitivity analysis results for the “Either plaque echolucency- or progression-based revascularization” vs. “Plaque
echolucency-based revascularization” comparison.

Variable Base-case value Sensitivity analysis range ICER range or value*
Proportion male 0.521 0%, 100% 87,000-120,000
Average annual probability of stroke 0.0113 0.0100-0.0211 31,000-140,000
Probability of echolucency positive 0.31 0.25-0.45 92,000-140,000
Relative risk of stroke for echolucency positive 2.61 1.47-4.63 63,000-240,000
Annual probability of stenosis progression 0.052 0.034-0.070 63,000-230,000
Rate ratio of stroke for stenosis progression of 1 165 1.11-2.45 100,000-110,000
category
Rate rat.lo of stroke for stenosis progression of 2 473 5 33-9.63 100,000-110,000
categories
Rate rat.lo of stroke for stenosis progression of 3 538 1.33-21.70 100,000-110,000
categories
- . - .
Rate raFlo of stroke for 100% carotid artery luminal 774 5 19-27 44 Dominant** - 840,000
narrowing
Annual probability of stenosis regression 0.045 0.024-0.065 100,000-110,000
= . 00 - -
Probab!llty of restenosis (from 0-49% carotid luminal 0.03 0.01-0.04 90,000-110,000
narrowing state)
Relative risk of future stroke for CEA (carotid 0.54 0.43-0.68 88,000-140,000
endarterectomy)
Probability of complications during CEA 0.0197 0.016-0.038 Dominant** - $960,000
Conditional probability of death given CEA complication 0.315 0.1-0.5 83,000-140,000
Condltllonfal probability of stroke given CEA 0.500 0.685 92,000
complication
Condltlona‘l prf)bablllty of myocardial infarction given 0.185 0.000 110,000
CEA complication
Probability of death from stroke (in 1%t year) 0.14 0.10-0.18 90,000-130,000
Annual probability of death after stroke or myocardial 0.05 0.048-0.059 100,000-110,000

infarction (post 1% year)

Cost of CEA

$12,218

$12,073-12,363

100,000-110,000




Cost of stroke in 1*t year $20,891 $16,713-25,069 100,000-110,000
Cost of stroke in all other years (annual) $5,982 $4,726-7,089 99,000-110,000
Cost of myocardial infarction in 1 year 561,548 $49,239 -73,858 100,000-110,000
Cost of myocardial infarction in all other years (annual) $2,995 $2,396-3,594 100,000-110,000
Cost Pf bilateral ultrasound duplex scan of carotid $297 $100-500 90,000-120,000
arteries

Utility (quality of life) of moderate to severe stroke 0.39 0.31-0.52 86,000-160,000
Utility (quality of life) of mild stroke 0.76 0.71-0.87 91,000-170,000
Proportion of strokes that are moderate to severe 0.44 0.39-0.49 95,000-120,000
Utility (quality of life) of myocardial infarction 0.84 0.79-0.88 100,000-110,000
Utility (quality of life) of CEA (applied for 2 weeks) 0.77 No utility change 93,000

*incremental cost-effectiveness ratio, $/quality-adjusted life year, rounded to two significant digits; base-case value: $110,000/QALY

**“Either plaque echolucency- or progression-based revascularization” dominant (i.e., had lower costs and more QALYs compared to “Either
plague echolucency- or progression-based revascularization”)



Table S9. One-way sensitivity analysis results for the vs. “Plaque echolucency-based revascularization” vs. “Joint plaque echolucency- and
progression-based revascularization” comparison.

Variable Base-case value Sensitivity analysis range ICER range or value*
Proportion male 0.521 0%, 100% 15,000-43,000
Average annual probability of stroke 0.0113 0.0100-0.0211 6,900-37,000
Probability of echolucency positive 0.31 0.25-0.45 25,000-38,000
Relative risk of stroke for echolucency positive 2.61 1.47-4.63 18,000-54,000
Annual probability of stenosis progression 0.052 0.034-0.070 20,000-42,000
Rate ratio of stroke for stenosis progression of 1 165 1.11-2.45 29,000-29,000
category
Rate ratilo of stroke for stenosis progression of 2 473 5 33-9.63 26,000-30,000
categories
Rate ratilo of stroke for stenosis progression of 3 538 1.33-21.70 29,000-29,000
categories
- 5 . -
Rate ra'_uo of stroke for 100% carotid artery luminal 774 5 19-27 44 17,000-52,000
narrowing
Annual probability of stenosis regression 0.045 0.024-0.065 26,000-33,000
= - 00 - -
Probab!llty of restenosis (from 0-49% carotid luminal 0.03 0.01-0.04 19,000-34,000
narrowing state)
Relative risk of future stroke for CEA (carotid 0.54 0.43-0.68 16,000-60,000
endarterectomy)
Probability of complications during CEA 0.0197 0.016-0.038 25,000-74,000
Conditional probability of death given CEA complication 0.315 0.1-0.5 26,000-32,000
Condlt.lon.al probability of stroke given CEA 0.500 0.685 28,000
complication
Condltlona'l pr9bab|I|ty of myocardial infarction given 0.185 0.000 30,000
CEA complication
Probability of death from stroke (in 1% year) 0.14 0.10-0.18 26,000-32,000
Annual probability of death after stroke or myocardial 0.05 0.048-0.059 28,000-29,000

infarction (post 1%t year)

Cost of CEA

$12,218

$12,073-12,363

28,000-30,000




Cost of stroke in 1 year $20,891 $16,713-25,069 26,000-31,000
Cost of stroke in all other years (annual) $5,982 $4,726-7,089 24,000-34,000
Cost of myocardial infarction in 1% year 561,548 $49,239 -73,858 29,000-29,000
Cost of myocardial infarction in all other years (annual) $2,995 $2,396-3,594 29,000-29,000
Cost _of bilateral ultrasound duplex scan of carotid $297 $100-500 20,000-37,000
arteries

Utility (quality of life) of moderate to severe stroke 0.39 0.31-0.52 25,000-38,000
Utility (quality of life) of mild stroke 0.76 0.71-0.87 25,000-40,000
Proportion of strokes that are moderate to severe 0.44 0.39-0.49 26,000-31,000
Utility (quality of life) of myocardial infarction 0.84 0.79-0.88 29,000-29,000
Utility (quality of life) of CEA (applied for 2 weeks) 0.77 No utility change 27,000

*incremental cost-effectiveness ratio, $/quality-adjusted life year, rounded to two significant digits; base-case value: $29,000/QALY

**“Plaque echolucency-based revascularization” dominant (i.e., had lower costs and more QALYs compared to “Joint plaque echolucency- and
progression-based revascularization”)



Figure S1. Possible disease states and transitions in simulation model.
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*indicates that patients all patients begin at the 70-89% stenosis category and may progress, stay in the
same category, or regress from that point.



