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Purpose:

To project and compare the lifetime health benefits,
health care costs, and incremental cost-effectiveness of
a decision rule based on assessment of cerebrovascular
reserve (CVR) compared with medical therapy and immediate revascularization in asymptomatic patients with
carotid artery stenosis for prevention of stroke.

Materials and
Methods:

The three strategies compared included immediate revascularization (carotid endarterectomy) and ongoing medical therapy (with antiplatelet, statin, and antihypertensive
agents plus lifestyle modification), medical therapy-based
treatment with revascularization only for patients who
progressed, and use of a CVR-based decision rule for
treatment in which patients with CVR impairment undergo immediate revascularization and all others receive
medical therapy. A decision analytic model was developed
to project lifetime quality-adjusted life years (QALYs)
and costs for asymptomatic patients with carotid stenosis with 70%–89% carotid luminal narrowing at presentation. Risks of clinical events, costs, and quality-of-life
values were estimated on the basis of those in published
sources. The analysis was conducted from a health care
system perspective, with health and cost outcomes discounted at 3%.

Results:

Total costs per person and lifetime QALYs were lowest for
the medical therapy-based strategy ($14 597, 9.848 QALYs), followed by CVR testing ($16 583, 9.934 QALYs) and
immediate revascularization ($20 950, 9.940 QALYs). The
incremental cost-effectiveness ratio for the CVR-based
strategy compared with the medical therapy–based strategy was $23 000 per QALY and for the immediate revascularization versus the CVR-based strategy was $760 000
per QALY. Results were sensitive to variations in model
inputs for revascularization costs and complication risks
and baseline stroke risk.

Conclusion:

CVR testing can be a cost-effective tool to identify asymptomatic patients with carotid stenosis who are most likely
to benefit from revascularization.
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S

troke is a major cause of mortality, morbidity, and health care
costs in the United States (1,2).
Carotid artery stenosis is the primary
cause of approximately 15%–20% of
ischemic strokes, which account for
approximately 85% of all strokes (3).
Revascularization procedures such as
carotid endarterectomy and endovascular stent placement are recommended
by the American Heart Association for
patients who have experienced a stroke
or transient ischemic attack caused by
symptomatic carotid artery stenosis
(4).
There are estimated to be 400 000
patients aged 70 years and older in
the United States with asymptomatic
carotid artery stenosis, which is associated with a higher risk of stroke
compared with that in the general population but not as high a risk as that
in patients with symptomatic carotid
stenosis (5). The American Heart Association and others have recognized
that performing revascularization in
asymptomatic patients with carotid stenosis for primary stroke prevention is
controversial due to uncertainties about
the risks and benefits of revascularization procedures compared with less
invasive approaches, such as aggressive
medical therapy (6–8). The American
Heart Association guidelines recommend considering other patient factors
such as life expectancy, other comorbid
conditions that can affect stroke risk,
and patient preferences when considering revascularization for these patients
(6). Recommendations are particularly
uncertain for asymptomatic patients

Advance in Knowledge
nn Assessment of cerebrovascular
reserve by means of transcranial
Doppler US can be a cost-effective tool for informing clinical
decisions regarding immediate
revascularization compared with
medical therapy for treatment of
asymptomatic patients with carotid stenosis, with an incremental cost-effectiveness ratio of
$23 000 per quality-adjusted life
year.
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with carotid luminal narrowing greater
than 70% but less than 90% (6). There
is substantial geographic variation in
carotid artery revascularization rates
for Medicare beneficiaries, which suggests that standardized guidelines could
lead to more appropriate use of these
procedures (9).
Neuroimaging techniques for this
population have been focused traditionally on the degree of carotid luminal
narrowing for assessment of disease
progression. Alternatives are positron
emission tomography (PET), nuclear
medicine, computed tomography (CT),
magnetic resonance (MR) perfusion,
or transcranial Doppler ultrasonography (US). Transcranial Doppler US
can be used to assess cerebrovascular
reserve (CVR), which has been shown
to help identify asymptomatic patients
with carotid artery stenosis who are
at especially high risk for future stroke
(10). This suggests that providers
could use a relatively low-cost imaging
modality (transcranial Doppler US)
to identify the patients for whom the
benefits of revascularization are more
likely to outweigh the risks of complications (patients at high risk) and
the patients who would benefit most
from medical therapy (patients at low
risk). The economic value of using
transcranial Doppler US to assess CVR
in asymptomatic patients with carotid
artery stenosis is not only dependent

on long-term health outcomes, but also
on the costs associated with neuroimaging, revascularization and its associated risks, acute stroke events, and
chronic care (11–13).
Our objective was to project and
compare the lifetime health benefits,
health care costs, and incremental
cost-effectiveness of three competing stroke prevention strategies for
asymptomatic patients with carotid
artery stenosis: (a) immediate revascularization (carotid endarterectomy)
for all patients in addition to ongoing
medical therapy (antiplatelet, statin,
and antihypertensive agents and lifestyle modification), (b) medical therapy for all patients with subsequent
revascularization only for patients who
progress, and (c) use of a decisionmaking rule for treatment in which
those with CVR impairment undergo
immediate revascularization and all
others receive medical therapy.

Materials and Methods
Model Overview
We developed a computer simulation state-transition model that projected stroke events, life expectancy,
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Implications for Patient Care
nn Assessment of cerebrovascular
reserve with transcranial Doppler US can allow identification
of patients with carotid artery
stenosis who are at higher baseline risk for stroke, and thus, are
better candidates for revascularization procedures.
nn The optimal decision on performance of revascularization procedures in asymptomatic patients
with carotid artery stenosis
depends on baseline risk of
stroke and the likelihood of procedure complications, factors
that can vary according to
patient, provider, and institution.

Abbreviations:
CVR = cerebrovascular reserve
ICER = incremental cost-effectiveness ratio
QALY = quality-adjusted life year
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received medical therapy. CVR can be
estimated by means of transcranial
Doppler US measurement of cerebral
blood flow velocity (typically in the
middle cerebral artery) both before and
after a vasodilatory stimulus such as increasing levels of carbon dioxide or a
pharmacologic challenge with acetazolamide (10).

Figure 1

Figure 1: Simplified illustration shows disease simulation model. Patients start in the 70%–
89% luminal narrowing state and progress or regress to other narrowing states, experience a
stroke, undergo revascularization (revasc), or die of stroke-related or nonstroke-related causes.

quality-adjusted life years (QALYs), and
lifetime health care costs for a cohort
of asymptomatic patients with carotid
artery stenosis and 70%–89% carotid
artery luminal narrowing at clinical
presentation (Fig 1). The annual risk of
stroke varied depending on CVR status,
risk of complications from revascularization, and progression of luminal narrowing with time. Death could occur as
a result of revascularization complications or stroke and nonstroke causes
(ie, all-cause mortality without deaths
from stroke). Depending on the clinical treatment strategy, patients in the
model were chosen to undergo revascularization procedures immediately,
later in life based on disease progression, or never. Base-case model inputs
and sensitivity analysis ranges are reported in Table 1.
The costs and QALYs projected
for each strategy were used to calculate incremental cost-effectiveness
ratios (ICERs) that were compared
with a cost-effectiveness threshold of
$100 000 per QALY, which represented
the willingness of a health care system
to pay for care (14). The analysis was
conducted from a health care system
perspective throughout a lifetime horizon, with all costs in 2011 U.S. dollars.
Future health care costs and QALYs
were discounted at 3% annually (15).
The model was programmed by using
Radiology: Volume 274: Number 2—February 2015
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software (TreeAge Pro 2012; TreeAge
Software, Williamstown, Mass).

Clinical Strategies Evaluated
For the immediate revascularization
strategy, the simulated patients received revascularization procedures at
the time of diagnosis of carotid artery
stenosis. Revascularization procedures
had a 2% chance of complications in
the base-case analysis, of which 31.5%
were fatal, 18.5% resulted in nonfatal
myocardial infarctions (with a subsequent increased risk of death in future
years), and the remaining 50% resulted in nonfatal perioperative strokes
(13,16,17). Revascularization without
complications reduced the risk of future stroke by 46% (16). For the medical therapy strategy, patients did not
undergo revascularization procedures
immediately but did undergo subsequent revascularization if their luminal
narrowing reached 90%–99%. Luminal
narrowing was monitored every year by
means of US of the carotid artery. Patients with 100% narrowing (occlusion)
were assumed to have not received
revascularization procedures on the
basis of clinical guidelines (18). When
the CVR strategy was used, patients
with CVR impairment (as determined
by using transcranial Doppler US) underwent immediate revascularization,
while those without CVR impairment

radiology.rsna.org

Stroke Risk and Disease Progression
The simulated patient population was
assumed to be 75% male, with an average age of 70 years (varied between
60 years and 80 years in sensitivity
analyses) and started with an average
annual risk of stroke of 1.13% based on
a meta-analysis of data from two studies
(5,19). We modeled five degrees of luminal narrowing for patients with carotid
artery stenosis: 0%–49%, 50%–69%,
70%–89%, 90%–99%, and 100%. All
patients started with 70%–89% stenosis
and could progress to an advanced category of luminal narrowing (90%–99%
or 100%) with an annual probability of
5.2%; 79% of these progressions were
by two categories and 21% of these progressions were by three categories (only
relevant for patients in lower stenosis
states of 0%–49% and 50%–69%) (20).
Patients whose stenosis progressed by
two or more categories in a given year
were assigned a higher risk of stroke.
A rate ratio of 4.03 was applied for patients who progressed two categories in
a given year and a rate ratio of 7.56 was
applied for patients who progressed
three categories in a year (20). The
annual regression rate, defined as the
probability of regression by one luminal narrowing category, was 4.5% (20).
Patients with 100% narrowing experienced an increased annual risk of stroke
(rate ratio of 7.56) with no chance of
regression (18,20). Successful revascularization moved patients to the lowest
luminal narrowing category (0%–49%),
but these patients could experience restenosis (ie, moving from 0%–49% narrowing to 50%–69% narrowing) with an
annual probability of 3% (21).
We assumed that all patients for
whom the CVR strategy was used were
assigned a CVR status (impaired or not
impaired) on the basis of transcranial
457
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Table 1
Model Variables with Base-Case Values and Ranges Used in One-Way Sensitivity Analysis
Variable

Base-Case Value

Average age (y)
Men (%)
Initial carotid artery luminal narrowing (%)
Average annual probability of stroke
Probability of CVR impairment
Odds ratio of stroke for CVR impairment
Annual probability of stenosis progression
Conditional probability of stenosis progression of two or more
categories (given progression)
Conditional probability of stenosis progression of three categories
(given progression of two or more categories)
Rate ratio of stroke for stenosis progression of one category
Rate ratio of stroke for stenosis progression of two categories
Rate ratio of stroke for stenosis progression of three categories
Rate ratio of stroke for 100% carotid artery luminal narrowing
Annual probability of stenosis regression
Probability of restenosis (from 0%–49% carotid luminal narrowing state)
Relative risk of future stroke for revascularization
Probability of complications during revascularization
Conditional probability of death given revascularization complication
Conditional probability of stroke given revascularization complication
Conditional probability of myocardial infarction given
revascularization complication
Probability of death from stroke in first year
Annual probability of death after stroke or myocardial infarction
after first year
Costs*
Cost of revascularization
Cost of stroke in first year
Annual cost of stroke in all other years
Cost of myocardial infarction in first year
Annual cost of myocardial infarction in all other years
Cost of transcranial Doppler US
Quality of life values†
Utility value for asymptomatic carotid stenosis
Utility value for moderate to severe stroke
Utility value for mild stroke
Weighted utility value for stroke
Utility value for myocardial infarction
Utility value for revascularization (applied for 2 weeks)
Proportion of strokes that were moderate to severe

70
75
70–89
0.0113
0.39
3.86
0.052
0.21
0.50

Sensitivity Analysis Range

Probability Distribution

Source

60–80
0–100
50–69
0.0075–0.0168
0.20–0.60
1.99–7.48
0.034–0.070
NA

NA
NA
NA
b distribution
NA
Normal
b distribution
NA

Assumption
Assumption
Assumption
(5,19)
(10)
(10)
(20)
(20)

NA

NA

Assumption

1.00
4.03
7.56
7.74
0.045
0.03
0.54
0.0197
0.315
0.500
0.185

1.00–1.45
1.82–8.93
1.81–31.56
2.19–27.44
0.024–0.065
0.01–0.04
0.43–0.68
0.016–0.038
0.1–0.5
0.685
0.000

Normal
Normal
Normal
Normal
b distribution
NA
Normal
b distribution
b distribution
NA
NA

(20)
(20)
(20)
(20)
(20)
(21)
(16)
(13)
(16)
(16)
(16)

0.14
0.05

0.10–0.18
0.048–0.059

b distribution
b distribution

(22)
(17)

10 380–32 880
13 170–80 450
1940–18 960
17 860–61 920
2170–10 300
200–2500

g distribution
g distribution
g distribution
g distribution
g distribution
g distribution

(26)
(22–24)
(25,31)
(23,32)
(23,32)
(27)

0.836
0.31–0.52
0.71–0.87
Calculated‡
0.79–0.88
1.00
0.39–0.49

NA
b distribution
b distribution
Calculated‡
b distribution
b distribution
NA

(30)
(28,30,33)
(28,30,33)
Calculated‡
(34,35)
(29)
(36)

14 130
65 820
2030
22 744
3244
344
1.0
0.39
0.76
0.60
0.84
0.77
0.44

Note.—Death from nonstroke causes was determined on the basis of life tables (37). NA = not available.
* All costs are in 2011 U.S. dollars.
†

Quality of life is represented by utility values between 0 (death) and 1 (perfect health).

‡

Indicates a weighted average of utility values for mild and moderate to severe stroke calculated from values reported above with weight provided in last row of the Table.

Doppler US imaging. We stratified the
risk of stroke according to binary CVR
status by applying an odds ratio of 3.86
to patients with CVR impairment on the
basis of data from a recent meta-analysis
458

(10) in which a pooled random effects
model of 13 studies was used to evaluate the risk of future stroke according
to CVR status in patients with carotid
artery stenosis. In the meta-analysis,

the odds ratio estimate was robust to
subset analyses for ischemic outcome
measures, symptomatic or asymptomatic disease, stenosis or occlusion, or
CVR testing methods. The diagnostic
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accuracy of the CVR test (ie, sensitivity
and specificity) is shown in the odds ratio for stroke. Mortality in the absence
of stroke was calculated on the basis of
age- and sex-specific life tables for patients for whom all strategies were used.
Stroke events increased the immediate
risk of death (case-fatality rate of 14%)
and the risk of death in subsequent
years among stroke survivors (to 5%,
unless mortality derived from age- and
sex-specific life tables exceeded 5%)
(17,22).

Costs and Health-related Quality of Life
Costs associated with stroke and myocardial infarction events were estimated
on the basis of an analysis of a large
managed-care population in the United
States and other published sources
(23–25). Costs of revascularization
were from the Stenting and Angioplasty
with Protection in Patients at High Risk
for Endarterectomy trial conducted at
29 hospitals in the United States and
included the costs of the procedure,
hospital room and ancillary costs, and
physician fees (26). Annual transcranial Doppler US costs were $344, and
costs of medical therapy were not explicitly included (27); all patients were
assumed to have received the same
drug regimens whether or not they underwent a revascularization procedure.
Similarly, costs of carotid sonography
for monitoring of luminal narrowing
were not modeled explicitly because
we assumed that all patients received
this test annually. 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 0.77, respectively, which were varied in sensitivity
analyses (28). Revascularization was
assigned a utility value of 0.77 applied
for 2 weeks (29). All other health states
were assigned a utility value of 1.0 in
the base case and 0.836 in sensitivity
analyses (30).
Sensitivity Analyses
Parameters were varied individually in one-way sensitivity analyses
Radiology: Volume 274: Number 2—February 2015
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Table 2
Lifetime Per-Person Cost-effectiveness Results for Patients Starting at 70%–89%
Stenosis
Strategy
Starting population aged 70 years
(base-case analysis)
Medical therapy
CVR-based decision making
Immediate revascularization
Starting population aged 60 years
Medical therapy
CVR-based decision-making
Immediate revascularization
Starting population age 80 years
Medical therapy
CVR-based decision-making
Immediate revascularization

Stroke Events

Life Years

0.141
0.109
0.087

12.481
12.727
13.017

0.200
0.160
0.129
0.090
0.068
0.054

QALYs*

Costs ($)*

ICER

9.848
9.934
9.940

14 597
16 583
20 950

Reference
23 000
760 000

18.337
18.658
18.962

13.042
13.208
13.249

19 249
20 372
23 643

Reference
6 800
80 000

7.740
7.961
8.252

6.813
6.850
6.838

9 947
13 018
18 592

Reference
83 000
Dominated

* Discounted at 3%.

to evaluate the sensitivity of results
to plausible variations in model inputs (Table 1). A two-way sensitivity
analysis was performed for baseline
risk of stroke and probability of complications during revascularization
because these parameters can vary
according to patient, provider, and
institution. Overall model uncertainty
was evaluated in probabilistic sensitivity analysis by simultaneously conducting 10 000 random draws from
probability distributions (Table 1) for
each variable and recalculating the
cost-effectiveness of each strategy. All
analyses also were performed for an
alternative scenario that used 50%–
69% stenosis as the starting point
for all patients to assess whether
cost-effectiveness results differed
for patients with this lower grade of
stenosis.

Results
In the base-case analysis, 11% of patients who were chosen for the medical therapy strategy and 6% of patients
chosen for the CVR strategy were assigned to undergo revascularization
after disease progression, and 39%
of patients in the CVR-based strategy
were assigned to undergo immediate
revascularization. The medical therapy

radiology.rsna.org

strategy resulted in the highest lifetime
expected probability of stroke events
(14.1%) and acute stroke deaths
(2.0%), followed by the CVR strategy
(10.9% and 1.5%) and the immediate
revascularization strategy (8.7% and
1.2%). The medical therapy strategy
had the lowest total lifetime discounted QALYs and costs, followed by the
CVR strategy and the immediate revascularization strategy.
Table 2 shows the cost-effectiveness results for populations starting
at the age of 70 years (base-case) in
addition to 60 and 80 years (sensitivity analyses). The CVR strategy had
an ICER of $23 000 per QALY compared with the medical therapy strategy, and the immediate revascularization strategy had an ICER of $760 000
per QALY compared with the CVR
strategy in the base-case incremental
cost-effectiveness analysis. The CVR
strategy was optimal (with a cost-effectiveness threshold of $100 000 per
QALY) for all ages, except for in patients starting at age 60 years, when
immediate revascularization was optimal. Table E1 (online) shows the intermediate outcomes (proportion of
individuals receiving revascularization
procedures, stroke events, and specific cost results) from the base-case
analysis.
459
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Figure 2

Figure 2: Tornado diagram summarizes one-way sensitivity analyses for the CVR strategy compared
with the medical therapy strategy for the base-case analysis. Most ICERs were close to the base-case
result ($20 000 per QALY) because model parameters were varied through plausible ranges, with the
exceptions of the cost of revascularization and the cost of chronic stroke care. Parameters are shown in
descending order of influence on model results. RR = risk ratio.

Figure 2 shows ICER results for the
CVR strategy compared with the medical therapy strategy for the 15 most
influential variables evaluated in oneway sensitivity analyses. The cost-effectiveness results were sensitive to
uncertainty in the cost of revascularization, cost of chronic stroke, average
stroke risk in this population, and the
relative risk of stroke after revascularization. The ICER for the CVR strategy compared with the medical therapy strategy was below the $100 000
per QALY threshold in all one-way
sensitivity analyses. The ICER for the
immediate revascularization strategy compared with the CVR strategy
was also below this threshold when
the annual risk of stroke was greater
460

than 0.018 (base-case value, 0.0113;
range, 0.0075–0.0500), the cost of
revascularization was less than $6250
($14 130; range $10 380–32 880), or
the relative risk of stroke after revascularization was lower than 0.18 (0.54;
range, 0.43–0.68). The cost-effectiveness results were robust to plausible
changes in carotid disease progression
and regression parameters, acute and
chronic stroke mortality parameters,
and utility values. Table E2 (online)
shows results of one-way sensitivity
analysis.
Figure 3 shows the two-way sensitivity analysis results varying the
average annual risk of stroke and the
probability of complications from revascularization procedures. Combinations

of low stroke risk and high complication rates favored the medical therapybased strategy, but high stroke risk and
low complication rates favored the immediate revascularization strategy. For
example, an annual baseline stroke risk
of 0.5% and revascularization complication rate of 3% resulted in the medical therapy strategy being optimal, but
values of 2.0% and 1.5%, respectively,
resulted in the immediate revascularization strategy being optimal. Figure
E1 (online) shows the cost-effectiveness
acceptability curve results for the probabilistic sensitivity analysis. The CVR
strategy was most likely to be optimal
in the probabilistic sensitivity analysis
when a cost-effectiveness threshold
of $100 000 per QALY was used (CVR
strategy optimal in 45% of probabilistic sensitivity analysis iterations; immediate revascularization optimal in
41% of probabilistic sensitivity analysis
iterations). The variation in the probabilistic sensitivity analysis results was
driven by the uncertainty in the costs
of revascularization (mean 6 standard
deviation, $14 130 6 $18 750) (26);
when revascularization costs were held
constant, the CVR strategy was optimal
in greater than 80% of probabilistic
sensitivity analysis iterations (Fig E2
[online]).
Table 3 shows results for the scenario analysis with 50%–69% stenosis
as the starting point for all patients
in the model. In this scenario, at a
$100 000 per QALY threshold, the CVR
strategy was preferred at ages 60 and
70, and medical therapy was preferred
at age 80. Figure 3, Tables E3 and E4
(online), and Figure E4 (online) show
full base-case and sensitivity analysis
results for the scenario analysis with
50%–69% as the starting point for all
patients in the model.

Discussion
We developed a decision analytic
model to compare three clinical treatment strategies for stroke prevention
in asymptomatic patients with carotid
artery stenosis and found that revascularization decisions informed by CVR
imaging assessments were optimal

radiology.rsna.org
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Table 3

Figure 3

Lifetime Per-Person Cost-effectiveness Results for Patients Starting at 50%–69%
Stenosis
Strategy
Starting population aged 70 years
(base-case analysis)
Medical therapy
CVR-based decision-making
Immediate revascularization
Starting population aged 60 years
Medical therapy
CVR-based decision-making
Immediate revascularization
Starting population aged 80 years
Medical therapy
CVR-based decision-making
Immediate revascularization

Figure 3: Graph of two-way sensitivity analysis
shows optimal strategy for different combinations of
baseline stroke risk and probability of complications
during revascularization. CVR strategy is optimal in
the blue region, which includes base-case result
(marked by an x); other strategies could be optimal
given other combinations of stroke risk and revascularization complication risks.

based on a cost-effectiveness threshold of $100 000 per QALY in the United
States. The CVR-based strategy resulted in approximately two-fifths of the
patient population undergoing immediate revascularization because of CVR
impairment and approximately half of
the population undergoing a revascularization in their lifetime. The medical
therapy strategy resulted in not only
the lowest lifetime costs and complications and the fewest revascularizations with time, but also the lowest life
expectancy and lifetime QALYs. The
immediate revascularization strategy
yielded very small health gains compared with the CVR-based decisionmaking strategy, and these incremental benefits did not provide sufficient
value when compared with the additional costs of revascularization (ICER
of $8 800 000 per QALY).
We focused on CVR assessment
with transcranial Doppler US, but
other modalities such as CT perfusion
could be used in its place. Our findings were robust to plausible changes
Radiology: Volume 274: Number 2—February 2015
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Stroke Events

Life Years

0.131
0.105
0.087

13.025
13.044
13.017

0.185
0.153
0.129
0.084
0.066
0.054

QALYs*

Costs ($)*

ICER

9.891
9.955
9.940

11 688
14 874
20 950

Reference
50 000
Dominated

18.919
18.993
18.962

13.122
13.248
13.249

15 734
18 296
23 643

Reference
20 000
8 200 000

8.267
8.272
8.252

6.833
6.860
6.838

7 798
11 755
18 592

Reference
150 000
Dominated

Note.—In cost-effectiveness analysis, a “dominated” strategy has higher costs and worst health outcomes compared with a
competing strategy.
* Discounted at 3%.

in the performance and cost of transcranial Doppler US, but CT could
carry additional costs and risks from
radiation exposure that could affect
the cost-effectiveness profile of CVR
testing; future studies could confirm
whether other modalities also could be
efficient approaches to measuring CVR.
In addition to transcranial Doppler US
parameters, our cost-effectiveness results were also robust for variations
in disease progression and regression
assumptions, stroke mortality parameters, and utility estimates. Our cost-effectiveness results were most sensitive
to model input values for the cost of
revascularization and to plausible combinations of average stroke risk in this
population and the probability of complications during revascularization.
By using base-case model inputs, the
CVR strategy was optimal for most age
and stenosis combinations, except for
patients 60 years old with 70%–89%
stenosis (for whom immediate revascularization was favored) and patients 80
years old with 50%–69% stenosis (for
whom medical therapy strategies were
favored). These scenario results are intuitive; younger patients with stenosis
closer to occlusion benefit most from
successful revascularization, whereas
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the lifetime benefits of revascularization
are less pronounced in older patients
with lower degrees of stenosis.
Tholen et al (38) previously assessed
the value of noninvasive diagnostic imaging tests (duplex US, CT angiography,
and MR modalities) for determining the
optimal use of revascularization in patients with carotid artery stenosis who
had experienced a previous transient
ischemic attack or minor stroke. They
found that duplex US was a cost-effective initial test for patients suspected
of having carotid artery stenosis, with
CT angiography performed for positive
initial tests and revascularization performed in those with 70%–99% luminal narrowing. In our study, which was
focused on asymptomatic patients with
established carotid artery stenosis, we
also showed that imaging tests can be a
cost-effective option for optimizing patient selection for revascularization procedures. Our results indicated that patients with most plausible combinations
of stroke risk and revascularization
complication risk would, on average,
benefit from the CVR strategy, although
these factors could vary widely among
individual patients and providers. An
optimized personalized approach based
on a multifactorial model could enable
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more tailored decisions. For instance,
providers might use our two-way sensitivity analysis findings to determine
the optimal decision for a given combination of patient, surgeon, and institution, but this would require additional
clinical or demographic information
on stroke risk and predicted procedure complication rates that might not
be known. From a health care system
perspective, the optimal decision might
also be affected by the expected cost of
the procedure at the facility (5,39–41).
Our study had several other limitations. First, like all simulation model–
based cost-effectiveness analyses, our
study required combining model inputs from various sources. Despite this
unavoidable limitation, our one-way
sensitivity analyses showed that our
cost-effectiveness results were robust
for plausible changes in model inputs.
Second, the clinical benefit assigned to
revascularization was based on results
of the Asymptomatic Carotid Surgery
Trial-1, in which carotid endarterectomy was compared with medical
therapy before recent improvements
in medical therapy; therefore, the incremental benefits of revascularization might be lower if compared with
improved medical treatments (7,19).
Our sensitivity analysis showed that the
relative risk of stroke after revascularization would need to be greater than
the upper bound of uncertainty reported in the trial for the medical therapy
strategy to be optimal under base-case
conditions. Third, our study focused
on carotid endarterectomy revascularization, but carotid artery stenting is
being considered increasingly as an option for revascularization in this patient
group (7,8). However, the clinical and
cost-effectiveness findings for carotid
endarterectomy versus stenting have
been mixed, and stenting has not been
recommended for use in asymptomatic
patients with carotid artery stenosis
(6,26,27,42,43). Fourth, our probabilistic sensitivity analysis results were
affected by the uncertainty of the cost
estimate for carotid endarterectomy.
This parameter was estimated from a
cost analysis of the Stenting and Angioplasty with Protection in Patients at
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High Risk for Endarterectomy trial, and
the large variance in cost that affected
our results was due to two outlier observations with very high ancillary procedure costs that might not have been
related to the revascularization procedure (26). Fifth, the odds ratio for CVR
impairment is from assessment with
transcranial Doppler US, as opposed to
a different measure of CVR impairment
such as direct measurement of cerebral
blood flow with PET or other flow sensitivity imaging techniques and could be
described more accurately as the odds
ratio of stroke for transcranial Doppler
US–indicated CVR impairment.
The decision whether to perform
revascularization in this asymptomatic
patient population is uncertain given
the benefits, risks, and costs associated
with these procedures (7,8). CVR assessment can help identify patients with
carotid artery stenosis who are at higher
baseline risk for stroke, and thus, are
better candidates for revascularization
procedures. Our results suggest that a
decision rule based on CVR assessment
is cost-effective compared with medical
therapy or immediate revascularization
strategies. Authors of future studies
should seek greater accuracy in determining the cost of revascularization and
develop methods that would allow more
individualized decision making on the
basis of patient stroke risk factors and
predicted procedure complication risks.
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