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Abstract
Objective—Endarterectomy and angioplasty with stenting have emerged as two alternative
treatments for carotid artery stenosis. This study’s objective is to determine cost-effectiveness of
carotid artery stenting compared to carotid endarterectomy in symptomatic subjects who are suitable
for either intervention.

Methods—A Markov analysis of these two revascularization procedures was conducted using direct
Medicare costs (2007$ USD) and characteristics of a symptomatic 70-year-old cohort over a lifetime.

Results—In the base case analysis, carotid stenting produced 8.97 quality adjusted life years
compared to 9.64 quality adjusted life years for carotid endarterectomy. The incremental cost of
stenting was $17,700 and thus, stenting was dominated by endarterectomy. Sensitivity analyses show
that the long-term probabilities of major stroke or mortality influenced the results.

Conclusions—In the base case analysis, carotid endarterectomy for patients with symptomatic
stenosis has a greater benefit than angioplasty with stenting with lower direct costs. With a 59%
probability, CEA will be the optimal intervention when all of the model assumptions are varied
simultaneously.
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Introduction
Stroke is the third leading cause of death in the United States and a leading cause of disability.
Approximately 780,000 people annually have a new or recurrent stroke with an estimated
financial burden of 62.7 billion dollars per year (US estimates). Among the various subtypes
of stroke, patients with stroke due to carotid atheromatous disease had the highest odds of
recurrence (OR=2.9) at 30 days and three months (17). Reducing the stroke rate in individuals
with carotid artery stenosis could lead to substantial cost savings. Several randomized trials
have demonstrated that carotid endarterectomy (CEA) in addition to medical therapy reduces
morbidity and mortality compared to medical therapy alone. Also, CEA is cost-effective
compared to medical treatment for both symptomatic and asymptomatic patients with carotid
artery stenosis (4;14;21). Carotid angioplasty with stenting (CAS) has recently emerged as an
alternative treatment for patients with carotid artery stenosis.

Kilaru et al (2003) used cost data and CEA outcomes from their institution and CAS outcomes
from the literature to compare CAS to CEA over a lifetime in a standard-risk population (13).
Surgery was cost-saving compared to stenting. Because CAS had a higher complication rate,
CAS only became a cost-effective alternative when the CAS complication rates were
comparable to the CEA complication rates (13). Recently, two meta-analyses comparing 30-
day outcomes following CAS or CEA in those with symptomatic carotid artery disease showed
a non-significant lower likelihood of death following CAS (9;18;19;24;27). The potential for
life-year gains for CAS compared to CEA despite higher costs for CAS may generate a
favorable incremental cost-effectiveness ratio (ICER).

Based on these findings, we sought to determine the cost-effectiveness of CAS versus CEA in
a hypothetical cohort of symptomatic individuals. Creating a cost-effectiveness framework that
incorporates mortality, stroke (all future events, not just ipsilateral events), and myocardial
infarction (MI), permits an assessment of CEA and CAS in anticipation of data from ongoing
trials including CREST, ACT 1, SPACE-2 and ACST-2 (SPACE-2:
www.controlledtrials.com, rest: www.clinicaltrials.gov). When additional trial data are
available, this model can be updated or adapted for an asymptomatic cohort.

Methods
A Markov model was designed to compare the costs and utilities of CAS against CEA. This
analysis is based primarily on the results of a recent meta-analysis and other published trials
(6;9;10;20).

Target population
The model incorporates a 70-year old patient cohort with symptomatic carotid stenosis.

Perspective, boundaries and time horizon
The payer perspective includes US Medicare costs when available. At the decision node,
symptomatic patients have undergone the necessary screening and diagnostic testing to reach
the point where an intervention is recommended. Subjects must be suitable candidates for either
procedure. The time horizon is the lifetime of the cohort.

Model description
A Markov model was designed to reflect the outcomes of the clinical trials (Figure 1) using
TreeAge Pro 2008 (Williamstown, MA). The one month cycle length allowed both higher 30-
day peri-procedural risks and lower long-term risks to be incorporated into the model. Stroke
included both ipsilateral and contralateral events. Major stroke, minor stroke, death and
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“continuing in the current state” were the allowed transitions from the well and minor stroke
states. This symptomatic cohort started in the well or minor stroke branch based on a weighted
average of those enrolled in EVA-3S or SPACE with transient ischemic attack or minor
infarction as the qualifying event, respectively. Costs and disutilities for a minor stroke or
recurrent transient ischemic attack accrued for six months (4;13;21). After six months, there
were no additional costs, utility was restored to 1.0 and individuals were transitioned to the
well state (2;15). The major stroke state reflected a disabling stroke with a modified Rankin
score of three or greater and no recovery was allowed. The transitions from major stroke were
to continue in the current state or death.

Probability data
Probabilities for stroke reflect total events: ipsilateral plus contralateral stroke. The short-term
probabilities for the first month (Markov cycle) following CAS or CEA were based on a meta-
analysis of 30-day outcomes (Table 1; Supplementary Table 1 for references) (9). The
probabilities for the subsequent months were a weighted average of the 2-year SPACE, 3-year
SAPPHIRE or 4-year EVA-3S results (6;10;20). Only 30-day, peri-procedural MI was
incorporated into the model because the long-term incidence of MI specifically related to CEA
or CAS is not known. The incidence of MI beyond 30 days was assumed to be equal following
CAS and CEA, thus an MI after 30 days would not contribute to differences in cost or utility
between the two branches.

For the sensitivity analyses, the range of probabilities tested for the first month were chosen
to reflect potential probabilities based on several of the high risk CAS registries, and a surgical
cohort (5;7;8;12;25;26). The lower limit for the range of probabilities for long-term events
reflected the best case scenario that all future events are avoided. The upper range for these
probabilities reflected epidemiological studies of all persons after a stroke (11;22). The upper
and lower limits were inclusive of probabilities based on NASCET, ECST and ACST results.
Deterministic sensitivity analyses were conducted for each variable (Table 1). Probabilistic
sensitivity analysis was performed using a Monte Carlo simulation with 1000 iterations. Beta
distributions were used for probabilities. Triangular distributions were used for cost estimates.
Utilities were uniformly distributed over the ranges specified.

Utilities data
Quality of life for well and death were 1.0 and 0, respectively. The utility for a major stroke
was 0.15 because this value approximates the Rankin score descriptions matched to EuroQol
results (23). The range of utility after a major stroke was tested from 0–0.5. For minor stroke,
the utility was 0.65 (23).

Utilization and cost data
All cost adjustments from different years are standardized to 2007$ (US) using the Consumer’s
Price Index for medical goods. Cost data for clopidogrel were obtained from the average US
prices of a 30-day supply (1). Clopidogrel costs were only added for the first 30 days
immediately following CAS, thus reflecting clinical trial protocols (19;24;27). Because this
analysis focused on the differences between CAS and CEA rather than building an all inclusive
cost estimate of the procedures, follow-up clinic visits and ultrasound were assumed to be equal
in the two groups and these costs were not incorporated into the model. All costs were direct
medical costs; no indirect costs were included.
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Analysis
CAS was the intervention and CEA was the comparator. CAS would be dominant if the health
outcomes were not only better, but the lifetime costs were lower than costs associated with
CEA. Future costs and utilities were discounted at 3%.

The authors had full access to the data and take responsibility for its integrity. All authors have
read and agree to the manuscript as written.

Results
In the base case analysis, the lifetime costs of CEA were $35,200 and the QALYs were 9.64.
CAS was associated with lifetime costs of $52,900 and a QALY gain of 8.97. CAS was
dominated by CEA because it was associated with fewer QALY gain at increased lifetime
medical costs.

The assumptions in the model were tested with one-way deterministic sensitivity analyses. If
the long-term stroke rate after CEA increased from 2.1% per year to 6.3% per year, CAS
became dominant with respect to CEA. Long-term mortality after CEA or CAS created an
ICER for CAS (Figure 2). Notably, varying the proportion of those starting in the “well” or
“minor stroke” branches from 0–1 did not change the dominance of CEA. Varying the 30-day
peri-operative or peri-procedural risks did not alter the results of the base case analysis. Finally,
none of the procedural costs, other costs or utilities changed the conclusions of the base case
analysis.

A two-way sensitivity analysis examined the influence of long-term stroke rates following
CAS or CEA. In a net monetary benefits model, equal rates of stroke outside the 30-day peri-
procedural window generally favor CEA (the area below the line in Supplementary Figure 1).
A three-way sensitivity analysis was used to look at 30-day outcomes. Here, the combined
effects of major stroke, minor stroke and death after CAS could be evaluated in relation to each
other over a range of transition probabilities. In a net monetary benefits model, CEA is always
the preferred option (data not shown).

Probabilistic sensitivity analysis showed that CEA remains the optimal intervention 59% of
the time over a wide range of economic values for a QALY (Figure 3).

Discussion
In the base case analysis, CEA was the dominant option for the treatment of symptomatic
carotid stenosis in a hypothetical cohort suitable for either CEA or CAS. CEA maximizes health
benefits and cost savings. Deterministic sensitivity analyses showed that the assumptions
regarding long-term stroke rates and mortality influence the suitability of CEA as the cost-
effective option. With lower thresholds for cost-effectiveness, the probability that CEA is
treatment of choice increases from 59% to 68%.

The recent follow-up data from EVA-3S, SPACE and SAPPHIRE fail to demonstrate a
detectable difference in the annual rates of stroke or death. None of these studies shows non-
inferiority on a yearly time scale. This analysis incorporated weighted averages (by trial size)
for stroke or death beyond 30 days. These weighted averages do show a higher long-term risk
following CAS. Aspects of clinical uncertainty surrounding the long-term performance of CEA
and CAS are addressed by the probabilistic sensitivity analysis which randomly samples long-
term probabilities.
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To our knowledge, this is the first cost-effective analysis of CEA and CAS in symptomatic
subjects incorporating meta-analyses for 30-day peri-procedural events along with weighted
estimates of long-term events (6;9;10;20). Although the meta-analysis used for the base case
analysis included both those at high risk and standard risk for CEA, a majority of the subjects
represented a standard risk cohort. Surgical risk must be considered when applying these cost-
effectiveness findings to a general population. Thus, if long-term stroke rates following CEA
in high risk individuals are greatly increased, CAS may be an acceptable alternative.

MI was included as a health state in the model because it poses a major public health burden.
If 30-day major and minor stroke risks are comparable, differences in the 30-day likelihood of
MI could potentially make one procedure preferable over the other. However, our cost-
effectiveness model is robust to a wide range of 30-day probabilities of MI.

The identification of death and major stroke rates as contributing factors to the cost-
effectiveness analysis in our model is consistent with a previous study (13). Advantages to our
model include incorporating outcomes from a meta-analysis with MI, major stroke and minor
stroke as adverse events, the use of nationally based cost data, and consideration of both 30-
day per-procedural and long-term events.

There are several limitations to this analysis. This study is a secondary data analysis that
considers event probabilities for the base case analysis in a symptomatic cohort.
Revascularization for asymptomatic subjects should have lower 30-day rates of adverse events
which may limit the generalization of these results to an asymptomatic population. Follow-up
in our model is limited to a timeframe of 2 to 4 years (6;10;20). Finally, the current model only
considered major outcomes including death, major stroke, minor stroke and peri-procedural
MI.

SPACE reported greater restenosis following CAS at 2 years, though restenosis rates following
CAS may be artificially high (6). Residual stenosis after CAS may be subject to overestimation
if traditional ultrasound criteria are used (3;6). Also, there is no consensus for the treatment of
post-CAS restenosis (16). Because of the possibility of overestimation and no data regarding
defined treatment, restenosis was not included in our model, per se, unless it led to an event.
Therefore, including restenosis as a health state would not change the results of our analysis.
Treatment for restenosis, however, could increase CAS-associated costs relative to the costs
of CEA. This increased CAS cost would not change the base case conclusions from cost-
effectiveness analysis; CEA would still remain the least costly option and produce the most
QALYs.

Although considerable uncertainty exists in the lifetime cost-effectiveness of CAS compared
with CEA, our estimates suggest with nearly 60% probability that CAS may not be a cost-
effective alternative. Given the uncertainty about the effectiveness and cost-effectiveness of
CAS compared to CEA, CAS should remain limited to randomized trials or select populations
of patients with carotid stenosis. Such trials will clarify the risks and benefits of CAS. This
model provides a framework for the interpretation of ongoing trials that highlight the long-
term benefits of carotid artery revascularization for secondary prevention of stroke.
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Figure 1.
State transition diagram. Allowed transitions are identical for both the CAS and CEA branches.
The terminal state is death.
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Figure 2.
One-way sensitivity analyses for the rate of death after CAS (A, solid line) and rate of death
after CEA (B, solid line). Dashed lines are the base case mortality rates. The ICER for CAS
drops sharply when post-CAS mortality is reduced by approximately 10-fold (A). The ICER
for CAS decreases below $75,000/QALY as post-CEA mortality is increased 2–3 fold (B).
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Figure 3.
Probabilistic sensitivity analysis. After 1,000 iterations, CEA remains cost-effective 59% of
the time over a range of economic values per QALY.
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Table 1

Inputs for the cost-utility model. Please see the supplemental material for additional reference material.

Variables CAS CEA Range Distribution

base base

case case

Beginning as well (vs. minor stroke, %) 46 46 0–1 Beta

Transition rates (%):

Death after a major stroke (case-fatality
rate)

13.9 13.9 10.5–17.4 Beta

30-day

  Death 0.62 1.26 0–5.1 Beta

  Minor stroke 3.81 2.66 0–12.8 Beta

  Major stroke 3.21 2.02 0–7.3 Beta

  MI 0.64 1.31 0–12.8 Beta

Long-term

  Death, excess, per year 1.5 0.96 0–44.6 Beta

  Any stroke, per year 4.0 2.1 0–18 Beta

    Proportion major stroke 0.3 0.3 0–0.75 Beta

Costs (2007$):

Hospitalization cost for MI 9,100 9,100 5,000–
15,000

Triangular

  minor stroke 9,800 9,800 5,000–
15,000

Triangular

  major stroke 10,500 10,500 5,000–
15,000

Triangular

15,000

Continuing (per yr) - MI 4,500 4,500 3,500–5,500 Triangular

  minor stroke 7,500 7,500 1,000–
15,000

Triangular

  major stroke – first year 66,500 66,500 40–90,000 Triangular

  major stroke – subsequent years 33,900 33,900 15–55,000 Triangular

Procedure 10,400 9,170 6,000–
15,000

Triangular

Clopidogrel 130

Utilities:

Myocardial infarction 0.88 0.88 0.65–1.0 Uniform

Minor stroke 0.65 0.65 0.5–0.9 Uniform

Major stroke 0.15 0.15 0–0.5 Uniform
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