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The optimal revascularization strategy for significant 
carotid-artery atherosclerosis is highly debated. Carotid 

endarterectomy had been long considered the gold-standard 
treatment since large randomized controlled trials established 
its superiority over medical therapy in the 1990s1—this led to 
a dramatic rise in the rates of endarterectomy in both Canada 
and the United States between 1989 and 1995.2 Carotid-artery 
stenting, however, has more recently gained popularity as 

an alternative to endarterectomy because of its less invasive 
nature and ability to perform in a nonsurgical setting.

Several high-quality randomized trials have compared the 
safety and efficacy of carotid-artery stenting to endarterec-
tomy.1 Early trials provided conflicting results, with some 
suggesting noninferiority of stenting compared with endarter-
ectomy,3 whereas others failed to prove the noninferiority of 
carotid-artery stenting.4,5 Initial results of the largest 2 carotid 
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revascularization trials, the 1713-patient ICSS (International 
Carotid Stenting Study) and the 2502-patient CREST (Carotid 
Revascularization Endarterectomy Versus Stenting Trial), 
were published in 2010 with conflicting results.6,7 ICSS exam-
ined 120-day composite outcomes and showed significantly 
higher rates of stroke and death with carotid-artery stenting.6 
CREST, on the contrary, suggested that carotid-artery stenting 
is noninferior to endarterectomy because the higher risk of 
stroke with stenting was balanced with a higher risk of myo-
cardial infarction with endarterectomy.7 Inclusion of myocar-
dial infarction in the primary composite outcome is, however, 
debatable because stroke has a greater negative impact on 
health-related quality of life than myocardial infarction.

Despite this conflicting evidence, numerous authors have 
noted that clinicians have increased the overall uptake of 
carotid-artery stenting in practice at the expense of endarter-
ectomy.8–18 These studies, however, are limited to the United 
States; the study periods have generally been short; accuracy 
of the data sources used are not known; and they have not 
objectively examined the impact of clinical trial results on 
procedure rates. Long-term effects of the largest carotid revas-
cularization trials (ICSS and CREST) on clinical practice are 
also not known. To address these shortcomings, we conducted 
a population-based analysis to examine the influence of clini-
cal trial publications on temporal trends of carotid endarterec-
tomy and stenting over a 12-year period.

Methods

Study Design and Setting
We conducted a population-level, cross-sectional, time-series analy-
sis to study temporal trends in the rates of carotid endarterectomy and 
carotid-artery stenting in Ontario, Canada. The 13.5 million Ontario 
residents have universal access to healthcare funded from a single-
payer health system. The St Michael’s Hospital Research Ethics 
Board approved this study.

Sources of Data
We used the following linked population-level health databases: 
the Canadian Institute for Health Information Discharge Abstract 
Database (captures patient demographic and clinical information from 
hospital discharges), the Registered Personal Database (demographic 
and vital statistics data), and the Institute for Clinical Evaluative 
Sciences Physicians Database (information on Ontario physicians).

Patient Cohort
We included all adults aged ≥40 years who underwent carotid endar-
terectomy or carotid-artery stenting between April 1, 2002, and March 
31, 2014. We used previously validated Canadian Classification of 
Health Intervention procedure codes to identify patients treated with 
carotid endarterectomy (1JE57Lx; positive predictive value, 99%; 
sensitivity, 90%) and carotid-artery stenting (1JE50x; positive pre-
dictive value, 87%; sensitivity, 93%).19 In addition, we established 
the following patient baseline characteristics: age, sex, region, treat-
ing institution type, carotid-artery symptoms, and operator specialty. 
Symptomatic carotid-artery stenosis was defined as a previous hospital 
admission or an emergency department visit within the last 6 months 
with a diagnosis of ischemic stroke or transient ischemic attack.20

Primary and Secondary Analyses
In the primary analysis, we examined temporal changes in the rates 
of carotid endarterectomy and stenting after publications of major 

carotid revascularization randomized trials at 3 time points: the fourth 
quarter of 2004 (SAPPHIRE trial [Stenting and Angioplasty With 
Protection in Patients at High Risk for Endarterectomy]); the fourth 
quarter of 2006 (EVA-3S trial [Endarterectomy Versus Angioplasty in 
Patients With Severe Symptomatic Carotid Stenosis] and SPACE trial 
[Stent-Supported Percutaneous Angioplasty of the Carotid Artery 
Versus Endarterectomy]); and the second quarter of 2010 (ICSS and 
CREST). Publication dates of the 2006 and 2010 trials were clus-
tered within 2 to 3 months of each other and, thus, were combined 
into common time points. Secondary analyses examined temporal 
changes in overall rates of carotid revascularization procedures dur-
ing the entire study period. In addition, we also examined procedure 
rates stratified by patient age quintile, sex, carotid-artery symptoms, 
and operator specialty.

Analytic Approach
We first divided the study time frame into 48 quarterly intervals 
between April 1, 2002, and March 31, 2014. We then calculated quar-
terly rates of carotid revascularization procedures per 100 000 Ontario 
adults ≥40 years old. The denominator (population of Ontario ≥40 
years old) for each year was determined by using data from Stats 
Canada (Statistics Canada; available at http://www.statcan.ca).

We used time-series analysis to study the patterns in utiliza-
tion rates of carotid revascularization procedures during the study 
period. Time series analysis is a statistical technique used for mod-
eling autocorrelation in temporally sequenced data that is measured 
repeatedly in equal intervals of time.21 In the primary analysis, 
we built interventional autoregressive integrated moving average 
models with ramp functions to examine the effects of clinical trial 
publications on the temporal trends of carotid endarterectomy and 
stenting.22 Interventional autoregressive integrated moving aver-
age modeling is used to model the effect of an event on time series 
data, and ramp functions are used to model the response in time 
series data when there seems to be a gradual change in slope after 
an event.23

In the secondary analyses, we used exponential smoothing models 
to assess temporal trends in the overall rates of carotid revascular-
ization procedures, and rates were stratified according to predefined 
variables.24 We assessed for model parameter appropriateness and 
seasonality using the autocorrelation, partial autocorrelation, and 
inverse autocorrelation functions. Stationarity was assessed using the 
autocorrelation function and the augmented Dickey–Fuller test.25 The 
Ljung–Box χ2 statistic was used to test for the presence of white noise 
by examining the autocorrelations at various lags.26 All P values are 
2-sided, and P values <0.05 were considered to be statistically signifi-
cant. All statistical analyses were conducted using SAS, version 9.4 
(SAS Institute, Cary, NC).

Results
Cohort Characteristics
A total of 16 772 individuals who underwent carotid revas-
cularization were included, of which 14 394 (86%) under-
went endarterectomy and 2378 (14%) underwent stenting 
(Table). Mean age (SD) of the total cohort was 69.8 (9.4) 
years, and 34% were female. Most patients resided in 
urban areas (81%), were treated at nonacademic institu-
tions (53%), and had asymptomatic carotid-artery stenosis 
(58%). Of note, among patients ≥75 years old, 59% were 
symptomatic in the stenting group and 46% were symptom-
atic in the endarterectomy group. With respect to operator 
specialty, vascular surgeons (55%), followed by neurosur-
geons (21%), general surgeons (16%), and cardiac surgeons 
(8%), most commonly performed carotid endarterectomy. 
Radiologists (79%) and neurosurgeons (16%), on the con-
trary, almost exclusively performed carotid-artery stenting.
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Primary Analysis
A decreasing trend in the rate of carotid endarterectomy was 
observed after publication of SAPPHIRE in 2004, although 
this did not reach statistical significance (P=0.06). Subsequent 
trials appeared to further influence the rate of endarterectomy 
because it markedly decreased after publication of SPACE 
and EVA-3S in 2006 (P=0.04) and CREST and ICSS in 
2010 (P=0.005). The utilization rate of carotid-artery stent-
ing, on the contrary, significantly increased after publica-
tion of SAPPHIRE in 2004 (P=0.01). Rates of stenting did 
not change after publications of subsequent trials in 2006 
and 2010 (P=0.11 and P=0.34, respectively). See Figure 1 
for quarterly rates of carotid endarterectomy and stenting 

per 100 000 adults ≥40 years old in relation to clinical trial 
publications.

Secondary Analyses
The overall rate of carotid revascularization decreased from 
6.0 procedures per 100 000 in April 2002 to 4.3 procedures per 
100 000 in the first quarter of 2014 (29% decrease; P<0.001; 
Figure 1). The rate of endarterectomy decreased by 36% from 
5.6 to 3.6 procedures per 100 000 (P<0.001), whereas the rate 
of stenting increased by 72% from 0.39 to 0.67 procedures 
per 100 000 (P=0.006). Similar to the overall carotid revas-
cularization rates, we observed marked decreases in endar-
terectomy among men (38% decrease; P<0.001) and women 
(31% decrease; P<0.001), whereas the rates of carotid-artery 
stenting increased among men (74% increase; P<0.001) and 
women (66% increase: P=0.001; Figure 2).

With respect to revascularization rates by age, time-series 
analysis found that the rates of carotid endarterectomy 
decreased significantly (P≤0.001) among all age groups, 
except for those aged ≥80 years, who received endarter-
ectomy at a relatively stable rate during the study period 
(from 0.78 to 0.71 procedures per 100 000; P=0.99). Among 
the youngest (≤64 years old) group of patients, the rate of 
carotid-artery stenting increased by 57% (from 0.13 to 0.20 
per 100 000; P<0.001). Carotid-artery stenting rates also 
increased among the 2 oldest groups (75–79 and ≥80 years 
old) of patients (P=0.004 and P<0.001, respectively); how-
ever, these increases largely occurred between 2005 and 2010, 
and the rates of stenting among these older groups have since 
stabilized. See Figure I in the online-only Data Supplement 
for rates of carotid revascularization stratified by age.

In regard to temporal trends by carotid-artery symptoms, 
we found that carotid endarterectomy was being performed 
less frequently in both symptomatic (43% decrease; from 
2.8 to 1.6 procedures per 100 000; P=0.003) and asymptom-
atic patients (28% decrease; from 2.8 to 2.0 procedures per 
100 000; P<0.001; Figure 3). Interestingly, endarterectomy 
for asymptomatic stenosis initially increased from 2002 to 
the last quarter of 2006, at which point it was being per-
formed more than twice as frequently for asymptomatic (4.1 
procedures per 100 000) compared with symptomatic (2.0 
procedures per 100 000) stenosis. Beginning in 2008, how-
ever, there was a rapid decline in endarterectomy for asymp-
tomatic carotid stenosis, whereas the rate of endarterectomy 
for symptomatic stenosis remained relatively stable. Carotid-
artery stenting, on the contrary, increased among both symp-
tomatic (76% increase; from 0.22 to 0.39 procedures per 
100 000; P<0.001) and asymptomatic (65% increase; from 
0.17 to 0.27 procedures per 100 000; P<0.001) patients dur-
ing the study period.

Rates of carotid revascularization by operator specialty over 
the study period also varied (Figure 4). Vascular surgeons most 
commonly performed endarterectomy, and this rate remained 
relatively stable between 2002 and 2014 (from 2.3 to 2.5 proce-
dures per 100 000; P=0.13). The rate of carotid endarterectomy 
performed by general surgeons did not change significantly 
either (P=0.52), whereas cardiac surgeons and neurosurgeons 
performed significantly less endarterectomy (both P<0.001). 

Table.  Characteristics of Individuals Undergoing Carotid 
Revascularization

Variable
Carotid Endarterectomy 

(n=14 394)
Carotid Stenting 

(n=2378)

Age, y

    Mean (SD) 69.8 (9.2) 69.9 (10.6)

    Median (IQR) 71 (64–77) 71 (63–78)

    Range, n (%), y

     ≤64 3969 (27.6) 693 (29.1)

     65–69 2625 (18.2) 368 (15.5)

     70–74 2886 (20.1) 429 (18.0)

     75–79 2808 (19.5) 434 (18.3)

     ≥80 2106 (14.6) 454 (19.1)

Sex, n (%)

    Male 9534 (66.2) 1560 (65.6)

    Female 4860 (33.8) 818 (34.4)

Region, n (%)*

    Urban 11 472 (79.7) 2073 (87.3)

    Rural 2917 (20.3) 303 (12.7)

Institution type, n (%)

    Academic 6672 (46.0) 1325 (55.7)

    Nonacademic 7767 (54.0) 1053 (44.3)

Symptomatic status, n (%)*

    Symptomatic 5814 (40.4) 1241 (52.2)

    Asymptomatic 8578 (59.6) 1137 (47.8)

Operator specialty, n (%)*

    Vascular surgery 7956 (55.3) 22 (0.9)

    Neurosurgery 3005 (20.9) 388 (16.3)

    General surgery 2252 (15.7) 14 (0.6)

    Cardiac surgery 1132 (7.9) ≤5†

    Radiology ≤5† 1882 (79.1)

    Other 32 (0.2) 40 (1.7)

IQR indicates interquartile range; and SD, standard deviation.
*Missing values: region (n=7); symptomatic status (n=2); operator specialty 

(n=46).
†Cells containing 5 or less observations are suppressed.
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In fact, cardiac surgeons stopped performing carotid endarter-
ectomy in 2009, whereas neurosurgeons were performing 64% 
less endarterectomy (from 1.6 to 0.6 procedures per 100 000) 
by the end of the study period. Neurosurgeons, however, per-
formed nearly 4× more carotid-artery stenting (from 0.06 to 
0.22 procedures per 100 00; P<0.001), which was second only 
to carotid-artery stenting performed by radiologists (62% 
increase; from 0.28 to 0.45 procedures per 100 00; P<0.001).

Discussion
In the current population-level study, we found the overall 
utilization of carotid revascularization has decreased by 29% 

in the province of Ontario between 2002 and 2014—this 
was driven by a falling rate of carotid endarterectomy (36% 
decrease), whereas the rate of carotid-artery stenting increased 
by 72%. The stenting-favorable SAPPHIRE trial published in 
2004 appeared to be the major driver of rising rates of carotid-
artery stenting, whereas SAPPHIRE and subsequent conflict-
ing trials published in 2006 (EVA-3S and SPACE) and 2010 
(ICSS and CREST) were associated with declining rates of 
carotid endarterectomy.

Several studies have reported rising rates of carotid-artery 
stenting and falling rates of endarterectomy in the United 
States. Kim et al11 recently conducted a cross-sectional 
analysis of over 1.3 million patients who underwent carotid 

Figure 1. Trends in the rates of carotid 
revascularization in relation to major clini-
cal trials. These rates (per 100 000 adults 
≥40 years old) are reported for 3-month 
periods from April 1, 2002, to March 31, 
2014. Vertical lines represent timing of 
publication of major clinical trials that 
may have influenced the rates of carotid 
endarterectomy and stenting. CREST 
indicates Carotid Revascularization End-
arterectomy Versus Stenting Trial; EVA-
3S, Endarterectomy Versus Angioplasty 
in Patients With Severe Symptomatic 
Carotid Stenosis; ICSS, International 
Carotid Stenting Study; SAPPHIRE, 
Stenting and Angioplasty With Protection 
in Patients at High Risk for Endarter-
ectomy; and SPACE, Stent-Supported 
Percutaneous Angioplasty of the Carotid 
Artery Versus Endarterectomy.

Figure 2. Sex-specific trends in the rates 
of carotid endarterectomy and stenting. 
These rates (per 100 000 adults ≥40 years 
old) are reported for 3-month periods 
from April 1, 2002, to March 31, 2014.
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revascularization between 2001 and 2010 using the National 
Impatient Sample. Similar to the current study, the authors 
reported declining rates of all carotid revascularization pro-
cedures (34% decrease) and endarterectomy (41% decrease), 
whereas the rate of stenting increased by 2.5-fold. The impact 
of clinical trial results on revascularization trends, however, 
was not examined in this study, and utilization rates beyond 
the year 2010 were also not reported. Siddiq et al9 used the 
National Impatient Sample to identify changes in the use 
of carotid revascularization procedures in the years before 
(2009) and after (2011) publication of the CREST trial. 
Among 225 191 patients studied, the frequency of carotid 
endarterectomy and stenting did not change significantly 
after publication of CREST. However, a small study time 
period, lack of data on the impact of other clinical trials, and 

inability to stratify the results based on key variables limited 
the conclusions that could be drawn from this study. Other 
similar studies conducted using either the National Impatient 
Sample,12–15,27 Medicare data,8,10,16–18 or another United States 
database28 were also limited by short study time periods or 
lack of longitudinal data on the effect of clinical trial publica-
tion on carotid revascularization rates.

Several factors may account for the declining rates of over-
all carotid revascularization and endarterectomy observed 
in this study. First, the incidence of ischemic stroke has 
decreased over the last decade,29 perhaps owing to general 
improvements in cardiovascular risk reduction therapies, such 
as statins, antihypertensive agents, and antiplatelet therapies.30 
Second, clinicians are performing less endarterectomy for 
patients with asymptomatic carotid-artery stenosis in Ontario. 

Figure 3. Trends in the rates of carotid 
endarterectomy and stenting by symp-
tomatic status. These rates (per 100 000 
adults ≥40 years old) are reported for 
3-month periods from April 1, 2002, to 
March 31, 2014.

Figure 4. Operator specialty-specific rates of carotid endarterectomy (A) and stenting (B). These rates (per 100 000 adults ≥40 years old) 
are reported for 3-month periods from April 1, 2002, to March 31, 2014.
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In 2006, the rate of endarterectomy for asymptomatic stenosis 
was 2× higher than that for symptomatic stenosis; however, 
by 2014, these rates were nearly identical. A shift away from 
routine revascularization for asymptomatic carotid-artery ste-
nosis likely occurred during this time because of increasing 
evidence from both randomized trials and observational stud-
ies, suggesting a very low annual risk of ipsilateral stroke with 
contemporary best medical therapy.31 Nonetheless, ≈50% of 
patients continue to receive endarterectomy for asymptom-
atic carotid-artery stenosis in Canada. In contrast, endarter-
ectomy for asymptomatic stenosis is much more commonly 
performed in the United States (90%) and Italy (69%), but 
less commonly in the United Kingdom (17%) and Denmark 
(0%).9,28,32 Variability in provider preference and reimburse-
ment policies may account for these discrepancies, which 
questions the appropriateness of routine interventions for 
patients with asymptomatic carotid-artery stenosis.33

Finally, a part of the decline in endarterectomy is likely 
attributable to the rise in carotid-artery stenting as an alter-
native revascularization strategy. We found that carotid-
artery stenting uptake increased significantly immediately 
after publication of the stenting-favorable SAPPHIRE trial 
in 2004, although this trial was criticized for slow recruit-
ment, early termination, narrow inclusion criteria, enrolling 
<30% patients with symptomatic carotid-artery stenosis, 
and controversial inclusion of non-Q-wave myocardial 
infarctions in the primary outcome. Since 2006, stenting 
has remained stable in Ontario and currently accounts for 
≈15% of all carotid revascularization procedures per year, 
which is similar to the data in United States.11,13 Several fac-
tors may account for the stagnant rate of stenting observed 
over the last decade, including variable referral patterns 
(patients with significant carotid-artery stenosis are most 
commonly referred to vascular surgeons in Ontario, who 
almost exclusively perform endarterectomy); reimburse-
ment policies (Medicare only reimburses providers for 
carotid-artery stenting performed in high-risk patients in 
the United States); and because a higher risk of periproce-
dural stroke or death associated with stenting in recent tri-
als such as ICSS (8.0% versus 4.2% for endarterectomy)6 
and CREST (4.4% versus 2.3% for endarterectomy)7 raised 
caution among clinicians, thus, preventing its widespread 
use in clinical practice. Furthermore, carotid-artery stenting 
has yet to be compared with medical management in a large 
randomized trial—the ongoing CREST-2 trial will provide 
much needed data in this regard.

We also found that temporal trends in carotid revasculariza-
tion varied by age. Rates of endarterectomy decreased among 
all age groups, except for those ≥80 years old. Accumulating 
high-quality evidence for the superiority of carotid endar-
terectomy over stenting in older patients34 may account for 
the stable rate of endarterectomy observed in this group. 
It is, however, concerning to see that carotid-artery stent-
ing increased among the 2 oldest subgroups of patients, 
and 41% of patients ≥75 years old treated with stenting had 
asymptomatic stenosis, despite a paucity of evidence for its 
relative safety compared with endarterectomy in the elderly 
population. Unfavorable anatomic and pathological factors 

(increased vessel tortuosity, greater burden of atherosclerosis, 
and decreased plaque stability) may account for the increased 
stroke and death events observed with stenting in the elderly1; 
therefore, clinicians need to exercise caution before offering 
this therapy to older patients.

With respect to operator specialty–specific rates, we found 
that vascular surgery is becoming the dedicated specialty to 
perform the majority of endarterectomy procedures in Ontario. 
Cardiac surgeons essentially stopped performing endarterec-
tomy in 2009, likely because there were a handful of broadly 
trained cardiovascular surgeons who performed this procedure 
who either narrowed their focus or retired. A small number of 
general surgeons continue to perform endarterectomy—these 
are likely general surgeons with formal training in vascular 
surgery who use their general surgery certification for the 
purposes of billing. Neurosurgeons are moving away from 
endarterectomy and toward performing more carotid-artery 
stenting, whereas radiologists perform the majority (≈80%) 
of stenting procedures in Ontario. These rates differ than 
those from the United States, where intervention cardiologists 
(49%), surgeons (36%), and radiologists (15%) most com-
monly perform carotid-artery stenting procedures,8 whereas 
vascular surgeons (40%), cardiothoracic surgeons (29%,) and 
general surgeons (29%) perform endarterectomy.10

Our study has some limitations. First, like all population-
based studies, inaccurate coding could have confounded our 
results. To mitigate this risk, we used procedure codes that 
have been previously validated.19 Second, our databases did 
not specify if prior neurological events occurred on the ipsilat-
eral or contralateral side of the carotid revascularization pro-
cedure—this may overestimate the actual number of patients 
with symptomatic carotid-artery stenosis because patients 
with prior contralateral strokes may have been incorrectly 
captured as symptomatic patients. Third, the temporal trends 
in carotid revascularization we report are limited to the prov-
ince of Ontario, and these findings may not be generalizable 
to other settings. However, this also highlights the novelty of 
our study because direct comparisons of our results to those 
from different healthcare models (such as the United States) 
will help improve our understanding of how new knowledge 
from clinical trials has translated into practice across diverse 
health systems. Finally, our study time frame was limited 
from 2002 to 2014; effects of clinical trial publications before 
2002 and beyond 2014 were not studied. Three additional 
major carotid revascularization trial results have since been 
published: 5-year results of the ICSS trial35; 10-year results 
on the CREST trial36; and initial results of the Asymptomatic 
Carotid Trial I.37 All 3 of these trials showed either no signifi-
cant differences in the rates of primary outcomes after carotid 
endarterectomy and stenting or noninferiority of stenting. 
Therefore, future carotid revascularization trends may further 
change, given accumulating evidence for the safety of carotid-
artery stenting.

Summary
The current Ontario study demonstrated that overall carotid 
revascularization has decreased between 2002 and 2014, 
owing largely to a fall in endarterectomy. Utilization of 
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carotid-artery stenting, on the contrary, has risen since pub-
lication of the stenting-favorable SAPPHIRE trial in 2004; 
subsequent major trial publications did not impact rates of 
stenting but were associated with declining rates of endar-
terectomy. Clinical practice seems to have closely followed 
evidence in some areas (such as declining rates of routine 
endarterectomy for asymptomatic carotid-artery stenosis), 
whereas other areas for improvement in knowledge transla-
tion remain (such as increased rates of carotid-artery stenting 
among the elderly). Our findings emphasize the importance 
for research that describes how knowledge has translated from 
research into clinical practice—this is particularly important 
in settings where findings from high-quality clinical trials are 
contradictory because the potential influence on physician 
practices is uncertain.
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