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Abstract
Background and Objectives
In October 2023, the Centers for Medicare & Medicaid Services (CMS) in the United States 
expanded coverage for carotid artery stenting (CAS) to include non–high-risk patients with 
carotid disease. The aim of this study was to provide a 17-year snapshot of trends in carotid 
revascularization practices in the United States before this CMS policy change went into effect.

Methods
We conducted a serial cross-sectional study using the 2006–2022 National Inpatient Sample 
and a retrospective cohort study using the State Emergency and Inpatient Databases of Florida 
(2005–2021), Georgia (2010–2020), Maryland (2012–2021), and New York (2005–2020). 
Cases of carotid revascularizations in these databases were identified using International 
Classification of Diseases codes. We calculated age-specific and sex-specific proportions of 
revascularizations for CAS and combined annual CAS/carotid endarterectomy (CEA) counts 
with census data to determine utilization rates per 100,000 population. Joinpoint regression 
estimated annualized percentage change (APC) over time. Hospitalizations in the 6 months 
preceding revascularization defined symptomatic vs asymptomatic cases and characterized the 
subset with symptomatic stenosis.

Results
Of 1,779,948 weighted revascularizations, the mean patient age was 71.0 years and 40.9% were 
performed in women. 17.2% of procedures were CAS, and this proportion more than doubled 
from 14.3% to 29.0%. Transcarotid artery revascularization accounted for 9.1% in 2022. The 
CAS proportion increased across age groups, including in those aged older than 70 years and in 
women, even after excluding mechanical thrombectomy admission. Carotid revascularization 
usage per 100,000 population declined (APC −3.9%, 95% CI −4.1% to −3.3%) but plateaued 
after 2015. Although CEA utilization declined from 2006 to 2022 (APC −5.5%, 95% CI −5.9% 
to −5.1%), CAS use declined from 2006 to 2016 (APC −3.2%, 95% CI −4.6% to −2.1%) but 
increased from 2016 to 2022 (APC 12.0%, 95% CI 10.1%–14.1%). Only 25.7% of revascula-
rizations in the 4 states were performed for symptomatic disease, with 75.3% of hospitalizations 
in women for asymptomatic disease.

Discussion
Despite uncertain benefit in selected age and sex groups, including those older than 70 years 
and with asymptomatic carotid disease, CAS use increased across groups over the past decade 
and now accounts for >25% of carotid revascularizations in the United States.
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Introduction
Carotid endarterectomy (CEA) has historically been the 
standard surgical revascularization option for patients with 
high-grade stenosis of the extracranial carotid arteries, but 
since the 1990s, carotid artery stenting (CAS) has emerged as 
a less invasive alternative to CEA. Pooled analysis of ran-
domized controlled clinical trial data suggests that CAS may 
be comparable to CEA in terms of ipsilateral stroke in the 
postprocedural period, but there may be a significant in-
teraction between age and treatment effect, with patients aged 
70 years or older having superior outcomes with CEA. 1,2 

However, importantly, whether certain asymptomatic 
patients with high-grade stenosis benefit from surgical re-
vascularization is still questionable because there are partic-
ular demographic subgroups, including women and the 
elderly, in whom the superiority of revascularization over in-
tensive medical therapy is yet to be proven.

Data supporting the efficacy of revascularization over medical 
therapy for symptomatic disease come from the North 
American Symptomatic Carotid Endarterectomy Trial 
(NASCET) 3 and European Carotid Surgery Trial (ECST). 4 

Compared with medical therapy, pooled analysis of these 
trials demonstrated that CEA offered an 11% absolute risk 
reduction (ARR) in 5-year stroke risk in men (ARR 11.0%, 
95% CI 7.6 to 14.4). 5 A reduced benefit was seen in women 
(ARR 2.8%, 95% CI −2.2 to 7.8). 5 In patients with asymp-
tomatic carotid stenosis, the Asymptomatic Carotid Athero-
sclerosis Trial (ACAS) and the Asymptomatic Carotid 
Surgery Trial (ACST) showed 50%–54% lower odds of stroke 
or periprocedural death with CEA in men. 6 However, there 
was no significant difference in outcome between re-
vascularization and medical therapy in women. 6

Furthermore, age-stratified pooled analysis of the NASCET 
and ECST demonstrated that CEA may be more beneficial in 
individuals older than 75 years and slightly less beneficial, 
albeit significantly so, in younger age groups. 5 Whether 
patients older than 75 years with asymptomatic disease ben-
efit from revascularization is uncertain because ACAS ex-
cluded patients aged 80 years 7 or older and the ACST showed 
no difference in outcome between CEA and medical treat-
ment in patients older than 75 years. 8 However, the ACST 
was not powered to evaluate this outcome.

After the publication of the pivotal mechanical thrombectomy 
(MT) trials in 2015, 9 MT use in the United States has in-
creased exponentially. 10 It is likely that this increase may have 
been accompanied by increased CAS utilization over time as 
cases with tandem occlusion may also be treated with CAS at 
the time of MT, therefore obviating the need for future CEA. 
How revascularization practice in the United States has 
changed over time with changing MT utilization is yet to be 
studied systematically.

In October 2023, the Centers for Medicare & Medicaid 
Services expanded CAS coverage to individuals with standard 
surgical risk by removing the limitation of coverage to only 
individuals with high surgical risk. 11 This change may also lead 
to more CAS procedures in the United States.

This study provides a 17-year comprehensive description of 
trends in revascularization practices in the United States be-
fore the Centers for Medicare & Medicaid Services (CMS)– 
proposed expansion went into effect. More specifically, we 
describe age-specific and sex-specific trends in the utilization 
of CEA and CAS in the United States over time, in light of 
what is known about the effectiveness of revascularization in 
various demographic subgroups and the changing practice of 
MT over time.

Methods
Standard Protocol Approvals and
Data Availability
We conducted this study using the National Inpatient Sample 
(NIS), the State Inpatient Databases (SID), and State 
Emergency Department Databases (SEDD) of Florida, GA, 
NY. These databases are released by the Agency for Health-
care Research and Quality as part of the Healthcare Cost and 
Utilization Project (HCUP). The portion of this study per-
formed using the SID and SEDD was approved by HCUP 
after the agency reviewed this project to be consistent with 
HCUP data use agreement. Utilization of the deidentified NIS 
does not require an institutional review board review 
according to the HCUP. The authors are bound by HCUP 
data use agreement and cannot share these data sets, but all 
data sets used in this study are publicly available for purchase 
directly from HCUP. This study was written to comply with

Glossary
AAPC = average annualized percentage change; ACAS = Asymptomatic Carotid Atherosclerosis Trial; ACST = Asymptomatic 
Carotid Surgery Trial; APC = annualized percentage change; ARR = absolute risk reduction; BMT = best medical therapy; 
CAS = carotid artery stenting; CEA = carotid endarterectomy; CMS = Centers for Medicare & Medicaid Services; CREST = 
Carotid Revascularization Endarterectomy versus Stenting Trial; ECST = European Carotid Surgery Trial; HCUP = Healthcare 
Cost and Utilization Project; ICD = International Classification of Diseases; LOS = length of stay; MT = mechanical 
thrombectomy; NASCET = North American Symptomatic Carotid Endarterectomy Trial; NIS = National Inpatient Sample; 
SID = State Inpatient Database; TCAR = transcarotid artery revascularization.
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STROBE (Strengthening the Reporting of Observational 
Studies in Epidemiology) reporting guidelines. Data analyses 
codes used in this study can be shared on reasonable request. 
FOO was responsible for data stewardship.

Data Sources

Overall Specific Trends in Revascularization
To evaluate overall national revascularization trends, we used 
the 2006–2022 NIS to conduct a serial cross-sectional study. 
The NIS is a 20% stratified random sample of all hospital-
izations in the United States. Weights provided in the NIS 
allow for estimation of treatment patterns for the entire 
country based on the 20% of admissions contained in the 
sample.

Study Population for Evaluating Symptomatic 
vs Asymptomatic Stenosis Hospitalizations
To comprehensively differentiate symptomatic vs asymp-
tomatic carotid disease, we used the SEDD and SID of FL 
(2005–2021), GA (2010–2020), MD (2012–2021), and NY 
(2005–2020) to conduct a retrospective cohort study. The 
selected states are large, demographically diverse states that 
together account for >17% of the total US population. These 
databases contain all the inpatient and emergency department 
visits in these states and contain unique “visitlink” variables 
that allow for the identification of individual patients across 
hospitalizations over years. The variation in start dates be-
tween states reflects when unique patient identifiers became 
available in various states.

We identified all cases of CAS and CEA from the NIS or state 
databases as appropriate using previously validated In-
ternational Classification of Diseases (ICD) Ninth Revision 
procedural codes “3812” and “0063,” respectively, for hospi-
talizations before September 2015, 12 and a constellation of 
ICD-10 codes is provided in eTables 1 and 2 in the online 
supplement afterward. ICD codes for transcarotid artery re-
vascularization (TCAR) were established beginning October 
2020, and patients/hospitalizations were classified under the 
TCAR group if they had code X2AH336 or X2AJ336 for the 
cerebral embolic filtration and extracorporeal flow reversal 
circuit, required for TCAR. We excluded n = 92 hospital-
izations in patients younger than 18 years, n = 1 hospitaliza-
tion with missing age, n = 75 hospitalizations with missing 
information on sex, and n = 752 hospitalizations with con-
comitant codes for CEA and CAS.

Definition of Symptomatic and 
Asymptomatic Stenosis
Admissions for symptomatic stenosis were defined using 
ICD-9 and ICD-10 codes corresponding to ischemic stroke, 
TIA, or retinal ischemic events as provided in eTable 1. 
Admissions were further classified under the symptomatic 
acute ischemic stroke (AIS) group if they had diagnosis-
related group codes 061–063 corresponding to AIS with 
thrombolytic agents with or without comorbidities/

conditions or major complications/comorbidities or if they 
had concomitant ICD procedural codes for IV thrombolysis 
or MT. We further classified hospitalizations under the 
symptomatic group if they had codes for long-term sequelae 
of stroke such as hemiplegia or aphasia as has been described 
previously by others. 13

In the state administrative databases, all hospitalizations in 
revascularized patients in the preceding 6 months were 
reviewed and patients were classified under the symptomatic 
group if they had codes corresponding to AIS, TIA, or retinal 
events. Patients with codes for IV thrombolysis or MT in 
current hospitalizations or in hospitalizations in the preceding 
6 months as well as those with late effects of stroke such as 
hemiplegia or aphasia during this time frame were also cate-
gorized as symptomatic.

In these state administrative databases, for hospitalizations 
with concomitant symptomatic and carotid revascularization 
procedures, we defined the time to revascularization as the 
day of revascularization during hospitalization. For cases 
where revascularization was performed during a follow-up 
hospitalization, we calculated the difference in days between 
both hospitalizations using the HCUP “DaysToEvent” vari-
able and added this to the day of revascularization in the index 
CEA or CAS hospitalization to obtain the day of re-
vascularization. The Current American Heart Association 
secondary stroke prevention guidelines recommend that 
revascularizations be performed within 14 days of qualifying 
symptomatic event because they may be most beneficial 
during this time frame. 14 Therefore, we defined early re-
vascularization as revascularization performed within 14 days 
of qualifying symptomatic event.

Population Data
Counts of the annual total adult (≥18 years) US population 
were obtained from tables available on the US Census Bureau 
website (Census.gov).

Definition of In-Hospital Complications
Acute myocardial infarction during revascularization hospital-
ization was defined using a constellation of ICD-9 and ICD-10 
codes as given in eTable 1. In-hospital mortality was defined 
using the HCUP variable named “DIED” and in-hospital 
length-of-stay (LOS) defined using the variable “LOS.”

Statistical Analysis
Baseline characteristics of study participants were summa-
rized using descriptive statistics. We used weights provided in 
the NIS to compute the weighted number and weighted 
proportion of revascularizations performed. Weighted num-
bers were combined with adult census data to compute re-
vascularization proportions per 100,000 population. Joinpoint 
regression with first-order autocorrelation was used to eval-
uate trends in the proportion of hospitalizations for CAS and 
to evaluate utilization over time.

Neurology.org/N Neurology | Volume 105, Number 8 | October 21, 2025
e214104(3)

Copyright © 2025 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.



The proportion of hospitalizations with Medicare or Medicaid 
as the primary payer was also identified. LOS in various re-
vascularization subgroups was summarized using the median 
and interquartile range, and differences in LOS between re-
vascularization subtypes were evaluated using the Kruskal-
Wallis test.

We used multilevel multivariable mixed-effect generalized 
linear regression models (with a binomial family and logit 
link) clustered by state and adjusted for age, sex, race, year, 
Elixhauser comorbidity score, insurance status, smoking, MT 
status, and qualifying symptomatic event type to compare 
odds of early revascularization between various categories of 
revascularizations.

Generalized linear models with year as the independent var-
iable and with Medicare + Medicaid payer (logit link and 
binomial family) or LOS (identity link and gamma family) as 
the dependent variable were used to evaluate trends in the 
prevalence of Medicare/Medicaid-associated hospitalizations 
and LOS, respectively, over time. Significant difference in 
trend over time was evaluated using the Wald test. Additional 
multivariable generalized linear models adjusted for age, sex, 
race and ethnicity, Elixhauser score, hospital region, hospital 
location/teaching status and hospitalization year, smoking, 
and dyslipidemia were used to evaluate the association of 
carotid revascularization subtypes with LOS, myocardial in-
farction, and in-hospital mortality according to symptomatic 
disease status.

Statistical significance required a 2-tailed α level of <0.05. All 
analyses were performed by FOO using Stata, version 16 
(StataCorp LP). We considered the complex NIS survey 
design in all analyses through use of relevant primary sampling 
units and weights.

Missing Data
Data on primary payer for hospitalization were missing in 
0.1% of hospitalizations and on LOS were missing in 0.02% of 
hospitalizations. Hospitalizations with missing primary payer 
were categorized into the unknown/other category, whereas 
hospitalizations with missing LOS were excluded when eval-
uating LOS as outcome.

Results
Carotid Revascularization Volumes
There were 1,779,948 weighted carotid revascularization hos-
pitalizations in the United States from 2006 to 2022, averaging 
out to 104,702.8 revascularizations annually. However, annual 
volumes have remained consistently <100,000 since 2014 
(Figure 1). CEA was the most common revascularization 
procedure accounting for 82.0% of all cases. TCAR accounted 
for 5.8% and 9.1% of all revascularizations in 2021 and 2022, 
respectively (Figure 1). Medicare (72.8%) and Medicaid 
(4.0%) hospitalizations accounted for over three-fourths of all

revascularization hospitalizations, and the proportion of com-
bined Medicare/Medicaid hospitalizations increased in most 
subgroups of CEA and CAS hospitalizations over time, except 
for symptomatic CAS hospitalizations (eFigure 1).

Age and Gender Distribution
The mean age at all revascularizations was 71.0 years. 58.3% of all 
CEA procedures and 55.7% of all CAS procedures were per-
formed in patients aged 70 years or older (Figure 2). 40.9% of 
procedures were performed in women. The proportion of 
revascularizations performed in women declined relatively by 
3.0% in CEA and by 3.6% in CAS hospitalizations when com-
paring rates in 2006 vs 2022 (p for trend <0.001) (Figure 3).

Symptomatic and
Asymptomatic Revascularizations
Nationally, the age-standardized and sex-standardized pro-
portion of revascularizations that were concurrently symptom-
atic was 19.9%, but this differed significantly by revascularization 
type (Figure 4). Almost 1-in-3 CAS revascularizations (30.1%) 
were performed in concurrently symptomatic hospitalizations. 
1.1% of all revascularizations had codes for MT, with a signifi-
cantly higher frequency in CAS hospitalizations (5.5%) com-
pared with CEA (0.1%) (p value for comparison <0.001) 
(eTable 3). When concurrent MT hospitalizations (which cap-
ture most tandem occlusion hospitalizations) were excluded, just 
over 1-in-4 CAS revascularizations (28.1%) were performed in 
concurrent symptomatic hospitalizations (Figure 4). Less than 
one-third of all types of revascularizations in women were per-
formed for symptomatic disease, and more than one-third of all 
asymptomatic revascularizations were performed in individuals 
aged 75 years or older (Figure 4).

Of the 237,520 revascularizations performed in the states of 
Florida, GA, Maryland, and New York with available data over 
the study period, the age-standardized and sex-standardized 
proportions of hospitalizations with concomitant re-
vascularization and symptomatic stenosis codes were similar 
to those in the NIS (20.2%) (eTable 3). However, review of 
all previous hospitalizations in these patients over the pre-
ceding 6 months revealed a total symptomatic stenosis pro-
portion of 25.7%, indicating that most revascularizations for 
symptomatic disease (78.3%) were performed during the 
index symptomatic stenosis hospitalization as opposed to 
a follow-up hospitalization (eTable 3).

Just as was the case nationally, a disproportionately greater 
percentage of CAS procedures were performed in symp-
tomatic patients when compared with CEA and TCAR 
(Figure 4), but these percentages were higher than the na-
tional estimates because they take into account all previous 
hospitalizations for qualifying cerebrovascular events in the 
6 months preceding revascularization hospitalization.

Ischemic stroke was the qualifying index event in 82.1% of 
symptomatic cases, followed by TIA (9.8%) and then retinal
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events (8.1%) in the 4 states. Only 1-in-4 revascularizations in 
women (24.7%) were being performed for symptomatic dis-
ease, but this proportion approached 40% in CAS (Figure 4).

The median time from index symptomatic admission to re-
vascularization was 5.0 days (IQR 1.0–27.0). The proportion 
of early revascularizations was 68.5%, and this proportion

increased over time in both CAS and CEA (both p value for 
trend <0.001) (eFigure 2).

After multivariable adjustment, women had 5% lower odds of 
early revascularization compared with men. Hispanic patients 
had 20% greater odds of early revascularization compared 
with White patients, but there was no difference in odds of

Figure 1 Annual Volumes of Carotid Revascularizations in the United States From 2006 to 2022 According to Re-
vascularization Type

TCAR estimates are for the period October 2020–December 2023. CAS = carotid artery stenting; CEA = carotid endarterectomy; TCAR = transcarotid artery 
revascularization.

Figure 2 Age Distribution of Carotid Revascularization Hospitalizations in the United States From 2006 to 2022 According to 
Revascularization Type

TCAR estimates are for the period Oc-
tober 2020–December 2023. CAS = ca-
rotid artery stenting; CEA = carotid 
endarterectomy; TCAR = transcarotid 
artery revascularization.
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early revascularization in Black compared with White 
patients. Patients with retinal events or with TIA had sig-
nificantly greater odds of early revascularization compared 
with those with ischemic stroke, whereas those undergoing 
CAS had 18% greater odds of early revascularization 
compared with those undergoing CEA, after multivariable

adjustment including adjustment for differences in MT 
(Table 1).

Trends in In-Hospital Indices
Nationally, the mean and the median LOS after asymptomatic 
hospitalizations were 2.3 and 1.0 days, respectively, while

Figure 3 Trends in Proportion of Carotid Revascularizations Performed in Women in the United States According to 
Revascularization Type

*p Value for trend <0.001. CAS = carotid artery 
stenting; CEA = carotid endarterectomy.

Figure 4 Percentage of Carotid Revascularizations in the United States That Are Symptomatic in All Patients, by Sex and in 
Individuals Aged 75 Years or Older

Top row (A–C) represents the entire country, and symptomatic hospitalizations are defined using index hospitalizations alone. Bottom row (D–F) represents 
cases in the states of Florida, GA, Maryland, and NY. Symptomatic cases are defined more comprehensively using all emergency and inpatient encounters for 
stroke, TIA, or retinal events in the 6 months preceding revascularization hospitalization. TCAR estimates are for the period October 2020–December 2023. 
*Estimates are age-standardized and sex-standardized proportions. CAS = carotid artery stenting; CEA = carotid endarterectomy; TCAR = transcarotid artery 
revascularization.
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those after symptomatic hospitalizations were 4.0 and 
6.0 days, respectively (eTable 4). Among asymptomatic 
hospitalizations, the LOS was on average 0.07 days shorter in 
CAS admissions compared with CEA admissions (eTable 5) 
after multivariable adjustment, but there was a divergent trend 
in mean LOS after asymptomatic and symptomatic hospital-
izations over time. Although LOS increased over time in CAS 
and CEA symptomatic hospitalizations (p for trend <0.001), 
LOS in asymptomatic CEA hospitalizations declined over

time while that in asymptomatic CAS hospitalizations 
remained unchanged over time (eFigure 3). The age-adjusted 
and sex-adjusted prevalence of myocardial infarction in CEA 
and CAS hospitalizations was 1.5% and 1.4%, respectively, but 
CAS hospitalizations had 31% greater odds of reporting 
myocardial infarction compared with CEA hospitalizations 
(eTable 5). The in-hospital mortality was <1% in all asymp-
tomatic hospitalizations, but mortality was variable in all 
asymptomatic hospitalizations ranging from 1.2% to 4.1% 
between the various modalities. Myocardial infarction and 
mortality also demonstrated heterogeneous trends across 
various revascularization subtypes and symptomatic disease 
status (eFigures 4–6).

Trends in Revascularization Volumes
Over Time
After joinpoint regression, the age-standardized and sex-
standardized proportion of revascularizations for CAS in-
creased by 5.7% (average annualized percentage change 
[AAPC] 4.2%–8.0%) across the study period. However, this 
increase was mainly seen in the period 2014–2022 (Figure 
5A). Although there was no significant change in the annual 
proportion of CAS procedures over 2006–2014, the pro-
portion of CAS revascularizations increased by 10% annually 
(annualized percentage change [APC] 10.2% [95% CI 8.2%– 
15.5%]) over the period 2014–2022. This increase in CAS 
proportion was still pronounced after 2015, even after all cases 
with concomitant MT codes were excluded (Figure 5B). The 
increase in CAS proportion occurred in all age groups and 
in both sexes, even among women with symptomatic or 
asymptomatic disease (eFigures 7 and 8). The proportion of 
concurrent CAS and MT hospitalizations also increased 
markedly after 2015 (eFigure 9).

Using the total adult US population as the denominator, the 
overall carotid revascularization utilization per 100,000 pop-
ulation declined by 3.7% annually across the study period 
(AAPC −3.7%, 95% CI −4.1% to −3.3%) but decline pla-
teaued after 2015 (Figure 6). Although CEA utilization per 
total population declined by −5.5% over the entire study 
period, CAS utilization declined by 3.8% annually from 2006 
to 2014 and increased by 7.8% annually from 2014 to 2022, 
resulting in a net total increase in CAS utilization per total 
adult population of 1.8% annually over the entire study period 
(Figure 6). CAS utilization volume per population increased 
nationally even after all MT cases were excluded (Figure 6).

Discussion
In this assessment of multiple administrative health care 
databases, we provide a population-level descriptive summary 
of carotid revascularization practices and trends in the 
United States over the period 2006–2022. Consistent with 
previous studies, 15 we show that the average annual volume of 
carotid revascularizations in the United States was just over 
100,000 during the study period but revascularization usage

Table 1 Multivariable Association of Various 
Demographic and Hospitalization Factors With 
Odds of Early Revascularization in 4 States

Variable Odds ratio 95% CI p Value

Women vs men 0.95 0.91–0.98 0.007

Age

50–59 y vs 18–49 0.78 0.69–0.87 <0.001

60–69 y vs 18–49 y 0.91 0.81–1.02 0.102

70–74 y vs 18–49 y 1.01 0.90–1.15 0.815

75–79 y vs 18–49 y 1.10 0.97–1.25 0.137

Race

Black vs White 1.02 0.96–1.09 0.465

Hispanic vs White 1.20 1.11–1.29 <0.001

Asian/Pacific Islander vs White 1.06 0.90–1.24 0.527

Other/unknown vs White 1.26 1.15–1.38 <0.001

Insurance status

Medicaid vs Medicare 0.96 0.89–1.04 0.357

Private vs Medicare 1.32 1.25–1.40 <0.001

Self-pay vs Medicare 1.55 1.36–1.75 <0.001

No charge vs Medicare 1.52 1.21–1.92 <0.001

Other vs Medicare 1.19 1.05–1.37 0.006

Year 1.02 1.01–1.02 <0.001

Elixhauser comorbidity score 1.17 1.16–1.18 <0.001

Smoking status 1.58 1.51–1.66 <0.001

Qualifying symptom category

TIA vs stroke 1.11 1.04–1.17 <0.001

Retinal event vs stroke 7.54 6.78–8.38 <0.001

Mechanical thrombectomy 8.08 6.66–9.80 <0.001

Revascularization type

CAS vs CEA 1.18 1.13–1.24 <0.001

TCAR vs CEA 0.91 0.64–1.31 0.623

Abbreviations: CAS = carotid artery stenting; CEA = carotid endarterectomy; 
TCAR = transcarotid artery revascularization.
Estimates obtained from mixed-effect generalized linear models with ran-
dom effects by hospital states.
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per total population has declined over time. Most of this 
decline occurred before 2015 and has plateaued afterward due 
in part to increasing CAS utilization even after MT cases were 
excluded. TCAR accounted for almost 10% of all revascula-
rizations in 2022. These data are important for health care 
resource allocation and for clinical or research planning.

From a clinical viewpoint, this study suggests that national 
carotid revascularization practices over the past 2 decades may 
not have been totally concordant with the evidence from 
major revascularization trials. The percentage of re-
vascularization procedures performed in women is sub-
stantial, given the uncertain benefit of revascularization in this 
group of individuals who may potentially have a less in-
flammatory and more stable profile of carotid disease com-
pared with men. 16,17 Almost 3-in-4 revascularizations are 
being performed for asymptomatic disease, including in 
women, for whom there is no clear benefit of re-
vascularization. Although the benefit of revascularization over 
medical therapy in individuals aged 75 years or older has only 
been clearly established for patients with symptomatic dis-
ease, over one-third of all asymptomatic revascularizations 
nationally were performed in this age group. Despite known 
reduced efficacy of revascularization for stroke prevention in 
patients with isolated retinal events, 14,16 patients presenting 
with retinal events as qualifying symptomatic event 
had >7 times higher odds of early revascularization compared 
with those with stroke.

Furthermore, other than the Carotid Revascularization End-
arterectomy versus Stenting Trial (CREST), 2 there is a pre-
ponderance of level 1 evidence data that CAS may be

associated with more risk compared with CEA in individuals 
older than 70 years. In pooled analysis of the CREST, End-
arterectomy versus Angioplasty in Patients with Symptomatic 
Severe Carotid Stenosis (EVA-3S), International Carotid 
Stenting Study, and the Stent-Protected Angioplasty versus 
Carotid Endarterectomy trial, the hazard ratio for periproce-
dural stroke or death after CAS in symptomatic individuals 
aged 70–74 years was 2 times that of CEA. 1 No such differ-
ence was noted in younger individuals. Despite these reported 
findings, over half of CAS procedures were performed in 
patients older than 70 years and the proportion of CAS 
revascularizations in older individuals has continued to in-
crease over time even after excluding all concurrent MT 
hospitalizations.

Exact reasons underlying this dissonance are not very clear, 
but multiple factors may be contributing at least to the excess 
CAS utilization over time. First, leading neuroendovascular 
experts argue that age in itself is not a marker of elevated CAS 
risk and that the higher risk of complications in older patients 
is due to this population’s anatomical features. 18 They 
maintain that common reasons for increased stroke risk after 
CAS include aortic arch disease including calcification, which 
increases with age, manipulation through type III aortic 
arches, and aortic ostial disease, and subsequently, CAS risk 
should be evaluated in the context of these variables as op-
posed to stratifying treatment choices based on age. 18 

Moreover, CAS technology has improved over time to in-
clude transradial and transbrachial approaches, which can 
bypass the aortic arch completely in right-sided CAS or 
bovine-type aortic arch configuration in left-sided CAS, 
therefore potentially reducing complication risks. Other

Figure 5 Joinpoint Regression of the Age-Adjusted and Sex-Adjusted Proportions of All Revascularizations That Are Carotid 
Artery Stenting in the United States From 2006 to 2022

APC represents annualized percentage change. AAPC represents the average weighted annualized percentage change across the entire study period when 
more than 1 joinpoint trend is observed.
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neurointerventionists argue that,+ through technological and 
technical advances in CAS over time, the perioperative stroke 
or death rate after CAS in the real world over the past decade 
may be comparable if not better than that reported in CEA 
trials or in TCAR registries. 19

While CAS technology and even CEA procedure may have 
improved over time, 20 it remains critical to note that no 
clinical trial has established superiority of CAS over best 
medical therapy (BMT) in carotid disease. BMT has also 
evolved over time from simple aspirin monotherapy to in-
clude dual antiplatelet therapy and other treatment targets 
such as aggressive cholesterol management with statins, 
smoking cessation, and aggressive blood pressure and di-
abetes management, and consistent with this evolution, the

ipsilateral stroke risk after BMT alone has also declined sig-
nificantly over time. In a recent systematic review of 73 cohort 
studies and trials of medically treated patients with asymp-
tomatic disease ≥50%, the ipsilateral stroke risk declined by 
24% with each 5-year increment from 1976 to 2014. 21 

Therefore, whether surgical revascularization offers any ad-
ditional benefit to patients receiving contemporary BMT is 
uncertain. 16 In fact, the one trial comparing surgical re-
vascularization + contemporary BMT with BMT alone in 
asymptomatic disease, the SPACE-2 trial, 22 found no signifi-
cant difference between CEA or CAS and BMT. This trial was 
stopped early because of slow enrollment, so the conclusions 
are not definitive. Another recent trial, the ECST-2 trial, also 
found no benefit from revascularization in addition to BMT 
among 429 patients with asymptomatic or symptomatic

Figure 6 Joinpoint Regression of the Volume of Carotid Revascularizations per 100,000 Population in the United States 
According to Revascularization Type

APC represents annualized percentage change. AAPC represents the average weighted annualized percentage change across the entire study period when 
more than 1 joinpoint trend is observed.
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stenosis at low or intermediate predicted risk of stroke. 23 

Hopefully, the ongoing CREST-2 trial, with close to 2,500 
patients enrolled, will provide additional useful data to guide 
future treatment decisions.

The increase in CAS utilization after 2015 suggests that the 
widespread adoption of MT may have changed the carotid 
revascularization landscape toward more CAS even for non-
MT hospitalizations. The increase in the number of 
thrombectomy-capable centers and comprehensive stroke 
centers in the United States over time may have been ac-
companied by changing referral patterns for patients with 
carotid disease that may otherwise have been referred to CEA 
experts (such as vascular or neurosurgeons) to neuro-
interventionists who predominantly perform CAS. There may 
also be a financial incentive for proceduralists to perform 
CAS. The recent change in CMS reimbursement policy for 
CAS will likely lead to further increase in CAS use over time.

From a resource standpoint, older studies have established that 
most revascularizations performed in the United States are 
CEA procedures. In 1 recent analysis of 108,676 patients un-
dergoing revascularization in the Vascular Quality Initiative 
database from 2015 to 2019, 24 75% of all revascularizations 
were CEA, with 14.3% being transfemoral CAS and 10.7% 
TCARs. We provide novel information highlighting exponen-
tial increase in CAS utilization after 2015. By 2022, CAS 
accounted for 29.0% of all revascularizations. If the increased 
CAS usage continues at current pace, CAS will overtake CEA as 
the major revascularization option in 2029. The CAS use has 
increased in spite of TCAR emerging as the major re-
vascularization option in some institutions for patients at high 
stroke risk. 24 Another study using the Vascular Quality Initia-
tive database has demonstrated that, as of 2022, TCAR 
accounted for almost 25% of all revascularizations at institu-
tions offering all 3 procedures and was taking a proportionate 
share out of both CEA and CAS, 25 so with declining CEA 
volumes from TCAR, coupled with increased CAS usage over 
time, CAS will soon become the primary revascularization 
procedure of choice in the United States. Some have expressed 
concern that TCAR has not been studied in randomized trials 
and that it has not been vetted as thoroughly as CEA. 26

This study should be viewed in the context of limitations. 
Although we relied on previously validated ICD-9 procedure 
codes and on CMS-recommended ICD-10 codes for most 
revascularization procedures, we cannot exclude errors be-
cause of coding inaccuracies. TCAR was approved as a re-
vascularization option in the United States in 2015, but the 
ICD codes for TCAR only became available in 2020 so all 
patients undergoing TCAR during the period 2015–2020 may 
have been misclassified under either the CAS or CEA group 
during this period. Moreover, the ICD coding of TCAR still 
needs validation in future studies. In addition, because of the 
lack of TCAR-specific codes before 2020, we are unable to 
evaluate trends in TCAR utilization over time. Furthermore, 
the accuracy of ICD coding for determining the symptomatic

status of patients is unknown. The reported percentage of 
asymptomatic patients in this study is likely an underestimate 
because some postprocedural strokes may have been classified 
under the symptomatic stenosis groups. Recent studies have 
demonstrated that ipsilateral stroke risk may be more than 
twice as high in patients with severe asymptomatic stenosis 
(70%–99%) compared with moderate (50%–69%), 21,27 but 
we are unable to report on the degree of carotid stenosis or on 
the approach to CAS (e.g., transradial vs transfemoral) be-
cause this information is not available in administrative 
databases. Overall, carotid revascularization declined over 
time, but we are unable to comment on whether this decline is 
due to population-level decline in extracranial carotid disease 
or to changing revascularization practices over time. Although 
revascularization practices described in this study are gener-
alizable to the entire US population, the subset of this study 
describing symptomatic stenosis in 4 states should be viewed 
with caution because there may potentially be regional dif-
ferences in revascularization practices between these states 
and others. However, given the close similarity between the 
characteristics of revascularized patients in these states and 
those nationally, we believe that any such differences may be 
likely small.

Although the prevalence of acute myocardial infarction and in-
hospital mortality reported in this study suggest that re-
vascularization procedures are not without morbidity and may 
be associated with potentially serious complications in patients 
with previously asymptomatic disease, no conclusion of the 
comparative effectiveness of these revascularization types can 
be derived from these estimates because of the huge potential 
for selection bias. Several factors that may have necessitated 
a particular revascularization choice such as greater baseline 
comorbidity burden may also have put patients in that re-
vascularization subgroup at high risk of mortality or in-hospital 
complications. The reported mortality and in-hospital com-
plication burden reported in symptomatic patients should also 
be viewed with extreme caution because these conditions may 
have been related to the underlying stroke, and not necessarily 
a downstream consequence of revascularization.

Over the period 2015–2022, there was a marked increase in 
CAS utilization for carotid revascularization even after ex-
clusion of MT hospitalizations. This increase is despite the 
lack of evidence showing benefit of CAS over current BMT. If 
the pace of increased CAS remains constant over the next 
7 years, CEA will cease to be the dominant revascularization 
procedure of choice in the United States before 2030. With 
the change in CMS reimbursement policy for CAS to include 
non–high-risk patients, this increase is likely to be even more 
sustained. CREST 2 trial results will be important to define 
whether the high utilization of carotid revascularization in 
asymptomatic patients is warranted.
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