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BACKGROUND Carotid stiffening is considered a key element in the pathogenesis of stroke. However, results of studies

evaluating the association between carotid stiffness and incident stroke have been inconsistent.

OBJECTIVES This study investigated whether carotid stiffness (as determined by ultrasonography) is associated with

incident stroke and whether this association is independent of aortic stiffness as estimated by carotid-femoral pulse wave

velocity (cfPWV). Additionally, we evaluated the incremental value of carotid stiffness for stroke risk prediction beyond

Framingham risk factors and cfPWV.

METHODS This study included a systematic review and meta-analyses of aggregate and individual participant data

(IPD), the latter of which was obtained by requesting individual-level data of all cohort studies with available data on

carotid stiffness and cfPWV.

RESULTS Ten studies (n ¼ 22,472) were included in the aggregate data meta-analysis and 4 (n ¼ 4,540) in the IPD

meta-analysis. After adjusting for cardiovascular (CV) factors, the aggregate data meta-analysis showed that greater

carotid stiffness (per SD) was associated with stroke (hazard ratio: 1.18; 95% confidence interval: 1.05 to 1.33). In

addition, carotid stiffness was associated with total CV events and CV and all-cause mortality, but not with coronary heart

disease events. In the IPD meta-analysis, additional adjustment for cfPWV did not materially change these associations.

Carotid stiffness did improve stroke risk prediction beyond Framingham and cfPWV (integrative discrimination

improvement: 0.4 percentage point [95% confidence interval: 0.1 to 0.6 percentage point] and continuous net

reclassification improvement: 18.6% [95% confidence interval: 5.8% to 31.3%]).

CONCLUSIONS Carotid stiffness is associated with incident stroke independently of CV factors and aortic stiffness.

In addition, carotid stiffness improves stroke risk prediction beyond Framingham and aortic stiffness.

(J Am Coll Cardiol 2015;66:2116–25) © 2015 by the American College of Cardiology Foundation.
m the *Department of Internal Medicine and Cardiovascular Research Institute Maastricht, Maastricht University Medical

ntre, Maastricht, the Netherlands; ySchool for Nutrition, Toxicology and Metabolism, Maastricht University Medical Centre,

astricht, the Netherlands; zDepartment of Epidemiology, Erasmus Medical Center, Rotterdam, the Netherlands; xInserm U970,

GP, AP-HP, Université Paris-Descartes, Paris, France; kDepartment of Pharmacology, Georges Pompidou European Hospital,

ris, France; {Hôpital Manhès, Paris, France; #Centre d’Investigations Préventives et Cliniques (IPC Center), Paris, France;

epartment of Radiology, Erasmus Medical Center, Rotterdam, the Netherlands; yyDepartment of Neurology, Erasmus Medical

nter, Rotterdam, the Netherlands; and the zzDepartment of Internal Medicine, Erasmus Medical Center, Rotterdam, the

therlands. The Hoorn Study was supported by grants from the Netherlands Organization for Health Research and Development;

Netherlands Heart Foundation; and the Dutch Diabetes Foundation. The Nephrotest Study was supported by grants from

gramme Hospitalier de Recherche Clinique; French Ministry of Health; and National Institute for Health and Medical Research

SERM). The Rotterdam Study is supported by the Erasmus Medical Center and Erasmus University Rotterdam; the Netherlands

ganisation for Scientific Research; the Netherlands Organisation for Health Research and Development; the Research Institute

Diseases in the Elderly; the Netherlands Genomics Initiative; the Ministry of Education, Culture and Science; the Ministry

https://core.ac.uk/display/82549961?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://s3.amazonaws.com/ADFJACC/JACC6619/JACC6619_fustersummary_05
https://s3.amazonaws.com/ADFJACC/JACC6619/JACC6619_fustersummary_05
https://s3.amazonaws.com/ADFJACC/JACC6619/JACC6619_fustersummary_05
https://s3.amazonaws.com/ADFJACC/JACC6619/JACC6619_fustersummary_05
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jacc.2015.08.888&domain=pdf
http://dx.doi.org/10.1016/j.jacc.2015.08.888


AB BR E V I A T I O N S

AND ACRONYM S

CC = compliance coefficient

cfPWV = carotid-femoral pulse

wave velocity

DC = distensibility coefficient

IDI = integrated discrimination

improvement

IPD = individual participant

data

NRI = net reclassification index

PP = pulse pressure

SI = beta-stiffness index

YEM = Young’s elastic modulus
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S troke is 1 of the leading causes of disability and
mortality worldwide (1). The global burden of
stroke has greatly increased in the last decades,

and will continue to increase in the coming years (1,2).
Therefore, effective prevention strategies need to be
developed, which requires a better understanding of
stroke risk factors (1).

Aging and cardiovascular disease (CVD) risk factors
lead to stiffening of the common carotid artery (3),
which can be quantified noninvasively by measuring
local distensibility (3,4). Stiffening of carotid arteries
impairs their cushioning function, increasing pres-
sure and flow pulsatility, which transmit distally into
the cerebral circulation and, thus, may increase
stroke risk (5,6). Carotid stiffening also may lead to
stroke through development of (rupture-prone)
atherosclerotic carotid plaques (7). However, results
of studies on the association between carotid stiff-
ness and incident stroke have been inconsistent; 1
study (8) reported a statistically significant associa-
tion between carotid stiffness and incident stroke,
but 3 smaller studies (6,9,10) did not.
SEE PAGE 2126
We therefore performed a systematic review and
aggregate data meta-analysis of cohort studies on the
association between carotid stiffness and incident
stroke. Carotid-femoral pulse wave velocity (cfPWV),
a measure of aortic stiffness (3), is the most often
used arterial stiffness measurement and is associated
with incident CVD (11,12). Therefore, we performed an
individual participant data (IPD) meta-analysis from
cohorts with measures of both carotid stiffness and
cfPWV, evaluating whether the association between
carotid stiffness and stroke (if any) is independent of
cfPWV. Additionally, to evaluate whether carotid
stiffness has any potential of being used as a risk
predictor of stroke, we quantified the incremental
value of carotid stiffness for stroke risk prediction
beyond Framingham stroke risk score factors and
cfPWV. Finally, we evaluated the association between
carotid stiffness and other cardiovascular outcomes
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than stroke, including coronary heart disease
(CHD) events, nonfatal and fatal cardiovas-
cular events, and all-cause mortality.

METHODS

This review is reported in accordance with the
preferred reporting items for systematic reviews
and meta-analyses (Online Appendix A) (13).

Two independent reviewers (T.T.vS., S.S.)
selected all relevant studies based on title
and abstract, retrieved selected full texts,
performed an eligibility assessment, extrac-
ted data, and assessed risk of bias (described
later). Any disagreements between the re-

viewers were resolved by consensus. A third inde-
pendent reviewer was available to solve any
persisting disagreements.

We identified relevant studies through a search of
MEDLINE, Embase, and Scopus from inception to
August 7, 2015, without any language restriction
(search terms are in Online Appendix B). We further
identified studies by reviewing the reference lists of
all relevant papers identified and by discussion with
experts in the field to identify unpublished data.

For the systematic review and aggregate data
meta-analysis, we considered eligible all prospective
cohort studies in humans (of any age) that investi-
gated the association between carotid stiffness and
incident stroke (nonfatal and/or fatal), CHD events
and/or total cardiovascular events, and/or all-cause
mortality. We selected all studies that measured
common carotid artery properties (diameter and
distention) by ultrasound, together with brachial or
local carotid pulse pressure (PP), and calculated
carotid artery distensibility coefficient (DC), Young’s
elastic modulus (YEM), compliance coefficient (CC),
or beta-stiffness index (SI). DC represents arterial
stiffness (the lower the DC, the greater the stiffness)
(3,4). (Formulas used for index calculation are in
Online Appendix C.) The other indexes are closely
related to the DC: higher YEM represents greater
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stiffness of the arterial wall material; lower CC rep-
resents lower arterial buffering capacity; and higher
SI represents greater stiffness and takes into account
the nonlinear relation between pressure and carotid
artery diameter (3,4).

DATA EXTRACTION AND STATISTICAL ANALYSIS. We
used a pre-designed data extraction form to collect
information on the following: study size, location,
population characteristics, measures of arterial stiff-
ness, follow-up duration, type and number of events,
reported risk estimates, and variable(s) that were
adjusted for in the analyses. In the case of multiple
publications (6,14–16), we included the most up-to-
date or comprehensive information. For the aggre-
gate data meta-analysis, additional information for
2 studies (17,18) was requested from corresponding
authors but not provided.

Risk of bias was evaluated with the Newcastle-
Ottawa Scale (NOS) (Online Appendix D) (19). The
scale includes items on participant selection; validity
of measurements; whether or not results were
adjusted for age, sex, and blood pressure; and dura-
tion and completeness of follow-up.

For the IPD meta-analysis, we requested
individual-level data of all studies eligible for the
aggregate data meta-analysis with available data on
cfPWV. All 4 eligible studies provided the requested
data. Individual data from these studies were
collected and harmonized using PASW statistics
version 21 (SPSS Inc., Chicago, Illinois).

In both the aggregate data and IPD meta-analysis,
outcome definitions were used as reported in the
originally published papers (Online Table 1). Stroke
included nonfatal and fatal cerebral infarction and
intracerebral hemorrhage; CHD events included
nonfatal and fatal acute myocardial infarction, angina
pectoris, coronary artery bypass grafting, percuta-
neous coronary intervention, and sudden death; total
cardiovascular events included nonfatal and fatal CHD
events, stroke, congestive heart failure (HF), and
peripheral arterial disease; cardiovascular mortality
included all fatal cardiovascular events (as defined
earlier); and all-cause mortality included death from
any cause.

All statistical analyses were performed with
Cochrane Review Manager version 5.2 (The Cochrane
Collaboration, London, United Kingdom) and R
statistical software version 2.15 (R Foundation for
Statistical Computing, Vienna, Austria).

AGGREGATE DATA META-ANALYSIS. Results were
pooled for the association between 1 SD greater
carotid stiffness and incident stroke. Additionally,
we evaluated the association of carotid stiffness
with CHD events, total cardiovascular events, and
cardiovascular and all-cause mortality. Results were
included for lower DC or, if not available, higher YEM,
lower CC, or higher SI. For studies that reported results
on carotid stiffness calculated with brachial as well as
local PP, we included the results on carotid stiffness
calculated with brachial PP in the main analysis,
because these were available in the largest number of
participants. In a sensitivity analysis, results were
pooled for carotid stiffness calculatedwith local PP. All
included studies calculated hazard ratios (HRs),
except 1 study (20) that calculated an odds ratio. We
treated this odds ratio as an HR. Pooled HRs were
calculated using the random-effects inverse variance
method. For each study, we included the fully
adjusted value for the HR. Heterogeneity between
studies was investigated with Higgins I2 statistic.

IPD META-ANALYSIS. Missing values on covariates
were imputed using the expectation maximization
method (single imputation) for each cohort sepa-
rately. The percentage of missing values on cova-
riates was minimal (total 2.0%). We first used a
2-stage analysis approach (21) with estimates of as-
sociation calculated separately within each study
before pooling across studies by the random-effects
inverse variance method. We used Cox proportional
hazard models with 1 SD lower carotid DC as the
determinant and incident stroke as the outcome.
Additionally, we evaluated the association of carotid
stiffness with CHD events, total cardiovascular
events, and cardiovascular and all-cause mortality.
The associations were first adjusted for the following
potential confounders (selected based on previously
published data and previous knowledge): age, sex,
mean arterial pressure, heart rate, body mass index,
total/high-density lipoprotein (HDL) cholesterol ratio,
triglycerides, current smoking, diabetes, prior CVD,
and the use of antihypertensive and lipid-modifying
medication (model 1), and additionally for cfPWV
(model 2). We used interaction terms to explore
whether any association with incident stroke differed
according to age, sex, hypertension, and/or diabetes.
We also evaluated the association between the indi-
vidual elements of the stiffness indexes (PP, disten-
sion, and diameter) and stroke. To investigate
whether carotid plaques mediate the association be-
tween carotid stiffness and any of the outcomes, re-
sults were additionally adjusted for presence of
carotid plaques. We also tested for any potential dif-
ferences in the results dependent on the method used
to measure travel distance in calculating cfPWV
(Online Appendix E).
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We then evaluated whether carotid stiffness has
any potential use as a risk predictor of stroke. We
used the integrated discrimination improvement (IDI)
and the continuous (category-free) net reclassifica-
tion index (NRI) to quantify the incremental value of
carotid DC for prediction of stroke risk beyond Fra-
mingham risk score factors and cfPWV. These indexes
quantify any reclassification, irrespective of (clini-
cally relevant) cutoffs. We used a 1-stage approach
(21). These analyses were done in individuals without
a prior CVD (at baseline) and limited to a time horizon
of 10 years. We first fitted a Cox proportional hazards
model to the data using the Kaplan-Meier estimate
(22) on the basis of cfPWV and the Framingham stroke
risk score factors (23) age, sex, systolic blood pres-
sure, total and HDL cholesterol, current smoking,
diabetes, use of antihypertensive medication, and left
ventricular hypertrophy. This “base” model was then
extended by carotid DC, and the base and extended
model were compared using the IDI and continuous
NRI. Additionally, we calculated the (change in) C-
statistic, a measure of risk discrimination (24). Con-
fidence intervals for the IDI, NRI, and C-statistic were
calculated by bootstrapping (1,000 repetitions).
Finally, we evaluated the incremental value of carotid
DC beyond Framingham cardiovascular risk score
FIGURE 1 Flow Chart of Selection Process of Eligible Studies

3,939 citations identified using
Medline, EMBASE and Scopus

24 full texts screened

10 unique studies included in
aggregate data meta-analysis

4 studies included in individual
participant data meta-analysis
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From a total of 3,939 eligible studies identified, 10 were included in the
factors (25) (i.e., age, sex, systolic blood pressure,
total and HDL cholesterol, current smoking, diabetes,
and use of antihypertensive medication) and cfPWV
for risk prediction of CHD events, total cardiovascular
events, and cardiovascular and all-cause mortality.

Additional information on methods is in the Online
Appendix F.

RESULTS

STUDY CHARACTERISTICS. Of 3,939 references initially
identified, 10 were included (6,8–10,15,20,26–29) in
the aggregate meta-analysis (Figure 1). Of these 10
studies, 4 (6,8–10) evaluated stroke (n ¼ 17,662 with
898 events), 5 (6,8–10,27) CHD events (n ¼ 21,080
with 2,113 events), 10 (6,8–10,15,20,26–29) any car-
diovascular events (n ¼ 22,214 individuals with 3,010
events), 7 (6,9,10,15,26,28,29) cardiovascular mortal-
ity (n ¼ 8,534 with 806 events), and 5 (6,10,15,26,29)
all-cause mortality (n ¼ 5,991 with 2,062 events).
For the Rotterdam Study (10) and the study from
Blacher et al. (15), the original investigators were able
to provide an update of previously published results
with unpublished data on a higher number of partic-
ipants and longer follow-up duration. The updated
results of the Rotterdam Study were based on 4,713
dy included via reference list search

xcluded

5 excluded after title/abstract scan

Not a prospective study

875 No relevant determinant or outcome data
3 Reviews, letters, editorials, or protocols
4 Case reports
3 In vitro/animal studies

Did not measure local carotid stiffness
Overlapping study populations
Did not provide sufficient data

aggregate and 4 in the individual patient data meta-analysis.
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FIGURE 2 Aggregate Data Meta-Analysis Results

Hazard ratio (95% confidence interval)
A  Stroke
n for this analysis =17,662 with 898 events and 208,301 person-years of follow-up

n=21,080 with 2,113 events; follow-up: 211,830 person-years

n=22,214 with 3,010 events; follow-up: 216,959 person-years

n=8,534 with 806 events; follow-up: 73,768 person-years

n=5,991 with 2,062 events; follow-up: 65,771 person-years
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1.06 (0.87; 1.29)

1.36 (0.89; 2.08)
1.24 (1.07; 1.44)
0.88 (0.62; 1.24)

1.18 (1.05; 1.33)

1.03 (0.98; 1.10)
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B  Coronary heart disease events

C  Total cardiovascular events

D  Cardiovascular mortality

E  All-cause mortality

Forest plots mark the association between 1 SD greater carotid stiffness and incident stroke

(A), coronary heart disease events (B), total cardiovascular events (C), cardiovascular

mortality (D), and all-cause mortality (E). For each study, the hazard ratio was pooled for 1

SD lower carotid distensibility coefficient; if not available, the hazard ratio was pooled for 1

SD higher Young’s elastic modulus (SMART Study [9], 3-City Study [27], and Stork et al.

[29]) or 1 SD higher beta-stiffness index (Shoji et al. [28]). ARIC ¼ Atherosclerosis Risk In

Communities; SMART ¼ Second Manifestations of Arterial Disease.
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individuals and a median follow-up duration of 12.0
years (previously published results [10] were based
on n ¼ 2,835 and 4.1 years of follow-up), and the
updated results of Blacher et al. (15) were based on
156 individuals and a median follow-up duration of
5.1 years (previously published results [15] were
based on n ¼ 110 and 4.4 years follow-up). The
studies included were conducted in the general pop-
ulation (6,8,10,27,29), or in individuals with chronic
kidney disease (15,20,26,28) or prior CVD (9). The
follow-up duration ranged from 2.8 to 13.8 years
(full study characteristics are provided in the Online
Tables 1 to 3).

Four studies (Blacher et al. [15], Rotterdam [10],
Hoorn [6], and Nephrotest [26]) had data available on
cfPWV and were included in the IPD meta-analysis. Of
these, Rotterdam and Hoorn had data available on
incident stroke (n ¼ 4,075 with 351 events) and all 4
had data available on total cardiovascular events
(n ¼ 4,395 with 763 events). A detailed description of
the assessment of cfPWV by each study is provided in
Online Appendix E.

Risk of bias among the included studies (Online
Table 4) was low (mean NOS score: 7 of 8).

AGGREGATE DATA META-ANALYSIS. Greater carotid
stiffness (per SD) was associated with a higher stroke
incidence (Figure 2A). In addition, greater carotid
stiffness was associated with a higher incidence of
total cardiovascular events and with greater cardio-
vascular and all-cause mortality, but not with CHD
events (Figures 2B to 2E). The statistical heterogeneity
between studies was low to moderate (range of I2 was
0% to 55%) (Figures 2A to 2E). Results did not mate-
rially change when data were pooled of studies that
calculated carotid stiffness with local PP, after
exclusion of studies with a relatively high risk of bias,
or when data were pooled of studies that obtained
carotid stiffness data by echo tracking (Online
Figure 1). Also, results were qualitatively similar for
each carotid stiffness index, except for carotid CC,
which was not statistically significantly associated
with stroke or any other outcome (Online Figure 1).

IPD META-ANALYSIS. After adjustment for potential
confounders, lower carotid DC (per SD) was associ-
ated with higher stroke incidence (Table 1A); further
adjustment for cfPWV did not materially change this
association. Additionally, lower carotid DC was asso-
ciated with a higher incidence of total cardiovascular
events and greater cardiovascular and all-cause
mortality, but not with CHD events (Online Table 5).
We found no interaction between carotid DC and
incident stroke according to sex, age, hypertension,

http://dx.doi.org/10.1016/j.jacc.2015.08.888
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TABLE 1 Individual Participant Data Meta-Analysis Results

Models Carotid DC (per 1 Lower SD)*

A. Cox regression analysis Hazard ratio (95% CI)

Model 1† 1.24 (1.05 to 1.47)

Model 1† þ cfPWV 1.24 (1.05 to 1.46)

B. Risk improvement analysis‡ Effect estimate (95% CI)

IDI, percentage point 0.4 (0.1 to 0.6)

Continuous NRI, % 18.6 (5.8 to 31.3)

C-statistic base model 0.747 (0.710 to 0.784)

C-statistic extended model 0.750 (0.713 to 0.787)

Change in C-statistic 0.003 (�0.003 to 0.009)

*Carotid DC as the determinant and incident stroke as the outcome; number of
participants for this analysis ¼ 4,075 with 351 events and 47,881 person-years of
follow-up. †Model 1: Results adjusted for age, sex, mean arterial pressure, heart
rate, body mass index, smoking habits, diabetes, triglycerides, total/high-density
lipoprotein cholesterol ratio, prior cardiovascular disease, and use of lipid-
modifying and antihypertensive medication. ‡Base model for risk improvement
analysis included Framingham stroke risk score factors and cfPWV. Model was
extended by carotid distensibility coefficient (DC) (per 1 lower SD).

cfPWV ¼ carotid-femoral pulse wave velocity; CI ¼ confidence interval;
IDI ¼ integrated discrimination improvement; NRI ¼ net reclassification index.
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or diabetes (p for interaction >0.24). After additional
adjustment for presence of carotid plaques, results
did not materially change (Online Table 6). Higher PP,
lower distension, and greater carotid diameter were
associated with a higher stroke incidence, although
results for lower distension and greater diameter
were not statistically significant (Online Figure 2).
The baseline stroke risk was high as estimated by the
base model (including Framingham stroke risk score
factors and cfPWV) for individuals included in the IPD
meta-analysis (i.e., 50.2% of individuals included had
an estimated stroke risk >5.0%). This was due to the
inclusion of older individuals (6,10) and/or in-
dividuals with diabetes (6) or chronic kidney disease
(15,26). When carotid DC was added to the base
model, the IDI and continuous NRI for incident stroke
improved significantly; the C-statistic also improved,
but not significantly (Table 1B). In addition, the IDI
and continuous NRI improved significantly for car-
diovascular mortality (0.3 percentage points [95%
confidence interval: 0.1 to 0.5 percentage points] and
17.5% [95% confidence interval: 3.2% to 31.7%],
respectively) and all-cause mortality (0.6 percentage
points [95% confidence interval: 0.4 to 0.9 percentage
points] and 19.0% [95% confidence interval: 12.3%
to 25.7%], respectively), but not for CHD events
(�0.0 percentage points [95% confidence interval:
�0.1 to 0.1 percentage points] and 3.9% [95% confi-
dence interval: �7.3% to 15.1%], respectively) and
total cardiovascular events (0.1 percentage points
[95% confidence interval: �0.2 to 0.3 percentage
points] and 5.0% [95% confidence interval: �4.6% to
15.0%], respectively) (Online Table 5). The C-statistic
did not significantly improve for any of these out-
comes (Online Table 5).

DISCUSSION

The present systematic review and meta-analysis of
aggregate and individual participant data showed
that greater carotid stiffness was associated with a
higher stroke incidence. This association was inde-
pendent of age, sex, blood pressure, and other CVD
risk factors, and did not materially change after
adjustment for aortic stiffness (measured as cfPWV).
Additionally, estimation of carotid stiffness modestly
improved stroke risk prediction beyond Framingham
stroke risk score factors and cfPWV, as indicated by
a statistically significant improvement of the IDI
and continuous NRI (Central Illustration). Finally, ca-
rotid stiffness was associated with a higher incidence
of total cardiovascular events and greater cardiovas-
cular and all-cause mortality, but not with CHD
events.

This is the first systematic review and meta-
analysis on the association between carotid stiffness
and incident CVD and mortality. The findings agree
with and extend previous observational studies
(6,8,20,26) reporting an association between carotid
stiffness and incident CVD (6,8,20,26), including
stroke (8). The aggregate data meta-analysis enabled
us to examine these associations in greater detail with
enhanced power, and the IPD meta-analysis allowed
us to do a comprehensive range of additional
analyses, including adjustment for cfPWV and quan-
tification of stroke risk improvement beyond Fra-
mingham risk score factors and cfPWV.

METHODOLOGICAL ISSUES. Some methodological
issues warrant consideration. First, the results
were consistent across different study populations
notwithstanding differences in methods to quantify
carotid stiffness, and were not related to the risk of
bias of included studies, which strengthens the find-
ings’ validity. Second, the results were consistent for
all carotid stiffness indexes, except for carotid CC,
which was not statistically significantly associated
with stroke. To further explore this finding, we eval-
uated the association between individual elements of
the stiffness indexes (PP, distension, and diameter)
and stroke. The results showed that greater carotid
diameter, lower distension, and higher PP were each
associated with a higher stroke incidence. The asso-
ciation between greater carotid diameter and incident
stroke echoes previous studies (30,31), and may
reflect arterial remodeling in response to atheroscle-
rosis or increased arterial stiffness (14). However, a

http://dx.doi.org/10.1016/j.jacc.2015.08.888
http://dx.doi.org/10.1016/j.jacc.2015.08.888
http://dx.doi.org/10.1016/j.jacc.2015.08.888
http://dx.doi.org/10.1016/j.jacc.2015.08.888
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Meta-analyses were performed to determine associations between carotid stiffness and stroke. (A) An aggregate data meta-analysis

(10 studies; n ¼ 22,472) found an association between carotid stiffness and incident cardiovascular (CV) events and mortality. An individual

participant data (IPD) meta-analysis (4 studies; n ¼ 4,540) was done with all studies with available data on carotid stiffness and carotid-

femoral pulse wave velocity (cfPWV), finding associations after adjusting for such factors (B), and demonstrating that the addition of carotid

stiffness to Framingham risk factors and cfPWV improves stroke risk classification (C). *Results adjusted for age, sex, mean arterial pressure,

heart rate, body mass index, smoking habits, diabetes, triglycerides, total/high-density lipoprotein cholesterol ratio, prior cardiovascular

disease (CVD), and use of lipid-modifying and antihypertensive medication. CHD ¼ coronary heart disease; IDI ¼ integrated discrimination

improvement; NRI ¼ net reclassification index.
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greater carotid diameter is associated with higher
values of carotid compliance (under the same oper-
ating pressure); this may explain why we did not find
an association between (lower) carotid CC and stroke.
Third, the present study had insufficient power to
formally test the potential influence of publication
bias (32). Nevertheless, a broad systematic search was
done to identify all relevant studies, and we were able
to include published as well as unpublished data. This
limits the possibility of the presence of (substantial)
publication bias.

UNDERLYING MECHANISMS. The present study
showed that greater carotid stiffness is associated
with a higher stroke incidence, independently of
aortic stiffness, supporting the concept that carotid
stiffening is important in the pathogenesis of stroke
(6). We speculated that the underlying mechanism
may be that stiffening of the carotid artery (or other
elastic arteries for which the carotid artery may serve
as a proxy) leads to a higher pulsatile pressure and
flow load on the brain (3,4,32). This increased load
can penetrate distally into the cerebral microcircula-
tion and may directly cause cerebral ischemia and
hemorrhage (5,33,34). Also, the increased pulsatile
load may induce a hypertrophic remodeling response
and rarefaction of small cerebral arteries which, in
turn, may lead to chronic ischemia. Furthermore,
carotid artery stiffening may lead to stroke through
local development of rupture-prone atherosclerotic
plaques. Indeed, previous studies (7,35) have shown
that arterial stiffness is associated with presence
(7,35) and a rupture-prone phenotype (7) (e.g., intra-
plaque hemorrhage) of atherosclerotic plaques in the
internal carotid artery. In the present study, the
association between carotid stiffness and stroke did
not materially change after adjustment for presence
of carotid plaques. However, no information was
available with regard to the phenotype of these
plaques, and this issue requires further study.

In the present study, carotid stiffness, in contrast
to aortic stiffness (as determined by cfPWV) (11,12),
was not associated with incident CHD events. A
possible explanation for these observations may be
that stiffening of the aorta, but not of the carotid ar-
tery, leads to a higher left ventricular load and
reduced diastolic coronary perfusion (3,4).

Furthermore, carotid stiffness was associated
with total (nonfatal and fatal) cardiovascular events
and with all-cause mortality not explained quanti-
tatively by stroke. This suggests that carotid artery
stiffening additionally increases the risk of diseases
other than stroke. For example, it is conceivable that
it is associated with risk of congestive HF, as stiff-
ening of the carotid artery could act as a proxy for
stiffening of the proximal elastic segment of the
aorta, which increases cardiac afterload and is
associated with HF risk (36,37). Carotid stiffness also
may be a marker of biological aging and thus asso-
ciated with mortality of age-related diseases other
than CVD (6). These possibilities require further
investigation.

CLINICAL RELEVANCE. The observation that carotid
stiffness was associated with incident stroke inde-
pendently of aortic stiffness could hold clinical
relevance, with carotid stiffness becoming a poten-
tial separate target for stroke risk-lowering therapy.
CVD risk factors have different effects on stiffening
of elastic versus muscular arteries (38,39). This may
be attributed to the marked differences in these ar-
teries’ architecture and suggests that stiffness of
elastic arteries may be specifically targeted; no
effective clinical therapy currently available does
so now.

In the present study, carotid stiffness improved
risk prediction of stroke beyond Framingham stroke
risk score factors and cfPWV, as indicated by
improvement of IDI and continuous NRI. This finding
provides proof of principle that carotid stiffness can
have additional value as a risk predictor of stroke,
although such improvement was modest; moreover,
in high-risk populations, such as those included in
the current analyses, such an improvement may not
be clinically relevant (40). Nevertheless, the current
data provide a framework for investigating whe-
ther assessment of carotid stiffness can improve
stroke risk prediction in younger individuals and in
those at intermediate risk for stroke, in whom
improvement of risk prediction may be of greater
importance (41).

STUDY LIMITATIONS. In this study, (unavoidable)
survival bias may have led to an underestimation of
the associations observed. Additionally, the associa-
tion between cfPWV and incident cardiovascular
events is weaker in older compared with younger
individuals (11). The present meta-analysis included
relatively older study populations. It therefore
remains to be seen whether carotid stiffness is also
associated with incident stroke independently of
cfPWV in younger populations. Finally, we could not
evaluate the association between carotid stiffness
and stroke subtypes, although it is likely that carotid
artery stiffening increases the risk of both ischemic
and hemorrhagic stroke (5,33,34).



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE:

Carotid stiffness is independent of aortic stiffness and

conventional cardiovascular factors in predicting

incident stroke.

TRANSLATIONAL OUTLOOK: Further studies are

needed to quantify the predictive value of carotid

stiffness in patients at intermediate risk and to assess

whether interventions that reduce arterial stiffness

can reduce stroke risk.
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CONCLUSIONS

The present study showed that greater carotid stiffness
is associated with a higher incidence of stroke indepen-
dently of cfPWV and modestly improved risk prediction
of stroke beyond Framingham stroke risk score factors
and cfPWV. This identifies carotid stiffness as a potential
separate target for stroke prevention strategies.
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