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Background-—Central artery dilation and remodeling are associated with higher heart failure and cardiovascular risks. However,
data regarding carotid artery diameter from hypertension to heart failure have remained elusive. We sought to investigate this issue
by examining the association between carotid artery diameter and surrogates of ventricular dysfunction.

Methods and Results-—Two hundred thirteen consecutive patients including 49 with heart failure and preserved ejection fraction
(HFpEF), 116 with hypertension, and an additional 48 healthy participants underwent comprehensive echocardiography and tissue
Doppler imaging. Ultrasonography of the common carotid arteries was performed for measurement of intima-media thickness and
diameter (CCAD). Cardiac mechanics, including LV twist, were assessed by novel speckle-tracking software. A substantial graded
enlargement of CCAD was observed across all 3 groups (6.8�0.6, 7.7�0.73, and 8.7�0.95 mm for normal, hypertension, and
HFpEF groups, respectively; ANOVA P<0.001) and correlated with serum brain natriuretic peptide level (R2=0.31, P<0.001).
Multivariable models showed that CCAD was associated with increased LV mass, LV mass-to-volume ratio (b-coefficient=10.9
and 0.11, both P<0.001), reduced LV longitudinal and radial strain (b-coeffficient=0.81 and �3.1, both P<0.05), and twist
(b-coefficient=�0.84, P<0.05). CCAD set at 8.07 mm as a cut-off had a 77.6% sensitivity, 82.3% specificity, and area under the
receiver operating characteristic curves (AUROC) of 0.86 (95% CI 0.80 to 0.92) in discriminating HFpEF. In addition, CCAD
superimposed on myocardial deformation significantly expanded AUROC (for longitudinal strain, from 0.84 to 0.90, P of
DAUROC=0.02) in heart failure discrimination models.

Conclusions-—Increased carotid artery diameter is associated with worse LV geometry, higher brain natriuretic peptide level, and
reduced contractile mechanics in individuals with HFpEF. ( J Am Heart Assoc. 2012;1:e003053 doi: 10.1161/
JAHA.112.003053)
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H eart failure with preserved ejection fraction (HFpEF) has
emerged as an important public health concern. It is

associated with high rates of clinical events similar to systolic
heart failure and is linked to the growth of an aging
population.1 Currently, there are ongoing efforts to identify
the specific mechanisms and useful clinical markers for early-
stage myocardial dysfunction that are related to chronic
hemodynamic load status, presumably a key pathological
factor involved in the development of HFpEF.2,3 Several
cardiovascular risk factors, primarily arterial hypertension
(HTN) and aging, can modify the structure and function of the
myocardium as well as the central arteries, a process known
as cardiovascular remodeling.4,5 Such remodeling has been
linked to altered ventricular geometry,6,7 the development of
heart failure,8–12 and to worse clinical outcomes.4,13,14

Reduced aortic wall elasticity15,16 and enlarged arterial
diameter4 in response to chronic increase in load status have
been associated with vascular wall thickening—an adaptive
response to wall tension increases according to the law of
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Laplace.17 However, data supporting central arterial
remodeling in the transition from HTN to heart failure have
not been extensively examined.

Recent advances in echocardiography techniques such as
speckle-tracking–based myocardial deformation imaging facil-
itate the quantitative assessment of subclinical myocardial
dysfunction.18 In addition, such imaging techniques can
provide a more comprehensive understanding of cardiac
mechanics and the adaptive response in patients with various
cardiovascular risks.19

The goal of this study was to investigate vascular remodeling
and associated hemodynamics changes as exhibited in the
carotid arteries, in relation to cardiac geometry, cardiac
mechanics, or left ventricular (LV) twist and plasma brain
natriuretic peptide (BNP) level, in subjects with HTN and HFpEF.

Materials and Methods

Study Population
From January 2008 to December 31, 2009, we consecutively
studied 213 patients retrospectively from the cardiovascular
outpatient clinic at a tertiary care hospital in North Taiwan:
116 had HTN and 49 had HFpEF. The setting was based on a
routine health check-up program with noninvasive imaging
study performed. The initial object was to characterize
myocardial function and some associated clinical features of
high cardiovascular risk subjects. Cases of HFpEF were
identified on the basis of the discharge diagnosis record
adjudicated by experienced cardiologists and should have
documented pulmonary edema on chest radiography at the
time of their index hospitalization with LV ejection fraction
>50% by echocardiographic measures. An additional 48
asymptomatic, healthy participants without previous diagno-
sis of any systemic disease were recruited at the time of their
routine annual health check-up. Exclusion criteria were
significant valvular heart (moderate to severe) diseases, a
history of pacemaker implantation, valvular surgery, ongoing
atrioventricular block or episodes of frequent cardiac arrhyth-
mias that make recording difficult, acute or overt renal
dysfunction (serum creatinine ≥2.5 mg/dL), severe obstruc-
tive pulmonary disease, and a history of acute coronary
syndrome in the preceding 12 months. Thorough review of
the data, including baseline characteristics, medical histories,
smoking and physical activity, as well as detailed physical
examination results, was obtained using structured question-
naires. The imaging acquirement and quantification were
carried out by the same experienced technician with no
changes regarding the procedures, raters, technology, or
standard of care affecting the measurements over the entire
2-year study period. Categorization into the HTN group was
confirmed by detailed chart review and defined by previous

HTN diagnosis (systolic blood pressure >140 mm Hg or
diastolic blood pressure >90 mm Hg by sphygmomanometer)
with regular medication control yet without clinical heart
failure signs or symptoms. The presence of coronary artery
disease (CAD) was defined as a history of a previous
myocardial infarction, history of angioplasty, or >50% luminal
narrowing by coronary angiography. Biochemical values
including fasting glucose level, lipid profiles, blood urea
nitrogen, and creatinine, were obtained with an Hitachi 7170
Automatic Analyzer (Hitachi Corp, Hitachinaka Ibaraki, Japan)
from venous blood samples, with BNP was measured by the
Abbott AxSYM (Abbott Diagnostics, Abbott Park, IL) method.
The data preparation and study design were retrospective and
had passed the institutional board review. We did not obtain
oral informed consent from all of the subjects. The local
ethics committee approved the design of this study in
accordance with the Declaration of Helsinki (11MMHIS143).

Echocardiography Protocol for Assessing
Ventricular Geometry and Diastolic Indices
Transthoracic Doppler echocardiography examination was
performed on all subjects using a commercially available
ultrasound system (Vivid 7, GE-VingMed) equipped with a 2- to
4-MHz transducer (M4S). Parameters including left atrial
diameter, LV internal diameter, derived LV mass, and LV mass
index were determined from M-mode measurements using
American Society of Echocardiography criteria.20,21 The aortic
root diameter was defined as the largest end-diastolic
diameter from the parasternal long-axis view (Figure 1A,
middle).

LV end-diastolic and end-systolic volumes were further
quantified using the biplane Simpson method with ratio of LV
mass to volume calculated using LV mass divided by LV end-
diastolic volume. Assessment of LV diastolic function was
determined by pulsed-wave Doppler of transmitral inflow
velocities measured at the tip of the mitral leaflets with E/A
ratio assessed from early (E) and late diastolic (A) filling
velocities. Tissue Doppler imaging was used to determine the
lateral mitral annular velocities, measuring both the peak
systolic (S′) and early diastolic (E′) values. Left-sided ventric-
ular filling pressures (E/E′) were estimated using the ratio of
the early (E) transmitral hemodynamic Doppler velocity
divided by the tissue Doppler imaging–derived early diastolic
(E′) lateral mitral annular velocity.

Carotid Artery Parameters: Intima-Media
Thickness, Diameter, and Remodeling
by Ultrasonography
The extracranial common carotid arteries (CCAs) were
sequentially assessed using a high-resolution 5- to 10-MHz
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linear-array ultrasound transducer (GE-VingMed) by an
experienced technician. All subjects had their carotid
intima-media thickness (IMT) measured at the far wall of
the distal 1 cm of each CCA (Figure 1A, left). The IMT was
determined by using a double-line pattern visualized on
both carotid artery walls in a longitudinal B-mode echot-
omography image. CCA diameter (CCAD) was measured
between the 2 leading edges of the near- and far-wall

intima at the same site as the IMT measurement at end-
diastole phase by ECG gating. In this study, the represen-
tative CCA IMT and CCAD were averaged from repeated 3
calculations for both the left and right CCAs. The interob-
server variability (coefficient of variation) of 30 subjects
randomly chosen from this study for IMT and CCAD was
4.9% and 5.6%, respectively, which had shown good
reproducibility.

A

B

Figure 1. (A) The exact site and annotation for measurements of the common coronary artery diameter (CCAD) (yellow arrow; intima-media
thickness [IMT], green arrow) and aortic root diameters, and the corresponding computed tomography scanning for validation of
echocardiographic measurements in healthy control subjects (top) and patients with heart failure with preserved ejection fraction (HFpEF)
(bottom). (B) A bull’s-eye illustration of integrated 3-apical views of longitudinal strain by AFI (represented as GLS: left), as well as corresponding
radial strain (left ventricular [LV] mid-wall: middle) and degree of LV twist (right). GLS indicates global longitudinal strain; AFI, automatic function
imaging.
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Agreement of Aortic Root Diameter Measures
Between Computed Tomography and Echo
Methods
Thirty subjects in the study cohort (including 5 subjects from
the HFpEF group, 18 with HTN, and 7 from the healthy group)
had computed tomography (CT) scans (Figure 1A, right).
Validation was performed for the CT- and echocardiography-
derived aortic root measurements. Pearson linear correlation
for the echocardiography-derived and CT-defined aortic root
diameter was 0.95 in our lab (P<0.001). Bland–Altman
analysis of these 2 methods showed a high degree of
agreement (limits of agreement: �0.217 to 4.146).

Assessment of Myocardial Mechanics and LV
Twist by Speckle-Tracking Deformation Imaging
Baseline 2-dimensional images (including 2-chamber, 4-
chamber, and apical long-axis views) for longitudinal strain
and 3 short-axis views (including mitral, papillary, and apical
layer) were analyzed by offline endocardial border manual
tracing, using novel offline proprietary software (version 10.8,
EchoPAC, GE Vingmed Ultrasound) based on automated
speckle-tracking algorithms. The global longitudinal strain was
averaged from all 3 apical views (2-chamber, 4-chamber, and
apical long-axis views) and displayed as a bull’s-eye map
(Figure 1B, left) with global circumferential and radial strain
curves obtained by averaging different values from 3 different
short-axis levels (Figure 1B, middle: mitral valve, mid-wall, and
apical levels), respectively. Cardiac twist was generated
automatically by using the same sophisticated software
(Figure 1B, right).22

Determination of Central Arterial Pulse Pressure,
Compliance, Tensile Stress, and
Ventriculoarterial Function
End-systolic pressure was estimated as systolic blood
pressure90.90 with stroke volume measured as the product
of the cross-sectional area of the LV outflow tract (measured
on the parasternal long-axis view) and the velocity-time
integral (using pulsed-wave Doppler assessment of flow
across the LV outflow tract) measured on the apical
5-chamber view. The effective arterial elastance index was
estimated as end-systolic pressure/stroke volume with LV
end-systolic elastance calculated using the modified single-
beat measure.5,23 Coupled ventriculoarterial function was
thus evaluated by arterial elastance index/end-systolic
elastance. The pulse pressure (PP) was determined using
the brachial systolic blood pressure minus the diastolic
blood pressure. The central PP was estimated by a
regression equation used for the brachial PP determined by

carotid applanation tonometry.14 Central artery compliance
was estimated by calculating the ratio of stroke volume
to PP:

PPcentral ¼ PPbrachial � 0:491þ age � 0:30þ 7:11

The wall tensile stress of the carotid artery (carotid tensile
stress), during the end-diastole phase, was estimated by the
product of the mean blood pressure and one-half of the ratio
of the lumen diameter (carotid radius) to the IMT ([pressure9
radius]/IMT).24

Data Analysis
Continuous data are reported as the mean�SD and compared
using a nonparametric trend test (Wilcoxon rank sum test)
across ordered age groups with categorical or proportional
incidence data expressed as a proportion and compared with
use of the v2 or Fisher exact test, as appropriate. One-way
ANOVA was performed to test the differences in the
continuous data among the 3 groups with the post-hoc
Bonferroni correction for paired comparisons. Because the
carotid IMT and remodeling depend largely on age and other
cardiovascular risk factors, an ANCOVA was also used to
adjust for relevant covariates in the comparison of mean
values among the 3 groups. The minimum required samples
needed to detect significant difference between the HFpEF
and HTN groups by longitudinal myocardial deformation
(strain), a sensitive and powerful clinical marker for such
purpose,25 was calculated. A reported mean of �14.9 and SD
of 2.9 in the HFpEF25 group and mean of �16.9 and SD of 4.1
in the HTN26 group resulted in an effect size (Cohen’s d) of
0.563. Given that the subjects with HFpEF had a smaller
amount with a potentially wide range of longitudinal strain
value compared with subjects with HTN (from �15.9% to
�18.8%),26 the authors prespecified the ratio as a 2:1
allocation ratio, leading to a sample size of nearly 100:50 for
HTN and HFpEF, respectively, with an power of 90% and an a
rate of 5%. The sample size calculation was performed by
using G*Power 3.1.5 (University Kiel, kiel, Germany). Addi-
tionally, a normal control group was included to contrast the
difference from the HTN and HFpEF groups.

The diagnostic and incremental values of the CCAD
superimposed on diastolic parameters and myocardial
deformation data were assessed using receiver operating
characteristic (ROC) curves with the optimal cut-off chosen
for maximum sensitivity and specificity for the clinical
diagnosis of HFpEF. The incremental value between models
was assessed by changes of area under ROC (DAUROC),
with P value provided for statistical significance (P of
DAUROC). To avoid overspecification, calibration with 5-fold
cross-validation was performed. A multivariable regression
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model was used to determine the significance of the
covariate-adjusted relation between myocardial deformation
data and clinical variables, biochemical profiles and echo-
derived measurements of the aortic root, and carotid artery
diameters with individual odds ratios, and P values and 95%
CIs.

All data were analyzed with use of the STATA 9.0 software
package (StataCorp). The P value was set for 2-tailed
probability with a P value <0.05 considered statistically
significant.

Results

Baseline Demographic Data
The baseline demographic data for the 213 participants
enrolled in this study are presented in Table 1. Compared
with the control and HTN groups, subjects with HFpEF were
more likely to be female (67.4%), and have a larger body mass

index (all P<0.05). Both the HTN and HFpEF groups had higher
systolic and diastolic blood pressure (all P<0.05). Moreover,
both the HTN and HFpEF groups had higher blood sugar
levels, worse renal function, lower serum HDL and Hb, and
higher serum high-sensitivity C-reactive protein and BNP
levels than the control group (all P<0.05).

Ventricular Geometry, Diastolic Indices, Central
Hemodynamics, and Ventriculoarterial Function
Table 2 shows the comparisons of the baseline conventional
echocardiographic measurements among the 3 groups.
Compared with the control group, patients with HTN and
HFpEF tended to have higher LV wall thickness, higher
transmitral A-wave velocities, prolonged transmitral E-wave
deceleration time and isovolumic relaxation time, higher LV
wall stress, and significantly reduced mitral annular relax-
ation velocity E′ (all P<0.05). Both vascular elastance
(arterial elastance index) and LV end-systolic elastance

Table 1. Baseline Demographics and Laboratory Data for the Study Cohort

Healthy Group (n=48) HTN Group (n=116) HFpEF Group (n=49) Trend P Value

Baseline demographics

Age, y 50.7�10.1 62.9�13.9* 72.5�11*† <0.001

Sex, female 17 (35.4%) 46 (40%) 33 (67.4%) 0.002

Height, cm 166�7.9 162.4�9.9* 157�7.7*† 0.0007

Weight, kg 65.2�11.7 66.5�13.7 69.4�11.3 0.17

Body mass index, kg/m2 23.6�3.3 25.2�3.8* 28.1�3.1*† <0.001

Systolic blood pressure, mm Hg 118.02�13.2 142.6�18.9* 145�20.9* <0.001

Diastolic blood pressure, mm Hg 70�8 88�15.6* 80�13.5† 0.005

Central pulse pressure, mm Hg 45.8�5.9 53�9.2* 60.7�9.8*† <0.001

History of hypertension, % — 116 (100) 39 (80) <0.001

History of diabetes, % — 40 (34.5) 21 (42.9) <0.001

History of CAD, % — 28 (24.1) 20 (40.8) <0.001

Laboratory data

Fasting glucose, mg/dL 98.2�10.4 116.3�30.4* 133.3�41.5*† 0.005

Cholesterol, mg/dL 197.9�35.1 187.8�39.3 183.3�44.5 0.04

Triglycerides, mg/dL 116.5�64.7 136�68.9 138.5�73.5 0.01

Low-density lipoprotein, mg/dL 107.7�29.5 141.9�40.8 141.5�57.7 0.711

High-density lipoprotein, mg/dL 57.6�15.7 47.9�14.8* 44.9�13.9* 0.005

eGFR, mL/min/1.73 m2 87.3�13.1 79.2�25.4 62.7�29.2*† 0.005

Hemoglobin, g/dL 14.8�1.3 13.9�1.8* 13.1�2.2*† 0.0017

C-reactive protein, mg/dL (mean, 25th to 75th)‡ 0.15 (0.1–0.18) 0.32 (0.12–0.46) 1.67 (0.17–1.8)*† 0.0195

BNP, pg/mL (mean, 25th to 75th)‡ 28.4 (6.9–39.9) 36 (9.75–48.5) 444.9 (87.6–594)*† <0.001

BNP indicates brain natriuretic peptide; CAD, coronary artery disease, eGFR, estimated glomerular filtration rate; HFpEF, heart failure with preserved ejection fraction; HTN, hypertension.
ANOVA Bonferroni post hoc test: *P value <0.05 vs healthy group; †P value <0.05 vs HTN group.
‡The differences were compared by log values.
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reflecting vascular and ventricular stiffness were worse in
the HFpEF group (P<0.05), whereas ventriculoarterial cou-
pling (arterial elastance index/end-systolic elastance)
remained similar across 3 groups. Furthermore, the patients
with HFpEF also had a significantly higher aortic root and
left atrial diameter; greater wall thickness, LV mass index,
relative wall thickness, and mass-to-volume ratio; and
reduced stress-corrected mid-wall function (all P<0.05). In
addition, both the HTN and HFpEF groups had higher
estimated central pulse pressures compared with the
healthy group (both P<0.05). A significantly higher left-
sided ventricular filling pressure, by E/E′, was also observed
in the HFpEF group (P<0.05).

Myocardial deformation, from both longitudinal and radial
measures, was significantly lower in both the HTN and HFpEF

groups compared with the normal controls (all P<0.05). In
addition, LV twist behavior was significantly lower in the
HFpEF group (P<0.05).

Carotid Artery IMT, Diameter, and Remodeling
and Association with Central Hemodynamics
Figure 2A shows that both the HTN and HFpEF groups had
larger carotid artery IMT, higher carotid artery tensile stress
(both P<0.05 compared with the healthy group), and a graded
substantial enlargement of CCAD from the healthy, HTN, to
HFpEF groups (6.8�0.6, 7.7�0.73, and 8.7�0.95, respec-
tively; ANOVA P<0.001) even when adjusted for age, body
mass index, and blood pressure. A significantly decreased
carotid artery IMT-to-diameter ratio (carotid artery remodel-

Table 2. Differences in Baseline Ventricular Geometry, Diastolic Indices, Ventriculoarterial Function, and Speckle-Tracking–Based
Myocardial Mechanics and LV Twist Among the 3 Groups

LV Structures and Function Healthy Group (n=48) HTN Group (n=116) HFpEF Group (n=49) Trend P Value

Conventional echocardiographic measures

Aortic root diameter, mm 32.2�3.7 34.4�3.8* 35.9�4.5* <0.001

LV ejection fraction, % 66.6�6.7 68.9�7.4 68.6�7.5 0.2

Relative wall thickness 0.39�0.06 0.48�0.07* 0.55�0.09*† <0.001

Left atrial diameter, mm 31.5�4.8 33.1�5 35.8�5.7*† <0.001

LV mass, g 128.7�29.4 162.8�41.6* 193�58.6*† <0.001

LV mass index, gm/m2 69.4�14.4 88�21.9* 103.5�30.2*† <0.001

LV M/V ratio 1.4�0.2 1.8�0.3* 2.1�0.4*† <0.001

Fscmw, % 23.5�2.9 21.8�2.9* 20.7�2.9* <0.001

cESS, kdyne/cm2 75.6�15.2 93�26.9* 88.7�28.6* 0.03

Doppler echocardiographic study

Mitral E DT, ms 194.5�40.7 240�46* 245.9�73† 0.005

IVRT, ms 83.2�10.5 102.1�18.8* 86.7�18.4† 0.55

Lateral E′, cm/s 10.4�2.4 7.5�2.1* 5.9�1.5*† <0.001

Lateral S′, cm/s 10�3 7.8�2.3* 6.5�1.9*† <0.001

Lateral E/E′, mmHg 6.9�1.7 9.4�4.2 14.6�6.9*† <0.001

Ventriculoarterial function

Ea, mm Hg/mL 1.88�0.51 2.12�0.64 2.19�0.66* 0.01

Ees, mm Hg/mL 2.8�0.9 3.3�1.3 3.4�1.4* 0.03

Ea/Ees 0.71�0.21 0.71�0.26 0.72�0.25 0.93

Myocardial mechanics

Longitudinal S, % �19.9�2.0 �17.8�1.8* �13.9�2.9*† <0.001

Radial S, % 45.4�10.3 37.1�11.7* 26.2�10.4*† <0.001

Circumferential S, % �21.2�2.9 �21.2�3.5 �18.7�5.3* 0.005

Twist, ° 13.3�3.4 13.2�3.7 11.1�4.4*† 0.005

LV indicates left ventricular; HTN, hypertension; HFpEF, heart failure with preserved ejection fraction; M/V ratio, mass-to-volume ratio; Fscmw, stress-corrected mid-wall fractional
shortening; cESS, ventricular circumferential wall stress; DT, transmitral E-wave deceleration time; IVRT, isovolumic relaxation time; E′, early mitral annular relaxation velocity;
S, mitral annulus systolic velocity; Ea, vascular elastance; Ees, LV end-systolic elastance; S, strain.
ANOVA Bonferroni post hoc test: *P value <0.05 vs healthy group; †P value <0.05 vs HTN group.
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A

B

Figure 2. (A) Individual central artery intima-media thickness (IMT), diameters, and remodeling. Both the hypertension (HTN) and heart failure
with preserved ejection fraction (HFpEF) groups had higher IMT than the control group. Patients with HFpEF had significantly greater carotid artery
diameters compared with both the control and HTN groups. The common carotid artery (CCA) remodeling (IMT-to-diameter ratio) was largest in
the HTN group, indicating that the increase in the CCA diameter was greater than the increased IMT. The central artery compliance,
ventriculoarterial coupling, and wall stress for both the carotid artery and left ventricular wall are shown (B, top). The fitting curve or linear
regression used for comparison of the central pulse pressure (PP) and CCA diameter (left) and, central PP and arterial compliance, among study
patients is shown (A, bottom). Compared with the healthy control and HTN groups, subjects with HFpEF had larger central artery pressure related
to larger carotid artery diameter and poorer arterial compliance. SV indicates stroke volume.
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ing) was also observed in HFpEF compared with the HTN
group (ANOVA P<0.001). Figure 2B shows the association
between the CCAD and central artery hemodynamics. Larger
CCAD was associated with higher central artery pulse
pressure (r=0.42, P<0.001) and elevated carotid artery tensile
stress (r=0.31, P<0.001); however, there was no direct
relationship between the arterial compliance and CCAD
(r=�0.075, P=0.275).

Association Among Carotid Artery Parameters,
Myocardial Mechanics, and LV Twist
The association among ventricular geometry, aortic diameter,
and parameters of carotid arteries was shown in Table 3. Both
enlargement aortic and carotid artery diameters were asso-
ciated with larger LV mass and mass-to-volume ratio, either
univariable or multivariable models (all P<0.05). In addition,
there was an association between larger aortic diameter and a
reduction in longitudinal and radial strain (b-coefficient=1.26
and �3.72, respectively; both P<0.05) or twist (b-coeffi-
cient=�1.07, P<0.05), although these associations were less

pronounced in the multivariable models (Table 4). In addition,
both larger CCA IMT and CCAD were significantly associated
with worse myocardial deformation parameters (all P<0.05) in
the univariable model. In the multivariable models, larger
CCAD remained significantly independent of reduced longitu-
dinal, radial strain, and degree of LV twist (b-coefficient=0.81,
�3.1 and �0.84, respectively; all P<0.05).

Diagnostic Value of Carotid Artery Diameter
in Patients With HFpEF and Correlation with
Serum BNP Levels
Figure 3 shows the diagnostic value of the CCAD, IMT, and
remodeling (Figure 3A), as well as all individual echocardiog-
raphy-derived parameters including diastolic function
(Figure 3B) and all myocardial deformations and twist (Fig-
ure 3C) in patients with HFpEF. In addition, the AUCs with
CCAD superimposed on most commonly used clinical diastolic
(E/E′) and myocardial deformation (longitudinal strain) for
discriminating HFpEF were also displayed. The scatterplot
between serum BNP level and CCAD was further shown in
Figure 3D, suggesting that higher CCAD was associated with
higher serum BNP levels (R2=0.31, P<0.001). As assessed
with the ROC analysis, the AUROC for the diagnosis of HFpEF
by using carotid artery IMT, remodeling, and CCAD was 0.61
(95% CI 0.53 to 0.69), 0.6 (95% CI 0.51 to 0.68), and 0.86
(95% CI 0.80 to 0.92), respectively. The optimal cut-off value
for carotid artery diameter, in the diagnosis of HFpEF, was
8.07 mm, which yields a sensitivity of 77.6% and a specificity
of 82.3%. When CCAD was superimposed on the E/E′, the
AUROC increased from 0.84 to 0.88 (95% CI 0.83 to 0.94; P of
DAUROC=0.12, Figure 3B). Furthermore, when the CCAD was
added into myocardial deformation imaging data, the AUROC
increased significantly from 0.84 to 0.90 (for longitudinal
strain, 95% CI 0.84 to 0.95; P of DAUROC=0.02, Figure 3C).
Five-fold cross-validation showed AUROC of 0.8927 (Fig-
ure 4), with a P value 0.36, indicating that the model was not
significantly miscalibrated.

Discussion
The results of this study showed that the HTN and HFpEF
groups had similar elevation of the LV wall stress but with
graded enlargement of carotid artery diameter that tracked
with higher BNP level, higher carotid artery tensile stress, and
estimated central pulse pressure in a continuum from HTN to
HFpEF. In addition, our result showed that an enlargement in
carotid artery diameter was associated with worsening LV
geometry, reduced myocardial deformation parameters, and
LV twist. The addition of carotid artery diameter to the
myocardial deformation parameters added incremental value
for the clinical diagnosis of HFpEF.

Table 3. Association Among Central Artery Diameter,
Remodeling, and LV Geometry in Terms of LV Mass and LV
Mass-to-Volume (LV M/V) Ratio

Models Used

LV Mass (g) LV M/V Ratio

b-Coefficient
(95% CI)

b-Coefficient
(95% CI)

Model 1

Aortic root diameter 26.5 (20.8–32.3)* 0.16 (0.10–0.22)*

CCA IMT 12 (5.5–18.5)* 0.14 (0.09–0.2)*

CCAD 24 (18.3–29.8)* 0.22 (0.17–0.27)*

CCA IMT-to-lumen ratio — —

Model 2

Aortic root diameter 19.4 (12.8–26)* 0.12 (0.06–0.18)*

CCA IMT 8.4 (1.8 to 15)* 0.06 (0.008–12)*

CCAD 17.5 (10.7–24.3)* 0.13 (0.07–0.19)*

CCA IMT-to-lumen ratio — —

Model 3

Aortic root diameter 13.1 (6.4–19.8)* 0.07 (0.009–0.14)*

CCA IMT — —

CCAD 10.9 (3.01–18.8)* 0.11 (0.03–0.18)*

CCA IMT-to-lumen ratio — —

LV indicates left ventricular; M/V ratio, mass-to-volume ratio; CCA indicates common
carotid artery; IMT, intima-media thickness; CCAD, CCA diameter.
Model 1: unadjusted model.
Model 2: adjusted for age, sex, and body mass index.
Model 3: adjusted for age, sex, body mass index, systolic blood pressure, fasting
glucose, triglycerides, high-density lipoprotein, estimated glomerular filtration rate,
hypertension, diabetes, coronary artery disease, and smoking.
*P value <0.05.
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Compensatory enlargement of the central arterial diameter
(as for the CCA) in response to chronic, elevated arterial
pressure was shown to contribute to rupture of the load-
bearing elastin fibers in response to mechanical fatigue
resulting from higher tensile wall stress.27,28 Arterial remod-
eling, in terms of larger carotid IMT-to-lumen ratio, can result
in negative carotid artery remodeling through proteoglycan/
collage matrix deposition and smooth muscle proliferation in
the media layer, in an attempt to counteract the increased
tensile wall stress due to higher transmural pressures in
chronic HTN.29–33

Results from a previous study showed that pulse pressure–
related cyclic stretch can lead to increased mechanical stress,
resulting in dilatation of the large, elastic arteries (eg,
CCA).28,30 However, such effects were less likely in the more
peripheral muscular arteries.28,34,35 Similarly, owing to the
large amount of circular and longitudinal muscular layers
encircling the media layer of the aorta,34,35 its adaptive
behavior in response to increased load may be different from
that of the medium-sized CCAs, where elastic fibers predom-
inate.4,36 However, to what extent such carotid artery may
remodel in the transition from HTN to HFpEF remains largely
unexplored. We therefore speculated that when vascular
remodeling fails to overcome the chronic, elevated mechan-

ical stress due to pulsatile stretch and reaches a point of “no-
return,” the consequence will include the manifested dilata-
tion of the carotid arterial lumen that may accompany the
development of HF (Figure 5). Furthermore, the relatively
higher carotid artery diameter and accompanied central pulse
pressure widening or vascular stiffness in such remodeling
process may help to explain the observed postural hypoten-
sion under conditions of volume depletion, especially in
elderly patients with high-risk profiles for HF.

Impaired endocardial longitudinal function has been shown
to be a sensitive marker for identifying early-stage diseased
myocardium, particularly in patients with hypertrophy and
ischemia, which may be exacerbated by elevated mechanical
stress, which could be readily identified by deformation
imaging.37–40 Because aging and HTN can play a major role in
carotid artery dilatation and remodeling,28 it is worth empha-
sizing that such observed large artery remodeling in terms of
either wall thickening through proteoglycan/collage matrix
deposition or increased internal diameter per se may share a
similar pathophysiology with ventricular remodeling and
worsened myocardial deformation, a putative precursor in
the development of heart failure.6,7,41 Indeed, we demon-
strated that both remodeling patterns were in line with
ventricular geometric alterations and worse ventricular

Table 4. Association Among Central Artery Diameter, Remodeling, Myocardial Mechanics, and LV Twist

b-Coefficient (95% CI)

Myocardial Deformation Aortic Root Diameter CCA IMT CCAD CCA IMT-to-Lumen Ratio

Model 1

Longitudinal S 1.26 (0.89 to 1.64) 1.09 (0.71 to 1.47) 1.87 (1.56 to 2.18) —

Radial S �3.72 (�5.46 to �1.99) �4.1 (�5.79 to �2.42) �6.57 (�8.06 to �5.08) —

Circumferential S — 1.81 (0.98 to 2.63) 0.91 (0.07 to 1.75) 1.5 (0.53 to 2.48)

Twist �1.07 (�1.59 to �0.54) — �1.01 (�1.51 to �0.5) —

Model 2

Longitudinal S 0.91 (0.54 to 1.27) 0.36 (0.06 to 0.72) 1.18 (0.83 to 1.53) —

Radial S �3.07 (�4.99 to �1.16) �2.21 (�4.01 to �0.42) �5.27 (�7.1 to �3.4) —

Circumferential S — 1.61 (0.68 to 2.53) — 1.23 (0.23 to 2.24)

Twist �0.91 (�1.55 to �0.28) — �0.86 (�1.49 to �0.23) —

Model 3

Longitudinal S 0.52 (0.11 to 0.92) — 0.81 (0.35 to 1.26) —

Radial S — — �3.1 (�5.68 to �0.51) —

Circumferential S — — — —

Twist — — �0.84 (�1.66 to �0.03) —

CCA indicates common carotid artery; CCAD, CCA diameter; IMT, intima-media thickness; S, strain.
Model 1: unadjusted model.
Model 2: adjusted for age, sex, and body mass index.
Model 3: adjusted for age, sex, body mass index, systolic blood pressure, fasting glucose, triglycerides, high-density lipoprotein, estimated glomerular filtration rate, hypertension, diabetes,
coronary artery disease, and smoking.
*P value <0.05.
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contractile function in terms of lower deformation values, with
larger artery diameter being more consistent even after
adjusting for blood pressure and clinical variables. Unlike the
triggered released of BNP42 as a more linear function
reflecting the degree of myocardial damage from HTN to HF
development, the clinical interpretation by using simply
judging LV morphology for such purpose may be complicated
by its phenotype diversity and the lack of consensus.
Therefore, we proposed that enlarged carotid artery diameter,
which tracks with increased ventriculoarterial stiffness, ele-
vated serum BNP level, and reduction of myocardial defor-
mation indices, could be a useful clinical marker in early
identifying ventricular functional decline.

The limitations of this study include the following. First, the
findings in this study are from a cross-sectional study design
and are based on a relatively small sample size with no
longitudinal follow-up data. The subjects in this study with
HFpEF were older, with a higher percentage of men in the
healthy group. However, there was considerable overlap with
the patients with HTN of similar age, and this would not be
expected to influence the results. Also, the data on the central
pulse pressure were obtained from regression equations and
not through invasive procedures. Furthermore, the effect of
interventions on the arterial remodeling and diameter was not

Figure 3. The area under the receiver operating characteristic curves used for diagnosing heart failure with preserved ejection fraction (HFpEF),
based on 3 different modalities. A, Carotid artery intima-media thickness (IMT), diameter, and remodeling were used. B, Left ventricular ejection
fraction (LV EF) and diastolic measurements, including the lateral mitral annulus early diastolic velocity (E′), early mitral inflow velocity (E), and
their ratio (E/E′), as well as carotid artery diameter superimposed on E/E′, are shown. C, Myocardial mechanics including longitudinal, radial, and
circumferential strain (S) and LV twist are shown, as well with carotid artery diameter superimposed on longitudinal strain. The scatterplot
between serum brain natriuretic peptide (BNP) level and common carotid artery diameter (CCAD) was further illustrated (D). PP indicates pulse
pressure; SV, stroke volume.

Figure 4. A schematic example of how carotid arterial diameter
may change and remodeled in response to chronically elevated
pressure load in the transition from hypertension to the development
of heart failure is shown. The failure of arterial wall constraint against
chronic, elevated high transmural pressure may result in progres-
sively enlarged lumen diameter out of proportion to the compensa-
tory increase of intima-media thickness and, may ultimately lead to
dilated carotid artery.
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tested in this study, and the potential benefit of intervention
in clinical practice was not investigated and should require
further study.

Conclusions
The results of this study demonstrated that larger carotid
artery diameter, worse LV geometry, and impaired ventricular
systolic function may progress in parallel, indicating that
both large arteries and ventricles in subjects with HFpEF are
prone to mechanical failure from increased load and elevated
tensile stress. Therefore, enlarged carotid artery diameter
may serve as useful clinical marker for identifying subjects at
risk for HF.

Sources of Funding
This work was partly supported by research grants from the
Medical Research Department, Mackay Memorial Hospital,
Taipei, Taiwan, and by a grant from Taiwan Foundation for
geriatric emergency and critical care.

Disclosures
None.

References
1. Owan TE, Hodge DO, Herges RM, Jacobsen SJ, Roger VL, Redfield MM. Trends

in prevalence and outcome of heart failure with preserved ejection fraction. N
Engl J Med. 2006;355:251–259.

2. Kitzman DW, Little WC, Brubaker PH, Anderson RT, Hundley WG, Marburger
CT, Brosnihan B, Morgan TM, Stewart KP. Pathophysiological characterization
of isolated diastolic heart failure in comparison to systolic heart failure. JAMA.
2002;288:2144–2150.

3. Zile MR, Baicu CF, Gaasch WH. Diastolic heart failure–abnormalities in active
relaxation and passive stiffness of the left ventricle. N Engl J Med.
2004;350:1953–1959.

4. Gardin JM, Arnold AM, Polak J, Jackson S, Smith V, Gottdiener J. Usefulness of
aortic root dimension in persons > or = 65 years of age in predicting heart
failure, stroke, cardiovascular mortality, all-cause mortality and acute
myocardial infarction (from the Cardiovascular Health Study). Am J Cardiol.
2006;97:270–275.

5. ChenCH,NakayamaM,NevoE, FeticsBJ,MaughanWL, KassDA.Coupledsystolic-
ventricular and vascular stiffening with age implications for pressure regulation
and cardiac reserve in the elderly. J Am Coll Cardiol. 1998;32:1221–1227.

6. Fernandes VR, Polak JF, Cheng S, Rosen BD, Carvalho B, Nasir K, McClelland R,
Hundley G, Pearson G, O’Leary DH, Bluemke DA, Lima JA. Arterial stiffness is
associated with regional ventricular systolic and diastolic dysfunction: the
Multi-Ethnic Study of Atherosclerosis. Arterioscler Thromb Vasc Biol. 2008;
28:194–201.

7. Pavlopoulos H, Nihoyannopoulos P. Pulse pressure/stroke volume: a surrogate
index of arterial stiffness and the relation to segmental relaxation and
longitudinal systolic deformation in hypertensive disease. Eur J Echocardiogr.
2009;10:519–526.

8. Kawaguchi M, Hay I, Fetics B, Kass DA. Combined ventricular systolic and
arterial stiffening in patients with heart failure and preserved ejection fraction:
implications for systolic and diastolic reserve limitations. Circulation. 2003;
107:714–720.

9. Borlaug BA, Lam CSP, Roger VL, Rodeheffer RJ, Redfield MM. Contractility and
ventricular systolic stiffening in hypertensive heart disease: insights into the
pathogenesis of heart failure with preserved ejection fraction. J Am Coll
Cardiol. 2009;54:410–418.

10. Lam CS, Roger VL, Rodeheffer RJ, Bursi F, Borlaug BA, Ommen SR, Kass DA,
Redfield MM. Cardiac structure and ventricular-vascular function in persons
with heart failure and preserved ejection fraction from Olmsted County,
Minnesota. Circulation. 2007;115:1982–1990.

11. Redfield MM. Heart failure–an epidemic of uncertain proportions. N Engl J
Med. 2002;347:1442–1444.

12. Redfield MM, Jacobsen SJ, Borlaug BA, Rodeheffer RJ, Kass DA. Age- and
gender-related ventricular-vascular stiffening: a community-based study.
Circulation. 2005;112:2254–2262.

13. Safar ME. Pulse pressure, arterial stiffness, and cardiovascular risk. Curr Opin
Cardiol. 2000;15:258–263.

14. de Simone G, Roman MJ, Koren MJ, Mensah GA, Ganau A, Devereux RB. Stroke
volume/pulse pressure ratio and cardiovascular risk in arterial hypertension.
Hypertension. 1999;33:800–805.

15. Borlaug BA, Melenovsky V, Russell SD, Kessler K, Pacak K, Becker LC, Kass
DA. Impaired chronotropic and vasodilator reserves limit exercise capacity in
patients with heart failure and a preserved ejection fraction. Circulation.
2006;114:2138–2147.

16. Bella JN, Roman MJ, Pini R, Schwartz JE, Pickering TG, Devereux RB.
Assessment of arterial compliance by carotid midwall strain-stress relation in
hypertension. Hypertension. 1999;33:793–799.

17. Chironi GN, Simon A, Bokov P, Levenson J. Correction of carotid intima-media
thickness for adaptive dependence on tensile stress: implication for cardio-
vascular risk assessment. J Clin Ultrasound. 2009;37:270–275.

18. Pirat B, Khoury DS, Hartley CJ, Tiller L, Rao L, Schulz DG, Nagueh SF, Zoghbi
WA. A novel feature-tracking echocardiographic method for the quantification
of regional myocardial function. J Am Coll Cardiol. 2008;51:651–659.

1.00
A

en
si

tiv
ity

0.50

0.75

Se

0 00

0.25

0
0.00

Area under ROC curve = 0.8958
5-fold Cross-validated ROC
Area under ROC curve = 0.8927

1.00
B

en
si

tiv
ity

0.50

0.75

Se

0 00

0.25

1 - Specificity
0.00 0.25 0.50 0.75 1.00

1 - Specificity
0.00 0.25 0.50 0.75

0.00
1.00
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