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Abstract

Aims We aimed to investigate the functional alterations, diagnostic utilization, and prognostic implication of carotid arterial
deformations in subjects with cardiovascular risk factors and heart failure (HF) with preserved ejection fraction (HFpEF).
Methods and results Among 251 prospectively participants (mean age 66.0 ± 9.8 years, 65.7% female) in a single centre be-
tween December 2011 and September 2014, carotid artery deformations including circumferential strain (CCS)/strain rate and
radial strain were analysed by two-dimensional speckle tracking. We further related these carotid artery deformation indices
to HF biomarkers and cardiac structure and function by echocardiography and explored their prognostic values. Significant re-
ductions of CCS, circumferential strain rate, and circumferential radial strain were observed across control (n = 52), high risk
(n = 147), and HFpEF (n = 52) (trend P ≤ 0.001). Aging, hypertension, HFpEF, and higher pulse rate showed independent as-
sociations with reduced CCS by stepwise multivariate regressions (all P < 0.05). Higher CCS was inversely associated with bet-
ter cardiac remodelling and functional indices, and lower multiple HF biomarkers (all P ≤ 0.005). After adjustment, higher CCS
was independently associated with better global ventricular longitudinal strain/early diastolic strain rate, lower matrix
metalloproteinase-2, and N-terminal propeptide of procollagen type III levels (adjusted coef: �0.08 and �19.9, all
P < 0.05). During a median follow-up of 1406 days (interquartile range: 13421720 days), CCS less than 3.28% as a cut-off
had markedly higher HF events [Harrell’s C: 0.72, adjusted HR: 2.20 (95% confidence interval: 1.24, 3.16), P = 0.008]. CCS also
showed significantly improved risk prediction for HF over global ventricular longitudinal strain (net reclassification index: 48%,
P = 0.001; integrated discrimination improvement: 1.8%, P < 0.001).
Conclusions Carotid artery deformations using two-dimensional speckle-tracking imaging showed novel mechanistic insights
on functional arterial alterations reflecting coupled arterial-ventricular pathophysiology. Utilization of such measure may fur-
ther provide additive prognostic value to advanced myocardial functional assessment.
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Introduction

Heart failure (HF) remains a global epidemic, affecting >30
million individuals. A significant proportion of elderly patients
is present with HF with preserved ejection fraction (HFpEF).1,2

With the rapid rise in global life expectancy and the increas-
ing prevalence of comorbidities, HFpEF has emerged as a rap-
idly growing public health concern worldwide.3,4 Although
several echocardiographic parameters, such as geometric re-
modelling, haemodynamic alterations, and myocardial dia-
stolic indices, have been proposed as indicators of HFpEF,
these markers are neither sensitive nor specific.4–7 Central ar-
terial remodelling and altered vascular mechanical properties
have been proposed as critical components of HFpEF patho-
physiology in the elderly and hypertensive population8,9, al-
though it remains largely underused in daily clinical
practices during diagnosis or risk stratification.

Reduced elasticity and increased arterial stiffness remain
as the earliest manifestations within vascular wall pathology
among aging and hypertensive patients.8–11 Shared patho-
physiology of excessive extracellular matrix turnover and
elastic fibre breakdown in the vascular wall and myocardial
tissue may likely occur during aging and hypertension
(HTN), leading to unfavourable left ventricular (LV)-arterial
coupling, decreased compliance, and HFpEF development.6–
9,12 Limited buffering capacity from reduced arterial compli-
ance may cause excessive stress load on the ventricles during
ejection, which adds excessive and detrimental burden on the
myocardial tissue.10 Currently, there is controversy regarding
conventional parameters for precisely quantifying local arte-
rial stiffness.13 Two-dimensional (2D) speckle-tracking for
functional cardiovascular strain measure can be angle inde-
pendent with less variability; it has been deemed as a novel
approach and a more specific approach for quantifying both
subclinical myocardial and arterial dysfunctions with validity,
especially in HTN.14–17 However, the discriminative ability
and prognostic utilization of vascular strain in HFpEF patients
remains largely unexplored.13,18

Therefore, this study aimed to compare carotid deforma-
tions with established cardiac functional indices as markers
of pathological maladaptive LV-arterial processes coupled to
subclinical ventricular dysfunction. We further sought to in-
vestigate the diagnostic yield of mechanical carotid vascular
deformations and potential prognostic implications in HFpEF
patients or those at a high risk of HFpEF development.

Methods

Study population

For this prospectively conducted analysis, 261 study partici-
pants were enrolled from outpatient clinics at Mackay

Memorial Hospital in Taipei, Taiwan, between December
2011 and September 2014. Written informed consent was
obtained from all patients, and the study was approved by
the institutional review board of the Mackay Memorial Hospi-
tal (approval numbers: 11MMHIS127 and 15MMHIS031e).
The aim of current study was to assess the impacts of poten-
tial cardiometabolic factors on cardiovascular manifestations,
including cardiac structural/functional alterations and vascu-
lar mechanical characteristics. Patients with atrial fibrillation,
moderate-to-severe valvular heart disease, and prior hospi-
talization for systolic HF were excluded. Study participants
were categorized into three groups: (i) healthy control group
(n = 53) comprising those underwent annual health survey
without known cardiovascular risk factors or systemic dis-
eases who volunteered to participate in this study; (ii)
high-risk group (n = 154), including patients enrolled from
outpatient clinics without prevalent HF or known HF history
who carried at least one cardiometabolic risk, such as HTN,
diabetes mellitus (DM), dyslipidaemia, obesity [>Grade 1,
body mass index (BMI) ≥ 30 kg/m2], or central obesity: waist
circumference>90 cm (male) or>80 cm (female); and (iii)
HFpEF group (n = 54), which included patients who had
known prior HF hospitalization history with an ejection frac-
tion of 50% or higher. We prospectively followed the study
participants for at least 3 years after study enrolment with
a pre-specified endpoint of incident HF. The main inclusion
and exclusion criteria for the study are displayed in
Supporting Information, Figure S1.

The presence of a history of HTN was defined as systolic
blood pressure > 140 mmHg, diastolic blood
pressure > 90 mmHg, or previous diagnosis of HTN under
pharmaceutical control. DM was defined as fasting blood glu-
cose level > 126 mg/dL or previous diagnosis of DM under
pharmaceutical control. Dyslipidaemia was defined by ele-
vated levels of low-density lipoprotein cholesterol and total
cholesterol, or abnormal levels of high-density lipoprotein
cholesterol before the usage of anti-lipid drugs, such as
statins or fibrates. Cardiovascular disease (CVD) was defined
by a prior history of myocardial infarction, coronary artery
post angioplasty, or history of cerebrovascular events.

Conventional echocardiography, carotid
sonography, and two-dimensional
speckle-tracking protocol

Vascular strain analysis was performed on both sides of the
carotid arteries using an offline work station equipped with
grey-scale (2D), B-mode EchoPac speckle-tracking software
(GE Vingmed Ultrasound) (Figure 1A). After selecting the se-
quence with the least motion artefacts, the technician
marked a ‘region of interest’ (ROI) by placing marking indica-
tor points in the intima-media complex. The software then
used these marking points to calculate the circumferential
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contour of the vessel. The initial ROI width was 1.6 mm and
was adjusted to match the width of the arterial wall. ROI width
and boundaries were checked by eye and then verified by the
machine. ‘Global’ values for the entire ROI were assessed. Ad-
equate speckle-tracking-based analysis was verified by the op-
erator and adjusted if necessary. The software automatically
divided the vessel wall into six regions and assessed local pa-
rameters. Adequate tracking for all six segments was verified
(Supporting Information, Figure S2A), and, if necessary, the
ROI was recalculated after minor manual adjustment for the
vascular edges (Figure 1B). Cardiac deformations of global ven-
tricular longitudinal strain (GLS) and global circumferential
strain (GCS) were averaged from peak strains from three apical
views (four-chamber, two-chamber, and three-chamber views
for GLS) and short-axis layers (mitral, papillary muscle, and api-
cal layers for GCS) as our previous publication, with systolic
(SRs), early (SRe), and late diastolic strain rate components ob-
tained using same software.18 In addition to deformationmea-
sures, conventional echocardiography was performed using a
2.5MHz transducer, with structural and functional parameters
including LV wall thickness, internal diameter, LV mass (with
andwithout index), early mitral inflow E and tissue Doppler de-
termined (TDI) myocardial systolic (TDI-s′), and early diastolic
velocity (TDI-e′) obtained (averaged from both septal and lat-
eral walls). LV filling was estimated using E divided by TDI-e′
(E/TDI-e′).

Carotid arterial characterization and deformation mea-
sures using grey-scale, B-mode speckle-tracking have been
well validated via in vitro sonomicrometry19 and applanation
tonometry20 in previous work; carotid circumferential strain
(CCS), circumferential strain rate (CCSR), radial strain (CRS),
and displacement (CRD) (Supporting Information, Figure S2B
and S2C) were all analysed using algorithms of previous stud-
ies (by K. N. Z.) blinded to clinical information. 13,21 During
systole, the CCS assumes positive values due to stretching
or expansion of the CRS (%); conversely, CRS becomes nega-
tive as a result of vessel wall compression.22 CRD values (mm)
were obtained and averaged for both sides of the carotid ves-
sel wall. The B-mode dynamic images from short-axis carotid
artery motions over all cardiac cycles for three continuous
beats were recorded. Peak values for CCSR, CRS, and CRD
across the six segments were averaged and recorded from
both sides of carotid arteries, with mean value as the repre-
sentative estimates of each study participant, as established
previously.13 Maximal intima-media thickness (IMT) of the
common carotid artery was defined as the mean of the max-
imal IMT of the near and far wall on both the left and right
sides (95% available for both sides). Carotid artery diameter
was measured between the two leading edges of the
near-wall and far-wall intima at the same site as the IMT mea-
surement at the end-diastolic phase using
electrocardiogram-gated imaging.14

Figure 1 (A) Tracing carotid artery kinetics and deformational indices from arterial wall of B-mode image, and (B) automatic tracking with six different
regions. Curves of carotid circumferential strain (CCS) (C) and strain rate (CCSR) (D) from tracking were displayed.
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Follow-up and outcomes determination

We pre-specified the primary outcome as incident HF
events. Incident HF events were defined by clinical HF
signs/symptoms requiring urgent and unplanned hospitali-
zation or emergency department visit requiring intravenous
diuretic or vasodilator treatment, or new or worsening HF

with evidenced pulmonary congestion/oedema requiring
admission adjudicated by cardiologists following the study
index date. The secondary outcome was composite HF
and all-cause mortality (whichever came first) following
the study index date, with any study subjects without any
outcome censored at the date of last follow-up during
observation.

Table 1 Baseline demographic characteristics, biomarkers, echocardiography, and carotid vascular ultrasonography information of study
participants

Control High risk HFpEF

Total (n = 251) (n = 52) (n = 147) (n = 52)
P-value

(ANOVA/X2)
P-value
(trend)

Demographics
Age, years 60.0 ± 6.3 66.3 ± 9.7* 72.0 ± 9.4*,† <0.001 <0.001
Sex (female) (%) 64.2 60.1 80 0.024 0.08
BMI (kg/m2) 23.0 ± 2.9 27.4 ± 4.1* 28.0 ± 5.2* <0.001 <0.001
Systolic blood pressure (mmHg) 128.4 ± 17.2 141.9 ± 18.7* 146.9 ± 20.5* <0.001 <0.001
Diastolic blood pressure (mmHg) 77.7 ± 11.2 81.6 ± 12.1 80.8 ± 13.1 0.13 0.19
Heart rate (b.p.m.) 72.6 ± 9.24 76.7 ± 11.9 76.6 ± 10.8 0.06 0.07

Laboratory data
Fasting glucose (mg/dL) 95.4 ± 9.47 112.5 ± 30.9* 137.1 ± 57.9*† <0.001 <0.001
Cholesterol (mg/dL) 209.5 ± 43.0 198.4 ± 42.1 189.2 ± 43.0 0.08 0.067
HDL-C (mg/dL) 64.1 ± 16.9 53.1 ± 18.5* 50.0 ± 19.2* <0.001 <0.001
Uric acid (mg/dL) 5.2 ± 1.0 5.9 ± 1.4 6.7 ± 1.8 <0.001 <0.001
eGFR (mL/min/1.73 m2) 92.0 ± 16.2 78.0 ± 25.0* 67.8 ± 29.4*,† <0.001 <0.001

Biomarkers
hs-CRP (median, 25th75th) (mg/dL) 0.073 (0.0390.135) 0.13 (0.0610.31) * 0.23 (0.080.48)*,† <0.001 <0.001
BNP (median, 25th75th) (pg/mL) 5 (517.8) 20 (846) * 106 (44249)*,† <0.001 <0.001
PIIINP (median, 25th-75th) (U/mL) 0.67 (0.5850.78) 0.94 (0.7451.165)* 1.14 (0.991.47)*,† <0.001 <0.001
Galectin-3 (median, 25th-75th) (ng/mL) 1.36 (0.672.41) 2.365 (1.433.39)* 2.85 (1.955.79)*,† <0.001 <0.001
MMP-2 (ng/mL) 215.8 ± 48.4 230.7 ± 70.3 250.6 ± 95.1* 0.022 0.007

Medical history
Hypertension (%) 0 88.9 94.6 <0.001 <0.001
Diabetes mellitus (%) 0 31.4 58.9 <0.001 <0.001
Hyperlipidaemia (%) 0 54.0 64.3 <0.001 <0.001
Cardiovascular disease (%) 0 17.0 31.4 <0.001 <0.001

Echocardiography parameters
Septal wall thickness (mm) 8.28 ± 0.96 9.21 ± 1.29* 10.2 ± 1.71*† <0.001 <0.001
LV internal diameter (mm) 44.7 ± 3.79 46.7 ± 3.36* 46.3 ± 4.83 0.006 0.04
RWT 0.37 ± 0.04 0.40 ± 0.05* 0.43 ± 0.07*,† <0.001 <0.001
LV mass index (g/m2) 70.1 ± 18.6 78.9 ± 16.5* 90.2 ± 20.8*,† <0.001 <0.001
TDI-e′ (average) (cm/s) 8.87 ± 1.70 7.76 ± 1.86* 6.45 ± 1.56*,† <0.001 <0.001
TDI-s′ (average) (cm/s) 7.94 ± 1.34 7.81 ± 1.36 6.72 ± 1.39*,† <0.001 <0.001
E/TDI-e′ (average) 7.45 ± 1.85 9.46 ± 2.89* 13.3 ± 4.3*,† <0.001 <0.001
GCS (%) �21.2 ± 2.44 �20.7 ± 2.76 �20.1 ± 3.42 0.17 0.061
GLS (%) �20.9 ± 2.07 �19.9 ± 1.95* �17.1 ± 2.75*,† <0.001 <0.001
LV SRs (average) (1/s) �1.22 ± 0.14 �1.11 ± 0.15* �1.04 ± 0.17*,† <0.001 <0.001
LV SRe (average) (1/s) 1.24 ± 0.32 1.08 ± 0.27* 0.97 ± 0.29*,† <0.001 <0.001
LV SRa (average) (1/s) 1.17 ± 0.21 1.20 ± 0.23 1.13 ± 0.31 0.17 0.38

Vascular carotid arterial indices
IMT (mm) 0.84 ± 0.13 0.86 ± 0.14 1.01 ± 0.16*,† <0.001 <0.001
Circumferential strain (CCS) (%) 4.15 ± 0.66 3.70 ± 0.52* 3.40 ± 0.42*,† <0.001 <0.001
Circumferential strain rate (CCSR) (1/s) 0.49 ± 0.14 0.45 ± 0.13* 0.38 ± 0.11* 0.001 <0.001
Radial strain (CRS) (%) �3.37 ± 1.08 �3.01 ± 1.03 �2.83 ± 1.05* 0.037 0.013
Radial displacement (CRD) (mm) �0.29 ± 0.12 �0.27 ± 0.11 �0.26 ± 0.07 0.17 0.08

ANOVA, analysis of variance; BMI, body mass index; BNP, brain natriuretic peptide; ED, end-diastole; eGFR, estimated glomerular filtration
rate; GCS, global circumferential strain; GLS, global longitudinal strain; HDL-C, high-density lipoprotein cholesterol; HFpEF, heart failure
with preserved ejection fraction; hs-CRP, high-sensitivity C-reactive protein; IMT, intima-media thickness; LV, left ventricular; MMP-2, ma-
trix metalloproteinase-2; PI, pulsatility index; PIIINP, N-terminal propeptide of procollagen type III; PS, pulmonary stenosis; RI, resistance
index; RWT, relative wall thickness; SR, systolic rate; SRa, late diastolic strain rate; SRe, early diastolic strain rate; TDI-e′, myocardial relax-
ation velocity; TDI-s′, myocardial contraction velocity.
*ANOVA P < 0.05 vs. non-hypertension.
#ANOVA P < 0.05 vs. hypertension.
†ANOVA P < 0.05 vs. HFpEF.
¥Spearman P < 0.0001.
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Statistical analyses

The test for normal distribution (Skewness Kurtosis test) was
assessed before descriptive and inference analyses. For nor-
mally distributed continuous variables, data were presented
as mean ± standard deviation, or as median and interquartile
range for non-normally distributed variables. Comparisons of
continuous variables among different clinical disease catego-
ries (as healthy control, high-risk, and HFpEF groups) were
performed by one-way analysis of variance (one-way ANOVA)
with post hoc pairwise comparisons (Table 1), with categori-
cal variables were presented by percentage or proportional
ratios and further compared by the chi-squared statistic or
Fisher’s exact test, as appropriate. Correlations between clin-
ical disease categories and demographics, laboratory data,
medical histories, echocardiography parameters, and carotid
deformations (i.e. CCS and CCSR) were evaluated using

Pearson’s correlation coefficient and linear regression model
(Table 2). Multivariate backward stepwise linear regression
models between carotid deformation measures (i.e. CCS
and CCSR) and key clinical covariates [with coefficient values
and 95% confidence intervals (CIs) reported] were con-
structed to establish the determinants of carotid deformation
measures; variables with P > 0.10 were removed from model
(Supporting Information, Table S1).

The prognostic implication of carotid deformations on clin-
ical outcomes of incident HF/death events were explored
using Cox proportional hazards model. Potential confounders
entered into multivariate Cox regression models were based
on clinical considerations for HFpEF risk factors including
age, sex, BMI, systolic blood pressure, medical history of
HTN, DM, and CVD, and renal function in terms of estimated
glomerular filtration rate (Table 3). Differences in various ca-
rotid artery sonography indices between subjects with and

Table 2 Associations of circumferential strain and strain rate with biomarkers and echocardiography information

Circumferential strain (CCS) (%) Circumferential strain rate (CCSR) (1/s)

Pearson’s
correlation Coef. (95% CI) P-value

Pearson’s
correlation Coef. (95% CI) P-value

Biomarkers
hs-CRP (+1 mg/dL) �0.18 �0.34 (�0.58, �0.09) 0.007 �0.14 �0.05 (�0.11, 0.003) 0.06
BNP (+100 pg/mL) �0.23 �0.11 (�0.18, �0.05) <0.001 �0.17 �0.02 (�0.03, �0.004) 0.014
PIIINP (+1 U/mL) �0.35 �0.55 (�0.74, �0.36) <0.001 �0.25 �0.08 (�0.13, �0.04) <0.001
Galectin-3 (+1 ng/mL) �0.19 �0.05 (�0.08, �0.02) 0.004 �0.15 �0.008 (�0.01, �0.001) 0.033
MMP-2 (+100 ng/mL) �0.15 �0.13 (�0.23, �0.03) 0.012 0.04 0.01 (�0.02, 0.03) 0.62

Echocardiography
parameters

LV mass index (g/m2) �0.17 �0.006 (�0.01, �0.001) 0.009 �0.19 �0.001 (�0.002, �0.0003) 0.008
TDI-e′ (average) (cm/s) 0.33 0.11 (0.07, 0.15) <0.001 0.27 0.02 (0.01, 0.03) <0.001
TDI-s′ (average) (cm/s) 0.13 0.06 (0.002, 0.11) 0.043 0.18 0.02 (0.004, 0.03) 0.009
E/TDI-e′ (average) �0.29 �0.05 (�0.08, �0.03) <0.001 �0.18 �0.01 (�0.01, �0.002) 0.008
GCS (%) �0.18 �0.05 (�0.08, �0.02) 0.001 �0.11 �0.006 (�0.012, 0.001) 0.07
GLS (%) �0.35 �0.08 (�0.10, �0.05) <0.001 �0.26 �0.01 (�0.02, �0.008) <0.001
LV SRs (average) (1/s) �0.27 �1.09 (�1.58, �0.60) <0.001 �0.28 �0.24 (�0.35, �0.13) <0.001
LV SRe (average) (1/s) 0.44 0.90 (0.66, 1.13) <0.001 0.33 0.15 (0.10, 0.20) <0.001
LV SRa (average) (1/s) �0.11 �0.29 (�0.60, 0.03) 0.07 �0.11 �0.06 (�0.13, 0.02) 0.11
IMT (mm) �0.24 �0.91 (�1.37, �0.44) <0.001 �0.16 �0.14 (�0.25, �0.03) 0.013

BNP, brain natriuretic peptide; CI, confidence interval; Coef., coefficient; GCS, global circumferential strain; GLS, global longitudinal strain;
hs-CRP, high-sensitivity C-reactive protein; IMT, intima-media thickness; LV, left ventricular; MMP-2, matrix metalloproteinase-2; PIIINP,
N-terminal propeptide of procollagen type III; RWT, relative wall thickness; SR, systolic rate; SRa, late diastolic strain rate; SRe, early dia-
stolic strain rate; TDI-e, myocardial relaxation velocity; TDI-s′, myocardial contraction velocity.

Table 3 Associations of carotid arterial deformation and sonography indices with clinical end points

HF/death events
(�) (n = 180)

HF/death events
(+) (n = 67) P-value

Harrell’s
C-index

HR (adjusted)
(95% CI)

P-
value

IMT (mm) 0.85 ± 0.14 0.97 ± 0.18 <0.001 0.66 3.16 (0.53, 18.9) 0.21
Carotid circumferential strain (CCS) (%) 3.85 ± 0.59 3.39 ± 0.43 <0.001 0.72 0.47 (0.25, 0.89) 0.02
Carotid circumferential strain rate (CCSR) (1/s) 0.46 ± 0.14 0.37 ± 0.09 <0.001 0.68 0.05 (0.005, 0.62) 0.019
Carotid radial strain (CRS) (%) �3.11 ± 1.08 �2.87 ± 0.97 0.14 0.55 1.21 (0.93, 1.56) 0.15
Carotid radial displacement (CRD) (mm) �0.28 ± 0.11 �0.25 ± 0.07 0.09 0.54 5.87 (0.21, 167.3) 0.30

CI, confidence interval; HF, heart failure; HR, hazard ratio. Other abbreviations as Table 1.
Models were adjusted for age, sex, body mass index, systolic blood pressure, medical history of hypertension, diabetes, and cardiovascular
diseases and renal function in terms of estimated glomerular filtration rate (eGFR).
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without incident HF/death events were further compared
using the unpaired t-test (Table 3). By using a
time-dependent receiver-operator characteristic curve
method for HF events (Harrell’s C-statistics), we defined the
optimal cut-offs for various carotid artery deformation indi-
ces, with C-statistics reported as a measure of prediction ac-
curacy of HF-related events (Figure 2A). Kaplan–Meier
survival curves were constructed and compared by choosing
optimal CCS cut-off value (<, ≥3.28%, respectively, with
CCS < 3.28% defined as abnormal CCS) using the log-rank
test under assumptions of proportional hazard rates (Figure
3B). Incremental prognostic performance with CCS was

assessed using the net reclassification improvement and inte-
grated discrimination improvement indices.

Statistical significance was set at two-sided P < 0.05. Ow-
ing to the multiple associations found between carotid defor-
mations, cardiac echocardiography parameters and
circulating biomarkers, multiple hypothesis testing was
corrected by Bonferroni method with statistical significance
set at P < 0.01 (0.05 divided by 10, P < 5*10�3). SPSS soft-
ware version 17.0 statistical software (SPSS, Chicago, IL,
USA), STATA software (version 11.0, Stata-Corp., College Sta-
tion, TX, USA), and R version 3.2.5 were used for all statistical
analyses.

Figure 2 (A) Side by side box plot showing the values and ranges of CCS across categories of healthy control (control, n = 52), hypertension (HTN,
n = 130), and HFpEF groups (n = 52). †P < 0.05 compared with healthy, ¥P < 0.05 compared with HTN group; (B) scatterplot correlation between
CCS and GLS. The red dotted line indicates the boundary for impaired global LV systolic strain GLS (> �18%); (C) distribution of prevalent HFpEF ac-
cording to the CCS tertiles. (D) Restricted cubic spline (RCS) analysis showing the unadjusted hazard ratio (red line) and 95% confidence lower and up-
per limits (dark blue lines) for the clinical endpoint of HF admission (n = 61; reference value: 3.28%). CCS, carotid circumferential strain; GLS, global
longitudinal strain; HF, heart failure; HFpEF, heart failure with preserved ejection fraction; LV, left ventricular.
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Results

Baseline demographic information,
echocardiography, and carotid deformation
indices

Totally 251 subjects had sufficient carotid arterial deformation
measures available after exclusion (Table 1). Subjects in the
high-risk/obesity or HFpEF groups tended to be older, were
more likely to be women, had higher BMIs, higher blood pres-
sure, showed more unfavourable lipid profiles, had worse renal
functions, showed higher levels of brain natriuretic peptide,
N-terminal propeptide of procollagen type III (PIIINP) and
galectin-3, and were more likely to have cardiac comorbidities
including HTN, DM, hyperlipidaemia, and CVD (all P < 0.05).
A greater extent of cardiac remodelling, more impaired LV dia-
stolic functional indices, reduced myocardial contractility veloc-
ity (TDI-s′), worsened systolic longitudinal strain (GLS), and
SRs/SRe were observed in these subjects (all P < 0.001).

The mean values of CCS, CCSR, CRS, and CRD were
3.73 ± 0.58, 0.43 ± 0.13, �3.05 ± 1.06, and �0.27 ± 0.10, re-
spectively. A significant and graded reduction of mean CCS
values across the control, high-risk, and HFpEF disease groups
were observed (Table 1) (4.15 ± 0.66%, 3.70 ± 0.51%, and
3.39 ± 0.42%, respectively; ANOVA P < 0.001). Histograms
of CCS, CCSR, CRS, and CRD were displayed in Supporting In-
formation, Figure S3. Compared with the non-HFpEF (control
and high-risk groups), HFpEF showed significantly lower base-
line CCS and CCSR (Supporting Information, Figure S4). When
study participants were alternatively divided into control
(n = 52), HTN (n = 130), and HFpEF groups (n = 52), there
were consistent functional declines in both CCS and CCSR
(both P < 0.001) (Figure 2A).

Reproducibility of carotid deformation indices

A random sample of 34 subjects in the current study was
chosen to assess the reproducibility in our lab, the
inter-observer variability of CCS, CCSR, and CRS based on
coefficients of variance of 4.64%, 6.77%, 7.44%, and 9.8%;
the intra-observer variability was 3.59%, 5.06%, 5.4%, and
8.2%, respectively.

Associations of carotid deformation indices with
biomarkers and cardiac structure and function

Higher CCS was inversely associated with lower circulating
pro-inflammatory and HF biomarkers, including high sensitiv-
ity C-reactive protein, brain natriuretic peptide, PIIINP, and
galectin-3 (all P ≤ 0.005), and borderline lower extracellular
turnover marker of matrix metalloproteinase-2 (MMP-2)
(P = 0.012). Higher CCS was also associated with lesser degree
of LV remodelling, higher TDI-e′/TDI-s′, lower E/TDI-e′ and
better LV deformations of GLS (Figure 2A, r = �0.35,
P < 0.001), GCS, and longitudinal strain rates of SRs/SRe (Ta-
ble 2, all P < 0.005), but not with LVEF (P = NS). Sex-stratified
analysis revealed borderline more pronounced associations of
CCS with LV GCS and PIIINP (both Pinteraction: 0.06)
(Supporting Information, Figure S5). After adjustment, higher
CCS was independently associated with better GLS [adjusted
coef. �0.92 (�1.43, �0.41), P < 0.001] better myocardial re-
laxation LV SRe [adjusted coef. �0.12 (�0.18, �0.06),
P < 0.001], and lower PIIINP and MMP-2 levels [adjusted
coef. �0.08 (�0.16, �0.004), P = 0.038; �19.9 (�37.6,
�2.16), P = 0.028, respectively]. Similar though attenuated
relations were observed with CCSR (Table 2), with CRS and

Figure 3 (A) CCS, CCSR, CRS, and CRD in non-HF and HF patients; (B) Kaplan–Meier survival curves for CCS at a cut-off value of 3.28%; (C) composite HF
admission/death events during follow-up defined by impaired global GLS (>, ≤�18%). CCS, carotid circumferential strain; CCSR, carotid circumferential
strain rate; CRS, carotid radial strain; CRD, carotid radial displacement; GLS, global longitudinal strain; HF, heart failure; HFpEF, heart failure with pre-
served ejection fraction.
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CRD showed less significant associations (Supporting Informa-
tion, Table S2). A significantly lower proportion of abnormal
GLS (> �18.0%) (40.5%, 22.8%, and 10.0%) along with lower
prevalent HFpEF (33%, 15%, and 9%) were observed across
greater CCS tertiles (1st: ≤3.4%; 2nd: 3.4%–4.0%; and 3rd:
≥4.0%) (Figure 2B). Compared with preserved GLS (≤
�18.0%), those with impaired GLS (>�18.0%) showed mark-
edly worse CCS (3.46% vs. 3.82%, P < 0.001).

Outcomes

During a median follow-up of 1406 days (interquartile range:
13421720 days), 4 (three from control and one from high-risk
groups) out of 251 study participants were lost to follow-up
(loss to follow-up rate: 1.6%). Of the remaining 247 partici-
pants with follow-up, 61 (24.7%) participants experienced
HF events, and 11 had all-cause mortality events, with 67
(27.1%) had composite HF/mortality events. Lower CCS ap-
peared to be associated with higher incident HF admission
in a nonlinear relationship (Figure 2C). Both CCS and CCSR
yielded good prediction accuracy for HF admission events
(Figure 3A, Harrell’s C-statistics: 0.72 and 0.69 for CCS and
CCSR, respectively). In fully adjusted models, higher CCS and
CCSR conferred better prognostic values for HF [adjusted haz-
ard ratio (HR): 0.36 (95% CI: 0.18, 0.72) and 0.03 (95% CI:
0.002, 0.40), P = 0.004 and 0.008, respectively] and compos-
ite HF admission and all-cause death [adjusted HR: 0.47 (95%
CI: 0.25, 0.89) and 0.05 (95% CI: 0.005, 0.62), P = 0.02 and
0.019, respectively] among various carotid Doppler ultrasonic
parameters (Table 3). By choosing optimal cut-off value
(<3.28%), abnormal CCS was well discriminated and was as-
sociated with a doubled risk for incident HF even after adjust-
ment [Figure 3B, adjusted HR: 2.20 (95% CI: 1.24, 3.16),
P = 0.008]. Overall, graded reduction of HF and death events
were observed across greater CCS tertile groups, with sub-
jects categorized into lower (first and second tertiles) CCS
tertiles and abnormal ventricular strain (GLS > �18%), dem-
onstrating the highest rates of clinical HF and death (Figure
3C) (Pinteraction for effects of CCS tertiles modifying abnormal
GLS in HF/death: 0.27). The superiority of incremental values
of CCS over cardiac contractility indices on patient classifica-
tion for HF were significantly improved when CCS was added
to the global LV contractility index of GLS (category-free, con-
tinuous net reclassification improvement: 48%; P = 0.001; in-
tegrated discrimination improvement: 1.8%, P < 0.001)
(Supporting Information, Table S3) with the same adjust-
ments for covariates.

Discussion

Our main findings are three-fold: (i) significant and graded re-
duction of speckle-tracking-based carotid artery

deformations including CCS/CCSR were observed across
healthy, high-risk, and HFpEF patients; (ii) mechanical carotid
artery properties using 2D deformation indices were tightly
linked to multiple echocardiography parameters and multiple
circulating biomarkers of HF or myocardial fibrosis, indicating
possible involvement of coupled excessive ventricular-arterial
extracellular turnover and functional declines; and (iii) an ab-
normal carotid arterial strain was predictive of incident HF in-
dependent of clinical covariates which appeared to
outperform myocardial systolic deformational measures with
incremental value.

Various vascular studies and ultrasonic imaging modalities
have been used to determine adverse vascular
remodelling5,23 or arterial stiffness;24 these may include arte-
rial haemodynamic indices or pulse-wave velocity measures25

that are determined by evaluating unfavourable arterial bio-
mechanics or physiology.26 Despite these, few non-invasive
approaches have allowed for direct assessment of vascular ki-
netics; these can only be achieved by more complex
settings/package27 (β-stiffness index), with limited informa-
tion about dynamic arterial wall (intima-media layer) expan-
sion. In this regard, vascular strain measurements using the
speckle-tracking technique are more consistent and can be
superior to conventional tools, thus providing novel insights
on arterial vascular properties.13,28 Diminished CCS was re-
ported to be closely related to senescence,28 hypertensive,
and diabetic subjects or those with an increasing risk of ath-
erosclerosis beyond conventional Doppler Flow
information.29–31 Outward geometric arterial remodelling by
Glagov’s theory has initially been proposed to be governed
from physical results of flow-mediated mechanical stress on
vascular wall injury.32 In conduit arterial vasculature, this is
largely regulated by endothelial nitric oxide (NO) synthesis,
which may induce activation of matrix metalloproteinases,
apoptosis of smooth muscle cells,33,34 degradation/fatigue
of elastin fibres, and profibrotic signalling.35 Consequently, in-
creased collagen deposition and cross-linking may manifest as
decreased vascular distensibility.35

Overall, pulsatile stress generated from repetitive
strain/relaxation cardiac cycle against less compliant collagen
deposition within the arterial wall can be detrimental to car-
diac performance, which in turn may result in diminished
ejection force and deteriorated vascular deformation genera-
tion (vascular-ventricular systolic interdependence).36 Our
data demonstrated strong correlations between decreased
carotid arterial strain measures and altered cardiac contrac-
tile or lusitropic properties from echocardiography, including
higher E/TDI-e′, worsened GLS, SRs, and SRe (P < 0.001, Ta-
ble 2), with HFpEF subjects exhibiting worst carotid vascular
biomechanics compared with ‘healthy control’ or ‘high-risk’
subjects without prevalent HF. The independent associations
between observed vascular fragility and upregulated levels of
MMP-2/PIIINP likely represent coupled LV-arterial or shared
myocardial and vascular pathological processes mediated by
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imbalanced extracellular matrix (ECM) remodelling, thereby
declined carotid artery deformations.8,26,28,35 Reduced capac-
ity from stiffened conduit vasculature to buffer forward blood
may in turn accelerate the rise of ventricular afterload and
aggravated cardiac ECM remodelling and cardiac fibrosis lead-
ing to HFpEF.14,37,38 As local carotid artery stiffness has been
demonstrated as a strong predictor of cardiovascular
events,39 to our best knowledge, this is the first study dem-
onstrating prognostic implications for incident HFpEF utilizing
carotid artery 2D speckle-tracking method. Notably, the asso-
ciation of higher heart rate and reduced CCS (Supporting In-
formation, Table S1) suggested accelerated arterial
functional impairment by accumulated cyclic stress and dia-
stolic phase shortening from repetitive pulsatile vascular
stretch.40 This may result in lesser time for the arterial vascu-
lature to relax and recoil that would profoundly contribute to
the pathological breakdown of elastic fibres and impact arte-
rial remodelling.

In conclusion, our current study explored the clinical feasi-
bility and prognostic implications of dynamic vascular func-
tional indices using 2D speckle-tracking-based carotid
deformations in a broad spectrum of cardiovascular outpa-
tients including high-risk subjects or those with prevalent
HFpEF (Stage A-C HF). CCS measures are considered a novel
and non-invasive vascular imaging approach and present in-
formation regarding pulsatile arterial haemodynamic and
elastic vascular wall motions; furthermore, these measures
strongly correlate with advanced age, HTN, indices reflective
of adverse cardiovascular events, and markers reflecting in-
terstitial collagen turnover. Our findings highlight the com-
plexity and coherent pathophysiological associations of
HFpEF as a maladaptive LV-arterial coupling process. These
findings underscore the clinical importance of adding carotid
artery deformational index as an additive dimension to better
characterize pathophysiology of HFpEF and serve as a surro-
gate marker that may outperform LV deformation in the risk
stratification for HFpEF.

Limitations

First, sample size in current study was relatively small with
higher women to men ratio which limited the validity of our
findings. Further, the study design did not allow comparisons
or assessments of clinical treatment effects on CCS or rele-
vant indices, as most therapeutic interventions began before
data collection. Second, our current study merely explored
the associations of baseline carotid artery kinetics with clini-
cal endpoints; therefore, relations between longitudinal ca-
rotid arterial functions and clinical outcomes cannot be
established. Remaining non-observed confounders may exit.
Our current study had multiple hypothesis testing and more
appropriate correction may be needed before accurate inter-
pretation of current findings. As our study design aimed to

examine the prognostic implications of carotid artery defor-
mations in a population mixed with higher clinical risk profiles
or prevalent HFpEF, our findings might not be applicable and
extended to subjects classified as early Stage A or B preclini-
cal HF yet without prevalent HF (as Stage C). Further, al-
though we observed that altered vascular kinetics are
potential clinical markers and predictors of HFpEF, however,
such findings may not be applicable to HFpEF pathophysiol-
ogy other than senescence or HTN aetiology. Further re-
search examining associations of altered vascular functional
strains and clinical risk factors in a larger population across
a broader spectrum of cardiovascular risk profiles or end-
points may be helpful to clarify these associations.

Clinical implications

Our findings regarding the close clinical and echocardio-
graphic correlations with vascular arterial strain measures ad-
dress the possibility of using carotid artery strain as a simple
and promising clinical index or a surrogate reflecting coupled
ventricular-vascular functional index in clinical practices. Our
study indicated that carotid vascular strain may serve as indi-
cator for cardiac dysfunction and help in clinical grading and
risk stratification of HF. This measure may also serve as an al-
ternative treatment target in high-risk populations (e.g.
HFpEF from aging or hypertensive cardiomyopathy) to de-
velop novel therapeutic strategies, which aim for a
signal-specific understanding comprehensive physiological in-
volvement of ECM remodelling on both vascular and cardiac
pathological processes, reversal of shared pathological
ventricular-arterial pathologies, pathway-specific signalling
(e.g. TIMPs/MMP or PIIINP axis), and decreased vascular
compliance in HFpEF. As such, appropriate pathological man-
agement or downregulation/prevention of early vascular
damage may theoretically prevent the insidious and vicious
circle of deteriorated vascular-ventricular dysfunction,
inhibiting HF development.
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