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ABSTRACT
Background: We aim to investigate prognostic effects of carotid strain (CS) and strain rate (CSR) in hypertension. 
Methods: We prospectively recruited 120 patients being treated for hypertension (65.8 ± 11.8 years, 58% male) in this observational study. Peak circumferential CS and peak CSR after ejection were identified using two-dimensional speckle tracking ultrasound. Major cardiovascular events were any admission for stroke, acute coronary syndrome, and heart failure. 
Results: After a mean follow-up period of 63.6 ± 14.5 months, 14 (12%) patients had cardiovascular events. Age (75.3 ± 9.2 vs. 64.6 ± 11.6 years; p = 0.001), systolic blood pressure (131.8 ± 15.5 vs. 143.1 ± 16.6 mmHg; p = 0.021), diastolic blood pressure (74.6 ±11.4 vs. 82.1 ± 12.2 mmHg; p = 0.039), use of diuretics (71 vs. 92 %; p = 0.014), carotid CS (2.17 ± 1.02 vs. 3.28 ± 1.14 %; p = 0.001), and CSR (0.28 ± 0.17 vs. 0.51 ± 0.18 1/s; p <0.001) were significantly different between the patients who did and did not reach the end-points. Multivariate Cox regression analysis controlling for age, systolic blood pressure, diastolic blood pressure, and use of diuretics showed that CS (HR 0.425, 95%CI 0.223-0.811, p = 0.009) and CSR (HR 0.001, 95%CI 0.000-0.072, p = 0.001) were independent predictors for cardiovascular events. 
Conclusion: In conclusions, decreased CS and CSR were associated with cardiovascular events in hypertension.
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1. INTRODUCTION
Hypertension is a well-known major risk factor for cerebral and cardiovascular diseases, and is known to be significantly associated with increased all-cause and cardiovascular mortality.1,2 It has been reported that by 2025 hypertensive cardiovascular diseases will affect an estimated population of 1.56 billion.3,4 Despite advances in antihypertensive therapy, the residual cerebral and cardiovascular risk in patients treated for hypertension remains a serious problem. Hypertension causes symptomatic and asymptomatic organ damage of the brain, heart, kidney and vascular system.5,6

Arterial stiffness is a functional change of atherosclerosis that can be measured in regional arterial systems and in local arteries such as the carotid artery.7 Speckle tracking echocardiography is a technique used to assess myocardial deformation, and has been recently used to assess vascular wall deformation such as for the abdominal aorta and carotid artery.8-11 A previous study using speckle tracking echocardiography measuring the circumferential strain (CS) and circumferential strain rate (CSR) of the common carotid artery confirmed that this technique is a sensitive method to assess arterial elastic properties.11 Our previous study also demonstrated that carotid CS and CSR were better indices for local arterial properties and that they were associated with previous stroke in the elderly but not regional or systemic parameters of arterial stiffness.12 However, the prognostic values of carotid CS and CSR have not previously been studied in patients with hypertension, which is a major risk factor for stroke.

In this study, we used speckle tracking echocardiography to assess carotid deformation including CS and CSR prospectively in stable patients who were receiving regular treatment for hypertension to investigate the prognostic effects of these parameters on cardiovascular events.

2. METHODS
2.1 Subjects
This was a prospective observational study. Eligible patients were those who participated in a health promotion program provided the by Bureau of National Health Insurance for hypertension. This program included three visits, the first at the entrance to the program, the second at 6 months, and the last at 1 year. During each visit, the participant’s blood pressure was measured and health education was provided by nurses. Blood tests and measurements such as carotid ultrasound and echocardiography were performed at entrance to the program. The inclusion criteria for this program included age > 20 years, receiving treatment for hypertension for over 1 year with regular follow-up at our out-patient clinic, and the ability to provide consent. The exclusion criteria were refusal to provide informed consent, decompensated heart failure presenting with pulmonary edema, acute coronary syndrome, and any acute illness including stroke within 6 months before entrance to the program. This study adhered to the Declaration of Helsinki and received approval from the Human Research and Ethics Committee of National Cheng Kung University Hospital (A-ER-101-015). All enrolled patients provided written informed consent.

Clinical information on co-morbidities, medical history, and current cardiovascular medications were obtained by a careful review of each patient’s medical record and a self-reported questionnaire. Patient compliance with the prescribed medication regimen was reliably ascertained. Peripheral venous blood samples were collected in the morning when the participants had fasted for more than 8 hours. The blood samples were centrifuged, and serum cholesterol, triglyceride, glucose, and creatinine levels were measured using routine methods. Urine was collected for 24 hours to calculate the creatinine clearance rate. All of the subjects were regularly followed, and treatment of their hypertension was based on their physician’s judgment. After completing the health promotion program, the subjects continued with their out-patient clinic visits and treatment for hypertension. During the follow-up period, the composite end-points of the study patients were recorded based on a detailed review of the medical records and direct interviews. The end-points after entrance to the study were cardiovascular events including any admission for stroke, acute coronary syndrome, or heart failure.

2.2 Carotid artery ultrasonography

Carotid B-mode images were acquired using a multi-frequency 7.5-10 MHz high resolution vascular probe equipped on an echocardiographic system (Vivid 7, GE-VingMed, Horten, Norway). The probe was kept perpendicular to the far wall of the carotid artery. Bilateral long-axis views of the common carotid arteries up to the carotid bulb were acquired for three cardiac cycles to optimize the best visualization of the intima-media complex. Cross-sectional images of bilateral common carotid arteries at the level 1 cm below the carotid bulb were also acquired for three cardiac cycles with a frame rate of 50-70 frames per second. All of the images were stored digitally in RawDICOM format.12 We did not use the compound setting to smooth the tracking in order to avoid overriding trivial but significant deformations within a pulsation. All ultrasonographic images were acquired by the same operator who was blinded to the clinical characteristics of each subject.

2.3 Speckle tracking analysis of carotid arteries
Offline analysis of the carotid arteries was performed on a workstation with speckle tracking software (EchoPac 2011, GE-VingMed, Horten, Norway). Cross-sectional images were used to measure the circumferential deformation of the vessel walls. The inner vascular border was manually defined using a point-and-click technique, and the region of interest was adjusted manually to cover the entire depth of the vascular wall. Appropriate tracking of the vessel walls was checked visually and automatically by the software. The software selected stable speckles within the arterial wall and tracked these speckles frame by frame throughout the entire cardiac cycle. The software then divided the entire carotid arterial circumference into six conventional segments, and provided tracking quality (green=good, red=bad) for each segment. If the tracking was poor, the operator could readjust the region of interest by moving the endothelial lining or by changing its width to achieve better tracking. After this adjustment, the software would recheck the tracking quality. All of the six segments with good tracking quality were considered to be satisfactory images. Time-strain and time-strain rate plots were produced automatically by the software, and peak CS and CSR were identified from the global strain or strain rate curve (Fig. 1). An average of three measurements was made for analysis. The reproducibility of speckle tracking for the carotid artery in our laboratory was tested from 10 random samples. For CS, the intra-observer concordance correlation coefficient (ρ) was 0.96 with an inter-rater agreement statistic (K) of 0.79, and the inter-observer ρ was 0.95 with a K of 0.72. For CSR, the intra-observer ρ was 0.95 with a K of 0.75, and the inter-observer ρ was 0.94 with a K of 0.77.12
2.4 Measurements of intima-medial thickness (IMT)

The longitudinal images were analyzed to calculate IMT, which was defined as the thickness of the vascular intima-media complex obtained 1 cm below the carotid bulb. IMT was measured at the far wall using automated border detection software on the workstation (EchoPac 2011, GE-VingMed, Horten, Norway), and included the inner edge and excluded the outer edge of the double line pattern of the intimal and medial thickness along the carotid artery for 1 cm in length. Average values of IMT along this 1-cm segment were used for analysis.

2.5 Measurement of pulse wave velocity (PWV)

Pulse wave velocity (PWV), which is an index of systemic arterial stiffness, was measured by standard methods using tonometry as reported previously.13 In brief, right carotid and femoral pulse waves were detected directly using a piezoresistive pressure transducer coupled to a Sphygmocor device (AtCor, Sydney, Australia). The timing of these waveforms was compared with that of the R-wave on a simultaneously recorded electrocardiogram. The carotid-to-femoral PWV was calculated by dividing the transit time by the distance between these two pulses.

2.6 Echocardiography

Standard echocardiography was performed using Doppler studies (Vivid 7, GE-VingMed, Horten, Norway) with a 3.5-MHz multiphase array probe in individuals lying in the left lateral decubitus position. The chamber dimension and wall thickness were measured using the 2D-guided M-mode method according to the recommendations of the American Society of Echocardiography.14 Left ventricular mass was measured by the M-mode method and indexed by body surface area.

2.7 Statistical analysis

All data were presented as mean ± standard deviation unless otherwise stated. Factors correlated to any of the composite end-points were identified using the chi-square (χ²) test for categorical variables, and independent-samples t-test for continuous variables. Multivariate Cox regression analysis was used to identify independent predictors for cardiovascular end-points. A p value of less than 0.05 was considered to be statistically signiﬁcant. Receiver operating characteristic (ROC) curves were used to obtain cut-off values to achieve adequate sensitivity and specificity to plot Kaplan-Meier survival curves, which were used with a log-rank test to demonstrate differences between strata in terms of end-points. All analyses were performed with SPSS 17.0 for Windows (SPSS Institute, Chicago, IL, USA).

3. RESULTS
3.1 Differences between patients who have and have not the events
A total of 120 hypertensive patients (mean age 65.8 ± 11.8 years, 58% male) who visited the outpatient clinic of National Cheng Kung University Hospital, Dou-Liou branch and joined the health promotion program were enrolled. After a mean follow-up period of 63.6 ± 14.5 months, 14 (12%) patients reached a composite cardiovascular end-point, including admission due to heart failure exacerbation (n = 2), acute coronary syndrome (n = 5), and acute ischemic stroke (n = 7). One of these patients died due to acute stroke. The clinical characteristics were not significantly different between the patients who did and did not reach the end-points except for age (75.3 ± 9.2 vs. 64.6 ±11.6 years; p = 0.001), use of diuretics (71 vs. 92 %; p = 0.014), systolic blood pressure (131.8 ± 15.5 vs. 143.1 ± 16.6 mmHg; p = 0.021), and diastolic blood pressure (74.6 ±11.4 vs. 82.1 ± 12.2 mmHg; p = 0.039) (Table 1). With regards to the carotid and cardiac measurements, CS (2.17 ± 1.02 vs. 3.28 ± 1.14%; p = 0.001) and CSR (0.28 ± 0.17 vs. 0.51 ± 0.18 1/s; p <0.001) of the carotid arteries were significantly different between the two groups (Table 2). There were no significant differences in left ventricular ejection fraction, left ventricular mass index, left atrial volume index, PWV, and bilateral IMT between the two groups (Table 2).
3.2 Determinants for an unfavorable prognosis

Because of the significant correlation between carotid CS and CSR, we conducted two multivariate Cox regression models to determine the independent predictors of adverse cardiovascular events. We found that CS (HR 0.425, 95%CI 0.223-0.811; p = 0.009) and CSR (HR 0.001, 95%CI 0.000-0.072, p = 0.001) were independent predictors for cardiovascular events after adjusting for age, use of diuretics, and systolic and diastolic blood pressure (Table 3). The areas under ROC curves for the detection of the end-points were 0.760 for CS and 0.821 for CSR. Using a cutoff value of 2.4% for CS (sensitivity 79%; specificity 71%) and 0.345 1/s for CSR (sensitivity 84%; specificity 71%) derived from the ROC curves to plot Kaplan-Meier survival curves, the event-free survival was significantly longer among the patients with higher CS and CSR (both p < 0.001) (Fig. 2).
4. DISCUSSION
Our results showed that carotid vascular deformation parameters, CS and CSR, have prognostic value for cardiovascular events in patients with hypertension. Carotid ultrasound is a simple tool used to assess atherosclerosis in carotid arteries, and it can be used to assess the risk of cardiovascular events in addition to traditional risk scores.15 Although carotid IMT is widely used, the currently available evidence shows inconsistent results for the predictive value of carotid IMT.16-20 A recent study demonstrated no value of carotid IMT in predicting cardiovascular risk in subjects with high blood pressure.21 Another study reported that changes in carotid IMT after treatment did not predict adverse outcomes in patients with hypertension.22 We previously demonstrated that stroke was associated with carotid strain and strain rate but not carotid IMT in the elderly.12 In the current study, we further demonstrated the usefulness of carotid deformation indices in predicting cardiovascular events in patients being treated for hypertension prospectively. Carotid CS and CSR derived from speckle tracking echocardiography are potentially better than IMT in predicting cardiovascular risk, at least in patients with hypertension. By simply acquiring a cross-sectional image of the common carotid artery in addition to longitudinal scans for IMT during carotid ultrasonography, useful deformation parameters can be obtained to assess the risk of cardiovascular events.
A possible reason for the lower correlation between IMT and cardiovascular events is that the measurement scale of carotid IMT is very small, and changes in IMT after treatment are even smaller.22 Although auto-boundary detection software has been developed in recent years, measurements of IMT are still prone to variation. IMT is also limited by only identifying morphological and structural changes of carotid arteries, whereas vascular deformation imaging assesses the whole wall of the carotid artery in a contractile manner. Previous studies have demonstrated that carotid CS and CSR are useful indices for local properties and function of the carotid artery.9-12, 23 Increased stiffness of large arteries has been associated with increased cardiovascular risk in patients with hypertension,24 and indices for arterial stiffness including PWV are frequently used as surrogates for organ damage in patients with hypertension.13,25,26 A previous large longitudinal study showed that increased arterial stiffness was an independent predictor for fatal stroke in hypertensive patients.27 In comparison to traditional arterial stiffness indices, our previous study showed that carotid CS and CSR representing local stiffness of the carotid artery had a better correlation with stroke in the elderly.12 Carotid deformation may also be able to assess arterial stiffness as a surrogate for organ damage in patients with hypertension.
Compared to our previous study on the association between carotid deformation and stroke, the cutoff values (CS 2.40%, CSR 0.345 1/s) used for Kaplan-Meier survival curve analysis were much higher in the current study (CS 0.9 %, CSR 0.18 1/s).12 The possible reasons for this difference include older subjects, cross-sectional study design, and only stroke as the end-point in our previous study. We still demonstrated a significant separation in Kaplan-Meier survival curves using the cutoff values from our previous study in the current population. However, the prospective nature of the current study and major cardiovascular events as end-points mean that the cutoff values of the current study are more useful to assess the risk of cardiovascular events in patients with hypertension.
We did not analyzed individual events due to low event number in this study. The relationship between carotid strain and ischemic stroke has not only demonstrated in our previous study,12 but also in other study.28 Carotid strain was correlated with shearing stress of carotid artery in hypertension.29 However, study results regarding correlation between carotid strain and coronary artery disease were inconsistent.30-32 Our study has demonstrated prognostic values of carotid strain and strain rate on composite end-points including acute coronary syndrome. Carotid arterial stiffness was noted to be associated with cardiac structural changes in hypertension.33 Carotid deformation is valuable as a prognostic marker for composite cardiovascular end-points in hypertension.
4.1 Limitations

This study was conducted at a single center. In addition, we did not control antihypertensive medications, however, the use of renin angiotensin aldosterone blockers was similar between the groups. The only medication unevenly distributed between the groups was diuretics. However, this factor lost significance in multivariate analysis. The relatively low number of cases is another limitation. However, through careful evaluation and follow-up of these patients, our study still provides valuable results for hypertensive patients. Further large population study is needed to confirm these findings. Image quality is always a concern in deformation analysis. However, the superficial nature of the carotid artery makes it easy to obtain good images. By carefully adjusting the frame rate of the images (50-70 bpm), we were able to analyze all of the carotid deformation in the current study.
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Figure legends
Figure 1. The strain curve (A panel) and strain rate curve (B panel) derived from speckle tracking echocardiography of the carotid artery. CS represented circumferential strain and CSR circumferential strain rate. Peak CS (arrow in A panel) or CSR (arrow in B panel) was identified as the value of the first upward peak after ventricular systole from the global strain curve or the global strain rate curve, respectively.

Figure 2. The Kaplan–Meier estimates of event-free survival showed significant gradation between groups possessing a high (>2.40 %, blue line) or low (<2.40 %, green line) carotid circumferential strain (log-rank p < 0.001, Panel A) and carotid circumferential strain rate (>0.345 or <0.345 1/s, p < 0.001, Panel B).
Table 1. Comparison of clinical characteristics between the subjects with or without cardiovascular events
	
	With events

N = 14
	Without events

N = 106
	p-value

	Age (years)
	75.3 ± 9.2
	64.6 ± 11.6
	<.01

	Male
	9 (64)
	61 (58)
	 .63

	Smoking
	1 (7)
	16 (15)
	 .42

	ACEi
	4 (29)
	11 (10)
	 .06

	ARB
	7 (50)
	51 (48)
	 .92

	CCB
	10 (71)
	80 (75)
	 .84

	Diuretics
	10 (71)
	97 (92)
	 .01

	Alpha-blocker
	1 (7)
	2 (2)
	 .24

	Beta-blocker
	4 (29)
	44 (42)
	 .34

	SBP (mmHg)
	131.8 ± 15.6
	143.1 ± 16.64
	 .02

	DBP (mmHg)
	74.6 ± 11.4
	82.1 ± 12.2
	 .04

	Glucose (mg/dl)
	115.0 ± 15.7
	110.2 ± 26.4
	 .56

	Cholesterol (mg/dl)
	187.5 ± 31.4
	193.0 ± 36.8
	 .63

	Triglyceride (mg/dl)
	143.3 ± 49.1
	144.6 ± 63.7
	 .95

	HDL (mg/dl)
	52.2 ± 12.9
	51.9 ± 13.8
	 .95

	CCR (cc/min)
	89.3 ± 34.2
	110.2 ± 51.6
	 .76


ACEi = angiotensin converting enzyme inhibitor; ARB = angiotensin receptor blockers; CCB = calcium channel blockers; SBP = systolic blood pressure; DBP = diastolic blood pressure; HDL = high density lipoprotein; CCR = creatinine clearance rate

Data are expressed as mean ± SD or number (%).

Table 2. Comparison of carotid and cardiac parameters between the subjects with or without cardiovascular events

	
	With events

N = 14
	Without events

N = 106
	p-value

	LVEF (%)
	73.2 ± 11.6
	75.2 ± 9.5
	.56

	LVMI (ml/m2)
	113.2 ± 57.6
	92.9 ± 26.5
	.33

	LAVi (ml/m2)
	28.1 ± 5.4
	24.1 ± 9.5
	.41

	PWV (m/s)
	6.8 ± 0.7
	6.8 ± 1.1
	.94

	Right IMT (mm)
	0.82 ± 0.22
	0.83 ± 0.18
	.90

	Left IMT (mm)
	0.79 ± 0.18
	0.81 ± 0.20
	.74

	CS (%)
	2.17 ± 1.02
	3.28 ± 1.14
	<.01

	CSR (1/s)
	0.28 ± 0.17
	0.51 ± 0.18
	<.001


LVEF = left ventricular ejection fraction; LVMI = left ventricular volume index; LAVi = left atrial volume index; PWV = pulse wave velocity; IMT = intima-medial thickness; CS = carotid circumferential strain; CSR = carotid circumferential strain rate

Data are expressed as mean ± SD.

Table 3. Multivariate Cox regression analysis for independent factors for outcomes
	
	Model 1
	Model 2

	Parameters
	HR

(95% CI)
	p
value
	HR

(95% CI)
	p
value

	Age
	1.04

(0.96-1.13)
	.33
	1.03

(0.95-1.12)
	.44

	Diuretics
	0.57
(0.16-2.07)
	.39
	0.64

(0.164-2.492)
	.52

	SBP
	0.97

(0.93-1.02)
	.22
	0.98
(0.93-1.02)
	.32

	DBP
	0.96

(0.89-1.05)
	.38
	0.97
(0.88-1.06)
	.43

	CS
	0.43
(0.22-0.81)
	<.01
	-
	-

	CSR
	-
	-
	0.001

(0.00-0.07)
	<.01


HR = Hazard ratio; CI = confidence interval; SBP = systolic blood pressure; DBP = diastolic blood pressure; CS = carotid circumferential strain; CSR = carotid circumferential strain rate

(: not enrolled.

