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Background: To investigate the relationship between arterial stiffness, reflected by cardio-ankle vascular index (CAVI) value, and left atrial (LA) phasic function in hypertensive patients with preserved left ventricular ejection fraction (LVEF).

Methods: We retrospectively studied 165 consecutive patients (mean age, 66.5 ± 11.7 years) diagnosed with hypertension with preserved LVEF who had undergone CAVI measurement and echocardiography on the same day. The latter included speckle-tracking echocardiography to assess LA phasic function (reservoir, conduit, and pump strain) and left ventricular global longitudinal strain (LVGLS).

Results: The results of univariate analysis showed CAVI value to be correlated with LA reservoir strain and LA conduit strain (r = −0.387 and −0.448, respectively; both P < 0.0001). The results of multiple linear regression analysis showed CAVI value to be independently related to age (β = 0.241, P = 0.002) and LA conduit strain (β = −0.386, P = 0.021) but not LV mass index, LA volume index, or LV systolic function (including LVGLS).

Conclusion: In hypertensive patients with preserved LVEF, increased CAVI value appears to be independently associated with impaired LA phasic function (particularly LA conduit function) before LA and LV remodeling. CAVI determination to assess arterial stiffness may be useful in the early detection of interactions between cardiovascular abnormalities in hypertensive patients.
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INTRODUCTION

Arterial stiffness increases the risk of cardiovascular morbidity and mortality in patients with hypertension. It impairs blood flow from left atrium to left ventricle, thus increasing left atrial (LA) pressure and preload. As the left atrium tries to compensate for the resulting physiological effects, it becomes dilated and functionally impaired. These changes in LA size and function progress in proportion to the degree of left ventricular (LV) dysfunction (1).

Arteriosclerosis is a generic term for arterial lesions characterized by thickening, hardening, and remodeling of the arterial wall. Under this term, three lesions are listed: atherosclerosis, arteriolosclerosis, and Mönckeberg's sclerosis with calcification. The cardio-ankle vascular index (CAVI) is now widely used to evaluate arterial stiffness independently of blood pressure. It can be used to predict cardiovascular events and thereby help manage cardiovascular risk (2, 3).

LA makes three performances (reservoir during ventricular systole, conduit during early ventricular diastole, and pump during late ventricular diastole). Early detection of abnormalities in LA dysfunction is clinically important. The recent development of two-dimensional speckle-tracking echocardiography (2DSTE) has enabled subtle changes in LA reservoir, conduit, and pump function to be detected and quantitated (4). Some investigations have pointed out that 2DSTE enables the detection of LA dysfunction in hypertensive and diabetic patients before the manifestation of LA enlargement (5).

The relationship between arterial stiffness measured by CAVI and LA phasic function was also reported previously by Yoshida et al. (6). The LA function consists of three elements: reservoir, conduit, and pump function. To understand more deeply about increased arterial stiffness and these LA functions, we investigated the relationship between arterial stiffness and LA functions in mild hypertensive patients with preserved left ventricular ejection fraction (LVEF) at the same day.



MATERIALS AND METHODS


Study Patients

In this retrospective observational study, we used data from 165 consecutive patients with a diagnosis of hypertension and with preserved LVEF who underwent CAVI measurement and echocardiography on the same day at Toho University Sakura Medical Center (Chiba, Japan) between 2015 and 2018. Exclusion criteria included LVEF <50%, acute myocardial infarction, old myocardial infarction, cardiomyopathy, acute myocarditis, open-heart surgery, non-sinus rhythm, atherosclerosis obliterans (ankle-brachial index, <0.9), and significant valvular disease (moderate or severe mitral and/or aortic valvular disease).

Patients were defined as having hypertension if they had systolic blood pressure ≥140 mmHg and/or diastolic blood pressure ≥90 mmHg or were receiving antihypertensive treatment. The presence of the following concomitant diseases, considered cardiovascular risk factors, was recorded: diabetes mellitus (defined as glycated hemoglobin ≥6.5% [NGSP-standardized value] or requiring antidiabetic treatment) and dyslipidemia (defined as low-density lipoprotein cholesterol concentration ≥140 mg/dL, high-density lipoprotein cholesterol concentration <40 mg/dL, triglyceride concentration ≥150 mg/dL, or requiring antihyperlipidemic treatment).



Measurement Cardio-Ankle Vascular Index

All CAVI values were determined from measurements obtained with a vascular screening system (VaSera1500; Fukuda Denshi Co., Ltd., Tokyo, Japan) from patients examined in a quiet room in which a constant temperature was maintained. The method used was as described previously (2, 3). Briefly, cuffs were applied to the bilateral upper arms and ankles, with the patient supine and his or her head held in the midline position. After the patient had been allowed to rest for 10 min, low cuff pressure (30–50 mmHg) was used to enable detection of both brachial and ankle pulse waves with minimal effect on hemodynamics. Blood pressure was subsequently measured.

The CAVI value was determined with the following equation, derived from the Bramwell–Hill equation:

CAVI value = a {(2p/ΔP) × In (Ps/Pd) PWV2} + b,

in which Ps and Pd are systolic and diastolic blood pressure, respectively; PWV is pulse-wave velocity from the origin of the aorta to the tibial artery-femoral artery junction; ΔP is the difference between systolic and diastolic blood pressure (i.e., Ps – Pd); p is blood density; and a and b are constants. CAVI value was adjusted for blood pressure based on the stiffness parameter β. We used CAVI values determined from measurements obtained from the right ankle in this study.

We used the reference values provided by a large-scale physical examination of the Japanese healthy population. Values of CAVI increase with age and are higher in men than in women regardless of age (7). Therefore, to exclude the influence of age and sex, we stratified patients into 3 groups according to CAVI value relative to mean CAVI value for age: group L, patients with low CAVI value (≥1 standard deviation, SD, lower than mean for age); group M, patients with medium CAVI value (± 1 SD of mean for age); and group H, patients with high CAVI value (≥1 SD higher than mean for age) (Figure 1).


[image: Figure 1]
FIGURE 1. Stratification of male and female hypertensive patients with preserved ejection fraction into 3 groups according to cardio-ankle vascular index (CAVI) value relative to mean CAVI value for age. Group L (n = 34; 23 men, 11 women) comprised patients with low CAVI value(≥1 standard deviation, SD, lower than mean for age); group M (n = 94; 73 men, 21 women) comprised patients with medium CAVI value (± 1 SD of mean for age); and group H (n = 37; 23 men, 14 women) comprised patients with high CAVI value (≥1 SD higher than mean for age). CAVI, cardio-ankle vascular index; SD, standard deviation.




Echocardiographic Examination


Two-Dimensional Echocardiography

All echocardiographic examinations were carried out using a commercially available system (Vivid7, E9, S5, and S6; GE Healthcare, Boston, MA, USA) in accordance with the standardized protocol. The dimensions of the cardiac chambers were measured in the standard manner (8). The biplane Simpson's method was used to determine LVEF.

Left ventricular mass was calculated using the following validated formula:

LV mass = 0.8 (1.04 [(IVS + LVEDD + PWT)3 – LVEDD3]) + 0.6,

in which IVS is LV end-diastolic interventricular septal thickness, LVEDD is LV end-diastolic diameter, and PWT is LV end-diastolic posterior wall thickness (9). The Simpson's method was used to calculate LA volume from measurements obtained in the apical 4-chamber and 2-chamber views (8).

The LV mass and LA volume were then indexed to body mass area. LV diastolic function was assessed in accordance with current guidelines (10). The pulsed Doppler method was used to determine transmitral flow velocity in the apical 4-chamber view. Peak early diastolic velocity (E wave), peak atrial systolic velocity (A wave), and E/A ratio were determined from the transmitral flow-velocity pattern (E, peak early diastolic velocity of transmitral flow; A, peak atrial systolic velocity of transmitral flow). Pulsed tissue Doppler echocardiography was used to determine mitral annular motion velocity at the LV lateral wall and septal wall sites in the apical 4-chamber view. Peak early diastolic motion velocity (e') and E/e' ratio were determined, with e' being the average of the septal and lateral annulus.



Speckle-Tracking Echocardiography

Left atrial strain was quantitated offline, using the EchoPAC PC system, version 113 (General Electric Healthcare, Chicago, IL, USA). The software detects borders semi-automatically, and tracks the LA borders throughout the entire cardiac cycle. Cases of inaccurate endocardial detection were corrected manually. LA strain was determined as the average of values obtained for six LA segments in the apical 4-chamber and 2-chamber views. The reference for zero strain was set at LV end-diastole (R-R triggering), in accordance with current recommendations (11).

Strain curves were used to evaluate three LA phasic functions: reservoir, conduit, and pump function (Figure 2). LA longitudinal strain reflects reservoir function (LASr), and LA pump function (LASp) corresponds to LA strain at the onset of the P wave; LA conduit function (LASc) is the difference between the two (i.e., LASr – LASp) (6, 12). LV global longitudinal strain was calculated as the average negative peak of longitudinal strain in the apical 4-, 3-, and 2-chamber views, in accordance with current guidelines (13).
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FIGURE 2. Speckled-tracking echocardiography to assess left atrial (LA) phasic strain. Endocardial region of interest in the apical 4-chamber (A) and 2-chamber (B) views. The peak positive longitudinal strain (LASr) corresponds to LA reservoir function, and the strain during early and late diastole (LASc and LASp, respectively) corresponds to conduit and pump function in the apical 4-chamber (C) and 2-chamber (D) views. The white dotted curved line indicates the average of LA strain. LASr, peak left atrial strain during ventricular systole; LASc, peak left atrial strain during early diastole; LASp, peak left atrial strain during atrial systole.





Statistical Analysis

For continuous variables whose data were normally distributed, the Tukey-Kramer test was used; the data are presented as mean ± SD. In cases of non-normal distribution, the Kruskal–Wallis test was used and the data are presented as median (lower and upper limits of interquartile range). For categorical variables, the chi-square test or Fisher's exact test was applied to the data, as appropriate. Spearman's correlation analysis was used to investigate correlations, and linear regression analysis to investigate relationships between different variables. Multivariate regression analysis, using a forward stepwise algorithm, was used to investigate relations between CAVI value and other variables.

The SPSS software package (PASW Statistics 25, Chicago, IL, USA) was used for all statistical analyses. Statistical significance was set at P < 0.05.




RESULTS


Patient Characteristics

Data from 165 patients were used. Table 1 shows their clinical characteristics. Patients were stratified into 3 groups (group L, n = 34; group M, n = 94; group H, n = 37) according to CAVI value relative to mean CAVI value for age. There were no significant differences between the groups in terms of age, sex, or systolic blood pressure.


Table 1. Comparison of the clinical characteristics of the study subjects among the study groups.
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The patients' echocardiographic variables are summarized in Table 2. Regarding the results for two-dimensional echocardiography, patients in group H had significantly higher LV mass index (P < 0.001) and lower E wave, E/A ratio, and e′ (P < 0.05 for all three). In contrast, no significant intergroup differences were found for E/e' ratio or LA volume index. LVEF also showed no significant intergroup differences.


Table 2. Comparison of echocardiographic parameters among the study groups.
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Regarding the results for speckle-tracking echocardiography, values for LA reservoir strain and LA conduit strain were significantly higher in group L than in group M and group H (P < 0.0001 for both comparisons), with the greatest difference between groups L and H. Although LVEF did not differ significantly among the 3 groups, when compared to group L, group H demonstrated a significantly lower LV global longitudinal strain (P < 0.05).



Association of CAVI Value With Clinical Characteristics and Echocardiographic Variables

To investigate factors affecting CAVI value, univariate and multivariate analyses were carried out using data for the patients' clinical characteristics and echocardiographic variables. The results of univariate analysis showed significant correlations between CAVI and age (r = 0.338, P < 0.0001), systolic blood pressure (r = 0.208, P = 0.007), E wave (r = −0.206, P = 0.008), E/A ratio (r = −0.265, P = 0.001), e' (r = −0.345, P < 0.0001), LA reservoir strain (r = −0.387, P < 0.0001), and LA conduit strain (r = −0.448, P < 0.0001) (Table 3 and Figure 3). Of these characteristics and variables, the results of multiple linear regression analysis showed CAVI to be independently related to age (β = 0.241, P = 0.002) and LA conduit strain (β = −0.386, P = 0.021) (Table 3).


Table 3. Univariate and multivariate analyses of the association of cardio-ankle vascular index with clinical variables and echocardiographic parameters.
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FIGURE 3. Correlations between cardio-ankle vascular index (CAVI) value and left atrial (LA) volume index (A), LA phasic function (B–D) in hypertensive patients with preserved ejection fraction. CAVI, cardio-ankle vascular index; LA, left atrium.





DISCUSSION

LA function has three elements, based on the three phases of the cardiac cycle: reservoir, conduit, and pump function (14). The first and second of these functions are regulated by inflow into the pulmonary vein during early ventricular systole and early ventricular diastole, respectively, and the third by the atrial contraction that occurs during late ventricular diastole to enhance ventricular filling (15). In the early stages of hypertension, LA pump function may increase to compensate for impairment of LV diastolic function; it has been shown to be higher in patients with mild hypertension compared with control subjects, whereas reservoir and conduit function were unchanged (16, 17).

Arterial stiffness reduces the compliance of systemic arteries, and thus contributes to LV afterload (18). In patients with hypertension, stiffness of the carotid artery has been shown to be associated with LA structural remodeling (19). This finding supports the hypothesis of arterial–LA coupling in hypertension, and reduced systemic arterial compliance may be expected to impair LA phasic function.

The results of the present study are the first to show that increased arterial stiffness is related to impaired LA reservoir and conduit function even before the development of LA dilatation and LV hypertrophy. Furthermore, they show that LV filling pressure is not increased in hypertensive patients with preserved LVEF. These findings suggest that increased arterial stiffness may detect an overload in the early stages of interactions between cardiovascular abnormalities in hypertensive patients.

Arterial stiffness is independently associated with LA diameter in patients with hypertension (20) and obstructive sleep apnea (21). However, arterial–LA coupling is not fully understood. We found increased CAVI value to be independently associated with impaired LA phasic function but not LA volume index, which suggests that arterial stiffness may first manifest as impairment of LA conduit function, and that LA dilatation develops later as arterial stiffness increases. Therefore, we suggest that an abnormality in LA phasic function, related to increased arterial stiffness, may be an early indicator of LA remodeling, and that detection of LA strain may facilitate earlier detection of LA dilatation as a late marker of LA remodeling.

The primary mechanism by which LA dysfunction develops has been thought to be increased LA afterload due to impaired LV relaxation and increased filling pressure (22, 23). However, the increase in LV filling pressure may be insufficient to explain the LA dysfunction, and LA myocardial fibrosis may contribute to LA systolic and diastolic dysfunction (24). Our finding that LA conduit function is impaired before any increase in LV filling pressure in hypertensive patients with abnormal LV relaxation (E/A ratio < 1) suggests that LA stiffness is increased even when LV filling pressure is unchanged. Previously, impaired LV relaxation has been reported to be associated with decreased LA conduit function (25, 26).

We found that LV diastolic dysfunction due to mild hypertension with increased arterial stiffness initially results in decreased LA conduit function. This is followed by a decrease in LA reservoir function as LA dilatation and LV hypertrophy progress. Further LA dilatation likely reduces LA pump function, thus producing a substrate for atrial fibrillation. In cases of heart failure with preserved LVEF, in which increased LV filling pressure causes mild LV diastolic dysfunction, LA conduit function is the first LA phasic function to be impaired (27). Therefore, CAVI determination (alongside the use of other indices of arterial stiffness) and assessment of LA phasic function may be useful in detecting early-stage heart failure in hypertensive patients with preserved LVEF.

The present study had some limitations. First, most of the patients used antihypertensive agents. Second, our findings are based on limited data; they require confirmation by the results of large-scale multicenter studies. Third, no data from simultaneous invasive evaluation of LA and LV function were available, because our patients had preclinical, asymptomatic hypertension. Forth, the present study was a retrospective observational study. We believe that prospective observational studies are necessary in the future. Finally, we demonstrated the concept of arterial-LA coupling based on the data of correlations between CAVI and LA function in mild hypertensive patients. To make this relationship about cardio-vascular interaction clearer, further studies are needed for advanced hypertensive patients.



CONCLUSION

In hypertensive patients with preserved LVEF, increased CAVI was shown to be associated with impaired LA phasic function, particularly LA conduit function, before the onset of LA and LV remodeling. Arterial stiffness, assessed by CAVI determination, may play a key role in the early stages of interactions between cardiovascular abnormalities in hypertensive patients. Health care management using CAVI might contribute to the delineation of asymptomatic pre heart failure patients in the early stage. Further this study is needed prospective large scale to determine whether CAVI may be a good tool to identify patients at risk for severe disease in heart failure preserved LVEF.
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Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
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B, standardized regression coefficient. E, peak early diastolic velocity of transmitral flow; A, peak atrial systolic velocity of transmitral flow; €', peak early diastolic mitral annular motion

velocity; LV, left ventricular; LA, left atrium.
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Characteristics

Age (years)

Male, 1 (%)

Body mass index (kg/m?)

Heart rate (beat/min)

Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Diabetes, n (%)

Hyperlipidemia, 1 (%)

Creatinine (mg/dL)

HbATC (%)

B-type natriuretic peptide (pg/mL)
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0.275
<0.01
<0.01
0.12
0.213
0.193
<0.0001

0.391
0.571
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Data are presented as mean < standerd deviation (SD) or median (interquartile range). CAVI cardio-ankle vascular index; ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin
1l receptor blocker. *P<0.0001 compared with Group L, **P<0.0001 compared with Group M.
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