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Objectives: Hypertension is one of the leading risk factors for cardiovascular disease. Mitral regurgitation (MR) is a heart valve disease commonly seen in hypertensive cases. This study aims to assess the effect of MR on left ventricle (LV) strain impairment among essential hypertensive cases and determine factors that independently impact the global peak strain of the LV.

Materials and methods: We enrolled 184 essential hypertensive patients, of which 53 were patients with MR [HTN (MR +) group] and 131 were without MR [HTN (MR−) group]. Another group of 61 age-and gender-matched controls was also included in the study. All participants had received cardiac magnetic resonance examination. The HTN (MR +) group was classified into three subsets based on regurgitation fraction, comprising mild MR (n = 22), moderate MR (n = 19), and severe MR (n = 12). We compared the LV function and strain parameters across different groups. Moreover, we performed multivariate linear regression to determine the independent factors affecting LV global radial peak strain (GRS), circumferential peak strain (GCS), and global longitudinal peak strain (GLS).

Results: HTN (MR−) cases exhibited markedly impaired GLS and peak diastolic strain rate (PDSR) but preserved LV ejection fraction (LVEF) compared to the controls. However, HTN (MR +) patients showed a decrease in LVEF and further deteriorated GRS, GCS, GLS, PDSR, and the peak systolic strain rate (PSSR) compared to the HTN (MR−) group and controls. With increasing degrees of regurgitation, the LV strain parameters were gradually reduced in HTN (MR +) patients. Even the mild MR group showed impaired GCS, GLS, PDSR, and PSSR compared to the HTN (MR−) group. Multiple regression analyses indicated that the degree of regurgitation was independently associated with GRS (β = -0.348), GCS (β = -0.339), and GLS (β = -0.344) in HTN (MR +) patients.

Conclusion: GLS was significantly impaired in HTN (MR−) patients. MR may further exacerbate the deterioration of LV strain among essential hypertensive cases. Besides, the degree of regurgitation was independently correlated with GRS, GCS, and GLS in HTN (MR +) patients.
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Introduction

Hypertension is one of the leading risk factors for cardiovascular disease (1). Hypertensive heart disease is characterized by complex and diverse alterations in cardiac structure and function caused by hypertension (2, 3). Mitral regurgitation (MR) is a common heart valve disease in hypertensive cases (4). A longitudinal cohort study demonstrated that a 20 mmHg elevation in systolic blood pressure (SBP) was linked to a 26% higher risk of MR, while a 10-mmHg elevation in the diastolic blood pressure (DBP) was associated with a 24% higher risk of MR (5). MR may enhance left ventricular (LV) preload and aggravate myocardial damage of the hypertensive heart. Therefore, early evaluation of cardiac dysfunction in hypertensive patients with MR is crucial, which may facilitate the timely application of interventional measures, thus preventing adverse cardiovascular events and improving the prognosis.

Myocardial strain is an earlier and more sensitive indicator for subclinical myocardial dysfunction than LV ejection fraction (LVEF) (6, 7). It can provide early information on the diagnosis and therapy of myocardial damage (8–10). Moreover, the myocardial strain has been shown to have prognostic value for adverse cardiac outcomes (11–13). Cardiac magnetic resonance examination is regarded as the gold standard for non-invasively evaluating cardiac structure and function due to its strengths, such as high spatial resolution, multi-parametric, and multiplanar imaging (14). Recently, the routinely acquired cine sequence-based cardiac magnetic resonance feature-tracking has been applied to identify myocardial strain impairment (10, 15–17). However, to the best of our knowledge, cardiac magnetic resonance feature tracking is rarely utilized to detect the cumulative impact of MR on myocardial strain among hypertensive cases (9, 12). Therefore, this work compared LV strain and function among essential hypertensive cases with/without MR by cardiac magnetic resonance to investigate the effect of MR on LV myocardial strain impairment among hypertensive patients and identified risk factors that independently affected the LV global peak strain (PS).



Materials and methods

This work was approved by the biomedical research ethics committee of our hospital. Informed consent was waived due to the retrospective nature of this investigation.


Study population

From July 2012 to October 2021, 476 patients who were diagnosed with essential hypertension and had undergone cardiac magnetic resonance examination at our institution were enrolled in our study. The exclusion criteria were: ischemic heart disease, rheumatic heart disease, congenital heart disease, primary myocardiopathy, other valvular heart diseases, documented surgical procedures for heart diseases, image with artifacts caused by arrhythmia and the inability of adequate breath hold, leading to poor image quality inadequate for analysis, and incomplete key clinical data. Finally, 184 essential hypertensive cases aged 57.67 ± 14.10 years, with a body mass index (BMI) of 24.38 ± 3.39 kg/m2 were eligible and included in the study. Depending on whether the hypertensive patients were combined with MR upon detection by cardiac magnetic resonance, they were divided into hypertensive patients without MR [HTN (MR−) group] (131/184, 71.20%) and hypertensive patients with MR [HTN (MR +) group] (53/184, 28.80%). The study further included 61 patients of matched age and sex (average age of 55.27 ± 9.76 years; BMI of 22.63 ± 2.47 kg/m2) in the control group. The exclusion criteria for the control subjects were as follows: heart disease (coronary heart disease, valvular disease, etc.); chronic disease (hypertension, diabetes, hyperlipidemia, etc.); known systemic diseases; medication history. All the control subjects had also received cardiac magnetic resonance examination.



Cardiac magnetic resonance protocol

All patients were examined in a supine position with a whole-body 3.0 T Siemens MAGNETOM Skyra scanner or a MAGNETOM Trio Tim system (Siemens Medical Solutions, Erlangen, Germany). This study also used the breath-holding technique and the standard ECG-triggering device throughout the process. All image data were acquired at the end of expiration. Furthermore, we performed cine imaging with the balanced steady-state free-precession sequence to acquire images in 8–12 continuous slices from the mitral valve to the LV apex in the short-axis view, as well as two, three, and four-chamber pictures in the long-axis view. The imaging parameters for the MAGNETOM Skyra scanner were: field of view-360 mm × 300 mm; matrix size-256 × 166; slice thickness-8 mm; temporal resolution-39.34 ms; repetition time-2.69 ms; echo time-1.2 ms; flip angle-38°. The imaging parameters for the MAGNETOM Trio Tim scanner were as follows: field of view-250 mm × 300 mm; matrix size-208 × 139; slice thickness-8 mm; temporal resolution-40.35 ms; repetition time-3.4 ms; echo time-1.31 ms; flip angle-50°.



Cardiac magnetic resonance data analysis


Determination of cardiac volumetric and functional parameters

Two experienced cardiac radiologists with an experience of over 3 years analyzed the cardiac magnetic resonance images using commercially available offline software (cvi42, v. 5.11.2; Circle Cardiovascular Imaging Inc., Calgary, Alberta, Canada). They did not know the clinical information beforehand. This study manually outlined LV and the right ventricular (RV) endocardial/epicardial borders at the end-diastolic/end-systolic phases in each slice. The trabeculae and papillary muscles were eliminated. Then, the volumetric and functional parameters, including the LV/RV stroke volume (LVSV/RVSV), LV end-diastolic/end-systolic volume (LVEDV/LVESV), LV mass, and LVEF, were calculated automatically. Furthermore, we also indexed LVESV, LVEDV, LV mass, and LVSV for the body surface area (BSA) as LVESVI, LVEDVI, LVMI, and LVSVI, respectively, using the Mosteller formula (18).



Analysis of left ventricle strain

The LV short-axis, long-axis of horizontal four-chamber and vertical two-chamber cine images were loaded in the feature-tracking module of the cvi42 software. In addition, the epicardial/endocardial borders in all the above series were outlined at end-diastole and end-systole. Then, the LV global radial peak strain (GRS), global longitudinal peak strain (GLS), and global circumferential peak strain (GCS) (Figure 1), peak systolic strain rate (PSSR) in radial (PSSR-R), circumferential (PSSR-C), and longitudinal (PSSR-L) directions, and the peak diastolic strain rate (PDSR) in radial (PDSR-R), longitudinal (PDSR-L), circumferential (PDSR-C) directions were automatically acquired.
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FIGURE 1
Cardiac magnetic resonance feature-tracking technology on cvi42 for the analysis of the LV strain. Manual drawing of the endocardium and epicardium of the LV at the end-systolic (A–C) and end-diastolic (D–F) phases. Then, the software automatically traced each voxel of the myocardium and calculated the LV strain parameters. (G–I) Measurement of the LV global peak strain parameters: GRS of 28.61%, GCS of −15.53%, and GLS of −10.31% were obtained. (J,K) 3D pseudo-color images for the LV end-systolic/end-diastolic GLS. LV, left ventricle; GRS, global radial peak strain; GLS, global longitudinal peak strain; GCS, global circumferential peak strain.




Evaluation of the mitral regurgitation fraction and mitral valve apparatus

MR was manifested as limited mitral valvular closure. An abnormal reversal of black blood flow was observed from LV to the left atrium via the mitral valve in the systolic stage in short-axis, two and three-chamber long-axis views. The regurgitation fraction (RF) was obtained using the formula RF = (LVSV-RVSV)/LVSV. Then, HTN (MR +) patients were classified into three subsets, mild (RF < 30%), moderate (30 ≤ RF < 50%), and severe regurgitation (RF ≥ 50%)(19, 20).

We measured the geometric parameters for the mitral valve apparatus, including the mitral annular diameter (the linear distance between two ends of the mitral annulus), tethering height (the vertical distance between the coaptation of leaflets and the mitral annular plane), tethering area (the region surrounded via the annular plane and mitral leaflets), and the anterior and posterior tethering angles under the three-chamber view (mid-systolic). Besides, interpapillary muscle distance (IPMD), which was the distance between papillary muscle tips during the end-diastolic and end-systolic stages, was evaluated under the short-axis view (Figure 2) (21).
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FIGURE 2
Measurement of the mitral annular geometric parameters and interpapillary muscle distance. (A,B) Measurement of the annular geometric parameters using cardiac magnetic resonance under a three-chamber view (mid-systolic); tethering height (b–d),mitral annular diameter (a–c), tethering area (enclosed by a–b–c), posterior tethering angle = ∠bca, and anterior tethering angle =∠bac. (C,D) Measurement of the interpapillary muscle distance during end-systolic and end-diastolic periods under the short axis.





Intra- and inter-observer reproducibility

The parameters of the LV strain and mitral valve apparatus of 80 randomized patients and the MR fraction of 30 randomized HTN (MR +) patients were evaluated by two independent observers blinded to clinical data to determine interobserver variability. One month later, one observer reanalyzed the parameters of the same subjects to determine the intra-observer variability.



Statistical analysis

The statistical software SPSS version 24.0 (IBM Corp., Armonk, NY, USA) was used for statistical analysis. Categorical data, including sex, diabetic history, and types of antihypertensive drugs in the hypertensive and control groups, were presented as percentages and frequencies, while the chi-square test was applied for comparison among groups. Continuous variables, including age, BMI, SBP, DBP, resting heart rate, serum indices, LV function, strain, and mitral apparatus parameters, were presented as mean ± standard deviations if normally distributed and as median (25–75%, interquartile range) if not normally distributed. We compared the continuous variables among different groups using the one-way ANOVA along with the Bonferroni post hoc correction or the Kruskal–Wallis tests. Serum indexes were compared between two hypertensive groups using the student’s t-test. Spearman’s or Pearson’s correlation coefficient was calculated to examine the association of LV global PS with clinical indices and regurgitation degree. In the univariate analysis, variables with a p-value of < 0.1 and no collinearity in the sex, age, BMI, SBP, and history of diabetes were included in a multivariable backward linear regression analysis to evaluate the factors that independently predicted the LV strain among HTN (MR +) cases. Moreover, we determined the intraclass correlation coefficient (ICC) to evaluate the intra- and inter-observer variabilities. For all analyses, a p-value of < 0.05 (two-sided) indicated statistically significant differences between the groups.




Results


Baseline characteristics of the participants

No differences in sex, age, or resting heart rate were observed between the controls and hypertensive patients. There were also no differences in the history of diabetes, serum markers, and the use of antihypertensive drugs between HTN (MR−) and HTN (MR +) patients. However, HTN (MR−) and HTN (MR +) patients had significantly higher BMI than the control patients. The SBP and DBP in the HTN (MR−) group (137.0 ± 19.4 mmHg, 83.9 ± 13.9 mmHg) and HTN (MR +) group (137.3 ± 19.2 mmHg, 86.1 ± 14.7 mmHg) were significantly higher than the control group (116.0 ± 11.3 mmHg, 73.6 ± 7.8 mmHg) (all adjusted P < 0.05). Table 1 presents the baseline characteristics of all participants.


TABLE 1    Baseline features of the study cohort.
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Comparison of left ventricle function and strain among hypertensive and control groups

The HTN (MR−) patients demonstrated higher LVMI, lower GLS and PDSR (-R, -C, -L) compared to controls (adjusted P < 0.05). Compared to the control and HTN (MR−) groups, the HTN (MR +) group showed higher LVEDVI, LVESVI, LVMI, and lower LVEF (adjusted P < 0.05). Furthermore, the HTN (MR +) group showed decreased PS, PDSR, and PSSR in every direction compared to the HTN (MR−) group and controls (adjusted P < 0.05). The detailed LV function and strain parameters are presented in Table 2.


TABLE 2    Comparison of cardiac magnetic resonance findings among hypertensive and control groups.
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Comparison of left ventricle strain in hypertensive cases with different degrees of regurgitation

Among 53 HTN (MR +) patients, 22 (41.51%) showed mild regurgitation, 19 (35.85%) showed moderate regurgitation, and 12 (22.64%) showed severe regurgitation (Figure 3).
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FIGURE 3
Cardiac magnetic resonance cine and GLS images in hypertensive cases showing mild, moderate, and severe degrees of regurgitation; (A,B) mild mitral regurgitation patient, male, 72-year-old, RF = 15%, LV short-axis (A), 4-chamber (B) cine images demonstrating the regurgitation signal from the LV to LA (red arrow); (D,E) moderate mitral regurgitation patient, male, 52-year-old, RF = 35.26%, LV short-axis (D), 4-chamber (E) cine images demonstrating the regurgitation signal from LV to LA (red arrow); (G,H) severe mitral regurgitation patient, male, 42 years old, RF = 70.17%, LV short-axis (G), 4-chamber (H) cine images demonstrating abnormally reversed blood flow from LV to LA (red arrow); (C,F,I) the curves for LV GLS. RF, regurgitation fraction; GLS, global longitudinal peak strain; LV, left ventricle; LA, left atrium.


The GCS, GLS, PSSR-L, and PDSR-L in mild MR patients were decreased compared to HTN (MR−) patients (adjusted P < 0.05). The GRS, GCS, GLS, PSSR, and PDSR in all three directions in the moderate MR patients were lower than the HTN (MR−) patients. The moderate MR group showed lower GRS, GCS, GLS, PSSR-C, and PDSR-C than the mild MR group. The GRS, GCS, GLS, PDSR, and PSSR in all three directions were markedly reduced among the severe MR cases compared to the HTN (MR−) patients. Compared to the mild MR group, the GRS, GCS, GLS, PSSR-R, PDSR-R, PSSR-C, and PDSR-C of severe MR patients were markedly decreased (adjusted P < 0.05). The GRS, GCS, GLS, PSSR, and PDSR did not significantly differ between severe and moderate MR groups. More details of LV strain parameters among hypertensive patients are presented in Table 3.


TABLE 3    Comparison of LV strain in hypertensive cases with different degrees of regurgitation.
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Comparison of mitral valve apparatus among different groups

All cases in the HTN (MR +) group showed higher mitral annular geometry parameters and IPMD (end-systolic/end-diastolic) compared to the patients of the HTN (MR−) and the control group. Differences between HTN (MR−) and control group were not significant. Moderate MR patients showed increased end-systolic/end-diastolic IPMD compared to mild MR patients. Severe MR patients showed higher mitral annular geometry parameters and IPMD than mild patients (adjusted P < 0.05). Differences between severe and moderate MR groups were not significant. The detailed mitral annular geometry parameters of hypertensive patients and controls are presented in Table 4.


TABLE 4    Comparison of mitral annular geometry and interpapillary muscle distance among different groups.
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Independent predictive factors of left ventricle global peak strain among hypertensive patients showing mitral regurgitation

Based on the univariate linear regression analysis, the regurgitation degree was negatively correlated with GRS (R = −0.464, P = 0.001), GLS (R = −0.359, P = 0.008), and GCS (R = −0.437, P = 0.001) (Figure 4). The smoking history was negative associated with GCS (R = −0.291, P = 0.043). Moreover, the level of triglycerides was negatively related to GCS (R = −0.357, P = 0.013) and GRS (R = −0.332, P = 0.023). According to the multivariate regression, the regurgitation degree independently predicted GRS (β = −0.348), GCS (β = −0.339), and GLS (β = −0.344) after adjusting the gender, age, BMI, SBP, and history of diabetes (Table 5).
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FIGURE 4
Correlation of regurgitation degree in hypertensive patients with left ventricular global peak strain. The absolute values of the circumferential and longitudinal-peak strain were analyzed to avoid the effect of the directional sign. r, correlation coefficient; GRS, global radial peak strain; GCS, global circumferential peak strain; GLS, global longitudinal peak strain.



TABLE 5    Univariate and multivariate analysis between clinical indexes and LV global PS among hypertensive patients showing MR.
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Inter-and intra-observer variabilities

Excellent agreement between and within the observer was observed in the measurement of LV PS (ICC = 0.920–0.947 and 0.913–0.975, respectively), PSSR (ICC = 0.837–0.876 and 0.922–0.962, respectively), PDSR (ICC = 0.825–0.974 and 0.902–0.977, respectively), mitral annular geometry (ICC = 0.850–0.884 and 0.851–0.890, respectively), IPMD (ICC = 0.894–0.967 and 0.928–0.969, respectively) and MR fraction (ICC = 0.859 and 0.887, respectively) (Table 6).


TABLE 6    Intra-and inter-observer variabilities of LV strain, mitral annular geometry and mitral regurgitation fraction.
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Discussion

In this study, we investigated the influence of MR on the function and strain in hypertension using cardiac magnetic resonance feature tracking. The main results were: (1) impaired GLS and PDSR, but preserved LVEF was observed in hypertensive patients without MR; (2) when hypertensive patients were concomitant with MR, significantly decreased LVEF and further deteriorated LV strain were observed in the radial, longitudinal and circumferential directions; (3) with deterioration of the degrees of regurgitation, LV strain was progressively reduced in hypertensive patients with MR, while the parameters of the mitral valve apparatus increased significantly; (4) the degree of regurgitation was independently correlated with GRS, GCS, and GLS.

Chronic mechanical stress from elevated blood pressure in hypertension can lead to LV remodeling, which involves LV cardiomyocyte hypertrophy and myocardial fibrosis, causing myocardial stiffness, decreased myocardial compliance, and consequent LV diastolic and systolic dysfunction (2, 3, 22, 23). In our study, the HTN (MR−) patients showed markedly reduced GLS compared to control patients, but the GCS was not significantly decreased, which was similar to the results of previous echocardiographic studies (24, 25). We hypothesized that LV myocardial fibrosis predominantly involved the subendocardial fiber. Therefore, the GLS, which mainly reflected the shortening of the subendocardial longitudinally oriented fiber, could deteriorate even in the early stages of hypertension. However, the GCS, which mainly represented the contractility of circumferential muscle fibers in the middle layer, remained spared, which could compensate for the longitudinal contractile dysfunction (10, 26). Therefore, traditional systolic indices, including LVEF, LVEDVI, LVESVI, and LVSVI, were preserved in HTN (MR−) patients in this study. These data were consistent with the findings of previous research (26, 27).

Cardiac magnetic resonance feature tracking is used to detect the diastolic function in the form of PDSR (16, 28). The PDSR in the HTN (MR−) patients was significantly impaired in all three directions compared to the control, whereas the PSSR, which represented the systolic data, was not significantly reduced. These data indicate that the abnormalities of diastolic function might occur before the systolic abnormalities in hypertension, which was consistent with previous research (29). Thus, our study adds to this body of evidence. In general, our research demonstrated that feature tracking technology might reveal subclinical LV dysfunction before traditional LVEF in hypertensive patients.

Hypertension may cause LV remodeling, resulting in LV geometric changes, papillary muscle shift, mitral annular dilation, change in the natural vertical angulation of the chordae tendineae, and tethering of the mitral leaflets, ultimately causing MR (30, 31). We observed that HTN (MR +) patients showed remarkably increased LVEDI, LVESI, LVMI, and decreased LVEF, PS, PDSR, and PSSR compared to controls and HTN (MR−) patients. The results indicated that MR might have a superimposed influence on LV function and strain in hypertensive patients, which is similar to the findings of a previous study (32). The pathological model may be that regurgitated volume in MR can increase LV preload, leading to LV remodeling, LV dilation, and eccentric hypertrophy, resulting in LV dysfunction (33). Significantly impaired LV dysfunction may occur under the double effect of hypertension and MR. Therefore, hypertensive patients with MR should be paid closer attention, and intervention should be made to prevent long-term adverse cardiac events.

When comparing the parameters of different degrees of MR regurgitation in hypertensive patients, it was observed that LVPS, PDSR, and PSSR were gradually reduced with the aggravation of the degree of MR regurgitation. Even the mild MR group showed impaired systolic and diastolic function compared to hypertensive patients without MR. Multivariate linear regression analysis indicated that the MR regurgitation degree was independently related to GRS, GCS, and GLS in HTN (MR +) patients. Our study demonstrated that the impairment of global PS possibly progressed with an increase in the degree of regurgitation. Several studies have reported that reduced GLS in patients with MR was correlated with LV dysfunction after intervention and higher risk for all-cause mortality (12, 34). Furthermore, the presence of MR may result in aggravated MR, which may be explained by the fact that MR−induced overload of the LV volume could induce LV dilatation, which puts more pressure on the mitral valve apparatus, causing further damage to the valve apparatus and aggravation of MR. In this situation, a vicious cycle between the ever-increasing LV volume and MR could be initiated (35). Therefore, even mild MR in hypertensive patients should be taken seriously.

A previous study reported that the diameter of the mitral annulus and IPMD were strongly correlated with the degree of MR regurgitation (21). This study observed that the parameters of mitral annular geometry and IPMD in groups with different degrees of MR were higher than those without MR. Compared to the mild MR group, the moderate MR group had higher end-systolic and end-diastolic IPMD, whereas the severe MR group showed an increase in mitral annular geometry and IPMD. Our results further suggest that the mitral valve apparatus might participate in the formation and aggravation of MR in hypertensive patients.



Limitations

This study has certain limitations. First, this study was unicentric and cross-sectional, with a possible selection bias. Multi-center studies will be conducted in the future to validate the findings of this study further. Second, the lack of a follow-up in this study made the long-term impact of MR on the mortality of hypertensive patients unclear. This will be addressed in a future study. Third, no animal experiments were done in this study. Future research focusing on relevant pathological mechanisms will be carried out.



Conclusion

Significant impairment of GLS was observed in hypertensive cases, and MR possibly deteriorated LV strain damage and cardiac insufficiency. The regurgitation degree was independently correlated with GCS, GRS, and GLS in the HTN (MR +) patients. Evaluation of LV strain in cardiac magnetic resonance feature tracking possibly assists clinicians in monitoring the development of cardiac deformation and facilitates additional therapies to delay LV myocardial damage among hypertensive cases developing MR.
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