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Background: This study aimed to explore the effect of sex on left atrial (LA) remodeling and its relationship with myocardial fibrosis in patients with hypertrophic obstructive cardiomyopathy (HOCM).

Methods and results: A total of 85 patients with HOCM were enrolled. Myocardial fibrosis was quantified by the collagen volume fraction (CVF) in myocardial samples. The early atrial peak of emptying rate (PER-E) was assessed by LA volume/time (V/t) curves derived from cardiac magnetic resonance (CMR) imaging analysis. The PER-E index was PER-E normalized by left ventricular (LV) filling volume. Patients with HOCM showed a lower PER-E index than healthy controls (P = 0.027). Compared with men, the PER-E (P < 0.001) and the PER-E indexes (P = 0.012) in women were lower. In CVF-stratified subgroups, a sex difference in the PER-E index was eliminated (P > 0.05). The CVF was correlated with the PER-E and PER-E indexes in both sexes (all P-values were <0.05). In multivariate regression analysis, sex (P = 0.007) and CVF (P < 0.001) were independently correlated with PER-E (all P-values were <0.05).

Conclusion: Patients with HOCM presented LA reverse remodeling. Impaired LA function was more common in female patients with HOCM due to their susceptibility to myocardial fibrosis.
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Introduction

Hypertrophic cardiomyopathy (HCM) is a complex and relatively common genetic cardiac disorder (1). Many patients remain free of clinically significant symptoms and adverse events (2). However, patients with hypertrophic obstructive cardiomyopathy (HOCM) usually present with exertional dyspnea or angina and may experience severe functional limitation and higher HCM-related death risk (3). Left ventricular (LV) diastolic dysfunction (LVDD) is a major reason for these clinical manifestations in HOCM, with myocardial fibrosis as the pathological basis (4, 5). An enlargement of the left atrium (LA), an established marker of LVDD, acts as a compensatory mechanism to modulate LV filling pressure (6). However, recent studies have shown that functional LA changes became evident at the earliest stages of LVDD (7). Despite the increased knowledge of LA function in HCM, its exact relationship with myocardial fibrosis needs further research to be elucidated.

Sex is an important factor contributing to disease heterogeneity. Interestingly, female patients with HCM have been described to show less ventricular remodeling compared with male patients (8, 9), whereas several studies reported more severe diastolic dysfunction, greater likelihood of heart failure progression, and higher mortality in female patients than in male patients with HCM (10, 11). The possible mechanism might be the susceptibility to myocardial fibrosis in female patients with HCM (12). Although LVDD and myocardial fibrosis are closely related to sex, the sex differences in LA remodeling in patients with HOCM remain undetermined.

Therefore, the current study aimed to investigate the effect of sex on LA remodeling and the association between LA remodeling and myocardial fibrosis in patients with HOCM.



Materials and methods


Study population

This study was carried out in accordance with the Declaration of Helsinki. Written informed consent was obtained from every patient. The study protocol was approved by the Ethics Committee.

We consecutively recruited 85 symptomatic adult patients with HOCM who underwent surgical myectomy consecutively from 2016 to 2019. All patients underwent a detailed cardiovascular evaluation, including medical history, clinical examination, 12-lead ECG, and cardiac magnetic resonance (CMR) imaging.

Hypertrophic cardiomyopathy was diagnosed by the presence of a non-dilated and hypertrophied LV on CMR imaging in the absence of other diseases that could account for the hypertrophy. Obstructive HCM was defined as a left ventricular outflow tract (LVOT) gradient either ≥40 mmHg at rest and/or ≥50 mmHg during provocation using Doppler echocardiography (13). Patients with severe valvular disease, stages 3–5 of chronic kidney disease (CKD), connective tissue disease, and osteoarthropathy were excluded from the study.

Control myocardium from the LV septal wall was collected at autopsy of nine individuals (6 men/3 women; mean age 45.4 ± 14.3 years) who died from accidents without any cardiac medical history and their hearts showed no signs of macroscopic or microscopic cardiac lesions. CMR images from 35 age- and gender-matched healthy people (21 men/14 women; mean age 45.2 ± 8.5 years) were used as control subjects.



Cardiovascular MRI

Cardiac magnetic resonance was performed on a 1.5-T magnetic resonance scanner (Magnetom Avanto, Siemens Medical Solutions, Erlangen, Germany). All imaging acquisitions were captured under breath control. CMR images were analyzed using the standard ventricular analysis software (Medis Medical Imaging systems, Leiden, Netherlands). For all patients, septal wall thickness, and posterior and LV end-diastolic dimensions were all determined in the short-axis view (at the midpapillary level). To evaluate functional parameters, cine images were acquired in three long-axis views (LV 2-chamber, 4-chamber, and LV outflow tract) and continuous short-axis planes encompassing the entire LV using a balanced steady-state free precession sequence. Typical parameters include field of view: 320 × 320 mm; matrix: 192 × 224; slice thickness: 8 mm; slice gap: 2 mm; repetition time: 2.8–3.0 ms; echo time: 1.1–1.5 ms; flip angle: 60–70°; bandwidth: 930 Hz; views per segment: 12–20; temporal resolution: 30–55 ms (depending on the heart rate); cardiac phases: 25; SENSE factor: ×2. Epicardial and endocardial borders of the LV myocardium were manually traced during the whole cardiac phase on each cine short-axis image to obtain LV end-diastolic and end-systolic volumes, ejection fractions, and myocardial mass. Myocardial mass was calculated by multiplying the volume of the myocardium calculated at end-diastole by the specific gravity of the myocardium (1.05 g/ml). The end-diastolic volume index, end-systolic volume index, and mass index were indexed to body surface area (BSA). Late gadolinium enhancement (LGE, %) was performed on 67 patients. LGE images were acquired 15 min after intravenous administration of 0.2 mmol/kg gadolinium-DTPA (Magnevist, Schering, Berlin, Germany) using a phase-sensitive inversion recovery-spoiled gradient echo sequence. LGE images were determined automatically by computer counting all hyper-enhanced pixels in the LV myocardium on each of the short-axis images. LGE images were defined as those with image intensities of 6 SDs above the mean of image intensities in a remote myocardial region in the same image.

Image post-processing was performed using the Tracking Tool software (QStrain version 2.0; Medis Medical Imaging Systems bv). LA endocardial contour was manually traced at the phase of the maximal LA volume before mitral valve opening and at the phase of the minimum LA volume after atrial contraction in the two-chambered and four-chambered views. The atrial and ventricular volume/time (V/t) and dV/dt curves were obtained by plotting the cavity volumes over time (Figures 1d,h,l). From atrial curves, we measured maximum LA volume (LAV max; ml; Figures 1b,f,j) at the end of ventricular systole, and minimum LA volume (LAV min; ml; Figures 1a,e,i) at the end of atrial systole. The left atrial stroke volumes (LASVs; ml) were defined as the difference between the maximal and minimal atrial volumes (i.e., LASV = LAV max-LAV min); the left atrial ejection fraction (LAEF; %) was measured as the ratio in percentage between atrial stroke volumes and maximal atrial volumes (i.e., LAEF = LASV/LAV max × 100%). Peaks of the atrial dV/dt curves were defined as follows: the first negative peak was defined as the early peak empty rate (PER-E; ml/s), and the second peak was defined as the atrial peak empty rate (PER-A; ml/s) representing maximal emptying during the conduit phase and the booster phase, respectively. To be more comparable, LAV max and LAV min were indexed to BSA (m2). PER-E and PER-A were also normalized by the LV filling volume (difference between LV end-diastolic and end-systolic volumes), obtaining the PER-E index and the PER-A index. The isovolumetric pulmonary vein transit (IPVT; ml) was defined as the amount of LV filling volume flowing directly from the pulmonary veins into the LV cavity without significant change in LA volume (i.e., IPVT = LV filling volume-LASV). The isovolumetric pulmonary vein transit ratio (IPVTR) was defined as the ratio between IPVT and the atrial emptying volume (i.e., IPVTR = IPVT/LASV), as previously described (14).
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FIGURE 1
Cardiac magnetic resonance (CMR) images of left atrial (LA) and histological images of myocardium from a control subject (the top panel), a male patient with hypertrophic obstructive cardiomyopathy (HOCM) (the middle panel), and a female patient with HOCM (the bottom panel). The first column is CMR images of the minimum LA volume after atrial contraction in the two-chambered view (Control: a, Male: e, Female: i). The second column is CMR images of the maximal LA volume before the mitral valve opening in the two-chambered view (Control: b, Male: f, Female: j). The third column is the images of myocardial fibrosis (blue) stained with Masson’s trichrome (Control: c, Male: g, Female: k). The fourth column is volume-time curves (black) and their first derivatives (red) of the left atrium (Control: d, Male: h, Female: l). LA V/T curves after the first peak and dV/dt curves under the coordinate axis represent the process of LA emptying. The first negative peak, representing maximal emptying during the conduit phase, is identified as the early atrial peak emptying rate (PER-E). The second peak, during the booster phase, is identified as the late atrial peak emptying rate (PER-A).




Histomorphological studies

The septal myocardium samples were immediately fixed in 10% buffered formalin and embedded in paraffin. The samples were sectioned and stained with Masson’s trichrome staining for evaluating myocardial fibrosis (Figures 1c,g,k). Four images of every section were acquired with a projection microscope (200×). Subsequent image analysis was performed using the Image-Pro Plus version 6.0 image analysis software (Media Cybernetics Inc., Buckinghamshire, UK) by a cardiovascular pathologist. The extent of myocardial fibrosis was expressed as collagen volume fraction (CVF; %). CVF was calculated as the ratio of collagen-specific staining to the total area of the myocardium in each myocardium sample. The endocardium was excluded from the analysis.



Statistical analysis

Continuous variables are shown as mean ± SD. Categorical variables are presented as frequencies (percentages). Patients with HOCM were divided into two subgroups according to the upper limit of CVF normality (established as mean + 2 SDs obtained in control subjects and equal to 6%). Of these patients, 51 patients showed high CVF (23 men and 28 women) and 34 patients showed normal CVF (26 men and 8 men). Comparisons of the groups for continuous variables were performed with the unpaired t-test or the Mann–Whitney U test, whereas the chi-squared test or Fisher’s exact test was used for categorical variables. Pearson’s correlation test or Spearman’s correlation test was used to examine correlations between two continuous variables when indicated. A multivariate analysis was performed with logistic regression analysis using block entry to evaluate if the variables were independent predictors for PER-E, provided to have a p-value of <0.1 in a univariate analysis. All p-values were two-sided. Statistical analysis was performed using the SPSS software package (version 20; IBM Corp., Armonk, NY, USA).




Results

A total of 85 patients were enrolled in our study. The baseline clinical characteristics of patients with HOCM are summarized in Table 1.


TABLE 1    Baseline clinical characteristics of patients with hypertrophic obstructive cardiomyopathy (HOCM).
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Assessment of myocardial fibrosis in patients with hypertrophic obstructive cardiomyopathy

The CVF values were significantly higher in patients with HOCM than in controls (7.4 ± 3.8% vs. 3.8 ± 1.1%, P = 0.002). Women showed more extensive fibrosis than men (8.7 ± 4.2% vs. 6.4 ± 3.3%, P = 0.012, Figure 2A). However, no difference in the extent of LGE was found between the two sexes. In subgroups stratified by fibrotic status, there was no difference in CVF between the two sexes (Figure 2D).
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FIGURE 2
Sex differences in collagen volume fraction (CVF) and left atrial (LA) deformation rates in patients with hypertrophic obstructive cardiomyopathy (HOCM). Female patients showed higher CVF (A), but lower peak of emptying rate (PER-E) (B), and PER-E index (C) than males. When stratifying patients by the CVF values, the sex differences in CVF (D) and PER-E index (F) were eliminated in the subgroups with normal and high CVF, but in PER-E (E), the sex differences remained significant in the subgroup with high CVF.




Left atrial structure and function in patients with hypertrophic obstructive cardiomyopathy

Compared with healthy controls, patients with HOCM showed greater septal wall thickness, LV mass index (LVMI), LV end-diastolic diameter (LVEDD), and LV end-diastolic volume index (LVEDVI) (all P-values were <0.05). LA diameters, LAV max, and LAV min indices were larger (all P-values were <0.005) in patients with HOCM than in the controls. In addition, patients with HOCM had a lower PER-E index and LAEF (1.2 ± 0.6/s vs. 1.6 ± 1.2/s, P = 0.027; 41.2 ± 12.2% vs. 59.4 ± 6.6%, P < 0.001) than the controls.

As shown in Table 2, LVEDD and septal thickness were lower in women than in men (43.9 ± 4.1 mm vs. 46.3 ± 3.8 mm, P = 0.006; 23.9 ± 4.9 mm vs. 26 ± 4.8 mm, P = 0.048). However, women showed lower PER-E, PER-E index, and PER-E/PER-A than men (86.3 ± 47.4 ml/s vs. 130.6 ± 58.6 ml/s, P < 0.001, Figure 2B; 1 ± 0.5 ml/s vs. 1.3 ± 0.6 ml/s, P = 0.012, Figure 2C; 0.64 ± 0.42 vs. 0.97 ± 0.86, P = 0.025). The results of the CVF-stratified analyses revealed that female patients with high CVF showed lower LVEDD (43.9 ± 4.4 mm vs. 46.7 ± 3.9 mm, P = 0.021), LVMI (89.5 ± 30.6 g/m2 vs. 111.1 ± 38.1 g/m2, P = 0.036), and PER-E (77 ± 46 ml/s vs. 102.3 ± 42.8 ml/s, P = 0.013, Figure 2E) than male patients with high CVF. PER-E index (0.9 ± 0.5 ml/s vs. 1.1 ± 0.4 ml/s, P = 0.078, Figure 2F), septal thickness (24.1 ± 5 mm vs. 26.4 ± 4.3 mm, P = 0.076), and IVPTR (1 ± 0.5 vs. 1.4 ± 1, P = 0.082) were lower in female patients than in male patients with high CVF, although the difference was not significant between the two sexes. However, there was no sex-specific difference in CMR parameters in the subgroup with normal CVF.


TABLE 2    Cardiac magnetic resonance (CMR) parameters in patients with hypertrophic obstructive cardiomyopathy (HOCM).
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The associations between left atrial cardiac magnetic resonance parameters and myocardial fibrosis in patients with hypertrophic obstructive cardiomyopathy

The CVF value was inversely correlated with PER-E (whole cohort: r = −0.604, P < 0.001; women: r = −0.727, P < 0.001, Figure 3B; men: r = −0.482, P < 0.001, Figure 3A), PER-E index (whole cohort: r = −0.568, P < 0.001; women: r = −0.653, P < 0.001, Figure 3D; men: r = −0.460, P = 0.001, Figure 3C), and PER-E: PER-A ratio (whole cohort: r = −0.464, P = 0.008; women: r = −0.693, P < 0.001; men: r = −0.269, P = 0.061). However, the extent of LGE was not correlated with any LA remodeling parameters.
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FIGURE 3
Correlations between collagen volume fraction (CVF) and left atrial (LA) deformation rates in both sexes. CVF was significantly correlated with PER-E and PER-E index in males (A,C) and females (B,D).


A univariate regression analysis showed that age (P = 0.033), sex (P < 0.001), EDVI (P = 0.098), ESVI (P = 0.071), and CVF (P < 0.001) were associated with PER-E. After multivariate adjustment, only sex (P = 0.007), EDVI (P = 0.012), and CVF (P < 0.001) remained significant (Table 3).


TABLE 3    Univariate and multivariate regression analyses for peak of emptying rate (PER-E) in patients with hypertrophic obstructive cardiomyopathy (HOCM).
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Discussion

The major findings can be summarized as follows. (1) Compared with the healthy controls, patients with HOCM showed worse LA remodeling. (2) Female patients were more likely to develop impaired LA deformation rates than male patients. (3) The female sex and myocardial fibrosis were independent predictors for LA deformation rate after adjusting for clinical confounders in patients with HOCM.

Patients with HOCM are characterized by early LVDD, mitral regurgitation, and outflow tract obstruction (15). The abnormal hemodynamics could increase LV filling pressure, leading to LA reverse remodeling. LA function has three phases, serving as a reservoir in systole, a conduit in early diastole, and a booster pump in late diastole. LA reservoir function represents LA relaxation and compliance (16). LA conduit function is reliant on LV diastolic function, including both the suction force dependent on LV relaxation and LV chamber stiffness, whereas LA booster function is based on intrinsic LA contractility and LV end-diastolic compliance and pressure (17, 18). Thereby, there is a close relationship between LA and LV functions.

Cardiovascular magnetic resonance imaging-feature tracking (CMR-FT) is a new quantitative method for wall motion assessment, with a high spatial resolution and large field of view. The details for the change rates of LAV during conduit (i.e., PER-E and PER-E indexes) and booster phases (i.e., PER-A and PER-A indexes) can be provided by the analysis of LA dV/dt curves plotting by CMR-FT. In this study, patients with HOCM showed a lower PER-E index in the conduit phase than controls, but there was no difference in the booster phase. A previous study has also found that patients with non-obstructive HCM were likely to have LA conduit dysfunction, compared to healthy controls (19). The possible explanation is that during early LVDD, increased ventricular stiffness and abnormal relaxation reduce the passive suction effect on LA, which decreases the empty rate in the conduit phase. In contrast, increased atrial stretching results in a more powerful contraction of the LA during the booster phase (6). Therefore, we believed that parameters in the conduit phase are superior as an estimate of the LA function.

In addition, our study showed that the PER-E and PER-E index of female patients is lower than male patients. A previous study has demonstrated that female patients presented more severe atrial stiffness than male patients with heart failure, which was assessed with pulse wave analysis of the radial artery and carotid-femoral pulse wave velocity using commercially available radial artery tonometry. The effect of atrial stiffness can increase LV afterload and impair LV relaxation, which may contribute to a greater susceptibility to heart failure with preserved LV ejection fraction in female patients (20). To explore the relationship between LA remodeling and myocardial fibrosis, we stratified patients with HOCM into two subgroups according to the upper limit of CVF normality. In both subgroups with high and normal CVF, female patients had a similar extent of myocardial fibrosis to male patients. The sex difference in PER-E remained significant in patients with high CVF, but the sex differences in PER-E index were eliminated in both subgroups with normal CVF and high CVF. The multivariate analysis also suggested that sex and myocardial fibrosis were independently correlated with PER-E when adjusting for clinical confounders. This indicated that a higher fibrotic burden in female patients might be one of the factors that led to their worse LA remodeling. Interestingly, at present, LGE imaging is a standard non-invasive approach to evaluate myocardial fibrosis. However, this sex-related difference in myocardial fibrosis could not be found in the LGE analysis, and no correlation was found between the LA function and the extent of LGE. This might be explained by the drawback of detecting diffuse fibrosis in LGE imaging. In patients with aortic stenosis, female patients presented with a larger extent of diffuse myocardial fibrosis but a similar amount of replacement myocardial fibrosis (LGE), which was possible due to the aggressive nature of the response to increasing the LV filling pressure (21). The interaction of sex with myocardial fibrosis was significant in pathological studies (22), but was easily ignored with the use of LGE (23).

The mechanisms underlying sex-specific differences in myocardial fibrosis are unknown, but in our study, despite worse LA function in female patients, they showed smaller LV diameters and lower septal wall thickness. The LV geometry in female patients could underlie a greater prevalence of obstructive hemodynamics (24), which was negatively correlated with LGE (25). Sex hormones and different responses to the renin-angiotensin-aldosterone system may also play a role in the process of fibrosis development (26, 27).

Our study still has several limitations. First, owing to the observational nature of our study, there may be less insight into the causality between LA function and myocardial fibrosis, and it is still unclear how sex modifies the relationship. Second, we only enrolled patients with HOCM, which limited the appliance to other morphological types of HCM. Third, this study is a cross-sectional analysis and may have inherent limitations; the findings must be confirmed by further studies with a longitudinal design.



Conclusion

Patients with HOCM presented LA reverse remodeling. Impaired LA function was more common in female patients with HOCM due to their susceptibility to myocardial fibrosis.
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