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Abstract 

Purpose: We assessed the impact of bicuspid aortic valve (BAV), aortic stenosis (AS), and 

regurgitation (AR) on the metrics of left ventricular (LV) remodeling, as measured by 

electrocardiogram (ECG), transthoracic echocardiography (TTE), and cardiac magnetic resonance 

(CMR).  

Methods: This retrospective CMR study included 11 patients with both AS and AR (BAV-ASR), 

30 with AS (BAV-AS), 28 with AR (BAV-AR), 47 with neither AS nor AR (BAV-no_AS/AR), 

and 40 with trileaflet aortic valve (TAV-no_AS/AR). CMR analysis included the LV end-diastolic 

volume index (LVEDVi), mass index (LVMi), and extracellular volume fraction (ECV). The 

Sokolow-Lyon and Cornell products by ECG and TTE-derived E/e’ were measured.  

Results: There were no differences in the ECG, TTE, and CMR parameters between BAV-

no_AS/AR and TAV-no_AS/AR. However, the presence of  aortic valve dysfunction resulted in 

an elevated Sokolow-Lyon product for BAV-ASR (p = 0.017) and BAV-AR (p = 0.001), as well 

as increased Cornell product (p = 0.04) and E/e’ (p < 0.001) for BAV-AS compared with BAV-

no_AS/AR. LVEDVi and LVMi were elevated in patients with BAV-ASR and BAV-AR 

compared with those with BAV-no_AS/AR (LVEDVi: 101 ± 29 ml/m2 and 112 ± 32 ml/m2 vs. 74 

± 15 ml/m2, p = 0.005 and p < 0.001, LVMi: 75 ± 7 g/m2 and 64 ± 14 g/m2 vs. 47 ± 9 g/m2, 

respectively; p < 0.001). There was no difference in ECV between the BAV and TAV-no_AS/AR 

subgroups.  

Conclusion: Normally functioning BAV did not result in LV remodeling. However, concomitant 

AV dysfunction was associated with statistically significant morphological remodeling.  
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Introduction 

The bicuspid aortic valve (BAV) is the most common congenital cardiac defect, with an 

estimated prevalence of 0.5–2% in the general population [1]. Aortic stenosis (AS) and 

regurgitation (AR) are the most common complications of BAV [2-4]. Progressive aortic valve 

(AV) dysfunction and subsequent long-term increase in afterload and regurgitation, can lead to 

patients with BAV demonstrating a range of left ventricular (LV) remodeling patterns, including 

LV hypertrophy (LVH) and chamber enlargement. Due to heterogeneous factors with genetic 

predisposition and AV morphological characteristics, the relationship between BAV and LV 

remodeling is poorly understood.  

 The most widely used screening tools for LV remodeling are electrocardiography (ECG) 

and transthoracic echocardiography (TTE). The Sokolow-Lyon voltage/product [5] and Cornell 

voltage/product [6] are well-recognized measures of LVH. TTE uses tissue Doppler imaging to 

measure the early diastolic velocity of the mitral annulus (e’), which is an index of LV relaxation 

[7] and has been shown to decrease in patients with LVH [8]. In addition, the ratio of the early 

diastolic velocity of LV inflow (E) to e’ (E/e’), an estimate of LV end-diastolic pressure [9], has 

been shown to increase in patients with LVH.  

Cardiac magnetic resonance (CMR) is the gold standard for the quantification of global 

LV volume and is used for the evaluation of LV remodeling. Furthermore, pre- and post-contrast 

T1-mapping enables the calculation of gadolinium extracellular volume fraction (ECV), a novel 

measure of myocardial extracellular changes and LV fibrosis [10-15]. The purpose of our study 

was to investigate the impact of BAV on concomitant AV dysfunction (AS and AR) and its 

relationship with LV remodeling, as characterized by ECG, TTE, and CMR. We hypothesized that 
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ECV may be an indicator of increased fibrosis in patients with BAV, particularly in those with 

concomitant AV disease.   



 7 

Materials and Methods 

Study population 

Between December 2015 and December 2016, 120 patients with BAV underwent standard-

of-care CMR for the evaluation of AV function and thoracic aortic size, as well as pre- and post-

contrast T1-mapping for the quantification of ECV (Figure 1). Four patients with impaired LV 

myocardium damaged by an etiology other than BAV (i.e., myocardial infarction, hypertrophic 

cardiomyopathy, cardiac amyloidosis, and ventricular septum defects) were excluded. The 

remaining 116 patients were classified into subgroups according to AV dysfunction. AS severity 

was evaluated by measuring the systolic peak velocity in the AV and AV areas (AVA) using two-

dimensional (2D) cine-phase contrast (PC) MRI. The definitions of AS and AR in this study were 

defined as moderate or more, specifically, a peak velocity ≥ 3.0 m/s and AVA < 1.5 cm2 for AS, 

and a regurgitant fraction ≥ 30% for AR [2]. As a result, the BAV subgroups consisted of 11 

patients with both AS and AR (BAV-ASR; 11 males, 55 ± 12 years), 30 with AS only (BAV-AS; 

20 males, 61 ± 10 years), 28 with AR only (BAV-AR; 25 males, 46 ± 14 years), and 47 without 

AS or AR (BAV-no_AS/AR; 27 males, 48 ± 14 years). Of the 47 patients with a trileaflet aortic 

valve (TAV) who underwent CMR for the evaluation of AV function, 40 patients without AS or 

AR were selected (TAV-no_AS/AR; 32 males, 56 ± 16 years). This retrospective study was 

approved by the institutional review board (IRB). The patients were enrolled with an IRB-

approved waiver of consent. 

Twelve-lead ECG and TTE 

Twelve-lead ECG and 2D conventional TTE were performed in 101 (87%) patients with 

BAV and 34 (85%) patients with TAV within 1 year of CMR. Twenty-two patients with bundle 

branch blocks were excluded from the analysis because of a significant effect on the ECG voltage. 
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The QRS duration, Sokolow-Lyon voltage/product, and Cornell voltage/product were evaluated 

as described previously [5, 6]. E-wave velocity using pulsed wave Doppler and e’-wave velocity 

of the septum using tissue Doppler in an apical 4-chamber view were measured by TTE using a 

commercially available system (Vivid E95, GE healthcare, Milwaukee, WI, and iE33, Philips, 

Bothell, WA).  

MRI acquisition 

All patients underwent CMR scans on a 1.5T (n = 127) or 3T (n = 29) system (Magnetom 

Avanto, Aera, or Skyra, Siemens Medical Systems, Erlangen, Germany). The CMR protocol 

included ECG-gated time-resolved 2D balanced steady state free precession (bSSFP) in the long 

and short axis planes, with full coverage of LV and 2D cine-PC MRI (velocity encoding, 140–500 

cm/s) at the tip and below the AV for the quantification of peak velocities and regurgitant fraction. 

In addition, T1-mapping using a modified Look-Locker inversion recovery (MOLLI) technique 

was performed as previously described [12]. MOLLI images were acquired before and 10–25 

minutes after contrast administration in the analysis plane set for the basal, mid, and apical LV. 

Gadobutrol (Bayer, Whippany, NJ) dose was 0.2 mmol/kg (glomerular filtration rate (GFR) ≥60 

ml/min/1.73 m2, n = 136) or 0.1 mmol/kg (GFR 30–59 ml/min/1.73 m2, n = 20). Imaging 

reconstruction included inline motion correction of the MOLLI images with different inversion 

times and calculation of parametric LV T1-maps. T1-mapping parameters were as follows: spatial 

resolution (SR), 1.4–1.7 × 1.4–1.7 mm; slice thickness (SLT), 8 mm; echo time, 1.0–1.1 msec; 

repetition time, 2.7–4.1 msec; and flip angle, 35º. For the detection of the myocardial scar, late 

gadolinium enhancement (LGE), true fast imaging with SSFP (SR, 2.2 × 2.2 mm; SLT, 6 mm), 

and Turbo-fast low-angle shot (SR, 1.5 ×1.5 mm; SLT, 6 mm) images in short axis covering the 

whole LV were used.  
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MRI data analysis 

The AV morphology was assessed using cine-bSSFP and 2D cine-PC MRI. The existence 

of linear LGE at the LV mid-wall (LGE-LVMW), LGE at the right ventricular insertion point 

(LGE-RVIP), LGE at locations other than the right ventricular insertion point or the mid-wall of 

the left ventricle (LGE-other), and LGE in the overall LV (LGE-overall) were visually evaluated. 

Cine-bSSFP images in a short-axis orientation covering the entire LV were used to calculate the 

global cardiac volume and function. Epi- and endo-cardiac contours were delineated manually 

from the base to the apex at the end-diastolic and end-systolic phases. The papillary muscles were 

considered part of the LV cavity. LV end-diastolic and end-systolic volume indices (LVEDVi and 

LVESVi), stroke volume index (LVSVi), mass index (LVMi), ejection fraction (LVEF), cardiac 

index (CI), and LV mass/LVEDV ratio (LVM/EDV) were calculated using CVI42 (V5.3, Circle 

Cardiovascular Imaging, Calgary, Canada).  

Epi- and endo-cardiac contours and regions of interest in the LV blood pool were 

delineated in the base, mid, and apical LV for both pre- and post-contrast T1-mapping using CVI42. 

Pre- and post-contrast regional T1 values based on the AHA 16-segment model and blood pool T1 

values were quantified, and regional ECV was computed using the patients’ hematocrit values 

collected at the time of the CMR examination using the following equation: ECV= (Δ[1/T1myo] 

/ Δ[1/T1blood]) × (1-hematocrit) [11]. The global ECV was calculated as the average of the 

regional ECVs. To detect diffuse fibrosis associated with BAV, regions with LGE-LVMW (19 

patients, 56 segments) were included in the global ECV calculation, because they represent diffuse 

fibrosis[16], whereas regions with LGE-RVIP [17] and LGE-other were excluded. 
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Image analysis was performed by one physician (AAR) and repeated by another physician 

(KS) in 30 patients to assess inter-observer variability. Both physicians have more than 5 years of 

experience in CMR image post processing and were blinded to each other’s results. 

Statistical analysis 

The Kolmogorov-Smirnov test was used to assess the assumption of a normal distribution. 

Continuous variables were compared using one-way analysis of variance (normal distribution) or 

the Kruskal-Wallis test (non-normal distribution). If these tests determined that a difference was 

significant, multiple comparisons for all groups were performed using the Tukey test (normal 

distribution) or the Scheffe test (non-normal distribution). Categorical variables were compared 

using the Chi-squared test or Fisher’s exact test for expected sample numbers of less than 5. 

Correlation analyses were performed using Pearson’s (r) test for normally distributed data or 

Spearman’s (rs) test for non-normally distributed data to test for associations between ECG, TTE, 

and CMR parameters. Receiver operating characteristic (ROC) analyses were performed for the 

prediction of AV dysfunction and subsequent LVH in patients with BAV. Inter-observer 

variability was evaluated using the intraclass correlation coefficient (ICC). An ICC value above 

0.8 was considered excellent agreement. Statistical significance was set at p < 0.05. Statistical 

analyses were performed using SPSS (V17.0, IBM, Armonk, NY, USA).    
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Results 

Patient characteristics 

BAV-ASR comprised one patient with severe AS and severe AR, five patients with severe 

AS and moderate AR, one patient with moderate AS and Severe AR, and four patients with 

moderate AS and moderate AR. BAV-AS comprised 19 patients with severe AS and 11 patients 

with moderate AS. BAV-AR comprised six patients with severe AR and 21 patients with moderate 

AR. Twelve patients with TAV presented with mild AR. Sievers classification of BAV [18] 

included six patients with type 0, seventy-five patients with type 1, three patients with type 2, and 

two patients who could not be classified into any class. As summarized in Table 1, hypertension 

demonstrated a trend towards a higher incidence in TAV patients than in BAV patients. Images of 

the CMR, ECG, and TTE in the representative BAV subgroup are shown in Figure 2.  

ECG and TTE characteristics 

As summarized in Table 2, there was no difference in ECG and TTE parameters between 

patients with BAV-no_AS/AR and those with TAV-no_AS/AR. The Sokolow-Lyon product was 

significantly greater in patients with BAV-ASR and BAV-AR than in those with BAV-no_AS/AR 

(269 ± 80 mVms and 266 ± 129 mVms vs. 183 ± 68 mVms, p = 0.02 and p = 0.001, respectively). 

Cornell product was significantly higher in patients with BAV-AS than in those with BAV-

no_AS/AR (197 ± 136 mVms vs. 133 ± 65 mVms, p = 0.04). e’ was significantly decreased and 

E/e’ was significantly increased in patients with BAV-AS compared with patients with BAV-

no_AS/AR (e’: 7.01 ± 1.87 cm/s vs. 8.73 ± 2.31 cm/s, respectively, p = 0.04, E/e’: 14.4 ± 5.5 vs. 

9.9 ± 3.8, respectively, p < 0.001).  

LGE, Global LV volumetric characteristics and ECV by CMR  
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As summarized in Table 3, the overall prevalence of LGE-overall in patients with BAV 

was more than half the prevalence in patients with AS (55% in BAV-ASR, 50% in BAV-AS) but 

less than 20% in patients without AS (21% in BAV-AR, 17% in BAV-no_AS/AR) (p = 0.008). 

There were no differences between the subgroups in terms of LGE-RVIP (p = 0.22) and LGE-

LVMW (p = 0.40). However, there was a significant difference (p = 0.001) in LGE-others between 

the subgroups.  

There were no differences in global LV volume, function parameters, and ECV between 

patients with BAV-no_AS/AR and those with TAV-no_AS/AR. However, LVEDVi, LVSVi, and 

LVMi were significantly higher in patients with BAV-ASR and BAV-AR than in those with BAV-

no_AS/AR (LVEDVi: 101 ± 29 ml/m2 and 112 ± 32 ml/m2 vs. 74 ± 15 ml/m2, p = 0.005 and p < 

0.001, LVSVi: 60 ± 13 ml/m2 and 66 ± 17 ml/m2 vs. 46 ± 10 ml/m2, p = 0.003 and p < 0.001, 

LVMi: 75 ± 7 g/m2 and 64 ± 14 g/m2 vs. 47 ± 9 g/m2, respectively, p < 0.001). In patients with 

BAV-AS, LVMi and LVM/EDV exhibited a significant increase compared with patients with 

BAV-no_AS/AR (LVMi; 57 ± 15 g/m2 vs. 47 ± 9 g/m2, p = 0.003, LVM/EDV; 0.82 ± 0.26 g/ml 

vs. 0.66 ± 0.18 g/ml, p = 0.004). ECV demonstrated no differences between the BAV subgroups.  

Inter-observer variabilities were excellent for LVEDVi (ICC, 0.99; 95% confidence 

interval (CI), 0.99-1.00), LVESVi (ICC, 1.00; 95% CI, 0.99-1.00), SVi (ICC, 0.99; 95% CI, 0.98-

1.00), EF (ICC, 0.99; 95% CI, 0.97-0.99), C.I. (ICC, 0.99; 95% CI, 0.97-1.00), LVMi (ICC, 0.98; 

95% CI, 0.95-0.99) and ECV (ICC, 0.98; 95% CI, 0.95–0.99).  

Correlation between ECG, TTE, and CMR parameters 

As summarized in Figure 3a, 3b, 3e, and 3f, moderate positive correlations were found 

between the global LV function parameters (LVEDVi and LVMi) and Sokolow-Lyon parameters 

(Sokolow-Lyon voltage and product) (rs = 0.47–0.50; p < 0.001). Mild or moderate positive 
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correlations were detected between the LV function parameters (LVEDVi and LVMi) and Cornell 

parameters (Cornell voltage and product) (rs = 0.19–0.40; p = 0.001–0.047) (Figure 3c, 3d, 3g, and 

3h). e’ showed a mild positive correlation with LVSVi (rs = 0.35, p < 0.001, Figure 4a) and a mild 

negative correlation with LVM/EDV (rs = -0.36, p < 0.001, Figure 4b). Finally, ECV and LVMi 

showed moderate negative correlations with BAV-no_AS/AR (rs = -0.38, p = 0.009) and TAV-

no_AS/AR (rs = -0.43, p = 0.009) (Figure 5). 

ROC analysis for the prediction of AV dysfunction and LVH 

For the prediction of severe AS by LVMi, ROC analysis showed an area under the curve 

(AUC) of 0.696 (p = 0.006) (Figure 6a). The sensitivity and specificity were 0.80 and 0.56, 

respectively, with a cutoff of ≥ 53 g/m2. ROC analysis for the detection of severe AR by LVMi 

showed an AUC of 0.861 (p = 0.015) (Figure 6b). The sensitivity and specificity were 1.0 and 0.69, 

respectively, with a cutoff of ≥ 59.6 g/m2. Using these cutoff values for LVMi, we diagnosed LVH 

for severe AS (AS_LVH) and severe AR (AR_LVH). For the prediction of AS_LVH, the AUC 

was 0.737 (p < 0.0001) by Sokolow-Lyon product (Figure 6c) and 0.687 (p < 0.0001) by Cornell 

product (Figure 6d). For the prediction of AR_LVH, the AUC was 0.754 (p < 0.0001) by Sokolow-

Lyon product (Figure 6e) and 0.690 (p < 0.001) by Cornell product (Figure 6f). The cutoff values, 

sensitivity, and specificity are summarized in Table 4.   
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Discussion 

In this study, we found that patients with BAV without AV dysfunction demonstrated no 

signs of LV remodeling. However, comparisons between subgroups in BAV, ECG, and TTE 

parameters could detect LV remodeling in patients with AV dysfunction. CMR revealed LV 

remodeling by altered volumetric parameters in patients with AV dysfunction, but no difference 

in ECV between BAV subgroups.  

Our findings suggest that LV remodeling in BAV may not occur without AV dysfunction. 

Global volumetric remodeling, such as LV hypertrophy and/or dilatation, may develop after the 

prominent initiation of AS and/or AR, and can be detected using ECG metrics. LGE-overall was 

the highest in patients with AS. Nevertheless, there was no difference in ECV between the 

subgroups in terms of AV dysfunction. This difference may be secondary to separate techniques: 

ECV was calculated in three short-axis slices of the LV, whereas LGE was assessed in short-axis 

slices covering the entire LV. 

LVEDVi was increased in AR, while LVM/EDV was elevated in AS in our study, 

supporting concentric LVH in AS and eccentric LVH in AR [19, 20]. Our comparison between 

BAV and TAV in patients without AS or AR revealed no differences in LVEDVi. In a previous 

study by Grotenhuis et al. [20], patients with non-stenotic BAV with trace or no AR demonstrated 

normal LVEDV, supporting our results. As reported in a previous paper [21], the global LV 

volume and function findings suggest that volumetric remodeling in BAV is most likely caused 

by concomitant AV dysfunction, rather than by BAV itself. 

Konno et al. [22] reported that Sokolow-Lyon and Cornell voltage demonstrated a positive 

correlation with LV mass in patients with hypertrophic cardiomyopathy, and our patients with 
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BAV and TAV also demonstrated a positive correlation between global LV function parameters 

and QRS voltage parameters. 

In two studies [23, 24] without a clear description of the AV type, myocardial fibrosis was 

established pathologically as a key process driving the progression from hypertrophy to heart 

failure in patients with AS and AR. In previous studies, a higher incidence of mid-wall LGE was 

observed in patients with AS and positively associated with LV wall thickness [13, 25] and post-

operative mortality [26]. In another study of patients with AR, histological fibrosis in the LV was 

strongly correlated with LGE and was related to prognosis after surgery [27]. 

Previous studies have revealed inconsistent results regarding the relationship between AS 

and ECV. Studies have shown elevated ECV in AS compared to controls [10, 14], no difference 

in ECV between AS and controls [15], and no difference in ECV among different degrees of AS 

[13]. Sparrow et al. [28] used T1-mapping to evaluate diffuse LV fibrosis in patients with AR. 

However, no studies have examined the relationship between ECV and AR. In our study of patients 

with BAV, the ECV of patients with BAV-ASR, -AS, and -AR was similar to the ECV of patients 

with no_AS/AR. This pattern was not observed for macroscopic scarring as determined by LGE, 

as patients with AS demonstrated a higher prevalence of LGE. This discordance may be due to 

technical differences, that is, LGE highlighted the region with the most severe fibrosis, whereas 

ECV quantified the average value across the entire LV. Interestingly, in a recent study by Inoue et 

al. [29], ECV was negatively correlated with Sokolow-Lyon and Cornell voltages in patients 

without marked LVH. As shown in Figure 5, ECV and LVMi showed a negative correlation in 

BAV-no_AS/AR and TAV-no_AS/AR, while there was a trend towards a positive correlation in 

BAV with AV dysfunction (r = 0.24, p = 0.059), resulting in no significant correlation in the overall 

cohort. It has been speculated that ECV in patients with AV dysfunction may be associated with 
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an increase in LVMi. However, etiologies other than AV disease may mask the positive correlation 

between LVMi and ECV in the entire BAV cohort. In summary, the assessment of LV fibrosis in 

BAV using ECV may not supersede LGE.  

This study has several limitations. All the patients enrolled in this study had a peculiar 

background, in that they had symptoms that needed to be referred for CMR evaluation. Regarding 

this background, TAV-no_AS/AR exhibited a relatively large number of LGE images. 

Nevertheless, the ECV value in TAV-no_AS/AR seemed to be acceptable for normal controls. The 

sample size of patients with BAV-ASR was too small to show statistical significance. 

Demographic differences between the subgroups included a higher percentage of males in the 

BAV-ASR and BAV-AR subgroups, although this difference was not significant. An older age in 

the BAV-AS subgroup was also observed, which may be reflected by the nature of AS. The 

retrospective nature of the study limited the assessment of the causality between AV dysfunction 

and ECV elevation. This study lacked TAV subgroups with AS and AR to elucidate the differences 

in LV remodeling between BAV and TAV, independent of the severity of AV dysfunction. Finally, 

no routine assessment was performed for mitral regurgitation using TTE, which is known to affect 

e’ and E/e’ values; however, no patient with moderate or severe mitral regurgitation by CMR was 

included in the study.  

In conclusion, this study aimed to clarify the LV remodeling that occurs in patients with 

BAV, as assessed by ECG, TTE, and CMR. Morphological and functional LV remodeling were 

associated with AV dysfunction in patients with BAV, rather than this being a consequence of 

BAV alone, while microscopic fibrosis by ECV was associated with neither AV dysfunction nor 

BAV itself. Larger prospective longitudinal cohort studies quantifying ECV, LV function, and 
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LGE in subgroups and the severity of AV dysfunction are warranted to further elucidate the 

association between BAV and LV remodeling.  
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Table 1. Patients’ characteristics  

 BAV TAV 

 ASR 

(n = 11) 

AS 

(n = 30) 

AR 

(n = 28) 

no_AS/AR 

(n = 47) 

All BAV 

(n = 116) 

no_AS/AR 

(n = 40) 

Age, years 55 ± 12 61 ± 10*† 46 ± 14‡ 48 ± 14 51 ± 14 56 ± 16 

Male, n (%)  11 (100) 20 (67) 25 (89) 27 (57) 83 (72) 32 (80) 

BSA, m2 2.02 ± 0.13 2.00 ± 0.23 2.13 ± 0.26 2.03 ± 0.24 2.04 ± 0.24 2.07 ± 0.20 

Hypertension, n (%) 3 (27) 9 (30) 6 (21) 13 (28) 31 (27)  18 (45) 

Smoking, n (%) 5 (46) 11 (37) 5 (18) 14 (30) 35 (30)  11(28) 

Medications       

 Beta blockers, n (%) 7 (64) 18 (60) 12 (43) 15 (32) 49 (42) 24 (60) 

 ACE-Is, n (%) 2 (18) 5 (17) 3 (11) 4 (9) 14 (12) 9 (23) 

 ARBs, n (%) 3 (27) 5 (17) 13 (46) 14 (30) 35 (30) 16 (40) 

 CCBs, n (%) 0 (0) 3 (10) 3 (11) 2 (4) 8 (7) 6 (15) 

 Aspirin, n (%) 5 (45) 18 (60) 10 (36) 13 (28) 46 (40) 13 (33) 

 

ACE-Is, angiotensin converting enzyme inhibitors; ARBs, angiotensin II receptor blockers; AR, 

aortic regurgitation; AS, aortic stenosis; ASR, aortic stenosis and regurgitation; BAV, bicuspid 

aortic valve; BSA, body surface area; CCBs, calcium channel blockers; CMR, cardiac magnetic 

resonance; no_AS/AR, neither AS nor AR; TAV, trileaflet aortic valve. Data are presented as 

mean ± SD, n (%). * p < 0.05, compared to BAV-AR; † p < 0.05, compared to BAV-no_AS/AR; ‡ 

p < 0.05, compared to TAV-control.   
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Table 2. ECG and TTE characteristics between subgroups in BAV according to AS and/or 

AR and TAV  

 BAV TAV 

 ASR 

(n = 11) 

AS 

(n = 30) 

AR 

(n = 28) 

no_AS/AR 

(n = 47) 

no_AS/AR 

(n = 40) 

ECG      

QRS, ms 105 ± 17 94±19 96±12 93±13 96±12 

Sokolow-Lyon voltage, mV 2.58 ± 0.76 2.01 ± 0.73 2.75 ± 1.23*‡§ 1.96 ± 0.65 1.92 ± 0.74 

Sokolow-Lyon product, mVms 269 ± 80*‡§ 186 ± 67 266 ± 129*‡§ 183 ± 68 183 ± 70 

Cornell voltage, mV 2.11 ± 0.63 2.05 ± 1.10 1.84 ± 0.65 1.51 ± 0.63 1.50 ± 0.77 

Cornell product, mVms 219 ± 84 197 ± 136‡ 177 ± 65 133 ± 65 141 ± 82 

TTE      

e’, cm/s 6.47 ± 0.79† 7.01 ± 1.87†‡ 9.25 ± 2.85 8.73 ± 2.31 7.97 ± 3.09 

E/e’ 12.3 ± 3.8 14.4 ± 5.5†‡§ 9.8 ± 3.8 9.9 ± 3.8 10.2 ± 3.7 

 

AR, aortic regurgitation; AS, aortic stenosis; ASR, aortic stenosis and regurgitation; BAV, 

bicuspid aortic valve; e’, early diastolic peak tissue velocity at the ventricular septum; E/e’, early 

diastolic peak velocity of LV inflow divided by e’, no_AS/AR: neither AS nor AR, TAV: trileaflet 

aortic valve. Data are presented as mean ± SD, n (%). *: p < 0.05 compared to BAV-AS, †: p < 

0.05 compared to BAV-AR, ‡: p < 0.05, compared to BAV-no_AS/AR. § p < 0.05, compared to 

TAV-no_AS/AR.   
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Table 3. CMR characteristics compared between subgroups in BAV according to AS and/or 

AR and TAV 

 BAV TAV 

 ASR 

(n = 11) 

AS 

(n = 30) 

AR 

(n = 28) 

no_AS/AR 

(n = 47) 

no_AS/AR 

(n = 40) 

LGE-overall, n (%) 6 (55) 15 (50) 6 (21) 8 (17) 11 (28) 

LGE-RVIP, n (%) 1 (10) 7 (23)  3 (11) 3 (6) 3 (8) 

LGE-LVMW, n (%) 2 (18) 9 (30) 3 (11) 7 (15) 7 (18) 

LGE-other, n (%) 4 (36) 2 (7) 0 (0) 1 (2) 1 (5) 

LVEDVi, ml/m2 101 ± 29*‡§ 70 ± 18 112 ± 32*‡§ 74 ± 15 74 ± 12 

LVESVi, ml/m2 41 ± 22*‡§ 25 ± 10 45 ± 17*†‡ 28 ± 8 28 ± 9 

LVSVi, ml/m2 60 ± 13*‡§ 45 ± 11 66 ± 17*‡§ 46 ± 10 46 ± 8 

LVMi, g/m2 75 ± 7*‡§ 57 ± 15‡ 64 ± 14‡§ 47 ± 9 50 ± 10 

LVEF, % 61 ± 12 66 ± 8 62 ± 6 62 ± 6 62 ± 8 

CI, l/min/m2 4.1 ± 0.6*‡§ 2.9 ± 0.7 4.1 ± 1.1*‡§ 3.0 ± 0.6 3.0 ± 0.6 

LVM/EDV, g/ml 0.79 ± 0.19† 0.82 ± 0.26†‡ 0.59 ± 0.15 0.66 ± 0.18 0.69 ± 0.15 

ECV, % 26.2 ± 3.5 25.6 ± 2.6 25.8 ± 3.4 25.2 ± 2.6 24.6 ± 2.3 

 

AR: aortic regurgitation, AS: aortic stenosis, ASR: aortic stenosis and regurgitation, BAV: 

bicuspid aortic valve, LVEF: left ventricular ejection fraction, ECV: gadolinium extracellular 

volume fraction, CI: cardiac index, LGE: late gadolinium enhancement, LGE-LVMW: LGE in the 

left ventricular mid-wall, LGE-RVIP: LGE in the RV insertion point, LGE-other: LGE other than 

that in RVIP and LVMW; LVEDVi: left ventricular end diastolic volume index; LVESVi: left 
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ventricular end systolic volume index; LVSVi: left ventricular stroke volume index; LVMi: left 

ventricular mass index; no_AS/AR: neither AS nor AR; TAV: trileaflet aortic valve. Data are 

presented as mean ± SD, n (%).  *: p <0.05 compared to BAV-AS, †: p < 0.05 compared to BAV-

AR, ‡: p < 0.05, compared to BAV-no_AS/AR. § p < 0.05, compared to TAV-no_AS/AR.  
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Table 4. Diagnostic accuracy for the prediction of AS_LVH and AR_LVH. 

  Cutoff, mVms Sensitivity Specificity 

AS_LVH Sokolow-Lyon product ≥ 216.1 0.644 0.841 

Cornell product ≥ 176.2 0.544 0.770 

AR_LVH Sokolow-Lyon product ≥ 213.6 0.756 0.744 

Cornell-product ≥ 205.9 0.462 0.873 
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Figure legends  

Fig. 1 Flow chart of patient recruitment 

CMR including T1-mapping was performed in 120 patients with BAV who met the inclusion 

criteria. After the exclusion of four patients, 116 patients were assessed for AS and AR using CMR, 

and were classified into four subgroups: BAV-ASR, n=11; BAV-AS, n=30; BAV-AR, n=28; and 

BAV-no_AS/AR, n=47. Patients with TAV without AV dysfunction (n=40) were recruited as 

controls.   

 

Fig. 2 CMR, ECG, and TTE images in representative BAV subgroups  

Images are cine-bSSFP images in 4-chamber view (a, e, i, m), ECV map (b, f, j, n), ECG (c, g, k, 

o), and TTE (d, h, l, p). a-d: A patient with BAV-ASR. e-h: A patient with BAV-AS. i-l: A patient 

with BAV-AR. m-p: A patient with BAV-no_AS/AR. 

 

Fig. 3 Correlations between QRS voltage parameters by ECG and LVEDVi (a, b, c, d) or LVMi 

(e, f, g, h).  

 

Fig. 4 Correlations between e’ and LVSVi (a) and LVM/EDV (b). 

 

Fig. 5 Correlations between ECV and LVMi in each subgroup. 

 

Fig. 6 ROC analysis for the prediction of severe AS (a) and severe AR (b) by LVMi, prediction 

of AS_LVH by Sokolow-Lyon product (c) and Cornell product (d), and prediction of AR_LVH 

by Sokolow-Lyon product (e) and Cornell product (f) 
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