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Background : The pathophysiology of severe paradoxical low gradient (PLG) aortic stenosis (AS) is controversial. It has been suggested to be associated with alteration of longitudinal function, higher left ventricular mass [LVM] and higher degree of interstitial fibrosis [IF]. The present study aimed to characterize structural and functional remodeling in aortic stenosis according their area-gradient patterns and determine if PLG-SAS represents a more advanced stage of the disease.
Methods: 147 patients (pts) with moderate-to-severe AS and a normal LV ejection fraction (all free of coronary artery disease ???) and 75 normal control subjects were prospectively included in the study. Among AS pts 18 had moderate AS, 74 severe high gradient AS (HG-AS), and 58 severe PLG-AS, including 22 with low flow (LF) and 33 with normal flow (NF). All subjects underwent 2D-speckle tracking echocardiography and cardiac magnetic resonance (cMR). Cardiac function was evaluated by using end-systolic stress (ESWS) - strain relationships. Normal stress-strain relationships were constructed using normal control’s data and fitted to a linear regression. End-systolic stress-strain indices [SSI] (the number of standard deviation from the mean regression line) were used as an afterload-independent index of myocardial function. IF was measured as extravascular volume fraction [ECV, %] using cMR and MOLLI. Given its age- and gender-dependency, ECV was adjusted for both of these confounders (adjusted ECV).
Results: Severe HG-AS was more often associated with concentric LV hypertrophy [LVH] than the other groups (figure 1). Longitudinal (-0.5±1.9 in moderate AS, -0.9±1.8 in NFPLG-SAS, -1.8± 1.2 in LFPLG-SAS, -2±2.1 in HG-SAS, p= 0.003) and circumferential SSIs (1.3±3.7 in moderate AS, 0.3±3 in NFPLG-SAS, -0.6±2.3 in LFPLG-SAS, -0.6± 3 in HG-SAS, p= 0.014) were also lower in severe HG-AS than in the other groups. By contrast, no significant differences in ECV and adjusted-ECV were observed among the different AS groups. By multivariate analysis, the presence of severe HG-SAS and adjusted-ECV were the only predictors of altered longitudinal and circumferential SSIs (ß=1.15, p=0.009, β=-0.09, p=0.045 and β=1.61, p=0.045, β=-0.12, p=0.021, respectively). Similarly, reduced longitudinal SSI was the sole independent predictor of an increased age- and gender adjusted ECV (ß=10, p<0.001).
Conclusions: Our data show that, compared to pts with moderate AS or severe PLG AS, pts with severe HG-AS display lower longitudinal and circumferential function, more concentric LV hypertrophy and higher LV mass. Our data also show that interstitial fibrosis is only present when reduced myocardial deformation and severe HG-AS are present together.


Abbreviations

AS: aortic stenosis
AVA: aortic valve area
AVR: aortic valve replacement
GSC: global circumferential strain
GLS: global longitudinal strain
IF : interstitial fibrosis
LVEF: left ventricular ejection fraction
LVESD: left ventricular end-systolic dimensions
NYHA: New York Heart Association



























INTRODUCTION

Assessing the true severity of aortic stenosis remains a complex clinical challenge. According to current guidelines,1,2 severe AS can be defined as an aortic valve area (AVA) < 1 cm² (or indexed AVA < 0.6 cm²/m²), and/or a mean transaortic pressure gradient (MPG) > 40 mmHg and/or a peak aortic jet velocity (Vmax) > 4 m/s. Although hydraulic equations predict that at physiological flow rates, all these parameters should provide concordant results, the clinical reality is quite different. Retrospective studies have indeed indicated that in up to 50% of patients presenting with an AVA < 1 cm², physicians are confronted with lower than expected mean transvalvular gradients, even in the presence of a preserved left ventricular ejection fraction (LVEF).3,4 To differentiate this new form of severe AS from the classical “low flow (LF) - low gradient” (LG) form seen in patients with LV dysfunction, the term “paradoxical LG-AS” was recently proposed.5

Since its first description, severe paradoxical LG-AS has been at the core of an intense debate. On the one hand, some investigators consider that this form of AS represents a more advanced stage of the disease, arguing that it is associated with a greater reduction in longitudinal function,6 more myocardial fibrosis,7 more concentric LV remodeling 8 and a worse spontaneous and post-operative outcomes.9,10 On the other hand, other researchers believe that patients presenting with this pattern suffer from a less severe form of AS.11-13 

In an attempt to solve this controversy, we prospectively compared LV systolic function, LV remodeling and myocardial ultrastructure in consecutive patients with severe AS, normal LVEF and different gradient-area patterns.

METHODS

Study Population. The study population consisted of 147 consecutive patients with moderate-to-severe AS and a normal LVEF who were prospectively recruited between January 2014 and March 2017. Of these, 17 were considered to have moderate aortic stenosis (AS), 74 severe high-gradient (HG) AS and 55 severe paradoxical LG-AS. Patients with severe paradoxical LG-AS were further stratified into groups with normal (NF, n=32) and low (LF, n=22) transvalvular flow, as previously described. Patients with ≥ moderate aortic regurgitation or mitral valve disease, a prior history of heart valve surgery or significant coronary artery disease, defined as prior myocardial infarction, or coronary stenosis > 50% at coronary angiography, were not considered for inclusion into the study. The study protocol was approved by our Internal Review Board (2014/21NOV/560). and written informed consent was obtained from all patients 

Seventy-five healthy volunteers were recruited by advertisement in the local community in order to construct normal end-systolic stress-strain relationships and to define normal ranges of age- and gender adjusted extracellular volumes (ECV) IRB (2014/17NOV/557) as previously described (Roy et al JCMR). All were considered to be normal by history, physical examination, 2-D and Doppler echocardiography, as well as resting and exercise electrocardiograms. None of the subjects was taking cardiovascular drugs at the time of the study and all were in sinus rhythm. 

Doppler Echocardiography. Echocardiographic data were obtained by use of an IE33 echocardiographic system (Philips Medical Systems, Andover, Massachusetts, USA) equipped with a X5-1 1/5-MHz phased-array transducer. All subjects underwent a comprehensive resting examination, including 2-dimensional echocardiography, as well as Doppler examinations. Experienced cardiologists conducted all tests.

Echocardiographic data analysis. The AVA was calculated by use of the continuity equation, as previously recommended.14 Mean transvalvular flow rates were calculated by dividing stroke volume by the LV ejection time. LV volumes and LV ejection fraction were calculated by use of the biplane Simpson method, whereas LV mass was calculated according to Devereux et al.15 



Global longitudinal (GLS) and circumferential (GCS) strain were computed using a dedicated strain analysis software (Tomtec, Philips Medical Systems, Andover, Massachusetts, USA), as previously described.16 Myocardial strain was computed on 2D grayscale harmonic images acquired in the 3 standard apical views (2-, 3- and 4-chamber) and the left parasternal short axis view (at mid-ventricular level) at a frame rate of 55-60 frames/s during breath-hold (3 heartbeats each). Care was taken to avoid foreshortening in apical views.
 In addition to these ejection phase indices, end-systolic meridional wall stress (ESWS) was also computed. End-systolic stress-strain relationships were then constructed by plotting GLS or GSC against ESWS in both healthy controls and patients with severe AS.16 The relationships obtained in healthy controls were fitted to a simple linear regression. The regression lines and their 95% confidence interval were used to define the normal range of myocardial strains over a broad range of afterload conditions and to calculate end-systolic stress-strain indices (the number of standard deviation from the mean regression line), which were used as an afterload-independent index of myocardial function.

Morphological tissue analysis. At the time of AVR, 2-4 transmural myocardial biopsies, weighing approximately 25-75 mg each, were harvested from the anterior wall, between the first and second diagonal branches, as previously described.17 Samples were immediately fixed in 10% buffered formalin, embedded in paraffin, sectioned, and stained with picrosirius red.18 Stained sections were digitized with a SCN400 slide scanner (Leica Biosystems, Wetzlar, Germany). Quantification was performed using the TissueIA software (Leica Biosystems, Dublin, Ireland). After elimination of artifacts and perivascular fibrosis, the area occupied by interstitial fibrosis was expressed as percentage of the total myocardial area. Four different histological slices were analyzed per patient.

Cardiac MR. cMR was performed using a 3 Tesla system (Ingenia, Philips Healthcare, Best, the Netherlands). cMR images were anonymized and analyzed by an experienced observer blinded to clinical data. Cine bSSFP CMR images were analyzed using the freely automated software Segment v1.9 (http://segment.heiberg.se). The LV endocardial and epicardial borders were automatically contoured on all phases of the left ventricle, with manual adjustments when needed. LV end-diastolic and end-systolic volumes were calculated using the summation of discs method. The first image of the cardiac cycle was considered to be end-diastolic whereas the smallest volume of the LV curve was considered to correspond to end-systolic volume. LV mass was computed assuming a myocardial density of 1.06 and excluding papillary muscles. The LV mass/volume ratio (M/V) was calculated by dividing the LV mass by the LV end-diastolic volume. 

According Kawel et al.,19 AS patients were categorized into 4 pre-defined LV remodeling patterns based on indexed LV mass index, indexed LV end-diastolic volume and LV mass/volume ratio: 1) normal ventricular structure (normal LV mass and normal LV mass/volume ratio); 2) concentric remodeling (increased LV mass and normal LV mass/volume ratio); 3) concentric hypertrophy (increased LV mass and increased LV mass/volume ratio); 4) eccentric hypertrophy (increased LV mass, increased LV end-diastolic volume and normal LV mass/volume ratio). 
T1 mapping and late Gadolinium enhancement imaging. For T1 determination, mid-ventricular short axis Modified look locker (MOLLI) images were acquired using an 11 image, 18 heart-beat 3-(3)-3-(3)-5 SSFP sequence, as previously described (Roy et al). A total dose of 0.1 mmol/kg gadobutrol (Gadovist, Schering) was then injected in a 2 phase protocol. Ten to 15 minutes after contrast injection, short- and long-axis 2D inversion recovery LGE images were acquired with an inversion-recovery gradient-echo imaging sequence to evaluate focal myocardial fibrosis. Finally, post-contrast (15 minutes post contrast) MOLLI T1 mapping was repeated in identical prescription to pre-contrast T1 mapping.
Late Gadolinium enhanced (LGE) cMR short axis images were analyzed using the freely available Segment v1.9 software (http://www.medviso.com/ products/segment) with a fully automated method validated in an animal model of experimental myocardial infarction.20 The method automatically computes mean and standard deviation of signal intensity in 5 sectors per slice. The region with the lowest mean signal intensity was considered as ‘remote’ myocardium. LGE regions were considered when signal intensity was > 4.7 SD of remote, after correction for partial volume effects. Isolated LGE regions < 1.5 ml, unless being >1 % of LV volume or being the largest LGE area in the image volume were deducted. 
Pre and post-contrast MOLLI images were processed using the open-source software MRmap v1.4 under IDL.21 Images were corrected for respiratory motion when needed. T1 maps were generated by fitting pixels to the equation s(t) = a – b exp (t/T1*), and T1 = T1*((b/a-1), where a and b are constants, t is time and s(t) signal intensity at time t. The generated pre- and postcontrast T1 maps were stored in DICOM format and imported into the Osirix software (Pixmeo; Switzerland; version 5.8). Pre and post contrast blood T1 times were measured on a region of interest manually drawn in the center of the blood pool. To evaluate the influence of segmental heterogeneity on measurements, we measured pre and post myocardial T1 times, in 6 different regions of the myocardium (anterior-, anterolateral, inferolateral, inferior, inferoseptal, anterosepal). The partition coefficient lambda (λ) and ECV were computed as (1 - hematocrit) ∙ λ, where λ = (1/postcontrast T1myoc - 1/precontrast T1myoc) / (1/postcontrast T1blood - 1/precontrast T1blood). Hematocrit was measured on the day as the CMR study. As ECV is age and gender dependent, we constructed gender specific ECV-age relationships using the data of the normal controls (Slimani et al JACC Im 2019). The relationships were fitted to a simple linear regression. The regression lines and their 95% confidence interval were used to define the normal range of ECV in both males and females and to calculate age- and gender adjusted ECV (Roy et al JCMR 2018). For this purpose, the vertical distance between the mean regression line and individual ECV/age datapoints was calculated and expressed as number of standard deviations from the regression line.
Statistical analysis. All analyses were performed using the SPSS version 25.0 for Windows (SPSS inc., Chicago, IL). Continuous variables were expressed as mean ± one standard deviation (SD) and categorical variables as counts and percentages. Data were tested for normality using the Kolmogorov-Smirnov test. Data were compared using a one-way analysis of variance, using the Bonferroni test for post-hoc analyses. All tests were two-sided. P values less than 0.05 were considered indicative of a statistically significant difference. Forward stepwise multiple regression analysis was used to assess potentially independent correlates of SSIs and ECV. 

RESULTS
 
Baseline clinical, hemodynamic, echocardiographic and cMR characteristics. The clinical, demographic, echocardiographic and cMR characteristics of the study population are shown in Tables 1, 2 and 3. On average, patients with severe HG-AS were younger, whereas those with severe paradoxical NF-LG-AS were more often females. Patients with severe paradoxical LF-LG-AS were more often in atrial fibrillation than the other groups. Patients with severe AS had less hypertension while patients with moderate AS were less often smokers.


End-systolic stress-strain relationships in patients with severe AS and normal ejection fraction. Figures 1A and 1B show the distribution of individual end-systolic stress-strain data points of AS patients in relation according to their gradient-area pattern. As illustrated, most individual longitudinal end-systolic stress-strain data points of patients with either moderate AS or severe paradoxical LG-AS were within 2 standard deviation of normal. By contrast, in patients with severe HG-AS, a significant parallel downward shift of the end-systolic stress-strain relationship was observed, with approximately on third of the individual end-systolic stress-strain data points being below 2 standard deviations of normal.  For GCS, all but 12 individual end-systolic stress-strain data points were found within the normal range, irrespective of the severity of AS or the gradient-area pattern. Patients whose end-systolic stress-strain data points were below 2 standard deviations of normal exhibited lower LV ejection fraction and displayed higher ECVs and age- and gender adjusted ECVs. Patients with reduced global longitudinal stress-strain index (GLSSI) also had larger LV mass.

cMR patterns of left ventricular remodeling in patients with severe AS and normal ejection fraction. All of the 75 normal subjects had both normal left ventricular mass by gender-specific criteria and normal LV mass/volume ratio. Of the 147 patients with moderate-to-severe AS, 75 (51%) also had a LV mass and a LV mass/volume ratio within normal limits. 24 patients (16%) displayed normal LV mass but increased LV mass/volume ratio (concentric remodeling), 46 (31%) displayed increased LV mass but a increased LV mass/volume ratio (concentric hypertrophy) and 2 (1%) displayed increased LV mass and normal LV mass/volume ration (eccentric hpertrophy). 

Table 3 shows the distribution of the cMR remodeling patterns among the different gradient-area subgroups. As shown, all patients with moderate AS exhibited normal LV geometry, a large majority of patients with severe paradoxical LG-AS exhibited either normal LV geometry (35/55, 63%) or concentric LV remodeling (11/55; 20%) and more than 50% of the patients with severe HG-AS exhibited either concentric (37/74, 50%) or eccentric LV hypertrophy (2/74, 3%). 

Focal and diffuse fibrosis in patients with severe AS and normal ejection fraction. Late enhancement Gadolinium and modified look locker (MOLLI) imaging was used to assess focal and diffuse myocardial fibrosis, respectively. On average, the amount of scar tissue was quite small. Significant late Gadolinium enhancement was extremely rare, and only to be seen in a few of patients with severe HG-AS (8/74, 11%). 

Figures 2A and 2B shows the relationship between the amounts of interstitial myocardial fibrosis measured by histology and either the ECV or the age- and gender adjusted ECV in the subgroup of 52 patients in whom a transmural myocardial biopsy was harvested at the time of aortic valve replacement. As shown in Table 4, the ECV and the age- and gender adjusted ECV were similar in the 4 gradient-area subgroups. Excess fibrosis, defined as an age- and gender adjusted ECV above 2 standard deviations of normal, was present in 0/18 (0%) of patients with moderate AS, 5/55 (9%) of patients with severe paradoxical LG-AS and 10/74 (14%) of patients with severe HG-AS. Patients whose age- and gender adjusted ECV was above 2 standard deviations of normal exhibited higher LV mass, lower LV ejection fraction, lower GLS and GLSSi, as well as lower GCS and GCSSI.  No differences in ECV or age- and gender-adjusted ECV or histological myocardial fibrosis was found between man and women.

Multivariate analyses.  Multivariate analyses were used to assess the determinants of reduced longitudinal and circumferential function, as well as those of an increased age- and gender-adjusted ECV. These analyses identified the presence of severe HG-SAS and age- and gender-adjusted-ECV were independent predictors of altered longitudinal and circumferential SSIs (ß=1.15, p=0.009, β=-0.09, p=0.045 and β=1.61, p=0.045, β=-0.12, p=0.021, respectively). They also identified reduced longitudinal SSI as the sole independent predictor of an increased age- and gender adjusted ECV (ß=10, p<0.001). Table 5 shows the proportion of patients among the different gradient-area subgroups displaying reduced longitudinal function, increased age- and gender-adjusted ECV or both.

DISCUSSION

This study aimed at investigating the myocardial structural and functional correlates of the different gradient-area seen in patients with severe AS and a normal LV ejection fraction, in order to gain more insights into the physiopathology of severe paradoxical LG-AS. Our results can be summarized as follows:
· A significant number of patients with severe AS and a normal LV ejection fraction display reduced longitudinal function. 
· Reduced longitudinal function is associated with the presence of severe HG-AS as well as increased age- and gender-adjusted ECV.
· In patients with severe AS, significant LV hypertrophy mostly occurs in patients with high transvalvular gradients.
· In the absence of coronary artery disease, patients with severe AS and a normal LV ejection fraction seldom display late Gadolinium enhancement areas.
· On average, the ECV of patients with moderate-to-severe AS is within normal limits and is not different among the different gradient-area subgroups. 
· Increased ECV is infrequent. When present, it is associated with significant hypertrophy in the presence of severe aortic stenosis and reduced longitudinal function.

Myocardial deformation in patients with severe AS and normal LV ejection fraction. One of the salient findings of our study is the specific reduction in longitudinal function that was observed in the subgroup of patients with severe HG-AS. This reduction occurred despite a completely normal LV ejection fraction. Similar results, i.e. reduced longitudinal function despite normal LV ejection fraction, were reported by other investigators and were found to correlate with more extensive LV remodeling (higher LV mass and presence of concentric LV hypertrophy) and greater severity of AS. In a large multicenter study, Adda et al. reported reduced GLS in every subgroups of patients with severe AS, irrespective of their gradient-area pattern.6 They nonetheless observed greater reductions in GLS in the subgroup with severe HG-AS, particularly in those with low transvalvular flow. Ng AC et al. also observed that the longitudinal function of patients with severe AS and a normal LV ejection fraction was reduced and that the reduction in GLS was proportionate to the magnitude of the transvalvular gradients.22 The findings of the present study confirms these previous observations. Like in previous reports, we observed that, on average, longitudinal myocardial function was reduced in patients with severe AS and a normal LV ejection fraction, and that patients with severe HG-AS and those with increased LV mass exhibited the largest reductions. Yet, at variance with these previous reports, “true” reductions in longitudinal function, as assessed by end-systolic stress-strain relationships,16,24 were only seen in a minority of patients. Interestingly, when present, reduced longitudinal function was intimately associated with an increase in age- and gender-adjusted ECV, which suggests that interstitial myocardial fibrosis plays an essential role in this reduction. 

LV remodeling in patients with severe AS and normal LV ejection fraction. In response to chronic pressure overload, such as occurs in aortic stenosis or systematic hypertension, the heart is expected to augment its muscle mass to bear the extra load. In doing so, it indeed normalizes systolic wall stresses, which in turn helps to maintain ejection performance within normal limits. At first glance, cardiac hypertrophy thus seems to assume a beneficial role in the compensation for hemodynamic overload. Yet, multiple studies have shown that the presence of LV hypertrophy, and particularly concentric hypertrophy, is not protective but, on the contrary, increases the risk of heart failure and premature death.25-29  

Several studies have investigated the pattern and extent of LV hypertrophy in patients with severe AS. Most of them found that the magnitude of LV hypertrophy varied widely and was unrelated to the underlying severity of AS. They also found that the commonest pattern was concentric hypertrophy, followed by concentric remodeling and normal geometry. Eccentric hypertrophy was infrequently seen, particularly in patients with normal LV ejection fraction. As in these previous reports, we found that the pattern and extent of LV hypertrophy were quite varied and that no clear relationship between LV mass and indices of AS severity could be evidenced. We nonetheless observed a significant association between the gradient-area patterns and those of LV remodeling, patients with severe HG-AS mostly presenting with concentric hypertrophy or concentric remodeling while patients with severe paradoxical LG-AS mainly display either normal geometry or concentric remodeling. 

Focal and diffuse myocardial fibrosis in patients with severe AS and normal LV ejection fraction. The association between LV hypertrophy and the development of interstitial myocardial fibrosis in patients with severe AS is known for many years. Back in the early 80s, Krayenbuehl et al. demonstrated that patients with severe aortic disease developed proportionate LV hypertrophy and histological myocardial fibrosis.30 The same authors subsequently found that interstitial myocardial fibrosis directly affected LV systolic and diastolic properties. We recently confirmed and extended these observations by demonstrating that the presence of histological myocardial fibrosis affected negatively the post-operative recovery of LV systolic function after aortic valve replacement.16 

Using cMR and LGE, several investigators have shown that the presence of histological myocardial fibrosis correlated well with that of focal, midwall late gadolinium enhancement on cMR studies 31 and that the presence and extent of these midwall late enhancement areas was associated with poorer postoperative outcomes.32 Unfortunately, cMR LGE only assesses the presence of focal replacement fibrosis and, as we recently demonstrated, is not sensitive enough to detect the presence of diffuse interstitial fibrosis.17 Computation of ECV by cMR has been proposed to circumvent this problem. ECV is the ratio of change in myocardial T1 times before and after Gadolinium administration. We recently demonstrated that ECV measurements by cMR correlated well with those of interstitial myocardial fibrosis by histology.17 Because ECV is both age- and gender dependent, we developed a novel parameter that compensates for this limitation.33 We constructed gender specific ECV-age relationships using the data of normal controls. These relationships were fitted to a simple linear regression. The regression lines and their 95% confidence interval were used to define the normal gender specific ECV range and to calculate age- and gender adjusted ECV. The latter was defined as the vertical distance between the mean regression line and the individual ECV/age datapoints. It was then expressed as number of standard deviations from the regression line. Figure 2B show that this new index correlates equally well with histological tissue fibrosis as native ECV. 

The present study shows that significant increases in ECV or age- and gender-adjusted ECV are relatively in patients with severe AS, as it only occurs in about 10% of these patients. Interestingly, increased ECV was found to be associated with lower LV functional indices, increased LV mass and the presence of severe HG-AS. Unlike Tastet et al,34 we did not find any association between ECV, age- and gender-adjusted ECV or histological interstitial fibrosis and gender. This is probably because in both studies, ECV and age- and gender-adjusted ECV were within normal limits. 

Clinical implications. The present study has important clinical implications. First, it shows that in patients with severe AS and a normal LV ejection fraction, reduced longitudinal function, concentric LV hypertrophy and increased interstitial myocardial fibrosis, particularly when occurring together, are hallmarks of patients with HG-AS. Further studies are needed to assess the prognostic significance of these findings and how this information can be used to risk stratify patients with severe AS. Second, this study shows that patients with severe paradoxical LG-AS seldom present with subclinical LV dysfunction, adverse LV remodeling or increases interstitial myocardial fibrosis. This argues against the hypothesis that this subgroup of severe AS is a more advanced form of the disease.

Limitations of the study. This study has limitations that should be acknowledged. First, the thresholds used in the present study to define LV hypertrophy are higher than those we used in a previous work.35 In the present study, we used the results of the meta-analysis of Kawel-Boehm et al.,19 in which normal values for cMR data were derived from a cohort of than 250 normal volunteers, whereas in our previous work, we had used the results of a small cohort of 20 normal volunteers recruited at our Institution. As a consequence, fewer patients in this study were found to exhibit LV hypertrophy compared to our previous work. 
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Conclusions. Our data show that, compared to pts with moderate AS or severe PLG AS, pts with severe HG-AS display lower longitudinal and circumferential function, more concentric LV hypertrophy and higher LV mass. Our data also show that interstitial fibrosis is only present when reduced myocardial deformation and severe HG-AS are present together.
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Table 2 	Baseline hemodynamic and echocardiographic characteristics
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Table 3. 	Baseline cMR characteristics





Table 4. 	Baseline hemodynamic and echocardiographic characteristics according to stress-strain indices





Table 5. 	Baseline hemodynamic and echocardiographic characteristics according to age- and gender adjusted ECV

	
	ECV < -2 SD
(n=132)
	ECV > -2 SD
(n=15)
	p value

	Clinical data
	
	
	

	Atrial fibrillation, n (%)
	13 (10)
	3 (20)
	0.232

	Hemodynamic data
	
	
	

	Heart rate, bpm
	68 ± 10
	69 ± 10
	0.99

	Mean arterial pressure, mmHg
	95 ± 11
	96 ± 13
	0.61

	LV function and remodeling
	
	
	

	LV ejection fraction, %
	66 ±10
	59 ± 7
	0.011

	LV end-diastolic volume, mLs/m² 
	130 ± 34
	144 ± 40
	0.156

	Indexed LV mass, g/m²
	76 ± 21
	88 ± 25
	0.045

	Normal geometry, n (%)
Concentric remodeling, n (%)
Concentric hypertrophy, n (%)
Eccentric  hypertrophy, n (%)
	72 (55)
	3 (20)
	0.011

	Concentric remodeling, n (%)
	20 (15)
	4 (27)
	0.253

	Concentric hypertrophy, n (%)
	38 (29)
	8 (53)
	0.052

	Eccentric hypertrophy, n (%)
	2 (1.5)
	0 (0)
	0.631

	Aortic valve stenosis indices
	
	
	

	Peak velocity, cm/s
	393 ± 75
	419 ± 68
	0.199

	Mean pressure gradient, mmHg
	40 ± 15
	44 ± 15
	0.256

	EOA, cm²
	0.79 ± 0.23
	0.73 ± 0.18
	0.342

	Indexed EOA, cm²/m²
	0.43 ± 0.13
	0.38 ± 0.09
	0.089

	LV function
	
	
	

	GLS, %
	-18.5 ± 1.9
	-16.6 ± 1.6
	<0.001

	GLSSI, SD
	-1.4 ± 1.9
	-3.1 ± 1.6
	0.001

	GCS, %
	-30.8 ± 2.9
	-28.5 ± 3.7
	0.005

	GCSSI, SD
	0.07 ± 2.9
	-1.6 ± 3.6
	0.046




Table 6.	Diffuse myocardial fibrosis and longitudinal function 

	
	Normal LSSI 
Normal ECV
(n= 110)
	Normal LSSI
Increased ECV
(n=5)
	Reduced LSSI
Normal ECV
(n=22)
	Reduced GLSSI
Increased ECV
(n=10)
	P-value

	 Moderate AS, n (%)
	17 (15)
	0 (0)
	1 (5)
	0 (0)
	0.311

	Severe paradoxical NF-LG AS, n (%)
	25 (23)
	2 (33)
	4(18)
	2(20)
	0.878

	Severe paradoxical LF-LG-AS, n (%)
	19 (17)
	1 (17)
	2 (9)
	0 (0)
	0.416

	Severe HG-AS, n (%)
	49 (45)
	2 (33)
	15 (68)
	8 (80)
	0.037




LEGEND OF THE FIGURES 

Figure 1	End-systolic stress-strain relationships in patients with severe aortic stenosis.
	Relationship between end-systolic wall stress and global longitudinal (upper panel) and circumferential (lower panel) end-systolic strain in 144 patients with moderate-to-severe AS, along with 95% confidence intervals of the same relationship in healthy controls.. Moderate AS: green circles, severe paradoxical NF-LG AS: light blue circles, severe paradoxical LF-LG AS: dark blue circles and severe HG AS: red circles.

Figure 2	Relation of extracellular volume to interstitial myocardial fibrosis.
	Scatterplot relating extracellular volume (upper panel) and age- and gender adjusted extracellular volume (lower panel) to the extent of interstitial myocardial fibrosis by histology. A significant correlation was found between these parameters, indicating larger extracellular volume with higher amounts of interstitial fibrosis.
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Figure 2
image1.emf
    Moderate AS   (n=1 8 )   Severe paradoxical LG - AS   Severe    HG - AS   (n=74)   p - value  

All   (n=55)   NG - LG - AS   (n=33)   LF - LG - AS   (N=22)  

Demographic data              

Age, years   77   ±   8   75   ±   10   77   ±   9   *   74   ±   9   70   ±   10   0.008  

Female , n (%)   5 (28%)   33 (60%)   22 (67%)  * †   11   (50%)   27 (37 %)   0.013  

Body surface area, kg/m²   1.86   ±   0.21   1.78   ±   0. 1 9   1.78   ±   0.19   1.80   ±   0.18   1.87   ±   0.23   0.130  

Risk factors              

Arterial hypertension, n (%)   15   (83%)   40 (74%)   26   (79%)   14   (67%)   39   (53%)   0.017  

Smoking , n (%)   1   ( 6 %)   10 (18%)   2   ( 6 %)   $   8   (36%)   14   (19%)   0.015  

Diabetes , n (%)   7   (39%)   9 (17%)   6   (18%)   3   (14%)   12   (16%)   0.153  

Dyslipidemia , n (%)   14   (78%)   35 (65%)   24   (73%)   11   (52%)   44   (60 %)   0. 217  

Familial history,   n (%)   6   (33%)   18 (33%)   9   (27%)   9   (41%)   18   (25%)   0.515  

Co - morbidities              

CAD , n (%)   3   (17 %)   16 (29%)   9   (27%)   7   (32%)   16   (22%)   0.637  

Stroke , n (%)   2   (10%)   3 (5%)   2   (6%)   1   (5%)   2   (3%)   0.490  

COPD , n (%)   2   (11 %)   7 (13%)   2   (6 %)   6   (27%)   12   (16%)   0.074  

Atrial fibrillation, n (%)   0   (10%)  $   9 (16%)   3   (9 %)   6   (27 %)   7   (1 1 %)   0.036  

GFR,   mL/s/1.73 m²   66   ±   26   71   ±   34   72   ±   38   70   ±   27   83   ±29   0.108  

Symptoms              

NYHA class III - IV , n (%)   1   (6 %)   7 (13%)   5   (15%)   2   (9%)   6   (8%)   0.633  

Angina , n (%)   1   (6 %)   9 (16%)   6   (18%)   3   (14%)   9   (12%)   0.631  

Syncope , n (%)   0   (0%)   2 (4%)   1   (3%)   1   (5%)   6   (8%)   0.482  

CAD: coronary artery disease; COPD: chronic obstructive pulmonary disease; GFR: glomerular filtration rate; NYHA: New York He art Association.   * p < 0,005 vs HG; † p< 0.05 vs MAS; ‡ p < 0,005 vs NF $ p < 0,005 vs LF  
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CAD: coronary artery disease; COPD: chronic obstructive pulmonary disease; GFR: glomerular filtration rate; NYHA: New York Heart Association.

* p < 0,005 vs HG; † p< 0.05 vs MAS; ‡ p < 0,005 vs NF $ p < 0,005 vs LF
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    Moderate AS   (n=1 8 )   Severe paradoxical LG - AS   Severe    HG - AS   (n=74)   p - value  

All   (n=55)   NG - LG - AS   (n=33)   LF - LG - AS   (N=22)  

Hemodynamic data              

Heart rate, bpm   64   ±   8   $   71   ±   10   69   ±   9   73   ±   10   68   ±   11   0.03 5  

Mean arterial pressure, mmHg   93   ±   11   98   ±   11   98   ±   11   98   ±   10   94   ±   11   0.150  

LV function              

GLS, %   - 18.9 ± 1.3   - 18.6 ±   1.9   - 18.8 ±   2.1   - 18.3   ±   1.5   - 18.0   ±   2.1   0.103  

GL S SI, SD   - 0.8   ±   1.5   - 1.2   ±   1.6   - 0.9   ±   1.8   *   - 1.8   ±   1.2   - 2   ±   2.1   0.008  

GCS, %   - 31.8   ±   2.4   - 30.4   ±   3.0     - 30. 8   ±   3.1    - 29.7   ±   2.8   - 30.4   ±   3.3    0.168  

GCSSI, SD   1.6   ±   3.5  *   - 0.1   ±   2.7   0.3   ±   3 .0   - 0. 7   ±   2.2   - 0.5   ±   3 .0   0.027  

ESWS,  10³ dynes/cm²   39   ±   15   39 ±   20   38   ±   15   37   ±   19   33   ±   13   0. 213  

Aortic valve stenosis indices              

Mean transvalvular FR, mL/s   234   ±   51   $   2 1 3   ±   4 1   232   ±   34   $   183   ±   34   232   ±   57   $   0.0001  

Peak velocity, cm/s   281   ±   37  ‡ $ *   357   ±   33   362   ±   32   † *   349   ±   35   † *   4 53   ±   4 9   <0.0001  

Mean gradient, mmHg   19   ±   5  * ‡ $   30   ±   6     32   ±   6   * †   29   ±   6  * †   52   ±   11   <0.0001  

EOA, cm²   1.23   ±   0.12  ‡ $ *   0.79   ±   0.1 4   0.85   ±   0.11   †$ *   0.71   ±   0.15   0.67   ±   0.15   <0.0001  

Indexed EOA, cm²/m²   0.67   ±   0.10   ‡ $ *   0.45   ±   0.08   0.48   ±   0.06  †$ *   0.40   ±   0.07   0.36   ±   0.0 7   <0.0001  

EOA: effective orifice area; FR: flow rate; ESWS: end - systolic wall stress; GCS: global circumferential strain; GSCI :   GCS index; GLS: global longitudinal  strain; GLSI: GLS index.   * p < 0.005 vs HG; † p< 0.05 vs MAS; ‡ p < 0.005 vs NF $ p < 0.005 vs LF  
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    Moderate AS   (n=1 8 )   Severe paradoxical LG - AS   Severe    HG - AS   (n=74)   p - value  

All   (n=55)   N F - LG - AS   (n=33)   LF - LG - AS   (N=22)  

LV function              

LV EDV index, mL/m²   76 ± 11   64   ± 1 4   69 ± 15   57 ± 9  †° *   76 ± 17   <0.0001  

LV ejection fraction ,   %   68 ± 9   64   ± 10   68 ± 10   59 ± 8  † °*   65 ± 10   0.003  

Stroke volume index, mL/m²   51 ± 9   41   ± 11   47 ± 9   31 ±   4   † °*   50 ± 12   <0.0001  

Sphericity index, %              

LV mass index, g/m²   66 ± 8*   66 ± 14   70 ± 15*   59 ± 7°*   89 ± 23   <0.0001  

LV mass/LV volume ratio   0.88 ± 0.14 *   1.05 ± 0.25   1.05 ±0.27 *     1.05   ±  0.23   1.19   ±   0.26   <0.0001  

Remodeling type              

Normal geometry, n (%)   18 (100)   ‡ *   35 (64)   20 (61) †*   15 (68)*   22 (30 )   <0.0001  

Concentric remodeling , n (%)   0 (0)$   11 (20)   4 (12)   7 (32)   13 (18)   0.048  

Concentric hypertrophy , n (%)   0  (0)*   9 (16)   9 (27)   0 (0)*   37 (50)   <0.001  

Eccentric  hypertrophy , n (%)   0 (0)   0(0)   0  (0)   0(0)   2 (3)   0.57 2  

Diffuse  and focal f ibrosis              

ECV (%)   27.6 ± 2.7   28.7   ± 3. 2   28.4 ± 3.6   29.0 ± 2.5   28.5 ± 5.4   0.786  

Adjusted ECV,  SD   0.4 ± 2.0   0.7 ± 3.3   0.2 ±  3.8   1.3 ± 2.4   1.3 ± 5.4   0.615  

Altered ECV > 2DS ,  n   ( %)   0 (0)   5  (9 )   4  (12)   1 (5)   10 (14)   0.548  

Scar by LGE , %   0.56 ±1.0    0.47   ±  1 . 15     0 .39 ± 0.75 *    0.59 ± 1.59   1.4 3   ± 1.9 2   0.005  

† p< 0,05  vs MAS  ‡ p < 0,005 vs NF $ p < 0,005 vs LF †* P < 0,005 vs HG  
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 G LSSI >  -   2 SD   (n=115 )  G LSSI <  - 2 SD   (n=32 )  p value  G CSSI >  -   2 SD   (n=135)  G CSSI <  - 2 SD   (n=12 )  p value  

Clinical data        

Atrial fibrillation, n (%)  12   ( 10 )  4   (13 )  0.740  13 (10 )  3 (25 )  0. 101  

Hemodynamic data                    

Heart rate, bpm  6 8   ±   10  69   ±   1 1  0 .597  6 8   ±   1 0    7 2   ±   1 1  0 .175  

Mean arterial pressure, mmHg  96   ±   11  93   ±   11  0.151  95     ±   11   94   ±   12  0.778  

LV function   and remodeling                    

LV ejection fraction, %  66   ±   10  62   ±   10  0.057  65   ±   10   59   ±   10   0.040    

LV   end - diastolic volume, mLs    1 29  ±   33  141   ±   41  0. 0 99  132   ±   35    130     ±   38  0. 87 1  

Indexed LV mass, g/m²  7 5   ±   20  87   ±   25  0.007  7 7   ± 22   80   ±   20  0. 7 23    

Normal geometry, n (%)   Concentric remodeling, n (%)   Concentric hypertrophy, n (%)   Eccentric  hypertrophy, n (%)  66 (57)  9 (28)  0.003  72 (53)  3 (25)  0.060  

Concentric remodeling, n (%)  14 (12)  10 (31)  0.010  20 (15)  4 (33)  0.096  

Concentric hypertrophy, n (%)    33 (29)     (29)  13 (41)  0.198  41 (30)  5 (42)  0.419  

Eccentric hypertrophy, n (%)  2 (2)  0 (0)  0.453  2 (2 )  0 (0)  0.671  

Aortic   valve stenosis indices                    

Peak velocity, cm/s  389   ±   78  419   ±   56  0. 046  395   ±   78  401   ±   34  0.797   0  

Mean pressure gradient, mmHg  39   ±   16  4 5   ±   12  0 .038  40   ± 16   39   ±   8  0.830    

EOA, cm²  0.79   ±   0.24  0.7 5   ±   0. 18  0 .355  0.79   ±   0.23  0.75   ±   0. 14  0 .584  

Indexed EOA, cm²/m²  0.44   ±   0.13  0. 40   ±   0.09  0 .101  0.43   ±   0.13  0.4 1   ±   0.06  0 .505  
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