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Abstract
Background: Aortic valve weight (AVW), a flow independent 
measure of aortic stenosis (AS) severity, is reported to have 
heterogeneous associations with the echocardiographic 
variables used for AS evaluation. Controversy exists regard-
ing its impact on survival after aortic valve replacement 
(AVR). Objective: We sought to determine the association 
between AVW with echocardiographic measures of AS se-
verity and all-cause mortality after surgical AVR. Methods: 
One thousand and forty-six consecutive patients underwent 
surgical AVR for AS, the excised valves were weighed, and an 
echocardiogram was done before surgery. Results: Males 
had heavier valves than females, for both absolute and body 
surface are (BSA)-indexed values (2.78 ± 1.23 vs. 2.08 ± 0.68 
g, p < 0.001; and 1.38 ± 0.61 vs. 1.19 ± 0.41 g/m2, p < 0.001, 
respectively). In a restricted cohort of 634 patients with iso-
lated severe AS and normal ejection fraction, the correla-
tions of AVW with echocardiographic variables of AS were 
modest, the strongest being with the dimensionless index  
(r = –0.27 and –0.26 for male and female, both p < 0.01). Strat-

ified by stroke volume index and mean gradient (MG), no 
associations were found in the low-gradient groups (i.e., MG 
< 40 mm Hg). At a median follow-up of 3.5 years, there were 
only 244 deaths in the entire cohort. Mortality was not re-
lated to AVW, except in females who displayed an inverse 
relationship (HR = 0.67; 95% CI 0.47–0.95) only when it was 
analyzed as a continuous variable. Conclusions: The weak 
correlation between AVW with the echocardiographic indi-
ces of AS may reflect its complex pathophysiology, hetero-
geneous hemodynamics, and possible pitfalls in the current 
echocardiographic methods used in clinical practice. The 
prognostic value of AVW after AVR warrants further evalua-
tion. © 2020 S. Karger AG, Basel

Introduction

Aortic valve calcification (AVC) is the end result of a 
lengthy process involving genetic [1–3], epigenetic [4], in-
flammatory [5], humoral [6, 7], and hemodynamic factors 
[5], culminating with the ectopic deposition of calcium 
and phosphate on the aortic cusps, which in turn leads to 
increased valve stiffness, reduced cusp excursion, and 
progressive valve orifice-narrowing [8]. Gender differenc-
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es in the pathogenesis of aortic stenosis (AS) have been 
identified such that, compared with males, females (with 
the same hemodynamic severity), have a lower AVC load 
and more valvular fibrotic changes [9, 10]. A good corre-
lation between AVC evaluated by multidetector comput-
erized tomography (MDCT) with echocardiographic he-
modynamic indices of AS severity has been reported [11–
13], and a modest correlation when AVC load was 
determined by the aortic valve weight (AVW) [14–17]. In 
contrast, the association with aortic valve area (AVA) was 
much weaker when AVC was determined by both MDVT 
and AVW [14, 18]. The strongest correlates among the 
echocardiographic indices of AS with AVW, a hemody-
namic independent measure of AS severity, their level in 
the 4 hemodynamic groups of patients with severe AS and 
preserved left ventricular ejection fraction (LVEF), and 
whether or not valve weight at the time of aortic valve re-
placement (AVR) has prognostic value, have been less 
evaluated. The aims of this study were to: (1) determine 
the relationship between the echocardiographic measures 
of AS severity and AVW in a selected group of patients 
with severe isolated AS and normal LVEF, analyzed as a 
single cohort as well as categorized into 4 hemodynamic 
groups based on LV stroke volume index (SVi) and mean 
(transvalvular) gradient (MG), and (2) evaluate the prog-
nostic value of AVW in a large cohort of consecutive pa-
tients with severe AS who underwent surgical AVR for AS.

Material and Methods

Study Population
Our study involved patients who underwent AVR at our in-

stitution from 2011 to 2015, had their excised valves weighed, 
and had comprehensive echocardiographic data available. Our 
primary outcome of interest was all-cause mortality. All patients 
were included in the survival analysis that examined the rela-
tionship between AVW and all-cause mortality. A subgroup 
analysis to evaluate associations between echocardiographic 
measures of AS with AVW consisted only of patients with LVEF 
> 50%, severe or critical AS, and no more than 2+ aortic and/or 
mitral regurgitation, mitral stenosis, significant tricuspid regur-
gitation, or prior prosthetic valve implantation were included. 
Patients with at least 1 of the exclusion criteria were removed 
from the subgroup analysis. Demographics and clinical and lab-
oratory data were retrieved from the medical records and are 
presented in the online supplementary Files (for all online suppl. 
material, see www.karger.com/doi/10.1159/000505870). Mor-
tality data were extracted from medical records and the Nation-
al Death Index. 

Echocardiography
Transthoracic echocardiography (TTE) and intraoperative 

transesophageal echocardiography (TEE) were performed using 

Phillips IE 33 and Phillips Sonos 7500 scanners (Amsterdam, The 
Netherlands). The echocardiographic data were taken in 59% of 
patients from the TEE performed before AVR, and from the TTE 
performed within 6 months of surgery in the rest of the patients. 
All the variables were remeasured off-line by a single analyst (F.P.), 
using a dedicated echocardiographic reading station (Agfa/Heart 
Lab). For each Doppler measurement, for patients in sinus rhythm, 
3 cardiac cycles were averaged, and for those in atrial fibrillation, 
5 cycles. Severe AS was diagnosed according to the contemporary 
guidelines [19]. The highest transvalvular velocity was chosen 
from the standard 4 windows as recommended. The equations 
used for the determination of AS severity and vascular load are 
presented in the online supplementary Files.

Pathology 
The excised aortic valves were immersed in a container filled 

with formaldehyde and transported to the pathology lab. The valve 
was removed from the container, placed on absorbing paper to 
absorb excess formaldehyde, and then weighed by the pathologist 
(A.A.) on an electronic scale (Sartorius Type 1404) with an accu-
racy of 0.01 g.

Statistical Analysis
Univariate measures were reported as mean (standard devia-

tion) or n (%). The primary correlates of AVW were echocardio-
graphic measures of AS severity. Other covariates utilized in the 
analysis included past medical history, medications at the time of 
TEE, concurrent coronary artery bypass graft surgery (CABG), de-
mographic information, and other echocardiographic measures of 
heart function. Bivariate analyses were performed using Student’s 
t test or χ2 test as appropriate. Pearson’s correlations (with Fisher’s 
z transformation) of AVW and the primary echocardiographic 
measures of AS severity were calculated in a restricted subsample 
of participants with severe isolated AS and LVEF ≥50%, all ad-
justed for age, gender, and stroke volume. Logistic regression (with 
Youden’s index) was used to create gender-specific cutoffs for 
AVW by predicting severe AS (as defined by MG ±40 mm Hg) [19] 
which were then applied to survival models. All-cause mortality 
was our primary outcome of interest. Unadjusted survival analyses 
were performed using Kaplan-Meier curves and the log-rank test. 
Survival hazards were calculated using the Cox proportional haz-
ards models. Three types of models were created: (1) unadjusted 
models looking at the association between AVW and all-cause 
mortality; (2) model 1 + age, gender, and body surface area (BSA); 
and (3) model 2 + a history of CABG, congestive heart failure 
(CHF), LV stroke volume, chronic kidney disease, hypertension, 
diabetes, and LVEF. Variables were chosen using the disjunctive 
cause criterion outlined previously [20]. Since gender differences 
have been found with the effects of AVW on mortality, we calcu-
lated survival models stratified by gender. All analyses were per-
formed using SAS v9.4 (Cary, NC, USA).

Results

Of the 1,616 patients who underwent AVR at our insti-
tution from 2011 to 2015, 1,046 had their excised valve 
weighed and available comprehensive echocardiographic 
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1,046 patients included in
survival analysis

150 patients with < severe aortic
stenosis

412 patients with at least 1
exclusion criterion removed

from subgroup analysis

1,072 patients received aortic
valve replacement and had

valves weighed

1,616 patients underwent aortic
valve replacement at our
institution in 2011–2015

634 patients with severe + aortic
stenosis, LVEF ≥50%, and <2+

mitral/aortic regurgitation
included in subgroup analysis

26 patients excluded due to
missing valve weight/outcome

information

215 patients with LVEF <50%

91 patients with >2+ mitral
valve regurgitation

80 patients with >2+ aortic
valve regurgitation

Fig. 1. Patient selection. The survival analy-
sis cohort consisted of 1,046 patients who 
underwent AVR and had their valves 
weighed. After restriction, 634 patients 
with severe isolated AS were included in 
the subgroup analysis.

Table 1. Patient characteristics

All patients (n = 1,046) Females (n = 397) Males (n = 649) p value

n/mean %/SD n/mean %/SD n/mean %/SD

Age, years 74.77 9.95 75.95 9.02 74.05 10.42 0.002
Height, cm 168.93 10.8 160.39 7.2 174.16 9.19 <0.001
Weight, kg 82.59 19.53 73.78 16.58 88 19.24 <0.001
BMI, kg/m2 29.23 15.1 28.74 6.37 29.54 18.52 0.32
BSA, m2 1.92 0.24 1.76 0.19 2.02 0.22 <0.001
Diabetes 311 29.73 105 26.45 206 31.74 0.052
Hypertension 820 78.39 314 79.09 506 77.97 0.87
Hyperlipidemia 650 62.14 248 62.47 402 61.94 0.99
Chronic kidney disease 156 14.91 57 14.36 99 15.25 0.65
Coronary artery disease 638 60.99 209 52.64 429 66.1 <0.001
CABG (any) 272 26 87 21.9 185 28.51 0.018
CABG (during AVR) 110 10.5 34 8.5 76 11.7 0.11
CABG (pre-AVR) 162 15.49 53 13.35 109 16.8 0.14
Angiotensin receptor blockers 134 12.81 62 15.62 72 11.09 0.092
Diuretic 275 26.29 114 28.72 161 24.81 0.48
β-blocker 575 54.97 225 56.68 350 53.93 0.52
Antiplatelets 583 55.74 215 54.16 368 56.7 0.04
Statins 538 51.43 199 50.13 339 52.23 0.017

BMI, body mass index; BSA, body surface area; CABG, coronary artery bypass surgery; AVR, aortic valve replacement.
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data. This sample was thus used for the survival analyses. In 
order to evaluate associations between echocardiographic 
measures of AS with AVW, only 634 patients were included 
who had LVEF > 50%, severe or critical AS, and no more 
than 2+ aortic and/or mitral regurgitation, mitral stenosis, 
significant tricuspid regurgitation, or prior prosthetic valve 
implantation. All 1,046 patients were included in the sur-
vival analyses. Our criteria for patient selection are outlined 
in Figure 1. The 1,046 patients who underwent AVR for AS 
had a mean age of 74.8 ± 10 years and 397 (40%) were fe-
male (Table 1). Of the entire cohort, 877 (84%) had severe 
AS, 139 (14%) had moderate AS, and 30 (4%) patients had 
less than moderate AS. All patients with less than moderate-
to-severe AS had either concurrent CABG, mitral valve re-
placement, or ascending aortic aneurysm repair. Of the pa-
tients with severe AS, 47 also had aortic regurgitation > 2+, 
and 67 had > 2+ mitral regurgitation. At the time of AVR, 
78 patients underwent mitral valve repair or replacement 
and 110 underwent concurrent CABG; 99 of these had se-
vere AS and 11 had moderate AS. The vast majority (86%) 
were in sinus rhythm and 11% were in atrial fibrillation.

Compared with males, the females were older, had a 
lower BSA, a lower prevalence of diabetes, coronary artery 
disease, and CABG, and a lower utilization of antiplatelet 
agents and statins (Table 1). They also had smaller left ven-
tricles and LV outflow tract (LVOT) diameters; a trend of 
a smaller LV mass index, a higher LVEF, and a lower prev-

alence of SVi < 35%; and a higher dimensionless index 
(DOI), mean left atrial pressure, and systemic vascular re-
sistance (Tables 2, 3). At pathology, mean AVW was 2.5 ± 
1.1 g, (range 0.2–12.1 g, median 2.0 g, interquartile range 
[IQR] 1–3 g). The AVW in the 649 males ranged from 1.00 
to 12.1 g, and the valves in the 397 females ranged from 
0.20 to 5.5 g. The males had heavier valves than females in 
both absolute and BSA-adjusted values (2.78 ± 1.23 vs. 2.08 
± 0.68 g, p < 0.001; 1.38 ± 0.61 vs. 1.19 ± 0.41 g/m2, p < 
0.001) but similar values of AVW/aortic annular area (Ta-
ble 3). Based on the findings of a logistic regression model 
predicting severe AS (MG ≥40 mm Hg), AVW cutoff 
points were created at 2.64 g for males and 2.13 g for fe-
males. For the entire cohort, compared with the lighter 
AVW group, those with heavier valves were younger, had 
a higher BSA, a higher prevalence of bicuspid valves (BAV), 
and a lower prevalence of mitral valve surgery, CABG, 
CHF, and angiotensin receptor blocker utilization (online 
suppl. Table 1). On echocardiography, 102 (10%) patients 
had BAV with a similar prevalence in both genders. Com-
pared with tricuspid aortic valves, the BAV were heavier in 
absolute and relative values (online suppl. Table 2). 

The Association of AVW with Echocardiographic 
Measures of AS Severity
A restricted subset of 634 patients with severe iso-

lated AS, an LVEF > 50%, no more than 2+ aortic and/

Table 2. Echocardiographic data

All patients (n = 1,046) Females (n = 397) Males (n = 649) p value

n/mean %/SD n/mean %/SD n/mean %/SD

LV diastolic diameter, cm 4.63 0.73 4.38 0.68 4.78 0.72 <0.001
LV systolic diameter, cm 3.08 0.9 2.85 0.85 3.21 0.91 <0.001
Posterior wall diastolic thickness, cm 1.21 0.25 1.16 0.24 1.23 0.25 0.002
Interventricular septum diastolic thickness, cm 1.37 0.31 1.34 0.31 1.38 0.31 0.13
LV outflow tract diameter, cm 2.14 0.61 2.02 0.16 2.22 0.76 <0.001
LV outflow tract TVI, cm 19.83 6.13 20.97 7.26 19.11 5.18 <0.001
LVEF, % 56.02 11.7 58.24 10.8 54.67 12.02 <0.001
LVEF <50% 187 18.4 53 13.7 134 21.2 0.003
Stroke volume index, mL/m2 38.4 58.32 37.93 13.74 38.7 73.62 0.81
Stroke volume index <35 mL/m2 422 48.23 142 42.1 280 52 0.004
LV mass index, g/m2 121.99 38.62 117.98 40.70 124.23 37.28 0.071
Relative wall thickness 0.54 0.15 0.54 0.14 0.53 0.15 0.43
Aortic root diameter, cm 3.2 0.49 2.95 0.41 3.34 0.48 <0.001
Ascending aorta diameter, cm 3.38 0.5 3.22 0.5 3.49 0.5 <0.001
Left atrium area, cm2 24.4 7.1 23.3 7.6 25.0 6.8 0.023
Left atrium area index, cm/m2 12.85 3.94 13.37 4.81 12.55 3.3 0.064

LV, left ventricular; TVI, time velocity integral; LVEF, LV ejection fraction.
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or mitral regurgitation, mitral stenosis, significant tri-
cuspid regurgitation, or prosthetic valves were used to 
examine correlations adjusted for age, BSA, and stroke 
volume between unindexed and indexed AVW with 
echocardiographic measures of AS severity. To correct 
for the lack of normal AVW distribution, different 
transformations of the AVW variable using square root, 
cube root, and logarithmic transformations were done, 
with no change in the results. For both genders, the cor-
relation coefficients were modest, and the strongest was 
between AVW and AVW/BSA with DOI: r = –0.28 for 
both (95% CI –0.35 to –0.20 and –0.36 to –0.20, respec-
tively). Upon stratification by gender (online suppl. Ta-
ble 3A, B), correlations with AVW and AVW/BSA in 
both genders were very similar whereas those with 
AVW/aortic annulus area differed, i.e., correlations in 
males increased modestly while those in females be-

came weaker with peak velocity, gradients, DOI, and 
energy loss index. Although AVW/aortic annulus area 
did not significantly differ by gender, the association 
between AS variables and AVW/aortic annulus area ap-
peared to be stronger in males than in females (online 
suppl. Table 3A, B). Figure 2 illustrates the relationship 
between AVW (indexed by aortic annular area) and 
peak gradient.

Finally, we examined AVW in the 4 hemodynamic 
groups of severe AS with preserved LVEF, based on SVi 
≤/> 35 mL/m2; MG ≤/> 40 mm Hg, i.e., normal flow/high 
gradient (NF/HG), normal flow/low gradient (NF/LG), 
low flow/high gradient (LF/HG), and low flow/low gradi-
ent (LF/LG) (Table 4); and their correlations (Table 5). 
The patients with NF/HG had the heaviest valves and 
those with low gradients had the lightest valves. Overall, 
the correlations remained modest. In the high-gradient 

Table 3. LV diastolic function, aortic valve anatomy, AS severity, vascular load, and outcome distribution by gender

All patients (n = 1,046) Females (n = 397) Males (n = 649) p value

n/mean %/SD n/mean %/SD n/mean %/SD

Systolic BP, mm Hg 123.88 24.77 128.56 26.17 121.4 23.68 0.005
Diastolic BP, mm Hg 63 14.21 63.35 14.92 62.82 13.85 0.72
Heart rate, bpm 70.25 15.47 71.44 14.7 69.57 15.87 0.086
E, cm/s 101.83 42 109.44 50.47 96.64 34.38 0.061
A, cm/s 105.08 37.68 116.02 42.51 97.19 31.72 0.003
E/A 1.02 0.56 0.95 0.39 1.07 0.65 0.13
E wave deceleration time, ms 240.61 95.22 252.16 98.69 232.66 92.37 0.17
E/e’ avg 22.32 12.74 24.84 14.15 20.69 11.52 0.047
Peak velocity, m/s 3.82 0.78 3.83 0.76 3.81 0.79 0.69
Aortic valve peak gradient, mm Hg 60.78 23.76 61.04 23.16 60.62 24.13 0.79
Aortic valve mean gradient, mm Hg 36.8 14.89 36.7 14.7 36.86 15.02 0.86
Dimensionless index (TVI) 0.21 0.07 0.22 0.06 0.21 0.07 0.04
AVA, cm2 0.73 0.24 0.69 0.2 0.76 0.25 <0.001
AVA index, cm2/m2 0.38 0.12 0.39 0.11 0.38 0.13 0.24
Energy loss index, cm2/m2 0.43 0.17 0.44 0.17 0.42 0.17 0.33
Systemic arterial compliance, mL/mm Hg/m2 0.66 0.34 0.62 0.29 0.67 0.36 0.15
Systemic vascular resistance, dyne/s/cm5 1,562.17 566.42 1,658.09 671.54 1,511.41 495.96 0.026
Valvuloarterial impedance (Zva), mm Hg/mL/m2 4.78 1.44 4.8 1.47 4.76 1.42 0.84
Aortic regurgitation >2+ 79 7.6 25 6.3 54 8.3 0.23
Mitral regurgitation >2+ 89 8.5 41 10 48 7.3 0.098
Bicuspid valves 102 9.75 39 9.82 63 9.71 0.95
Tricuspid valves 944 90.25 358 90.18 586 90.29
AVW, g 2.52 1.11 2.08 0.68 2.78 1.23 <0.001
AVW index, g/m2 1.31 0.56 1.19 0.41 1.38 0.61 <0.001
AVW/aortic annular area, g/cm2 0.54 0.21 0.53 0.19 0.54 0.22 0.42
Severe AS, % 877 83.84 345 86.9 532 81.97 0.036
Moderate AS, % 139 13.68 43 11.08 96 15.29 0.058
All-cause death 244 23.33 91 22.92 153 23.57 0.81

BP, blood pressure; LV, left ventricular; TVI, time velocity integral; AS, aortic stenosis; AVA, aortic valve area; AVW, aortic valve 
weight. 
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groups, values were significant for most indices with 
AVW/aortic annulus area; with AVW and AVW/BSA, 
only DOI, AVA, and energy loss index values were sig-
nificant. In the 2 low-gradient groups, no correlations 
were found with AVW/aortic annulus area. 

The Association of AVW with All-Cause Mortality 
At a median follow-up period of 3.5 years (IQR 2.6–4.7 

years), 244 patients had died. Unadjusted Kaplan Meier 
analysis found similar mortality for both high and low 
valve weights (Fig. 3, dichotomized valve weight defined 
as ±2.64 g for males and ±2.13 g for females) and gender 
(online suppl. Fig. 1). Adjusted Cox proportional hazards 
were done using the entire sample (n = 1,046). Three 

models were created, to estimate survival hazards as a 
function of AVW taken as a continuous variable and a 
dichotomized variable stratified by gender at ±2.64 g for 
males and ±2.13 g for females (Table 6). For both genders 
in all models, when AVW was treated as a categorical 
variable, and for males only when analyzed as a continu-
ous one, no association with death was found. For fe-
males, when AVW was taken as a continuous measure, an 
inverse association with death was observed (HR 0.67; 
95% CI 0.47–0.95). Sensitivity analyses were performed 
to establish if the echocardiographic exam method (i.e., 
TTE or TEE) influenced our conclusions regarding the 
impact of AVW on survival; no meaningful differences 
were found.

Aortic peak gradient, mm Hg

1.5

1.0

0.5

2.0

0
50 1000 150

AV
W

/a
or

tic
 a

nn
ul

ar
 a

re
a,

 g
/c

m
2
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peak gradient. Of 634 patients with severe 
AS, modest correlations were found be-
tween echocardiographic indices of AS and 
AVW (r = 0.20, p < 0.001).

Table 4. Aortic valve weight (AVW) by hemodynamic group

NF/HG NF/LG LF/HG LF/LG ANOVA 
p valuemean SD mean SD mean SD mean SD

AVW, g 2.82 1.52 2.32* 0.88 2.70 1.06 2.40* 0.97 <0.001
AVW/BSA, g/m2 1.49 0.76 1.24* 0.46 1.36* 0.49 1.24* 0.47 <0.001
AVW/aortic annulus area, g/cm2 0.58 0.24 0.50* 0.20 0.57 0.21 0.52* 0.19 <0.001

* Different from reference NF/HG group (p = 0.05 using Dunnett’s test). NF/HG, normal flow/high gradient; NF/LG, normal flow/
low gradient; LF/HG, low flow; high gradient; LF/LG, low flow/low gradient.
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Table 5. Correlations of aortic valve weight with echocardiographic measures of aortic stenosis by hemodynamic group

Echo variable NF/HG NF/LG LF/HG LF/LG

Corr LL UL Corr LL UL Corr LL UL Corr LL UL

AVW
Peak velocity 0.11 –0.04 0.26 0.08 –0.10 0.25 0.06 –0.14 0.26 0.00 –0.16 0.17
AV peak gradient 0.13 –0.02 0.28 0.07 –0.10 0.24 0.07 –0.14 0.26 0.03 –0.14 0.19
AV mean gradient 0.12 –0.03 0.27 0.11 –0.06 0.28 0.12 –0.08 0.31 0.12 –0.05 0.28
Dimensionless index (TVI) –0.32 –0.45 –0.18 –0.22 –0.38 –0.05 –0.25 –0.43 –0.05 –0.21 –0.36 –0.04
AVA –0.16 –0.30 –0.01 0.02 –0.15 0.19 –0.25 –0.43 –0.05 –0.07 –0.23 0.10
AVA index –0.17 –0.31 –0.02 0.02 –0.15 0.19 –0.25 –0.43 –0.05 –0.08 –0.24 0.09
EL index –0.17 –0.33 –0.01 –0.01 –0.21 0.18 –0.28 –0.49 –0.04 –0.13 –0.31 0.06

AVW/BSA
Peak velocity 0.12 –0.04 0.26 0.08 –0.10 0.25 0.07 –0.13 0.27 –0.01 –0.18 0.15
AV peak gradient 0.13 –0.02 0.28 0.07 –0.10 0.24 0.08 –0.12 0.28 0.01 –0.15 0.18
AV mean gradient 0.13 –0.03 0.27 0.11 –0.07 0.27 0.14 –0.06 0.33 0.11 –0.06 0.27
Dimensionless index (TVI) –0.33 –0.46 –0.19 –0.22 –0.38 –0.05 –0.24 –0.42 –0.04 –0.20 –0.36 –0.04
AVA –0.16 –0.31 –0.01 0.03 –0.15 0.20 –0.25 –0.43 –0.05 –0.09 –0.25 0.08
AVA index –0.18 –0.32 –0.02 0.03 –0.15 0.20 –0.25 –0.43 –0.05 –0.09 –0.26 0.07
EL index –0.17 –0.33 –0.01 –0.01 –0.20 0.19 –0.28 –0.49 –0.05 –0.15 –0.33 0.04

AVW/aortic annulus area
Peak velocity 0.21 0.06 0.35 0.15 –0.02 0.32 0.20 0.00 0.39 0.04 –0.13 0.20
AV peak gradient 0.22 0.07 0.36 0.14 –0.03 0.31 0.23 0.03 0.41 0.07 –0.10 0.23
AV mean gradient 0.19 0.04 0.34 0.15 –0.02 0.32 0.26 0.06 0.44 0.10 –0.07 0.26
Dimensionless index (TVI) –0.14 –0.29 0.01 –0.01 –0.19 0.16 –0.13 –0.32 0.08 –0.02 –0.19 0.15
AVA –0.29 –0.42 –0.14 –0.05 –0.22 0.12 –0.24 –0.42 –0.04 –0.11 –0.27 0.06
AVA index –0.29 –0.42 –0.14 –0.05 –0.22 0.13 –0.27 –0.44 –0.07 –0.10 –0.26 0.07
EL index –0.28 –0.43 –0.12 –0.02 –0.21 0.17 –0.27 –0.48 –0.03 –0.13 –0.31 0.06

Corr, correlation; LL, lower limit; UL, upper limit; AVW, aortic valve weight; AV, aortic valve; TVI, time velocity integral; AVA, aortic valve area; EL, 
energy loss; BSA, body surface area.

Survival time, years

0.8

0.6

0.4

0.2

1.0

0

2 40

1 470 392 209 3
2 574 481 219 2

6

Su
rv

iv
al

 p
ro

ba
bi

lit
y log-rank p = 0.3066

AVW group*
1: High valve weight
2: Low valve weight

Fig. 3. Kaplan-Meier survival estimates of 
all-cause mortality stratified by valve 
weight group. A high valve weight was de-
fined as ≥2.64 g for men and ≥2.13 for 
women. No association was found between 
valve weight groups and mortality (log-
rank p = 0.31). * Dichotomized at ±2.64 g 
for males and ±2.13 g for females.
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Discussion

The main findings in this large contemporary cohort 
of patients with AS who underwent surgical AVR are that, 
in the entire cohort, for a similar degree of AS severity, 
the AVW values are scattered over a wide range, with fe-
males having lighter valves than males, bicuspid valves 
heavier than tricuspid valves, and significant, albeit mod-
est correlations between AVW and the echocardiograph-
ic indices of AS, lacking in the 2 low-gradient groups (NF/
LG and LF/LG). For both genders, when AVW was ana-
lyzed as a categorical and for males as a continuous vari-
able, no association with mortality was found, whereas 
when considered as a continuous measure, an inverse re-
lationship with death was observed in females only.

The large range of AVW in severe AS was previously 
reported in a study on 499 patients with isolated or mixed 
aortic valve disease [21]. In contrast to our study, where 
a large gender difference in the AVW range was observed, 
in the above-cited study, no gender difference was noted. 
This discrepancy could be related to differences in pa-
tients’ characteristics, aortic valve anatomy, and AS type 
(i.e., isolated or mixed). 

The large distribution of AVW in patients with similar 
AS severity can, in part, be explained by possible measur-
ing errors of the valve hemodynamics and/or area, differ-
ent fibrotic/calcified valve tissue ratios between males 
and females, errors in weighing the valve specimens, or 
other causes. Using the cutoff values of AVW for severe 
AS in males and females (2 and 1.2 g, respectively), a re-

cent report indicated 14% disagreement between the he-
modynamic indices of severe AS and AVW in the NF/
HG, and 30% in the LF/LG group; these results demon-
strate the underlying complexity of this relationship [22]. 

In our study, females had lighter valves than males 
when AVW was expressed in absolute values or adjusted 
for BSA, but not when was indexed for the aortic annulus 
cross-sectional area. This finding is in contrast with other 
reports [13, 18, 23] but agrees with a recent study which 
determined that AVA/aortic annulus area (i.e., aortic 
valve calcium density) was similar in both genders; im-
portantly, when compared with males, females had great-
er amounts of valvular fibrosis for the same hemodynam-
ic stenosis severity [9]. 

The prevalence of BAV in this study is similar to that 
reported by Mohler et al. [18] (i.e. 11%) using electron 
beam-computerized tomography (EBCT) for the deter-
mination of AVC load, but it is lower than in other stud-
ies where pathoanatomic diagnosis was used and a preva-
lence of 26–48% was reported [16, 17, 21, 24]. In agree-
ment with prior studies, we found that the bicuspid valves 
are heavier than the tricuspid valves [21]. This univer-
sally reported finding can be explained by the abnormal 
mechanical and shear forces exercised on the BAV, which 
are associated with increased oxidative stress and chron-
ic inflammation that lead to valvular endothelial disrup-
tion and, ultimately, excess calcium deposition [25]. In 
addition, the BAV have larger cusps than the tricuspid 
ones, which may lead to different patterns of calcification, 
taking the form of macroaggregates, in contrast with the 

Table 6. Cox proportional hazards models estimating hazards of all-cause mortality according to aortic valve weight

Model 1a Model 2b Model 3c

HR LL UL p value HR LL UL p value HR LL UL p value

Continuous valve weight
All patients 0.89 0.77 1.03 0.11 0.91 0.76 1.08 0.27 0.90 0.71 1.13 0.35
Males 0.93 0.79 1.08 0.33 0.98 0.82 1.17 0.82 1.00 0.80 1.23 0.97
Females 0.73 0.54 0.99 0.046 0.72 0.52 1.00 0.049 0.67 0.47 0.95 0.023

Dichotomous valve weight*
Males 0.97 0.70 1.34 0.85 1.01 0.73 1.41 0.93 0.99 0.68 1.45 0.97
Females 0.67 0.40 1.11 0.12 0.68 0.41 1.13 0.14 0.62 0.36 1.09 0.098

HR, hazard ratio; LL, lower limit; UL, upper limit. * Dichotomized at ±2.64 g for males and ±2.13 g for females.
a Unadjusted model including valve weight alone.
b Includes aortic valve weight in addition to age, gender, and BSA.
c Includes all variables in Model 2 + a history of CABG, heart failure, LV stroke volume, chronic kidney disease, hypertension, dia-

betes, and LVEF.
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microaggregates in the tricuspid valves, where, compared 
with the BAV [16], a closer relationship between AVW 
with transvalvular gradients can be found. 

It has been reported that the excised valve can be used 
as a surrogate for valve calcification [15], closely reflect-
ing AS severity; a good correlation between AVW with 
the transvalvular peak velocity and gradients has been 
found [14, 16, 22, 26, 27]. In contrast, the correlation be-
tween AVW and AVA is less clear. With the exception of 
1 study which used EBCT [12], the majority of investiga-
tors have reported no correlation/a weak correlation be-
tween AVC and AVA regardless of the method used for 
the determination of the AVC load (i.e., MDCT or pa-
thology) [14, 16, 26] or the AVA calculation (i.e., nonin-
vasive or invasive). The determination of AVA is affected 
by inherent limitations of the continuity equation (i.e., 
the assumption of the LVOT circularity), accuracy of the 
Doppler recordings, variations in the stroke volume and 
vascular load (i.e., elevated systolic blood pressure), and 
inherent drawbacks of the Gorlin equation [28].

The analysis of the 4 hemodynamic groups of AS in the 
restricted cohort showed that patients with “classic” AS 
(i.e., NF/HG) had the heaviest valves. Compared with this 
group and regardless of flow, patients with low gradients 
had the lightest valves, in agreement with a number of 
reports indicating that severe AS with NF/LG and moder-
ate AS are very similar [29], and possibly due to the strong 
correlation between the baseline gradients with AVC 
burden [27]. Among the 7 echocardiographic parameters 
analyzed, DOI was found to have the strongest correla-
tion with AVW, possibly because it eliminated the need 
to measure LVOT diameter which has known drawbacks. 
In both low-gradient groups, very few or no correlations 
were found with AVW or adjusted AVW, especially in the 
LF/LG group (i.e., “paradoxical” low flow-low gradient 
AS) which reiterates the value of AVC load quantification 
in such patients [22]. 

The magnitude of AVC load has been evaluated in re-
lation to outcome measures in several studies where AVR 
was taken as an outcome variable, and where the associa-
tion of AVW and all-cause death was examined in only a 
limited number of patients [30, 31]. In these studies, a 
positive correlation was found between AVC load and 
mortality, possibly explained by left ventricular geometri-
cal, morphologic, myocardial perfusion, and electrical 
abnormalities, in addition to altered vascular load and ad-
vanced patients’ age (associated with severe atherosclero-
sis and multiple comorbidities). In this study, when AVW 
was analyzed as a categorical variable, no significant as-
sociation with death was found in either gender, consis-

tent with the report by Roberts et al. [32] where an AVW 
of 4 g was chosen as the threshold between lighter and 
heavier valves. In contrast, in our study, when AVW was 
treated as a continuous variable, an inverse association 
with mortality was found in females only. We tried to un-
derstand this paradox by separately analyzing the clinical, 
hemodynamic, and echocardiographic data of both gen-
ders. Although older than males, females had a better 
medical history, LV function, and steady vascular load 
profile. In the entire cohort, a higher number of females 
than males were diagnosed with severe AS. Although we 
could not reliably assess patients’ symptoms, considering 
that in females the valvular fibrotic changes might be the 
predominant mechanism of aortic valve orifice narrow-
ing [9], it is possible that some females may have devel-
oped calcific valves. This led to the higher degree of AS 
severity, more symptoms, and earlier referral to AVR, ul-
timately increasing their survival. It has been shown that 
for a similar AVC load, women have a higher hemody-
namic severity of AS than men [26]. Due to the curvilin-
ear relationship between AVA and AVC load, a small 
AVC accumulation on a less calcified valve results in a 
large decrease in AVA [12]. Finally, we conducted a sen-
sitivity test using the E-value. The E-value [33] is defined 
as the minimum strength of association on the risk ratio 
scale (i.e., the risk in exposed vs. unexposed), between an 
unmeasured confounder and treatment/outcome, to fully 
explain away a specific treatment/outcome association. 
This quantifies how susceptible the paradoxical inverse 
association of AVW with all-cause mortality in females 
could be, i.e., due to bias resulting from unmeasured con-
founding or measurement error. We found that the afore-
mentioned HR of 0.668 (CI 0.471–0.946) has an E-value 
of 1.97 for the HR estimate and 1.24 for the CI. The min-
imum strength of unmeasured confounders on the HR 
scale would need to be 1.24 to alter the CI to null (to in-
clude 1, making p > 0.05), or 1.97 to make the HR itself 
1.00. This is a rather small threshold to meet, suggesting 
that our paradoxical result was highly sensitive to small, 
unaccounted-for biases in this analysis.

Strengths and Limitations
To our knowledge, this series is the largest in which 

AVW measured after AVR was analyzed in relation to 
most of the echocardiographic indices of AS and all-cause 
mortality. Moreover, we separately analyzed each of the 
hemodynamic groups and showed, for the first time, a 
lack of correlation between AVW and echocardiographic 
indices in the low-gradient groups. The type of calcifica-
tion (i.e., micro- vs. macroaggregates) and the amount of 
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valvular fibrosis were not analyzed. To increase accuracy, 
we chose a restricted cohort with isolated severe AS and 
preserved LVEF; this precluded the correlation analyses 
in lower severities of AS. In addition, as in many retro-
spective studies, patients’ symptoms could not be accu-
rately ascertained. None of the patients had MDCT data 
for AVC quantification. Nevertheless, an excellent cor-
relation between AVW and AVC by MDCT has been re-
ported [15], and a regression equation translating AVC 
score by MDCT into AVW proposed (i.e., AVW = AVC 
score/1.7) [12]. Additionally, as frequently observed in 
tertiary referral centers, many patients were directly re-
ferred to surgery without a preoperative TTE being per-
formed in our lab. In these patients, we used the TEE data 
recorded at the time of intraoperative study, which may 
have slightly underestimated the true magnitude of the 
transvalvular velocities/gradients. However, great care 
was taken when sampling the LVOT and recording the 
highest transvalvular velocities from the deep transgastric 
view, together with meticulous recording of the hemody-
namic data.

In conclusion, we found a modest correlation between 
AVW and the echocardiographic indices of AS. This re-
flects the complex pathophysiology of this condition and 
the possible pitfalls of methods currently used for the 
evaluation of AS severity. The dimensionless index came 
out as the strongest correlate with the AVW, showing its 
prominence among the other hemodynamic echocardio-
graphic indices employed in the clinical work. Regardless 
of flow magnitude, AVW was not associated with the 

echocardiographic variables in the low-gradient groups, 
thereby suggesting the diagnostic challenges presented by 
such patients and the need for multiparametric and, 
eventually, a multimodality approach in such cases. When 
analyzed as a categorical variable, in both genders, AVW 
had a neutral effect on survival. Future studies may vali-
date our observations and contribute to the expansion of 
the current understanding of AS and its evaluation.
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