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ORIGINAL RESEARCH ARTICLE

Patients With Bicuspid Aortic Stenosis 
Demonstrate Adverse Left Ventricular 
Remodeling and Impaired Cardiac Function 
Before Surgery With Increased Risk of 
Postoperative Heart Failure
Johan O. Wedin , MD; Ola Vedin, MD, PhD; Sergey Rodin, PhD; Oscar E. Simonson, MD, PhD;  
Jonathan Hörsne Malmborg, MD; Johan Pallin, MD; Stefan K. James , MD, PhD; Frank A. Flachskampf , MD, PhD;  
Elisabeth Ståhle , MD, PhD; Karl-Henrik Grinnemo , MD, PhD

BACKGROUND: Differences in adverse cardiac remodeling between patients who have bicuspid (BAV) and tricuspid aortic valve 
(TAV) with severe isolated aortic stenosis (AS) and its prognostic impact after surgical aortic valve replacement remains 
unclear. We sought to investigate differences in preoperative diastolic and systolic function in patients with BAV and TAV who 
have severe isolated AS and the incidence of postoperative heart failure hospitalization and mortality.

METHODS: Two hundred seventy-one patients with BAV (n=152) or TAV (n=119) and severe isolated AS without coronary 
artery disease or other valvular heart disease, scheduled for surgical aortic valve replacement, were prospectively included. 
Comprehensive preoperative echocardiographic assessment of left ventricular (LV) diastolic and systolic function was 
performed. The heart failure events were registered during a mean prospective follow-up of 1260 days versus 1441 days 
for patients with BAV or TAV, respectively.

RESULTS: Patients with BAV had a more pronounced LV hypertrophy with significantly higher indexed LV mass ([LVMi] 134 
g/m2 versus 104 g/m2, P<0.001), higher prevalence of LV diastolic dysfunction (72% versus 44%, P<0.001), reduced LV 
ejection fraction (55% versus 60%, P<0.001), significantly impaired global longitudinal strain (P<0.001), significantly higher 
NT-proBNP (N-terminal pro-brain natriuretic peptide) levels (P=0.007), and a higher prevalence of preoperative levosimendan 
treatment (P<0.001) than patients with TAV. LVMi was associated with diastolic dysfunction in both patients with BAV and 
TAV. There was a significant interaction between aortic valve morphology and LVMi on LV ejection fraction, which indicated a 
pronounced association between LVMi and LV ejection fraction for patients with BAV and lack of association between LVMi 
and LV ejection fraction for patients with TAV. Postoperatively, the patients with BAV required significantly more inotropic 
support (P<0.001). The patients with BAV had a higher cumulative incidence of postoperative heart failure admissions 
compared with patients with TAV (28.2% versus 10.6% at 6 years after aortic valve replacement, log-rank P=0.004). Survival 
was not different between patients with BAV and TAV (log-rank P=0.165).

CONCLUSIONS: Although they were significantly younger, patients with BAV who had isolated severe AS had worse preoperative 
LV function and an increased risk of postoperative heart failure hospitalization compared with patients who had TAV. Our 
findings suggest that patients who have BAV with AS might benefit from closer surveillance and possibly earlier intervention.
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Aortic stenosis (AS) is one of the most common 
valvular heart diseases worldwide.1 Degenera-
tion of tricuspid aortic valve (TAV) or bicuspid 

aortic valve (BAV) represents the 2 most frequent 
causes of AS. Although TAV is commonly found in 
older patients with AS, BAV predominates in younger 
patients.2 Although the prevalence of BAV is ≈1% to 
2% in the general population,3 patients with BAV con-
stitute 50% of all patients that undergo surgical aortic 
valve replacement (AVR) for AS.2

The left ventricle (LV) adapts to the chronic pressure 
overload induced by the AS. Initially, this LV remodel-
ing is beneficial but ultimately transits to a maladaptive 
state with irreversible systolic LV dysfunction. Diastolic 
dysfunction (DD) typically precedes systolic LV dysfunc-
tion and is associated with adverse outcomes in a vari-
ety of cardiovascular diseases, including severe AS.4,5 LV 
global longitudinal strain (GLS) is a marker of subclini-
cal systolic LV dysfunction, and an impaired GLS despite 
preserved LVEF is a powerful parameter of the outcome 
of AS.6 Although DD and reduced GLS are common in 
patients with symptomatic severe AS, reduced LVEF 
is less frequently observed because of the compensa-
tory mechanisms of the LV to maintain adequate stroke 
volume.7–9 Surgical or interventional AVR reverses the 
excessive LV afterload and is the only effective treat-
ment of severe AS.

Data from several cross-sectional studies suggest 
that adolescents and young adults with a BAV show 
early signs of adverse structural LV remodeling even 
in the absence of valvular dysfunction.10 Consequently, 
impaired LV function is more common in individuals 
with BAV compared with age- and sex-matched TAV 
controls, and is probably related to a chronically ele-
vated afterload attributable to eccentric aortic valve 
opening and decreased ascending aortic elasticity.11,12 
In longitudinal studies, it has been shown that indi-
viduals with BAV exhibit a higher risk of premature 
congestive heart failure (HF) than the general popula-
tion.13,14 In a recent retrospective study by Yang et al,15 
the progression of BAV and TAV AS was similar, but 
with higher mortality and cardiac damage in the TAV 
cohort. Coronary artery disease was significantly more 
common among patients with TAV AS, which might 
have affected the long-term outcome. The only echo-
cardiographic study comparing preoperative LV systolic 
and diastolic function in a surgical cohort of patients 
with BAV and TAV also included concomitant coro-
nary artery disease, which was more common among 
patients with TAV.16 Thus, the effect of isolated AS on 
LV diastolic and systolic function in patients with BAV 
and TAV, and whether this affects postoperative out-
come, remains unknown.

Because of the lack of evidence, combined with the 
prognostic relevance of LVEF,17 GLS,6 and DD5 in severe 
AS, our aim was to perform a prospective comparative 
study of patients with BAV and TAV with isolated severe 
AS scheduled for AVR, with focus to investigate differ-
ences in (1) preoperative systolic LV function, (2) pre-
operative diastolic LV function, (3) mortality, and (4) 
postoperative rate of HF hospitalization.

METHODS
The data that support the findings of this study are available 
from the corresponding author on reasonable request.

Clinical Perspective

What Is New?
• It is unknown whether the cardiac remodeling dif-

fers between patients with bicuspid (BAV) and 
tricuspid aortic valves with severe isolated aortic 
stenosis, and whether these differences affect the 
incidence of postoperative heart failure hospitaliza-
tion and mortality.

• We prospectively investigated left ventricular 
function before surgical aortic valve replacement 
because of isolated severe aortic stenosis in 271 
patients with a BAV or tricuspid aortic valve, with-
out concomitant coronary artery disease or other 
valvular heart disease, and assessed the postop-
erative incidence of heart failure events.

What Are the Clinical Implications?
• Although significantly younger, patients with BAV 

had a more pronounced adverse left ventricular 
remodeling and a higher prevalence of preoperative 
left ventricular diastolic and systolic dysfunction.

• Patients with BAV had a higher cumulative inci-
dence of postoperative heart failure admissions 
than patients with tricuspid aortic valves, whereas 
no difference in survival was observed.

• Patients with BAV with isolated severe aortic steno-
sis might benefit from closer surveillance of left ven-
tricular function and possibly earlier intervention.

Nonstandard Abbreviations and Acronyms

AS aortic stenosis
AVR aortic valve replacement
BAV bicuspid aortic valve
CK-MB creatine kinase muscle-brain
DD diastolic dysfunction
GLS global longitudinal strain
HF heart failure
LV left ventricle
LVEF left ventricular ejection fraction
LVMi left ventricular mass index
TAV tricuspid aortic valve
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Study Design and Patient Enrollment
In this prospective study, 271 consecutive patients with severe 
AS scheduled for AVR at a tertiary-level referral center (Uppsala 
University Hospital, Uppsala, Sweden) were included between 
January 1, 2014, and May 31, 2021. The diagnosis had been 
established before referral,18,19 and the patients were accepted 
for AVR after evaluation by the Multidisciplinary Heart Valve 
Team. All patients had severe symptomatic AS or asymptomatic 
AS and depressed LVEF as indication for AVR. Baseline char-
acteristics including demographic information, medical history, 
and clinical variables were collected at enrollment, at the time 
the patients received their preoperative information. Patients 
with a history of coronary artery disease (significant stenosis 
detected on preoperative coronary angiography, previous per-
cutaneous coronary intervention, or coronary artery bypass 
grafting), previous other open-heart surgery, atrial fibrillation/
flutter, concomitant moderate or severe aortic regurgitation, 
concomitant moderate or severe mitral regurgitation, significant 
mitral annular calcification, and patients scheduled for con-
comitant surgical procedures other than ascending aortic sur-
gery (n=22 BAV and n=3 TAV, P<0.001) were not eligible for 
inclusion. No patient had a permanent pacemaker. The study 
was approved by the Ethics Review Board (registration number 
2017/221 and 2017/221/1).

Determination of Aortic Valve Morphology
The aortic valve morphology (BAV or TAV) was determined 
perioperatively by the surgeon and documented directly in 
the operating room. A BAV was considered present in accor-
dance with the classification system developed by Sievers and 
Schmidtke.20

Echocardiographic Imaging
All patients underwent a comprehensive preoperative trans-
thoracic echocardiogram according to a standardized proto-
col before surgery. The same certified physician interpreted 
all examinations. The echocardiograms were obtained using 
machines from 3 different vendors, Philips EPIQ7 (Philips 
Medical Systems), GE Vivid E9 (General Electric Healthcare), 
and Siemens ACUSON SC2000 (Siemens). GLS was cal-
culated off-line with a semiautomatic software (2D Cardiac 
Performance Analysis, TomTec Imaging System). Detailed 
description of the examination and interpretation of echocar-
diographic data are presented in the Supplemental Material.

In summary, the LV end-diastolic volume, LV end-systolic 
volume, and LVEF were obtained using the Simpson biplane 
method of discs. LV mass was calculated using the Devereux 
formula21 and normalized to body surface area. Diastolic dys-
function was defined according to current guidelines in patients 
with normal or depressed LVEF.22 DD was specifically consid-
ered present if the patient had depressed LVEF or if at least 
3 of the following 4 criteria were present: E/e′ >14, septal 
e′ velocity <7 cm/s or lateral e′ velocity <10 cm/s, tricuspid 
regurgitation maximal velocity >2.8 m/s, and left atrial volume 
index >34 mL/m2. Patients with 0 to 1 positive criteria had nor-
mal diastolic function, whereas patients with 2 positive criteria 
had indeterminate diastolic function. In patients with DD, the 
severity was categorized as grade I, grade II, or grade III, on the 
basis of the mitral inflow pattern (E/A ratio). Patients had grade 

I DD if E/A ≤0.8 and E ≤50 cm/s, and grade III DD if E/A ≥2. 
When E/A ≤0.8 and E >50 cm/s or E/A >0.8 to <2, the grad-
ing was based on the 3 criteria E/e′ (>14), tricuspid regurgita-
tion maximal velocity (>2.8 m/s), and left atrial volume index 
(>34 mL/m2). If 0 to 1 of 3 criteria was fulfilled, grade I DD 
was present. If 2 to 3 of 3 criteria were fulfilled, grade II DD was 
present. GLS was measured from apical 2-, 4-, and 3-chamber 
views according to recommendations.23 The endocardial border 
was traced in the end-systolic frame, whereas the end-diastolic 
tracing was provided automatically by the software, allowing for 
manual correction if necessary.

Reproducibility
Inter- and intraobserver reproducibility for relevant parameters 
were analyzed in a random sample of 12 patients and pre-
sented in the Supplemental Material. Consistency of repeated 
measures was established with the use of Pearson correlation.

Outcome
We investigated the incidence of postoperative HF hospital-
ization in patients with BAV and TAV. HF was defined as the 
need for hospital management, either inpatient or outpatient 
care,24 because of at least 1 sign or symptom corroborated 
by objective evidence of HF.25 To avoid including episodes of 
HF related to the surgical procedure, we disregarded hospital 
readmissions attributable to HF within 30 days after the date 
of surgery. Only patients at risk 30 days after surgery were 
included (n=268). We did not differentiate between HF with 
reduced or preserved ejection fraction. Hospital management 
of complications clearly related to the AVR procedure (either 
early or late) were not considered HF events. Information on 
postoperative HF hospitalization was obtained from the elec-
tronic medical records. Follow-up was administratively cen-
sored on December 31, 2021.

Statistical Analysis
Continuous data are expressed as mean±SD and categorical 
variables are expressed as numbers (%). Differences in contin-
uous variables between patients with BAV and TAV were ana-
lyzed using independent samples t test. For categorical tests, 
the χ2 test or Fisher exact test was used when appropriate. 
Differences in HF hospitalization incidence between patients 
with BAV and TAV was displayed using cumulative incidence 
function to account for death as a competing risk. Logistic 
regression was used to investigate the association between LV 
hypertrophy (LV mass index, LVMi) and diastolic dysfunction, 
where patients with normal diastolic function were used as a 
reference category. In this analysis, patients with indetermi-
nate diastolic function were considered to have DD, because 
indeterminate diastolic function is associated with worse prog-
nosis.26 Results are presented as odds ratio with 95% CI. An 
ordinary least-squares regression model was used to investi-
gate the association between systolic function (LVEF) and LV 
hypertrophy (LVMi). Final models were adjusted for valve mor-
phology, age, sex, diabetes, and hypertension. In the ordinary 
least-squares regression model, LVMi and age were modeled 
using restricted cubic splines with 4 knots at the 5th, 35th, 
65th, and 95th percentiles, to allow for nonlinear associations. 
To assess whether the association differed according to valve 
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morphology, a multiplicative interaction variable between aor-
tic valve morphology and LVMi was included. The interaction 
was based only on the linear part of the spline for LVMi. Cox 
proportional hazard regression analysis was used to compare 
time to first HF event according to aortic valve morphology. 
The overall association between aortic valve morphology and 
increased incidence of HF was estimated in a Cox propor-
tional hazards regression analysis. Given the relatively few HF 
events, adjustment was restricted to age, sex, and LVEF on 
the basis of a directed acyclic graph (Figure S1). Results are 
presented as adjusted hazard ratio with 95% CI. For covari-
ates with a significant main effect in the adjusted Cox pro-
portional hazards regression analysis, interaction with aortic 
valve morphology on HF hospitalization was tested by inclu-
sion of a multiplicative interaction term in the model (eg, aortic 
valve morphology×LVEF). Statistical analyses were performed 
in SAS 9.4, SPSS for Windows 27.0 (SPSS Inc), and R 4.0 
(R Core Team. R: a language and environment for statistical 
computing. 2018) using the rms-package.27 A 2-tailed P value 
<0.05 was considered statistically significant.

RESULTS
Patient Characteristics
Baseline characteristics of the whole cohort (n=271) 
and differences between patients with BAV and TAV are 
summarized in Table 1. Compared with patients who have 
TAV, patients with BAV were younger (65 years versus 
71 years, P<0.001) and had less hypertension, type 2 
diabetes, hyperlipidemia, and lower body mass index. The 
prevalence of chronic obstructive pulmonary disease, ob-
structive sleep apnea, and peripheral artery disease was 
similar. Systolic blood pressure immediately before AVR 
was significantly lower in patients with BAV (135 mm Hg 
versus 141 mm Hg, P=0.004), whereas diastolic blood 
pressure did not differ between groups. Patients with 
BAV had a significantly higher heart rate than patients 
with TAV (76 beats/min versus 69 beats/min, P<0.001). 
Patients with BAV had significantly higher NT-proBNP 
(N-terminal pro-brain natriuretic peptide) levels (1683 
ng/L versus 689 ng/L, P=0.007) immediately before 
AVR, despite being equally symptomatic as patients 
with TAV according to the New York Heart Association 
classification (P=0.329). Preoperative creatinine levels 
were lower in the BAV cohort (78 μg/L versus 83 μg/L, 
P=0.019). Approximately 9% (14/152) of the patients 
with BAV received preoperative levosimendan treatment, 
although none of the patients with TAV required preop-
erative levosimendan treatment (P<0.001).

Echocardiographic Parameters
Echocardiographic parameters for the whole cohort, 
and differences between patients with BAV and TAV, as 
well, are shown in Table 2. Inter- and intraobserver in-
traclass correlation were excellent (>0.9) for all param-
eters (Supplemental Material). All patients had severe 

AS and there were no differences in maximal transval-
vular velocities, maximal or mean transvalvular gradients, 
or aortic valve area, but the calculated aortic valve area 
was significantly smaller in patients with BAV (0.80 cm 
versus 0.89 cm, P=0.007; aortic valve area index, 0.41 
cm/m2 versus 0.45 cm/m2, P=0.002). The diameters at 
the level of the aortic sinus, sinotubular junction, and as-
cending aorta were significantly larger in patients with 
BAV (P<0.001). Pressure recovery, measured at the 
sinotubular junction level, was significantly higher in pa-
tients with TAV (P<0.001).

LV Diastolic Function
Diastolic function could be analyzed in 227 of 271 
(84%) patients, including 130 of 152 (86%) patients 
with BAV and 97  of 119 (82%) patients with TAV. 
Diastolic dysfunction was present in 60% (137/227) 
of these patients, whereas 26% (58/227) had normal 
diastolic function and 14% (32/117) had indetermi-
nate diastolic function. Grade I DD was found in 15% 
(34/227), grade II DD in 37% (85/227), and grade III 
DD in 9% (21/227). The prevalence of DD was signifi-
cantly higher in patients with BAV than in patients with 
TAV (72% versus 44%, P<0.001) with the following 
distribution: Grade I DD 20% versus 8% (P=0.013); 
grade II DD 40% versus 34% (P=0.334); grade III 
DD 15% versus 2% (P=0.001). Diastolic function was 
indeterminate in 11% (14/130) of patients with BAV 
and in 20% (19/97) of patients TAV (P=0.066), re-
spectively (Figure S2). Looking at individual diastolic 
parameters, patients with BAV had larger left atrial vol-
ume index, higher tricuspid regurgitation maximal veloc-
ity, lower A-wave velocity, higher E/A ratio, and shorter 
mitral E wave deceleration time than patients with TAV. 
The septal e′ velocity, lateral e′ velocity, and E/e′ ra-
tio were not different between the groups. There was 
an association between LVMi and diastolic dysfunction 
(odds ratio, 1.04 [95% CI, 1.01–1.06]; P=0.002), but 
no significant interaction (Pinteraction=0.708) between 
LVMi and aortic valve morphology (BAV or TAV) on DD 
was observed.

LV Size and Systolic Function
LV systolic and diastolic volumes were larger in patients 
who have BAV with a significantly lower LVEF than pa-
tients with TAV (55% versus 60%, P<0.001). The intra-
ventricular septum and posterior LV wall were thicker, 
and LV end-diastolic linear diameter was bigger in pa-
tients with BAV. Accordingly, the indexed LV mass was 
significantly higher in patients with BAV (134 g/m2 ver-
sus 104 g/m2, P<0.001), but there was no difference 
in relative wall thickness, probably because of the high-
er frequency of eccentric remodeling in patients with 
BAV. The difference in LV hypertrophy and remodeling 
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patterns for patients with BAV and TAV are visualized in 
Figure 1 and Figure S3, respectively. There was a nega-
tive association between LVEF and LVMi (β=–0.451, 
P<0.001) with reduced LVEF in patients with LV hyper-
trophy. Visualizing this association according to aortic 
valve morphology indicated a pronounced association 
in patients with BAV and lack of association for patients 
with TAV (Figure 2). Formal interaction analysis veri-
fied a significant interaction between LVMi and aortic 
valve morphology on LVEF (Pinteraction=0.0049). Global 
longitudinal strain, adequately analyzed in 203 patients 
(n=116 BAV and n=87 TAV, P=0.546), was signifi-

cantly impaired for patients with BAV (–14.3% versus 
–18.1%, P<0.001).

Peroperative Characteristics
The peroperative characteristics are summarized in Ta-
ble 3. The extracorporeal circulation and aortic cross-
clamp times were significantly longer for patients with 
BAV (118.4 minutes versus 106.8 minutes, P<0.001; 
86.3 minutes versus 75.2 minutes, P<0.001, respec-
tively), even after excluding patients who underwent 
concomitant ascending aortic surgery (114.2 minutes 

Table 1. Baseline Characteristics

Characteristics
All
(n=271)

Bicuspid aortic 
valve (n=152)

Tricuspid aortic 
valve (n=119) P value

Demographic data

 Age, y 68±8.7 65±9.1 71±6.7 <0.001

 Male sex, n (%) 167 (62) 100 (66) 67 (56) 0.111

 Body mass index, kg/m2 27.9±4.5 27.2±4.6 28.7±4.3 0.011

 Body surface area, m2 1.95±0.21 1.95±0.22 1.94±0.21 0.907

Physiological data

 Systolic blood pressure, mm Hg 137±16 135±18 141±13 0.004

 Diastolic blood pressure, mm Hg 77±11 77±12 78±9 0.592

 Heart rate, beats/min 73±16 76±18 69±11 <0.001

Clinical data, n (%)

 Diabetes 38 (14) 13 (9) 25 (28) 0.003

 Arterial hypertension 185 (68) 89 (59) 96 (81) <0.001

 Hypercholesterolemia 122 (45) 55 (36) 67 (56) <0.001

 Chronic obstructive pulmonary disease 20 (7) 9 (6) 11 (9) 0.299

 Peripheral artery disease 20 (7) 11 (7) 9 (8) 0.919

 Obstructive sleep apnea 8 (3.0) 4 (2.9) 4 (3.6) 0.733

 Smoking (previous or current) 104 (38) 58 (38) 46 (38) 0.933

 Antihypertensive medication

   Angiotensin-converting enzyme inhibitor/
angiotensin receptor II blocker

142 (52) 76 (50) 66 (55) 0.296

  β-blocker 120 (44) 54 (36) 66 (55) <0.001

  Calcium channel blocker 54 (20) 21 (13) 33 (28) 0.003

  Diuretics 67 (25) 31 (20) 36 (30) 0.051

 NYHA class 0.329

  NYHA I 19 (7) 9 (6) 10 (8)  

  NYHA II 105 (39) 61 (40) 44 (37)  

  NYHA III 140 (52) 76 (50) 64 (54)  

  NYHA IV 7 (2) 6 (4) 1 (1)  

 Preoperative levosimendan 14 (5) 14 (9) 0 (0) <0.001

Laboratory data

 Hemoglobin, g/L 139±12 140±12 138±13 0.265

 NT-proBNP, ng/L 1247±2843 1683±3622 689±1069 0.007

 Creatinine, µg/L 80±17 78±15 83±18 0.019

Data are presented as mean±SD for continuous variables and n (%) for categorical variables. NT-proBNP indicates N-
terminal pro-brain natriuretic peptide; and NYHA, New York Heart Association.
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versus 106.5 minutes, P=0.0036; 82.7 minutes versus 
74.8 minutes, P=0.043, respectively). Peak levels of 
the postoperative myocardial damage markers (tropo-
nin I and CK-MB [creatine kinase muscle-brain]) were 
not different between patients with BAV and TAV. Pa-
tients with BAV required more postoperative inotropic 
support (29.6% versus 16.0%), whereas patients with 
TAV required more postoperative intravenous antihy-
pertensive treatment (26.9% versus 23.0%, P=0.017). 
Preoperative LVEF was associated with postoperative 

need for inotropic support (odds ratio per 10-U LVEF 
decrease, 1.58 [95% CI, 1.22–2.09], P=0.001). Pa-
tients with BAV had a longer stay in the intensive care 
unit, although this difference was not statistically sig-
nificant (2.18 days versus 1.71 days, P=0.072). Only 
2 patients required postoperative dialysis (n=1 patient 
with BAV and n=1 patient with TAV, P>0.99), and the 
frequency of reoperation attributable to bleeding was 
not different for patients with BAV and TAV (5.9% ver-
sus 1.7%, P=0.120).

Table 2. Preoperative Echocardiographic Characteristics

Characteristics
All
(n=271)

Bicuspid aortic 
valve (n=152)

Tricuspid aortic 
valve (n=119) P value

LV size and systolic parameters

 LV ejection fraction, % 57±9 55±11 60±6 <0.001

 Global longitudinal strain (n=203), % –15.9±4.9 –14.3±4.0 –18.1±5.2 <0.001

 LV end-diastolic volume index, mL/m2 71±32 76±37 64±20 0.003

 LV end-systolic volume index, mL/m2 32±17 36±20 26±9 <0.001

 Interventricular septum thickness, mm 12.5±1.9 12.9±1.9 11.8±1.9 <0.001

 Posterior wall thickness, mm 11.5±1.8 12.0±1.7 10.9±1.7 <0.001

 LV mass index, g/m2 121±36 134±37 104±24 <0.001

 Relative wall thickness 0.47±0.09 0.48±0.09 0.46±0.09 0.091

AV parameters

 AV maximal velocity, m/s 4.60±0.53 4.60±0.56 4.59±0.50 0.616

 AV maximal gradient, mm Hg 86±21 87±22 85±19 0.634

 AV mean gradient, mm Hg 54±14 55±15 53±12 0.231

 AV area, cm2 0.83±0.24 0.80±0.24 0.89±0.23 0.007

 AV area index, cm2/m2 0.42±0.11 0.41±0.11 0.45±0.10 0.002

 Pressure recovery, mm Hg 2.30±0.11 2.11±0.75 2.58±0.74 <0.001

Aortic diameters

 Aortic sinus, mm 35±4.7 36±4.7 33±4.2 <0.001

 Sinotubular junction, mm 30±5.0 32±5.1 28±4.2 <0.001

 Ascending aorta, mm 37±6.3 39±6.5 34±5.0 <0.001

LV diastolic parameters

 Left atrial volume index, mL/m2 38±10 40±10 36±10 <0.001

 E wave, cm/s 0.83±0.22 0.84±0.23 0.82±0.21 0.437

 A wave, cm/s 0.87±0.27 0.79±0.26 0.99±0.25 <0.001

 E/A ratio 1.09±0.75 1.24±0.90 0.90±0.39 <0.001

 Septal e′, cm/s 5.7±1.5 5.5±1.5 5.9±1.4 0.084

 Lateral e′, cm/s 7.0±1.9 7.0±1.9 7.0±1.9 0.961

 E/e′ 14.3±5.0 14.8±5.6 13.8±4.0 0.160

 Tricuspid regurgitation maximal velocity, m/s 2.63±0.40 2.72±0.44 2.51±0.31 0.002

 Deceleration time, ms 225±74 204±69 251±73 <0.001

 Diastolic dysfunction (n=227), n (%) 137 (60) 94 (72) 43 (44) <0.001

 Grade I, n (%) 34 (15) 26 (20) 8 (8) 0.013

 Grade II, n (%) 85 (37) 52 (40) 33 (34) 0.334

 Grade III, n (%) 21 (9) 19 (15) 2 (2) 0.001

 Indeterminate, n (%) 33 (15) 14 (11) 19 (20) 0.066

Data are presented as mean±SD for continuous variables and n (%) for categorical variables. AV indicates aortic valve; and LV, 
left ventricular.
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Outcome
Mean follow-up after AVR was similar between the 
groups but tended to be shorter for patients with BAV 
(1260 days versus 1441 days, P=0.052). There were 
17 deaths in total (n=6 BAV and n=11 TAV). Of those, 
3 patients (2 BAV and 1 TAV) died in-hospital deaths 
in association with the index surgery. Because these 3 
patients were not at risk for HF during follow-up, they 
were excluded from analysis of HF. The survival was 
comparable for patients with BAV and TAV (log-rank 
P=0.165; Figure 3). Overall, 31 patients (11.6%) were 
hospitalized because of HF during follow-up, of which 
24 were patients with BAV and 7 were patients with 
TAV. The cumulative incidence function for HF is de-
picted according to aortic valve morphology and death 
as a competing risk for HF (BAV 28.2% versus TAV 
10.6% at 6 years after AVR, log-rank P=0.004; Fig-
ure 4). In an adjusted Cox proportional hazards model 
(adjusted for age, sex, and LVEF), summarized in Ta-
ble 4, BAV morphology was independently associated 
with time to HF hospitalization (adjusted hazard ratio, 
2.77 [95% CI, 1.14–6.77], P=0.019). LVEF was also 
associated with HF hospitalization (adjusted hazard 
ratio per 10-U decrease, 1.35 [95% CI, 1.01–1.82], 
P=0.044). There was no interaction between aortic 

valve morphology and LVEF regarding HF hospitaliza-
tion (Pinteraction=0.868).

DISCUSSION
We prospectively investigated diastolic and systolic 
function and postoperative outcome in a well-charac-
terized cohort of patients with BAV and TAV with severe 
isolated AS scheduled for AVR. Our main findings were 
that patients with BAV had worse preoperative diastolic 
and systolic LV function and a higher cumulative inci-
dence of postoperative HF hospitalization. Survival was 
not statistically different between patients with BAV 
and TAV after AVR.

Chronically elevated afterload caused by AS leads 
to adverse remodeling with concentric hypertrophy, 
reduced compliance, increased LV stiffness, and eventu-
ally DD.28 In the present study, the overall prevalence of 
DD was similar to what has been previously reported in 
AS cohorts.29 It is surprising that patients with BAV had 
more prevalent and more severe DD than patients with 
TAV. Patients with BAV also had higher indexed LV mass. 
Logistic regression revealed an association between 
LVMi and DD, and LV hypertrophy seems to be the main 
mechanism behind DD in both patients with BAV and 

Figure 1. Left ventricular remodeling patterns.
The distribution of different left ventricular remodeling patterns (normal geometry, concentric remodeling, concentric hypertrophy, and eccentric 
hypertrophy) in patients with bicuspid and tricuspid aortic valve with isolated severe aortic stenosis.
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patients with TAV. The increased LV mass observed in 
patients with BAV may result from a chronically elevated 
transvalvular gradient already present from birth.30 In 
contrast, hypertension, with debut later in life, probably 
contributes to the LV hypertrophy in patients with TAV. 
Elevated transvalvular gradients in young patients with 
BAV most probably originate from abnormal rheology 
attributable to the unequal size and eccentric opening 
of the leaflets.12,31 Increased ascending aortic stiffness 
also contributes to a chronically elevated afterload in 
young patients with BAV.11,32–34 In line with the findings 
of the present study, several others have found a higher 
LV mass and subclinical LV dysfunction in young patients 
with BAV, suggesting that the compensatory concentric 
remodeling process begins early in life.10,35 A future large 
longitudinal study that follows patients with BAV from an 
early age and forward might give us information about 
when adverse LV remodeling is initiated and how it is 
affected by aortic valve degeneration. Furthermore, ana-
lyzing LV structure and function in different age groups 
of patients with BAV referred for AVR could also poten-
tially support the concept of an age-dependent adverse 
LV remodeling. This subgroup analysis could not be per-
formed in the present study because of the relatively 
small BAV sample size.

Surgical or interventional AVR is the only treatment 
of severe AS.18 In advanced cases, LV mass recovery is 
incomplete after surgery with associated increased mor-
bidity and mortality.36 The likelihood of recovering DD 
postoperatively is decreasing with an increasing preop-
erative LV mass, where the final stage of the adverse 
remodeling process is irreversible myocardial fibrosis.37 
Deciphering the age-dependent remodeling of the LV in 
patients with BAV is therefore of utmost importance.

LV GLS is a marker of subclinical LV dysfunction and 
has been proven a robust predictor of adverse cardiovas-

cular outcome in a variety of cardiac conditions,38 includ-
ing after AVR.6 We found a significantly impaired GLS in 
patients with BAV, suggesting that myocardial contractil-
ity was affected to a greater extent before AVR compared 
with patients with TAV. Because this is an early marker 
of deteriorating systolic LV function, it could provide valu-
able information, especially in patients with pronounced 
LV hypertrophy, predominately patients with BAV.

The impaired LV function of patients with BAV was 
also reflected in a significantly higher pre- and post-
operative use of levosimendan and inotropic support, 
respectively, than in TAV counterparts. There was no dif-
ference in postoperative CK-MB and Troponin I levels, 
which indicates that the longer extracorporeal circulation 
and aortic cross-clamp times in patients with BAV did 
not cause any further damage to the myocardium and 
should therefore have a minor impact on postoperative 
myocardial function. Therefore, the increased need of 
postoperative inotropic support in the patients with BAV 
is most certainly a reflection of the impaired preoperative 
LV function, as supported by the association between 
preoperative LVEF and postoperative inotropic support.

In severe AS, cardiac output is maintained through 
compensatory concentric hypertrophy, which makes the 
estimation of systolic LV function in terms of LVEF prob-
lematic, because it is highly influenced by loading condi-
tions.9 This means that LVEF can be maintained, despite 
reduced myocardial contractility, through concentric 
remodeling. On the contrary, an afterload mismatch may 
cause a depressed LVEF even in patients with preserved 
myocardial contractility. However, LVEF is the only param-
eter that guides intervention in asymptomatic patients 
with AS. It has recently become increasingly evident that 
adhering to the proposed LVEF cutoff (<50%) results 
in an excessive postoperative mortality.7,17 Therefore, the 
most recent American guidelines suggest that AVR may 

Figure 2. Interaction between aortic 
valve morphology and left ventricular 
mass index on left ventricular 
ejection fraction with 95% CIs.
The graph shows the association between 
left ventricular mass index (x axis) and 
left ventricular ejection fraction (LVEF; y 
axis) according to aortic valve morphology 
(bicuspid aortic valve=black line; tricuspid 
aortic valve=red line).
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be considered in asymptomatic patients with a progres-
sive decline in LVEF to <60% on serial imaging.39 In the 
present study, patients with BAV had significantly lower 
LVEF than patients with TAV at the time of AVR. We sug-
gest that the higher LV mass in patients with BAV could 
explain the significant difference in LVEF, because there 
was a significant interaction between LV mass and aortic 
valve morphology. Again, this is probably related to the 
chronicity of the BAV disorder, affecting the afterload 
already from birth. A higher proportion of the patients 
with BAV (22% versus 74%) had eccentric LV hypertro-
phy, which is the final stage of maladaptive LV remodel-
ing observed late in the disease process.40 Concentric 

hypertrophy induces DD, but maintains LVEF through 
a preserved contractile function, which explains why LV 
mass was equally associated with DD in patients with 
BAV and TAV in our study. When the compensated con-
centric hypertrophy eventually progresses to an eccen-
tric hypertrophy, LV function deteriorates as the preload 
reserve is lost.41 This is probably why LV mass had an 
impact on systolic LV function in patients with BAV, but 
not in patients with TAV.

Another important finding was the difference of 
pressure recovery in patients with BAV and TAV. Pres-
sure recovery is a phenomenon frequently observed in 
patients with AS and is more prevalent in patients with 

Table 3. Peroperative Characteristics

Characteristics
All
(n=271)

Bicuspid aortic 
valve (n=152)

Tricuspid aortic 
valve (n=119) P value

Extracorporeal circulation time, min 113.3±32.1 118.4±30.9 106.8±32.5 <0.001

Aortic cross-clamp time, min 81.4±22.9 86.3±21.5 75.2±23.1 <0.001

Peak troponin I, ng/L 3494±5451 3736±5749 3182±5050 0.430

Peak creatine kinase muscle-brain, µg/L 32±103 30±67 36±137 0.617

Intensive care unit stay, days 2.0±2.1 2.2±2.4 1.7±1.7 0.072

Inotropic support, n (%) 64 (23.6) 45 (29.6) 19 (16.0) 0.009

Intravenous antihypertensive treatment, n (%) 55 (20.3) 23 (15.1) 32 (26.9) 0.017

Dialysis, n (%) 2 (0.7) 1 (0.7) 1 (0.8) >0.99

Reoperation attributable to bleeding, n (%) 11 (4.1) 9 (5.9) 2 (1.7) 0.120

Data are presented as mean±SD for continuous variables and n (%) for categorical variables. 

Figure 3. Survival after aortic valve replacement.
Kaplan-Meier curve illustrating all-cause mortality in patients with bicuspid (black line) and tricuspid aortic valve (red line) after aortic valve 
replacement (AVR) attributable to isolated severe aortic stenosis.
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small ascending aortas, that is, predominately patients 
with TAV.42,43 Although several studies have shown the 
importance of adjusting for pressure recovery, it has not 
been implemented in clinical routine. This can poten-
tially lead to a systematic overestimation of AS severity 
in patients with TAV, resulting in referral for intervention 
early in the disease process with less adverse cardiac 
remodeling. The opposite was observed for patients 
with BAV, where the aortic diameters were larger than 
for patients with TAV. At the same time, an eccentric jet 
is more frequently observed in patients with BAV, which 
together with the lower pressure recovery might lead to 
a potential underestimation of the AS severity.31,44 This 
could explain why patients with BAV are referred late in 
the disease process when diastolic and systolic dysfunc-
tion already has developed.

Timing of aortic valve intervention in patients with 
AS has been discussed extensively during the past 2 
decades.45,46 Nevertheless, the optimal timing remains 
unclear, and current guidelines are mostly based on 
observational data and expert opinion.47 Young patients, 
where presumably a higher proportion of the patients 
have a BAV, have a substantial loss in life expectancy 
after AVR compared with older patients.48 In 2015, Tani-
guchi et al49 reported a favorable outcome for asymp-
tomatic patients with AS who underwent early AVR 
compared with those managed conservatively. The pro-
portion of patients with BAV was significantly higher in 

the early AVR group, where depressed LVEF was also 
more common. These results were confirmed in the 
recent prospective RECOVERY trial (Randomized Com-
parison of Early Surgery Versus Conventional Treatment 
in Very Severe Aortic Stenosis).50 Asymptomatic patients 
with severe AS had a lower incidence of cardiovascular 
death when assigned to early AVR instead of conserva-
tive care, and BAV was more common in the early AVR 
cohort. Very recently, Glaser et al51 found that patients 
with BAV had a survival rate after AVR similar to that of 
the general population. This was despite the very high 
prevalence of preoperative LV dysfunction, where 23% 
of the patients with BAV had LVEF <50% (which is in 
line with the findings of the present study, where 21.5% 
of the patients with BAV had LVEF <50%). A mixed BAV 
cohort was included in the study by Glaser et al,51 where 
22% had severe aortic regurgitation as the primary indi-
cation for AVR, and why the results cannot be gener-
alized to patients with BAV AS. Randomized controlled 
trials are needed to confirm whether patients with BAV 
AS benefit from early intervention. In our view, one logical 
way of optimizing timing of AVR is to investigate patients 
with BAV and TAV separately in future studies.

Clinical Perspectives
The results of our present study indicate that patients 
with BAV with isolated AS have more advanced cardiac 

Figure 4. Heart failure hospitalization after aortic valve replacement.
Cumulative incidence function of postoperative heart failure hospitalization by aortic valve morphology (bicuspid aortic valve=black line; tricuspid 
aortic valve=red line), with all-cause death as competing risk. AVR indicates aortic valve replacement.
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pathology than patients with TAV AS at the time of AVR. 
This was further strengthened by the finding that pa-
tients with BAV were subjected to significantly earlier 
readmission because of HF after surgery compared 
with patients with TAV. Therefore, patients with BAV 
might benefit from closer surveillance of LV function 
and possibly earlier intervention. Our findings are pos-
sibly explained by a chronically elevated afterload from 
a young age, in combination with a systematic overes-
timation of AS severity in patients with TAV because 
of the pressure recovery phenomenon. This hypothesis 
remains speculative, and the underlying mechanisms 
must be further elucidated. It is therefore of importance 
to investigate and expand the clinical implications of our 
findings in future studies, where patients with isolated 
AS are studied with no interference of coronary artery 
disease, which otherwise might mask the differences 
in AS-related adverse LV remodeling between patients 
with TAV and BAV.

Study Limitations
This study has some limitations to consider. First, the study 
population was recruited from a single center, which might 
bias the results. Complementary studies are needed to con-
firm our findings. Second, the algorithm for determination of 
diastolic function should be interpreted cautiously because 
it does not directly measure the LV filling pressure. How-
ever, this is a prospective study with a well-characterized 
cohort. Third, we did not consider pressure recovery and 
adjusted aortic valve area as a confounder in the present 
study. However, the current guidelines do not recommend 
that this should be performed in the clinical routine. Accord-
ingly, pressure recovery was not considered during the Mul-
tidisciplinary Heart Team conference where the patients in 

the present study were accepted for AVR. Thus, this study 
is representative of everyday clinical practice.

Conclusions
At the time of AVR, patients with BAV with isolated 
severe AS have worse preoperative LV function and a 
higher incidence of postoperative HF hospitalization than 
their TAV counterparts. Patients with BAV and TAV with 
isolated severe AS should not be regarded as one entity. 
Our findings suggest that the contemporary guidelines 
are appropriate for patients with TAV, whereas patients 
with BAV might benefit from closer surveillance and pos-
sibly earlier intervention before developing adverse LV 
remodeling and deteriorating LV function.

ARTICLE INFORMATION
Received March 22, 2022; accepted July 12, 2022.

Affiliations
Department of Surgical Sciences (J.O.W., S.R., O.E.S., E.S., K.-H.G.), Department 
of Medical Sciences (O.V., S.K.J., F.A.F.), Uppsala University, Sweden. Department 
of Cardiothoracic Surgery and Anesthesiology (J.O.W., O.E.S., J.H.M., J.P., E.S., K.-
H.G.), Department of Clinical Physiology and Cardiology (S.K.J., F.A.F.), Uppsala 
University Hospital, Sweden. Boehringer Ingelheim AB, Stockholm, Sweden (O.V.). 

Acknowledgments
We thank the doctors and nurses at the Department of Cardiothoracic Surgery, 
Uppsala University Hospital, for their overall support of this project.

Sources of Funding
This study was supported by the following grants: Lennander’s foundation; Erik, 
Karin and Gösta Selander’s foundation; Royal Society of Arts and Scientists; Up-
psala County Association Against Heart and Lung Diseases; The Swedish Heart 
and Lung Association; Uppsala County Council; Åke Senning’s memory; The 
Swedish Research Council (grant number: Young Scientists 2013–03590). The 
sponsors had no role in study design or writing of the manuscript.

Disclosures
Drs Grinnemo, Rodin, and Simonson are cofounders of the company AVulotion 
AB. Dr Vedin is an employee of Boehringer Ingelheim AB, Stockholm, Sweden. 
All authors have approved the final article. The other authors report no conflicts.

Supplemental Material
Expanded Methods

Table S1

Figures S1–S3

References 19,21,22,23

REFERENCES
 1. Iung B, Baron G, Butchart EG, Delahaye F, Gohlke-Bärwolf C, Levang OW, 

Tornos P, Vanoverschelde J-L, Vermeer F, Boersma E, et al. A prospective 
survey of patients with valvular heart disease in Europe: The Euro Heart 
Survey on Valvular Heart Disease. Eur Heart J. 2003;24:1231–1243. doi: 
10.1016/s0195-668x(03)00201-x

 2. Roberts WC, Ko JM. Frequency by decades of unicuspid, bicuspid, and tri-
cuspid aortic valves in adults having isolated aortic valve replacement for 
aortic stenosis, with or without associated aortic regurgitation. Circulation. 
2005;111:920–925. doi: 10.1161/01.CIR.0000155623.48408.C5

 3. Losenno KL, Goodman RL, Chu MWA. Bicuspid aortic valve disease 
and ascending aortic aneurysms: gaps in knowledge. Cardiol Res Pract. 
2012;2012:145202. doi: 10.1155/2012/145202

 4. Kane GC, Karon BL, Mahoney DW, Redfield MM, Roger VL, Burnett JC, 
Jacobsen SJ, Rodeheffer RJ. Progression of left ventricular diastolic 

Table 4. Multivariate Cox Proportional Hazards Regression 
Analysis

Characteristic
Hazard ratio  
(95% CI) P value

Heart failure in-
cidence rate/100 
person-years

Bicuspid aortic valve 2.77 (1.14–6.77) 0.019 4.8 (3.2–7.1)

Female sex 1.34 (0.65–2.74) 0.425 3.4 (2.0–5.7)

Age, per 10-y in-
crease

1.08 (0.72–1.61) 0.708  

 Age <63 y 1.12 (0.51–2.43)  4.5 (2.5–8.2)

 Age 63–73 y 0.64 (0.30–1.36)  2.3 (1.2–4.5)

 Age >73 y 1.57 (0.71–3.49)  3.3 (1.9–5.8)

LVEF, per 10-U de-
crease

1.35 (1.01–1.82) 0.044  

 LVEF≤40% 0.98 (0.29–3.35)  4.1 (1.3–12.7)

 LVEF 41%–59% 2.70 (1.23–5.92)  4.9 (3.2–7.4)

 LVEF≥60% 0.32 (0.13–0.79)  1.3 (0.1–2.9)

LVEF is included as a linear variable. LVEF indicates left ventricular ejection 
fraction.

D
ow

nloaded from
 http://ahajournals.org by on O

ctober 27, 2022



ORIGINAL RESEARCH 
ARTICLE

Circulation. 2022;146:1310–1322. DOI: 10.1161/CIRCULATIONAHA.122.060125 October 25, 2022 1321

Wedin et al Impaired LV Function in Bicuspid Aortic Stenosis

dysfunction and risk of heart failure. JAMA. 2011;306:856–863. doi: 
10.1001/jama.2011.1201

 5. Metkus TS, Suarez-Pierre A, Crawford TC, Lawton JS, Goeddel L, Dodd-o 
J, Mukherjee M, Abraham TP, Whitman GJ. Diastolic dysfunction is com-
mon and predicts outcome after cardiac surgery. J Cardiothorac Surg. 
2018;13:67. doi: 10.1186/s13019-018-0744-3

 6. Dahl JS, Videbæk L, Poulsen MK, Rudbæk TR, Pellikka PA, Møller JE. Glob-
al strain in severe aortic valve stenosis: relation to clinical outcome after 
aortic valve replacement. Circ Cardiovasc Imaging. 2012;5:613–620. doi: 
10.1161/CIRCIMAGING.112.973834

 7. Ito S, Miranda WR, Nkomo VT, Connolly HM, Pislaru SV, Greason KL, 
Pellikka PA, Lewis BR, Oh JK. Reduced left ventricular ejection fraction in 
patients with aortic stenosis. J Am Coll Cardiol. 2018;71:1313–1321. doi: 
10.1016/j.jacc.2018.01.045

 8. Grossman W, Jones D, McLaurin LP. Wall stress and patterns of hyper-
trophy in the human left ventricle. J Clin Invest. 1975;56:56–64. doi: 
10.1172/JCI108079

 9. Potter E, Marwick TH. Assessment of left ventricular function by echo-
cardiography: the case for routinely adding global longitudinal strain 
to ejection fraction. JACC Cardiovasc Imaging. 2018;11:260–274. doi: 
10.1016/j.jcmg.2017.11.017

 10. Chen H, Liang H, Wang T, Zhao H, Yang J, Chen X. Evaluation of left ven-
tricular myocardial mechanics in patients with normally functioning bicus-
pid aortic valves: a systematic review and meta-analysis. Echocardiography. 
2021;38:834–843. doi: 10.1111/echo.15042

 11. Boonyasirinant T, Rajiah P, Flamm SD. Abnormal aortic stiffness in pa-
tients with bicuspid aortic valve: phenotypic variation determined by mag-
netic resonance imaging. Int J Cardiovasc Imaging. 2019;35:133–141. doi: 
10.1007/s10554-018-1433-y

 12. Mahadevia R, Barker AJ, Schnell S, Entezari P, Kansal P, Fedak PWM, 
Malaisrie SC, McCarthy P, Collins J, Carr J, et al. Bicuspid aortic cusp fu-
sion morphology alters aortic three-dimensional outflow patterns, wall shear 
stress, and expression of aortopathy. Circulation. 2014;129:673–682. doi: 
10.1161/CIRCULATIONAHA.113.003026

 13. Tzemos N, Therrien J, Yip J, Thanassoulis G, Tremblay S, Jamorski MT, 
Webb GD, Siu SC. Outcomes in adults with bicuspid aortic valves. JAMA. 
2008;300:1317–1325. doi: 10.1001/jama.300.11.1317

 14. Michelena HI, Desjardins VA, Avierinos J-F, Russo A, Nkomo VT, Sundt TM, 
Pellikka PA, Tajik AJ, Enriquez-Sarano M. Natural history of asymptom-
atic patients with normally functioning or minimally dysfunctional bicus-
pid aortic valve in the community. Circulation. 2008;117:2776–2784. doi: 
10.1161/CIRCULATIONAHA.107.740878

 15. Yang L-T, Boler A, Medina-Inojosa JR, Scott CG, Maurer MJ, Eleid MF, 
Enriquez-Sarano M, Tribouilloy C, Michelena HI. Aortic stenosis progres-
sion, cardiac damage, and survival: comparison between bicuspid and tri-
cuspid aortic valves. JACC Cardiovasc Imaging. 2021;14:1113–1126. doi: 
10.1016/j.jcmg.2021.01.017

 16. Huntley GD, Thaden JJ, Alsidawi S, Michelena HI, Maleszewski JJ, 
Edwards WD, Scott CG, Pislaru SV, Pellikka PA, Greason KL, et al. Com-
parative study of bicuspid vs. tricuspid aortic valve stenosis. Eur Heart J 
Cardiovasc Imaging. 2018;19:3–8. doi: 10.1093/ehjci/jex211

 17. Dahl JS, Eleid MF, Michelena HI, Scott CG, Suri RM, Schaff HV, Pellikka PA. 
Effect of left ventricular ejection fraction on postoperative outcome in patients 
with severe aortic stenosis undergoing aortic valve replacement. Circ Cardio-
vasc Imaging. 2015;8:e002917. doi: 10.1161/CIRCIMAGING.114.002917

 18. Baumgartner H, Falk V, Bax JJ, De Bonis M, Hamm C, Holm PJ, Iung B, 
Lancellotti P, Lansac E, Rodriguez Muñoz D, et al. 2017 ESC/EACTS 
Guidelines for the management of valvular heart disease. Eur Heart J. 
2017;38:2739–2791. doi: 10.1093/eurheartj/ehx391

 19. Baumgartner H, Hung J, Bermejo J, Chambers JB, Edvardsen T, Goldstein 
S, Lancellotti P, LeFevre M, Miller F, Otto CM. Recommendations on the 
echocardiographic assessment of aortic valve stenosis: a focused update 
from the European Association of Cardiovascular Imaging and the Ameri-
can Society of Echocardiography. J Am Soc Echocardiogr. 2017;30:372–
392. doi: 10.1016/j.echo.2017.02.009

 20. Sievers H-H, Schmidtke C. A classification system for the bicuspid 
aortic valve from 304 surgical specimens. J Thorac Cardiovasc Surg. 
2007;133:1226–1233. doi: 10.1016/j.jtcvs.2007.01.039

 21. Devereux RB, Alonso DR, Lutas EM, Gottlieb GJ, Campo E, Sachs I, 
Reichek N. Echocardiographic assessment of left ventricular hypertrophy: 
comparison to necropsy findings. Am J Cardiol. 1986;57:450–458. doi: 
10.1016/0002-9149(86)90771-x

 22. Nagueh SF, Smiseth OA, Appleton CP, Byrd BF, Dokainish H, Edvardsen T, 
Flachskampf FA, Gillebert TC, Klein AL, Lancellotti P, et al. Recommenda-

tions for the evaluation of left ventricular diastolic function by echocardiog-
raphy: an update from the American Society of Echocardiography and the 
European Association of Cardiovascular Imaging. J Am Soc Echocardiogr. 
2016;29:277–314. doi: 10.1016/j.echo.2016.01.011

 23. Voigt J-U, Pedrizzetti G, Lysyansky P, Marwick TH, Houle H, Baumann  
R, Pedri S, Ito Y, Abe Y, Metz S, et al. Definitions for a common standard for 
2D speckle tracking echocardiography: consensus document of the EACVI/
ASE/Industry Task Force to Standardize Deformation Imaging. J Am Soc 
Echocardiogr. 2015;28:183–193. doi: 10.1016/j.echo.2014.11.003

 24. Butler J, Hamo CE, Udelson JE, Pitt B, Yancy C, Shah SJ, Desvigne-Nickens 
P, Bernstein HS, Clark RL, Depre C, et al. Exploring new endpoints for pa-
tients with heart failure with preserved ejection fraction. Circ Heart Fail 
2016;9:e003358. doi: 10.1161/CIRCHEARTFAILURE.116.003358

 25. Bozkurt B, Coats AJS, Tsutsui H, Abdelhamid CM, Adamopoulos S, Albert 
N, Anker SD, Atherton J, Böhm M, Butler J, et al. Universal definition and 
classification of heart failure: a report of the Heart Failure Society of 
America, Heart Failure Association of the European Society of Cardiology, 
Japanese Heart Failure Society and Writing Committee of the Universal 
Definition of Heart Failure: Endorsed by the Canadian Heart Failure So-
ciety, Heart Failure Association of India, Cardiac Society of Australia and 
New Zealand, and Chinese Heart Failure Association. Eur J Heart Fail. 
2021;23:352–380. doi: 10.1002/ejhf.2115

 26. Playford D, Strange G, Celermajer DS, Evans G, Scalia GM, Stewart S, Prior 
D, NEDA Investigators. Diastolic dysfunction and mortality in 436 360 men 
and women: the National Echo Database Australia (NEDA). Eur Heart J Car-
diovasc Imaging. 2021;22:505–515. doi: 10.1093/ehjci/jeaa253

 27 Harrell F. rms: regression modeling strategies. R package version 5.1-2. Ac-
cessed September 13, 2019. https://CRAN.R-project.org/package=rms

 28. Yarbrough WM, Mukherjee R, Ikonomidis JS, Zile MR, Spinale FG. Myo-
cardial remodeling with aortic stenosis and after aortic valve replacement: 
mechanisms and future prognostic implications. J Thorac Cardiovasc Surg. 
2012;143:656–664. doi: 10.1016/j.jtcvs.2011.04.044

 29. Hess OM, Villari B, Krayenbuehl HP. Diastolic dysfunction in aortic stenosis. 
Circulation. 1993;87:IV73–IV76.

 30. Sillesen A-S, Vøgg O, Pihl C, Raja AA, Sundberg K, Vedel C, Zingenberg 
H, Jørgensen FS, Vejlstrup N, Iversen K, et al. Prevalence of bicuspid aor-
tic valve and associated aortopathy in newborns in Copenhagen, Denmark. 
JAMA. 2021;325:561–567. doi: 10.1001/jama.2020.27205

 31. Barker AJ, Markl M, Bürk J, Lorenz R, Bock J, Bauer S, Schulz-Menger J, 
von Knobelsdorff-Brenkenhoff F. Bicuspid aortic valve is associated with 
altered wall shear stress in the ascending aorta. Circ Cardiovasc Imaging. 
2012;5:457–466. doi: 10.1161/CIRCIMAGING.112.973370

 32. Nistri S, Sorbo MD, Basso C, Thiene G. Bicuspid aortic valve: abnormal aor-
tic elastic properties. J Heart Valve Dis. 2002;11:369–373.

 33. Lee SY, Shim CY, Hong G-R, Seo J, Cho I, Cho IJ, Chang H-J, Ha J-W, 
Chung N. Association of aortic phenotypes and mechanical function with 
left ventricular diastolic function in subjects with normally functioning bicus-
pid aortic valves and comparison to subjects with tricuspid aortic valves. Am 
J Cardiol. 2015;116:1547–1554. doi: 10.1016/j.amjcard.2015.08.017

 34. Nistri S, Grande-Allen J, Noale M, Basso C, Siviero P, Maggi S, Crepaldi G, 
Thiene G. Aortic elasticity and size in bicuspid aortic valve syndrome. Eur 
Heart J. 2008;29:472–479. doi: 10.1093/eurheartj/ehm528

 35. Weismann CG, Lombardi KC, Grell BS, Northrup V, Sugeng L. Aortic stiff-
ness and left ventricular diastolic function in children with well-functioning 
bicuspid aortic valves. Eur Heart J Cardiovasc Imaging. 2016;17:225–230. 
doi: 10.1093/ehjci/jev151

 36. Ali A, Patel A, Ali Z, Abu-Omar Y, Saeed A, Athanasiou T, Pepper J. 
Enhanced left ventricular mass regression after aortic valve replace-
ment in patients with aortic stenosis is associated with improved long-
term survival. J Thorac Cardiovasc Surg. 2011;142:285–291. doi: 
10.1016/j.jtcvs.2010.08.084

 37. Barone-Rochette G, Piérard S, De Meester de Ravenstein C, Seldrum 
S, Melchior J, Maes F, Pouleur A-C, Vancraeynest D, Pasquet A, et al. 
Prognostic significance of LGE by CMR in aortic stenosis patients un-
dergoing valve replacement. J Am Coll Cardiol. 2014;64:144–154. doi: 
10.1016/j.jacc.2014.02.612

 38. Kalam K, Otahal P, Marwick TH. Prognostic implications of global LV 
dysfunction: a systematic review and meta-analysis of global longitu-
dinal strain and ejection fraction. Heart. 2014;100:1673–1680. doi: 
10.1136/heartjnl-2014-305538

 39. Otto CM, Nishimura RA, Bonow RO, Carabello BA, Erwin JP, Gentile F, Jneid 
H, Krieger EV, Mack M, McLeod C, et al. 2020 ACC/AHA guideline for the 
management of patients with valvular heart disease: a report of the Ameri-
can College of Cardiology/American Heart Association Joint Committee 

D
ow

nloaded from
 http://ahajournals.org by on O

ctober 27, 2022



OR
IG

IN
AL

 R
ES

EA
RC

H 
AR

TI
CL

E

October 25, 2022 Circulation. 2022;146:1310–1322. DOI: 10.1161/CIRCULATIONAHA.122.0601251322

Wedin et al Impaired LV Function in Bicuspid Aortic Stenosis

on Clinical Practice Guidelines. J Am Coll Cardiol. 2021;77:e25–e197. doi: 
10.1016/j.jacc.2020.11.018

 40. Rassi AN, Pibarot P, Elmariah S. Left ventricular remodelling in aortic steno-
sis. Can J Cardiol. 2014;30:1004–1011. doi: 10.1016/j.cjca.2014.04.026

 41. Ross J. Afterload mismatch in aortic and mitral valve disease: implica-
tions for surgical therapy. J Am Coll Cardiol. 1985;5:811–826. doi: 
10.1016/s0735-1097(85)80418-6

 42. Niederberger J, Schima H, Maurer G, Baumgartner H. Importance of pres-
sure recovery for the assessment of aortic stenosis by Doppler ultrasound. 
Role of aortic size, aortic valve area, and direction of the stenotic jet in vitro. 
Circulation. 1996;94:1934–1940. doi: 10.1161/01.cir.94.8.1934

 43. Bahlmann E, Cramariuc D, Gerdts E, Gohlke-Baerwolf C, Nienaber CA, 
Eriksen E, Wachtell K, Chambers J, Kuck KH, Ray S. Impact of pressure 
recovery on echocardiographic assessment of asymptomatic aortic steno-
sis: a SEAS substudy. JACC Cardiovasc Imaging. 2010;3:555–562. doi: 
10.1016/j.jcmg.2009.11.019

 44. Bissell MM, Hess AT, Biasiolli L, Glaze SJ, Loudon M, Pitcher A, Davis 
A, Prendergast B, Markl M, Barker AJ, et al. Aortic dilation in bicus-
pid aortic valve disease: flow pattern is a major contributor and differs 
with valve fusion type. Circ Cardiovasc Imaging. 2013;6:499–507. doi: 
10.1161/CIRCIMAGING.113.000528

 45. Otto CM. Timing of aortic valve surgery. Heart Br Card Soc. 2000;84:211–
218. doi: 10.1136/heart.84.2.211

 46. Baumgartner H, Iung B, Otto CM. Timing of intervention in asymptomatic 
patients with valvular heart disease. Eur Heart J. 2020;41:4349–4356. doi: 
10.1093/eurheartj/ehaa485

 47. Everett RJ, Clavel M-A, Pibarot P, Dweck MR. Timing of intervention in aor-
tic stenosis: a review of current and future strategies. Heart Br Card Soc. 
2018;104:2067–2076. doi: 10.1136/heartjnl-2017-312304

 48. Glaser N, Persson M, Jackson V, Holzmann MJ, Franco-Cereceda A, 
Sartipy U. Loss in life expectancy after surgical aortic valve replace-
ment: SWEDEHEART Study. J Am Coll Cardiol. 2019;74:26–33. doi: 
10.1016/j.jacc.2019.04.053

 49. Taniguchi T, Morimoto T, Shiomi H, Ando K, Kanamori N, Murata K, 
Kitai T, Kawase Y, Izumi C, Miyake M, et al. Initial surgical versus con-
servative strategies in patients with asymptomatic severe aortic ste-
nosis. J Am Coll Cardiol. 2015;66:2827–2838. doi: 10.1016/j.jacc. 
2015.10.001

 50. Kang D-H, Park S-J, Lee S-A, Lee S, Kim D-H, Kim H-K, Yun S-C, Hong 
G-R, Song J-M, Chung C-H, et al. Early surgery or conservative care for 
asymptomatic aortic stenosis. N Engl J Med. 2020;382:111–119. doi: 
10.1056/NEJMoa1912846

 51. Glaser N, Jackson V, Eriksson P, Sartipy U, Franco-Cereceda A. Rela-
tive survival after aortic valve surgery in patients with bicuspid aortic 
valves. Heart Br Card Soc. 2021;107:1167–1172. doi: 10.1136/ 
heartjnl-2020-318733

D
ow

nloaded from
 http://ahajournals.org by on O

ctober 27, 2022




