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Abstract

OBJECTIVES: Patients with bicuspid aortic valve (BAV) comprise a substantial portion of patients undergoing surgical aortic valve replace-
ment (SAVR). Our goal was to quantify the prevalence of BAV in the current SAVR ± coronary artery bypass grafting (CABG) population, as-
sess differences in cardiovascular risk profiles and assess differences in long-term survival in patients with BAV compared to patients with
tricuspid aortic valve (TAV).

METHODS: Patients who underwent SAVR with or without concomitant CABG and who had a surgical report denoting the relevant valvu-
lar anatomy were eligible and included. Prevalence, predictors and outcomes for patients with BAV were analysed and compared to those
patients with TAV. Matched patients with BAV and TAV were compared using a propensity score matching strategy and an age matching
strategy.

RESULTS: A total of 3723 patients, 3145 of whom (mean age 66.6 ± 11.4 years; 37.4% women) had an operative report describing their
aortic valvular morphology, underwent SAVR ± CABG between 1987 and 2016. The overall prevalence of patients with BAV was 19.3%
(607). Patients with BAV were younger than patients with TAV (60.6 ± 12.1 vs 68.0 ± 10.7, respectively). In the age-matched cohort, patients
with BAV were less likely to have comorbidities, among others diabetes (P = 0.001), hypertension (P < 0.001) and hypercholesterolaemia (P
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= 0.003), compared to patients with TAV. Twenty-year survival following the index procedure was higher in patients with BAV (14.8%)
compared to those with TAV (12.9%) in the age-matched cohort (P = 0.015).

CONCLUSIONS: Substantial differences in the cardiovascular risk profile exist in patients with BAV and TAV. Long-term survival after SAVR
in patients with BAV is satisfactory.

Keywords: Aortic valve replacement • Surgical • Coronary revascularization • Transcatheter aortic valve replacement • Transcatheter aor-
tic valve implantation • High-volume centre • Bicuspid aortic valve • Incidence • Transcatheter

ABBREVIATIONS

AR Aortic valve regurgitation
AS Aortic valve stenosis
BAV Bicuspid aortic valve
CABG Coronary artery bypass grafting
LVEF Left ventricular ejection fraction
SAVR Surgical aortic valve replacement
TAV Tricuspid aortic valve
TAVI Transcatheter aortic valve implantation

INTRODUCTION

Bicuspid aortic valve (BAV) disease is the most prevalent congeni-
tal heart defect, with a prevalence between 0.5% and 2.0% in the
general population [1, 2]. Compared to the patients with tricuspid
aortic valve (TAV), patients with BAV are younger at the time of
surgery [3]. Patients with a BAV present with a different cardio-
vascular risk profile than patients with a TAV and have a higher
incidence of aortic stenosis (AS), aortic regurgitation (AR), aortop-
athy and related complications [4]. BAV and TAV both have ana-
tomical and procedural differences at the time of surgical
intervention [5].

Studies comparing the clinical profiles and outcomes of
patients with BAV and TAV undergoing surgical aortic valve re-
placement (SAVR) are scarce, especially in an era where indica-
tions for transcatheter aortic valve implantation (TAVI) are
expanding and becoming an alternative treatment for younger
patients with low surgical risk and even for asymptomatic
patients [6]. Therefore, the purpose of this study was to (i) de-
scribe the prevalence of BAV in the current SAVR population, (ii)
describe similarities and differences in patients with BAV and
TAV and (iii) compare the long-term survival and predictors of
survival in patients with BAV and TAV.

METHODS

Study design

Adult (>_18 years) patients who underwent SAVR with or without
a coronary artery bypass grafting (CABG) between 1987 and
2016 at the Erasmus Medical Centre, Rotterdam, Netherlands
were included. Patients with concomitant surgical procedures
other than CABG were excluded. Patients who did not receive a
biological or mechanical aorta valve prosthesis were excluded.
Patients with previous aortic valve replacement were likewise
excluded. Baseline patient and procedural characteristics were
collected from electronic medical records. Survival status was
obtained through the National Civil Registry. Patients were classi-
fied according to the number of cusps treated during the

operation. Valvular morphology was defined by the surgeon in
the operative report. Functional BAV, such as having an
obstructed or incomplete commissure in an originally tricuspid
valve, was classified as TAV.

This study was conducted according to the privacy policy of
the Erasmus Medical Centre and the Erasmus Medical Centre
regulations for the appropriate use of data in patient-oriented re-
search, which are based on international regulations, including
the Declaration of Helsinki (MEC-2020-0454). All the authors
vouch for the validity of the data and adherence to the protocol.

End points and definitions

The primary end point was to assess the prevalence of BAV and
the differences in patient characteristics between BAV and TAV in
the SAVR population. An additional end point was the difference
in survival between patients with BAV and TAV. To assess for the
prevalence of BAV within the surgical cohort, patients were clas-
sified across 6 age groups (group 1: patients younger than 40;
group 2: patients between 40 and 49; group 3: patients between
50 and 59; group 4: patients between 60 and 69; group 5:
patients between 70 and 79; and group 6: patients aged or older
than 80). The primary indication for an operation (AS, AR or
combined AS and AR) was determined based on the initial echo-
cardiogram and on the clinical guidelines in use at the time of
the operation, corresponding to the current European and
American valvular guidelines [7, 8]. In general, SAVR within 24 h
of establishing the indication was classified as an emergency pro-
cedure. Renal failure was defined as a creatinine level >_2.0 mg/dl.
Left ventricular function was classified as normal if the left ven-
tricular ejection fraction (LVEF) was >50%, as mildly reduced if
the LVEF was 40–49%, as moderately reduced if the LVEF was
30–39% and as severely reduced if the LVEF was less than 30%, as
assessed by a trained echocardiographer [9].

Statistical analyses

Discrete variables are presented as numbers, percentages or pro-
portions and compared with either the v2 test or the Fisher’s
exact test, where appropriate. Continuous variables are presented
as means ± standard deviation or median with the interquartile
range if there was evidence of skewed data according to the
Kolmogorov–Smirnov test and compared with either the two-
sample t-test or the Wilcoxon rank-sum test, where appropriate.

Non-parsimonious logistic regression was used to estimate
each patient’s probability of being in the BAV group. Propensity
scores were calculated for each group with the following covari-
ates: age, gender, previous cardiac operation, atrial fibrillation, dia-
betes mellitus, decompensation, hypercholesterolaemia,
hypertension, myocardial infarction, previous percutaneous coron-
ary intervention, chronic obstructive pulmonary disease,
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endocarditis, history of cancer, stroke/transient ischaemic attack,
arterial disease, indication for surgery, concomitant CABG and size
and type of valve implanted. The balance between treatment
groups was assessed with the use of standardized mean differen-
ces. A standardized mean difference of 0.1 or less was deemed to
be the ideal balance, and a standardized difference of 0.2 or less
was deemed to be an acceptable balance [10]. The relative survival
can be used as an estimate of cause-specific mortality. It is defined
as the ratio between the observed survival rates and the expected
survival rates in the general population [11]. Furthermore, the pro-
portional hazard assumption for the overall group was assessed
with the corresponding test for correlation of the Schoenfeld
residuals over time. Nonetheless, the restricted mean survival time
at 10 years of follow-up was calculated to substantiate the overall
between-group treatment effect in the overall cohort, the propen-
sity score-matched cohort and the age-matched cohort.

The Human Mortality Database is used to obtain the age-, sex-
and calendar year-matched expected survival data of the general
population in the Netherlands [12]. The Human Mortality
Database is continuously updated and includes mortality data
from Netherlands through 2016. Relative survival is estimated
using the Ederer II method [13, 14]. Predictors of mortality were
identified in a Cox proportional hazards model. Significant varia-
bles on univariable analyses were included in a multivariable Cox
proportional hazards model. Sensitivity analysis was performed
for isolated SAVR. Two-sided P-values <0.05 were considered to
be statistically significant. Data analyses were done using SPSS
25.0 (SPSS Inc., Chicago, IL, USA) and R software, version 3.5 (R
Foundation, Vienna, Austria). Figures were generated using
Microsoft Excel (Microsoft, Redmond, WA, USA) and R software,
version 3.5 (R Foundation).

RESULTS

Characteristics of patients with bicuspid aortic
valves

A total of 3723 patients underwent SAVR with or without CABG,
3145 of whom had a surgeon’s report on the valvular anatomy,
with 607 BAV (19.3%) and 2538 TAV (80.7%). A total of 48 patients
with BAV were excluded due to concomitant aortic surgery; differ-
ences in characteristics between included and excluded patients
are shown in Supplementary Material, Table S1. The prevalence of
bicuspid aortic morphology according to age group was 36.2%,

35.0%, 28.0%, 19.3%, 10.1% and 3.2% in patients aged <40, 40–49,
50–59, 60–69, 70–79 and 80>_ years, respectively (Fig. 1). The
prevalence of bicuspid aortic morphology for those operated after
the year 2000 is shown in Supplementary Material, Fig. S1.
Patients with BAV were younger than patients with TAV at the
time of the operation (mean age 60.6 ± 12.1 years vs 68.0 ± 10.7
years; P < 0.001) and were less often women (32.9% vs 38.5%; P =
0.013). The prevalence of BAV decreased from 43.8% to 16.2% be-
tween 1987 and 2016. The prevalence of hypertension (24.7% vs
39.6%), hypercholesterolaemia (10.0% vs 18.6%) and diabetes
(7.7% vs 17.2%) was lower in patients with BAV than in those with
TAV (all P-values <0.001) (Table 1). These differences persisted after
age matching. Further characteristics in the overall cohort, the pro-
pensity score-matched cohort and the age-matched cohort are
shown in Table 1. Subanalyses on the characteristics of patients
operated on after 2000 are shown in Supplementary Material,
Table S2 and Fig. S2.

Procedural characteristics

The indication for surgery was mainly AS (75.0%), followed by AR
(7.7%) or AS and AR combined (17.1%). Concomitant CABG surgery
was performed in 21.9% of the patients, less often in patients with
BAV compared to those with TAV (P < 0.001); this difference persisted
after age matching (P = 0.004). The incidence of mechanical valve im-
plantation was higher in the BAV group compared to the TAV group
in the overall cohort (61.4% vs 39.2%; P < 0.001) and in the age-
matched cohort (63.1% vs 57.5%; P = 0.05). The diameter of the
implanted prosthesis was higher in patients with BAV than in those
with TAV in the overall cohort (24.4 ± 2.4 vs 23.4 ± 2.3; P < 0.001)
and in the age-matched cohort (24.4 ± 2.4 vs 23.7 ± 2.4; P < 0.001).

Long-term outcomes after surgery

A total of 1728 patients died during the follow-up period (309 patients
with BAV and 1419 patients with TAV; P = 0.03). Survival was 75.1% vs
57.4% and 40.5% vs 17.8% at 10 and 20 years of follow-up in the over-
all cohort for patients with BAV and TAV, respectively (P < 0.001)
(Fig. 2A). The survival was 75.1% vs 69.9% and 40.0% vs 33.7% at 10
and 20 years of follow-up in the propensity score-matched cohort for
patients with BAV and TAV, respectively (P = 0.02) (Fig. 2B). The sur-
vival was 74.4% vs 69.1% and 40.0% vs 32.5% at 10 and 20 years of
follow-up in the age-matched cohort for patients with BAV and TAV,
respectively (P = 0.015) (Fig. 2C). Similar results have been noted for
patients operated on after 2000 (Supplementary Material, Fig. S3). In
age-, sex- and year-matched Dutch controls, the relative survival in
patients with BAV was 102.6%, 98.6%, 95.5% and 89.0%, at 5, 10, 15
and 20 years of follow-up, respectively (Fig. 3A). The relative survival in
patients with TAV was 97.0%, 87.5%, 70.2% and 52.9%, at 5, 10, 15 and
20 years of follow-up, respectively (Fig. 3B). Patients with BAV had 7
months survival benefit compared to those with TAV at 20 years of
follow-up in the overall cohort (Table 2), which diminished after pro-
pensity score matching. Further survival benefits according to different
matching methods and age groups are shown in Table 2.

Factors associated with survival during follow-up
in the age-matched population

In multivariable analyses, the presence of cardiovascular risk
factors such as increasing age (P < 0.001), atrial fibrillation (P

Figure 1: Prevalence of bicuspid aortic valve. The percentage of patients with
bicuspid aortic valves decreases considerably with increasing age. Results are
reported as percentages.
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< 0.001), previous myocardial infarction (P = 0.05) and con-
comitant CABG (P < 0.001) were predictors of mortality in
the age-matched BAV population (Table 3). In the age-
matched TAV population, increasing age (P < 0.001), dia-
betes (P = 0.003), chronic obstructive pulmonary disease (P
= 0.01) and concomitant CABG (P = 0.01) were independent
predictors of mortality (Table 3). Sensitivity analysis for
patients with isolated SAVR is shown in Supplementary
Material, Table S3.

DISCUSSION

This study describes the association of aortic valve morphology,
patient characteristics at the time of SAVR and the subsequent
long-term survival. We found that (i) younger patients had a
higher prevalence of BAV at the time of the index procedure; (ii)
patients with BAV had fewer cardiovascular risk factors; (iii) this
difference in cardiovascular risk factors remained after adjusting
for age; (iv) long-term survival is comparable in patients with

Figure 2: Long-term survival after surgical aortic valve replacement ± coronary artery bypass grafting. (A) Survival in overall cohort. (B) Survival in propensity-matched
cohort. (C) Survival in age-matched cohort. Blue lines represent patients with bicuspid aortic valve and red lines represent patients with tricuspid aortic valve.
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BAV and TAV after adjusting for baseline characteristics; and (v)
the long-term survival after SAVR is exceptionally high in patients
with BAV compared to the age, sex and calendar-matched Dutch
population.

In an era where TAVI indications are expanding and becoming
an alternative treatment for younger patients with low surgical
risk, the knowledge regarding the prevalence of bicuspid valvular
morphology in the current SAVR population is of utmost import-
ance. The prevalence of bicuspid morphology in patients under-
going SAVR is higher than that of the general population [3, 15].
An echocardiographic evaluation of a Chinese population
showed a negative correlation of age and prevalence of BAVs;
increasing prevalence with decreasing age (1.16% in patients
aged 0–20; 0.18% in patients aged 60–83) [15]. A similar trend
was noted in a Western cohort undergoing SAVR and reporting a
prevalence of 76% for quinquagenarians, 60% for sexagenarians
and 42% for septuagenarians [3], which was notably higher than
in our cohort. The included patients underwent isolated SAVR
and only had aortic valvular problems, whereas our cohort also
included a proportion of patients with concomitant CABG. Of
note, the currently observed prevalence of BAV in a surgical co-
hort is higher than the current incidence in the TAVI population,

even after reviewing an age-matched TAVI population [16],
reflecting the current relative contraindications for patients with
BAV to undergo transcatheter aortic valve replacement.

Patients with BAV more often have (pure) AS and fewer car-
diovascular risk factors compared to patients with TAV. To ac-
count for the difference in age and the association of age with
cardiovascular risk factors [17], we additionally analysed an age-
matched group. Yet, the difference in systemic cardiovascular risk
factors remained in the age-matched cohort, which reflects the
congenital component in aberrant morphology in those with
BAV [18, 19]. This difference in AS is also partly explained by an
accelerated calcification process compared to patients with TAV
[20], whereas the calcification mechanism is the same [21].
Cardiovascular risk factors such as diabetes, hypertension and
hypercholesterolaemia occur less frequently in patients with BAV
compared to TAV, highlighting the difference in the disease pro-
cess [22]. The aortic prosthesis was larger in patients with BAV
(24.4 vs 23.4; P < 0.001). This difference persisted in the
age-adjusted population (24.4 vs 23.7; P < 0.001). Bicuspid
morphology is associated with increased prevalence of aortic
root dilatation and ascending aortic aneurysms [19], even in
patients without valvular dysfunction, such as or AR, due to BAV

Figure 3: Long-term survival in overall cohort. (A) Actual survival (red line) in the bicuspid aortic valve cohort and relative survival compared to the age-, gender- and
year-matched population (blue line). Note the excellent relative survival after surgical aortic valve replacement in patients with bicuspid aortic valve compared to the
matched general population at 20 years. (B) Actual survival (red line) in the tricuspid aortic valve cohort and relative survival compared to the age-, gender- and year-
matched population (blue line). Note the satisfactory relative survival after surgical aortic valve replacement in patients with tricuspid aortic valve compared to the
matched general population at 20 years.
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[23]. However, even after excluding patients with concomitant
procedures due to dilating annulopathy or ascending aorta, we
might notice beginning dilating annulopathy.

In our population, patients with BAV had better survival even
after propensity score matching; this difference did not disappear
after adjusting for age only. This finding could be explained by
the lower prevalence of the cardiovascular risk profile of those
patients, again reflecting the systemic component of the disease,
which could be related to factors not captured in our cohort,
such as higher body mass index in patients with TAV [18], which
might affect survival [24], especially because small prosthesis
implants were more prevalent in those undergoing SAVR with
TAV. Crude survival alone does not adjust for death due to other,
non-intervention related causes. Relative survival is a comparison
of the investigated population to the survival of the general
population, proving an estimate of the disease-related risk [25].
In patients with BAV, the relative survival in the age-, sex- and
calendar year-matched Dutch population was historically high
after 20 years of follow-up (89.0%), which is close to that in the
general population.

Future outlook

Bicuspid valvular aortic disease has systematically been excluded
from the pivotal TAVI trials [26, 27]. Initial experience with early
generation transcatheter aortic valve replacement devices in bi-
cuspid anatomy lead to high incidences of paravalvular leakage
and high permanent pacemaker implantation [28], which is
decreasing with newer generation devices. Patients with BAV
who have TAVI have a higher risk of short-term mortality and
morbidity compared to patients with tricuspid AS [29]. Until
long-term data from well-conducted randomized trials with
new-generation TAVI devices in patients with BAVs are available,
surgery remains a feasible and well-accepted strategy for those
with BAVs.

Limitations

Our study has multiple limitations. First, because our study is
retrospective and single-centre, it has the inherent shortcomings
related to data capture, changes in definitions of comorbidities
and patients being lost to follow-up, especially with a 30-year
follow-up. Second, we did not base the final decision of aortic
valve morphology on echocardiographic or computed tomog-
raphy findings but on surgical reports, wherein the prevalence of
BAV differs from that in population studies. Third, our study eval-
uated the patient characteristics and long-term mortality as out-
comes. Other aspects of clinical outcome and specific valve-
related outcomes, including symptom improvement, quality of
life and structural valve dysfunction at long-term follow-up, were
not assessed and should be studied in further trials.

CONCLUSION

Patients with BAV compared to those with TAV have fewer car-
diovascular risk factors and exhibit excellent survival rates after
SAVR. Additional studies are needed to examine the exact effect
of differing cardiovascular risk profiles on other end points such
as quality of life and risk of structural valvular dysfunction and
the relation to the expected burden of transcatheter aortic valve
replacement.

SUPPLEMENTARY MATERIAL

Supplementary material is available at EJCTS online.

Conflict of interest: none declared.

Author contributions
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Table 2: Between-group differences in survival among
patients in the overall, propensity score-matched and age-
matched cohorts divided by age at index procedure

Overall cohort
Restricted mean survival time at
10 years (95% CI)

Years 95% CI P-value

Difference (years) 0.242 0.116 to 0.369 <0.001
Difference (years) (50–59 years) 0.168 -0.036 to 0.373 0.11
Difference (years) (60–69 years) 0.141 0.019 to 0.262 0.023
Difference (years) (70–79 years) 0.210 0.082 to 0.339 0.001
Restricted mean survival time at

20 years (95% CI)
95% CI P-value

Difference (years) 0.592 0.305 to 0.880 <0.001
Difference (years) (50–59 years) 0.440 -0.020 to 0.901 0.06
Difference (years) (60–69 years) 0.343 0.060 to 0.627 0.018
Difference (years) (70–79 years) 0.506 0.214 to 0.798 0.001
Propensity score-matched cohort
Restricted mean survival time at

10 years (95% CI)
95% CI P-value

Difference (years) 0.062 -0.100 to 0.223 0.45
Difference (years) (50–59 years) 0.067 -0.163 to 0.298 0.57
Difference (years) (60–69 years) 0.033 -0.111 to 0.178 0.65
Difference (years) (70–79 years) 0.070 -0.096 to 0.236 0.41
Restricted mean survival time at

20 years (95% CI)
95% CI P-value

Difference (years) 0.212 -0.156 to 0.579 0.26
Difference (years) (50–59 years) 0.224 -0.297 to 0.744 0.40
Difference (years) (60–69 years) 0.141 -0.199 to 0.480 0.42
Difference (years) (70–79 years) 0.221 -0.156 to 0.598 0.25
Age-matched cohort
Restricted mean survival time at

10 years (95% CI)
95% CI P-value

Difference (years) 0.127 -0.045 to 0.298 0.15
Difference (years) (50–59 years) 0.191 -0.081 to 0.464 0.17
Difference (years) (60–69 years) 0.188 0.011 to 0.365 0.037
Difference (years) (70–79 years) 0.129 -0.045 to 0.303 0.15
Restricted mean survival time at

20 years (95% CI)
95% CI P-value

Difference (years) 0.291 -0.096 to 0.678 0.14
Difference (years) (50–59 years) 0.451 -0.155 to 1.057 0.14
Difference (years) (60–69 years) 0.399 -0.001 to 0.800 0.051
Difference (years) (70–79 years) 0.281 -0.111 to 0.673 0.16

CI: confidence interval.
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Concomitant CABG 1.6 (1.3–2.1); P < 0.001 1.4 (1.1–1.8); P = 0.008 2.2 (1.7–2.8); P < 0.001 1.5 (1.1–2.0); P = 0.01
Emergency SAVR vs non-emergency 1.3 (0.4–4.0); P = 0.67 1.1 (0.3–4.5); P = 0.87
Mechanical prosthesis 0.5 (0.4–0.6); P < 0.001 0.9 (0.7–1.3); P = 0.67 1.7 (1.1–2.5); P = 0.01 0.9 (0.6–1.2); P = 0.40

AS: aortic stenosis; CABG: coronary artery bypass grafting; CI: confidence interval; COPD: chronic obstructive pulmonary disease; HR: hazard ratio; LVEF: left ven-
tricular ejection fraction; MI: myocardial infarction; PCI: percutaneous coronary intervention; SAVR: surgical aortic valve replacement; TIA: transient ischaemic
attack.
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