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Abstract

METHODS: A total of 56 consecutive patients (mean age 47 ± 11 years, 95% men) with BAV insufﬁciency and a root diameter of 40–50 mm
underwent AVR surgery from 1995 to 2008. All patients, as identiﬁed from our institutional BAV database, had a dilated aortic annulus
(i.e. deﬁned as valve prosthesis size ≥27 mm) without aortic stenosis (i.e. mean gradient ≤20 mmHg). Patients who underwent concomitant aortic surgery were excluded. Follow-up (622 patient-years) including echocardiography data was available for all patients. Aortic
events were deﬁned as the need for proximal aortic surgery, the occurrence of aortic dissection/rupture, echocardiographic evidence of
increasing aortic root diameter/occurrence of late paravalvular leakage or sudden death during follow-up.
RESULTS: Actuarial survival was 90% at 10 years and 78% at 15 years. Adverse aortic events occurred in 19 (34%) study patients. Redo aortic
surgery was performed in 6 patients (11%), 2 of which were for aortic dissection. Four patients (7%) suffered sudden cardiac death. Moreover,
follow-up echocardiography revealed a signiﬁcant, progressive enlargement of the aortic root diameter in 7 (13%) patients and occurrence
of late de novo paravalvular leakage in 2 (3%) patients. The resultant freedom from aortic events was 81% at 10 years and 51% at 15 years.
CONCLUSIONS: Patients with a BAV root phenotype are at signiﬁcant risk of aortic events after isolated AVR. Simultaneous root/ascending
aortic surgery should be strongly considered in such patients.
Keywords: Aortic dissection • Bicuspid aortopathy • Aortic aneurysm

INTRODUCTION
The bicuspid aortic valve (BAV) is the most common congenital
abnormality of the human heart, affecting 1–2% of the general
population [1]. Moreover, BAV disease has been demonstrated to
be a very heterogeneous disorder, and different forms of BAVassociated aortopathy (so-called BAV phenotypes) have been
identiﬁed [2]. Tailored surgical strategies may be required to speciﬁcally treat these different forms of BAV-associated aortopathy.
New management algorithms and recommendations may be
required in order to take into account the heterogeneity of BAV
disease and provide the best-tailored approach for such patients.
Considering the heterogeneity of BAV disease, clinical research
should focus speciﬁcally on the distinct BAV phenotypes [3].
However, the clinical outcomes of distinct BAV subgroups have
†
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not been analysed systematically. There are some data in the literature, indicating that the ‘BAV stenosis’ phenotype is predominantly secondary to haemodynamic effects of transvalvular ﬂow
and is associated with a very satisfactory long-term prognosis,
once the stenotic BAV is replaced [4, 5]. In contrast, there are practically no systematic clinical outcome data on the BAV ‘root’
phenotype, which is associated with proximal aortic root dilatation and aortic insufﬁciency [6]. Therefore, we aimed to assess the
long-term risk of adverse aortic events after isolated aortic valve
replacement (AVR) for BAV insufﬁciency in the presence of mildto-moderate dilatation of aortic root/ascending aorta.

METHODS
We identiﬁed all BAV patients who underwent isolated AVR
surgery for BAV insufﬁciency in the presence of concomitant
aortic root dilatation (40–50 mm) from 1995 to 2008 from our
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OBJECTIVES: Various forms of bicuspid aortic valve (BAV) aortopathy exist, and the optimal treatment for the different subgroups is insufﬁciently deﬁned. We aimed to analyse the risk of adverse aortic events after aortic valve replacement (AVR) for BAV insufﬁciency and concomitant mild-to-moderate dilatation of the aortic root (i.e. BAV root phenotype).
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institutional BAV database (n = 510) at the Central Hospital Bad
Berka, Germany. Our local ethics committee approved this retrospective study. Individual patient consent was waived.
Only patients with isolated/predominant BAV insufﬁciency were
included in this study. Patients with aortic stenosis (i.e. mean transvalvular pressure gradient ≥20 mmHg) were excluded. Moreover,
all study patients had a dilated aortic annulus (i.e. deﬁned as aortic
valve prosthesis size ≥27 mm) and aortic root dilatation with a
diameter of 40–50 mm. Concomitant aortic surgery was performed for aortic root diameter of >50 mm, and these BAV
patients were excluded. Patients with Marfan syndrome and those
without dilatation of the aortic annulus (i.e. patients receiving a
prosthetic valve sized 25 mm or less) were also excluded. These
inclusion criteria resulted in a total of 56 consecutive BAV patients
(11% of total BAV cohort, mean age 47 ± 11 years, 95% men) who
served as our study cohort.
The end-point of current study was the cumulative risk of postAVR aortic events in patients with BAV insufﬁciency and concomitant mild-to-moderate dilatation of aortic root (i.e. root
phenotype). We deﬁned aortic events as the need for redo
aortic surgery, the occurrence of type A dissection, echocardiographic evidence of increasing aortic root diameter/occurrence of
late paravalvular leakage or sudden cardiac death during the
follow-up.
Based on our previous data [5], sample size calculation was performed and it was determined that the minimum of 36 patients
would be required to detect the absolute difference of 20% in
post-AVR aortic events between BAV stenosis versus BAV root
phenotype cohorts with a power of 90% and the probability of
type I error of 5%.

Deﬁnitions and measurements
The deﬁnition of aortic valve morphology (i.e. BAV versus TAV)
was described in our previous study [5]. Aortic valve insufﬁciency
was quantiﬁed using the uniform and validated Doppler-based
echocardiographic measurements [7]. All BAV patients with mean
transvalvular pressure gradient >20 mmHg and aortic insufﬁciency
were qualiﬁed as having mixed lesions, and were not included in
the current study. We used Sievers’ classiﬁcation for categorizing
the bicuspid aortic valves [8].
Proximal aortic diameters were determined uniformly during
the study period. The dimensions of the proximal aorta were
assessed by preoperative transthoracic two-dimensional echocardiography and routine aortic angiography during cardiac
catheterization. Multiple echocardiographic measurements were
performed in end systole using the parasternal long-axis view. All
patients with proximal aortic dimensions of ≥40 mm, as diagnosed by these screening examinations, underwent subsequent
computed tomography (CT) or magnetic resonance angiography
(MRA) of the thoracic aorta for exact quantiﬁcation of the aortic
diameters. If a proximal aortic diameter of >50 mm was observed
by CT or MRA, then simultaneous aortic surgery was performed.
In all remaining patients with a proximal aortic diameter of
40–50 mm (i.e. based on CT/MRA measurements), isolated AVR
was performed.
Progressive enlargement of aortic root diameter at follow-up
echocardiography was deﬁned as an increase in maximal aortic
root dimensions ≥5 mm when compared with the corresponding
measurements at preoperative transthoracic echocardiography.

The occurrence of post-AVR paravalvular leakage was determined as an adverse event only if it was diagnosed during the late
postoperative course, and there was no evidence of paravalvular
leakage at discharge echocardiography post-AVR surgery.

Study population
Demographics and surgical parameters are summarized in Table 1.
Our study cohort, consisting of young, predominantly male patients
with pure BAV insufﬁciency, underwent an isolated AVR surgery.
Arterial hypertension was present in 62% study patients, and was the
most common comorbidity.
All 56 patients underwent standard isolated AVR surgery
through a median or partial upper sternotomy, using cardiopulmonary bypass and mild systemic hypothermia. Mechanical valve
prosthesis was used in 96% of patients. The labelled valve prosthesis was 27 mm in 59%, 29 mm in 39% and 31 mm in 2% of
study patients. As stated above, patients without aortic annular
dilatation (deﬁned as those receiving an aortic valve prosthesis of
25 mm or less) were excluded from the current study.

Follow-up
All hospital survivors were followed by means of clinical interview and echocardiographic surveillance. Follow-up transthoracic
echocardiography data were obtained from patients’ cardiologists
or family physicians. A total of 22 (40%) patients underwent
follow-up echocardiography in our institution. Hospital records of
patients who died during follow-up were requested, and all operative reports of redo surgery were obtained. A total of 27 (48%)
patients were treated in our hospital during the post-AVR course,
and their medical records were included. In a total of 5 patients
(9%) for whom no contact details were available, a telephone
book-based search was performed. By means of telephone bookbased search and an excerpt from resident’s register, we were able

Table 1:

Demographics and intraoperative variables

Variable

BAV root phenotype (N = 56)

Mean age (years)
Male
BSA (m2)
NYHA class III/IV
Aortic root (mm)
Arterial hypertension
Diabetes
History of smoking
Peripheral arterial disease
COPD
Urgent/emergent surgery
CPB time (min)
Cross-clamp time (min)
Mean prosthesis size (mm)
Mechanical prosthesis

47 ± 11 (19–71)
53 (95)
1.98 ± 0.6
27 (48)
45 ± 4 (40–51)
35 (62)
4 (7)
18 (32)
0 (0)
3 (5)
3 (5)
69 ± 16 (40–139)
35 ± 8 (21–53)
27.6 ± 2 (27–31)
54 (96)

Data presented as n (%) or as mean ± SD (range).
BAV: bicuspid aortic valve; BSA: body surface area; NYHA: New York
Heart Association; COPD: chronic obstructive pulmonary disease; CPB:
cardiopulmonary bypass.
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to identify all 5 missing patients, who were contacted successfully
thereafter.

Statistics
Standard deﬁnitions were used for patient variables and outcomes.
Categorical variables are presented as percentages, and continuous
variables are expressed as mean ± SD with range throughout
the study. All statistical analyses were performed with the IBM
SPSS 19.0 software (IBM Corp., New York, USA). Survival analyses
(i.e. overall survival and freedom from aortic events) were performed according to the methods of Kaplan–Meier. Preoperative
and follow-up aortic dimensions were compared for differences
using the paired t-test. The impact of preoperative aortic diameters on the risk of adverse aortic events was analysed using
Cox regression. All P-values of <0.05 were considered statistically
signiﬁcant.

RESULTS

One patient (1.8%) died in hospital. This patient suffered sudden
cardiopulmonary arrest on the surgical ward, and cardiopulmonary resuscitation was unsuccessful. An autopsy was performed and
revealed acute type A aortic dissection with a pericardial tamponade. The maximal dimension of the ascending aorta was 43 mm in
this patient. This adverse event occurred at the beginning of our
series, and was one of the reasons why we chose to systematically
analyse the long-term outcomes in this speciﬁc BAV cohort.
Follow-up data (i.e. 622 patient-years) were available for all
surviving patients. The mean follow-up was 11.1 ± 3.6 years (range
0–19 years). Eight patients (14%) died during follow-up, resulting in
10-year survival of 90 ± 4% and 15-year survival of 78 ± 8% (Fig. 1).
A total of 88% of all late deaths were cardiac-related, and are presented in Table 2. Two patients died of documented type A aortic
dissection, both of which occurred during the ﬁrst postoperative
year after AVR surgery. One patient suffered a non-cardiac death
due to an end-stage pancreatic malignancy 7 years after AVR.

Proximal aortic surgery
Redo aortic surgery was performed in 6 patients (11%), 2 of which
were for type A aortic dissection. A progressive increase in aortic
root dimensions was the most common indication for redo aortic
surgery (Fig. 2). The median aortic root diameter at the time of
aortic surgery was 55 ± 3 mm. The mean period of time between
AVR and proximal aortic surgery was 4 ± 2 years. All 6 patients
underwent a composite graft replacement, and survived the redo
surgery uneventfully. One patient, who underwent emergent
surgery for type A aortic dissection, died of multisystem organ
failure after a prolonged postoperative intensive care unit (ICU)
course complicated by visceral malperfusion.

Follow-up echocardiography
The mean length of echocardiographic follow-up was 10.3 ± 3.6
years (a total of 473 patient-years). The mean diameter of aortic

Figure 1: Overall survival (Kaplan–Meier) of BAV patients with a root phenotype. BAV: bicuspid aortic valve.

Table 2: Causes of late deaths (in BAV patients with a root
phenotype)
Cause of death

N=8

Cardiac death
Aortic dissection
Valve-related
Stroke
Haemorrhage
Sudden death
Non-cardiac death
Total death

7 (88%)
2
1
1
3
1 (12%)
8 (100%)

BAV: bicuspid aortic valve.

root (i.e. measured at the level of the sinus of Valsalva) increased
signiﬁcantly from 45.4 ± 4.8 mm preoperatively to 49.8 ± 6.3 mm
at the latest echocardiographic follow-up (P = 0.03). Postoperative
echocardiographic follow-up revealed a total of 7 (13%) patients
with a signiﬁcant, progressive enlargement of the aortic root
diameter ≥5 mm. Elective redo aortic root surgery has been
scheduled in 3 of these patients with a maximal aortic root
diameter reaching 55 mm (i.e. patients on the surgical list and
waiting for intervention). The remaining 4 patients (aortic root diameters in the range 50–53 mm) undergo continuous echocardiographic surveillance at 6-month intervals. Moreover, only 4 (7%)
patients demonstrated ‘stable’ aortic root dimensions, without any
change when compared with preoperative diameters. All remaining patients showed a mild progression of aortic root diameters at
follow-up echocardiography, which was still less than 5 mm when
compared with baseline.
Two (3%) patients had late de novo paravalvular leakage,
which was probably caused by continuing dilatation of the aortic
annulus and aortic root. These 2 patients had slightly increasing
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Figure 2: Progressive aortic root enlargement at 9 years after an isolated AVR surgery in BAV patient with a root phenotype (maximal aortic root diameter at the time
of AVR surgery was 42 mm). AVR: aortic valve replacement; BAV: bicuspid aortic valve.

aortic root diameters on serial aortic imaging, whereas paravalvular leakage was a relatively new ﬁnding at the time of latest echocardiographic follow-up. Owing to the mild degree of paravalvular
insufﬁciency and the complete asymptomatic course, these patients
were subjected to a regular echocardiographic surveillance.

Cumulative aortic events
The composite end-point (i.e. aortic events) occurred in 19 of
56 patients (34%). Four patients (7%) died suddenly, one of them
due to documented type A aortic dissection. Six patients (11%)
required proximal aortic surgery, 2 of them due to type A aortic
dissection. Echocardiographic progression of aortic root diameters ≥5 mm occurred in 7 (13%) patients. The remaining 2
patients were diagnosed with late de novo paravalvular leakage
after AVR surgery. The resultant freedom from adverse aortic
events was 81 ± 6% at 10 years and 51 ± 11% at 15 years (Fig. 3).
The mean preoperative aortic root diameter was 44.9 ± 4.4 mm
in the subgroup with adverse aortic events vs 45.8 ± 4.0 mm in the
subgroup without adverse events (P = 0.6). The impact of preoperative aortic root diameter (mm) on the risk of post-AVR aortic
events in the BAV root phenotype was analysed by means of Cox
regression analysis. Of note, we found no signiﬁcant impact of preoperative aortic root dimensions (i.e. in the range 40–50 mm) on
the risk of adverse aortic events (HR 0.9, 95% CI 0.77–1.04,
P = 0.1). Moreover, maximal aortic root diameter >45 mm (i.e. in
the range 46–50 mm) was not predictive of adverse aortic events
when compared with aortic root diameter ≤45 mm (i.e. in the
range 40–45 mm; HR 1.3, 95% CI 0.71–1.62, P = 0.2).

DISCUSSION
Whether BAV-associated aortopathy is secondary to haemodynamic effects related to abnormal transvalvular ﬂow patterns or
a primary manifestation of a genetic disorder remains controversial. It has been shown that BAV is a heterogeneous disease, and
this heterogeneity probably explains the marked variation in
reported outcomes following isolated AVR in BAV patients [9, 10].
However, there are only limited data on the clinical outcomes
of speciﬁc BAV phenotypes. The subgroup of young, predominantly male BAV patients with dilatation of the aortic root and
aortic valve insufﬁciency (so-called root phenotype) has been
described by several authors [6, 11]. This form of BAV aortopathy
appears to be completely different from the haemodynamicallytriggered aortopathy observed in patients with BAV stenosis and

Figure 3: Freedom from adverse aortic events in BAV patients with a root
phenotype. BAV: bicuspid aortic valve.

concomitant asymmetric dilatation of the tubular ascending aorta
[4, 5]. Some evidence exists that root phenotype may illustrate the
predominantly genetic form of BAV disease, and mutations in the
TGFBR2 and FBN1 genes have been demonstrated in families with
such BAV-associated aortopathy [12–14]. Biner et al. [15] demonstrated that the congenital pattern of aortopathy observed in the
ﬁrst-degree relatives of BAV patients presented with aortic root
dilatation. Another important study by Loscalzo et al. [16] revealed
the association of BAV disease and familial thoracic aortic aneurysms in selected families. Patients with Turner syndrome, a
genetic malformation associated with BAV disease, are known to
have larger aortic root diameters in the presence of a BAV when
compared with Turner patients with a tricuspid aortic valve [17].
Such evidence further supports the hypothesis that BAV root
phenotype is a predominantly genetic disorder.
Transvalvular ﬂow patterns have been shown to be very different in patients with BAV stenosis and asymmetrical dilatation of
the tubular ascending aorta when compared with a BAV root
phenotype [18]. Furthermore, the histological lesions in the proximal aortic wall have been shown to be signiﬁcantly more severe
in the BAV cohort with aortic valve insufﬁciency when compared
with BAV stenosis patients [19, 20]. Another important study which
included 60% BAV insufﬁciency patients demonstrated a high
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Study limitations
Our study has some important limitations. It is a retrospective analysis with all known limitations of such a study design. Another

major limitation is the lack of data on the follow-up diameters of
proximal aorta in the BAV stenosis subgroup. Therefore, a reasonable comparison of adverse aortic events after isolated AVR
surgery in the BAV root phenotype versus BAV stenosis subgroup
was not possible in the current study.

CONCLUSIONS
In summary, patients with BAV insufﬁciency and a concomitant
root dilatation of 40–50 mm (i.e. root phenotype) are at signiﬁcant
risk of post-AVR aortic events. Based on our observations, we
strongly suggest simultaneous aortic root surgery in patients with
BAV insufﬁciency and aortic root diameter >40 mm during their
initial AVR procedure. Owing to the relative rarity of BAV root
phenotype (i.e. only 10% patients undergoing AVR surgery for BAV
disease), a multicentre prospective registry should aim at better
characterization of the pathogenesis and clinical outcomes of
patients with a BAV root phenotype.
Conﬂict of interest: none declared.
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