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Abstract
The aim of this study was to assess aortic stiffness in patients with bicuspid aortic valve (BAV), and to determine if differences 
exist among the BAV phenotypes. Stiffness was measured by pulse wave velocity (PWV) determined using velocity-encoded 
magnetic resonance imaging (VENC-MRI). VENC-MRI was performed in 100 BAV patients and 45 normal controls. PWV 
was determined between the mid ascending and mid descending aorta. The BAV phenotypes were characterized using 
steady-state free precession (SSFP) images acquired across the face of the aortic valve, and classified as follows: right-left 
cusp (R-L) fusion, right and non-coronary cusp (R-NC) fusion, and left and non-coronary cusp (L-NC) fusion. The following 
BAV phenotypes were identified: 76 R-L, 23 R-NC, and 1 L-NC fusion. BAV patients demonstrated significantly greater 
PWV compared to normal controls, after adjusting for age (9.16 vs. 3.83 m/s; p < 0.0001). Furthermore, PWV was signifi-
cantly greater in patients with R-NC fusion than those with R-L fusion phenotype (12.27 vs. 7.97 m/s; p < 0.001). There was 
significantly increased PWV from VENC-MRI in BAV patients compared to normal controls. Thisis the first to demonstrate 
the association of different BAV phenotypes and aortic stiffness. VENC-MRI PWV assessment potentially represents a novel 
parameter for enhanced surveillance and may alter surgical triage of aorta in this high risk group.
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Introduction

Bicuspid aortic valve (BAV) is the most common congenital 
cardiac abnormality, with a prevalence of 1–2% in the gen-
eral population [1–3]. BAV may be associated with valvular 
dysfunction including regurgitation and stenosis as well as 
aortic diseases. Associated abnormalities of the aorta in the 
BAV population include congenital anomalies such as coarc-
tation of the aorta, interrupted aortic arch, and hypoplasia 
of the aorta along with acquired anomalies, for instance, 
aortic aneurysm, dissection, and rupture [4–8]. Further these 
abnormalities manifest earlier in life than tricuspid aortic 
valves. These established associations lead to the hypothesis 

of an underlying common developmental defect involving 
both intrinsic valvar and aortic pathologies. Despite the pres-
ence of BAV, the impact of BAV phenotype on valvar dys-
function and associated aortic anomalies either congenital or 
acquired have not been well-elucidated [4, 9–13].

Aortic stiffness is an important parameter that is abnor-
mal in various aortopathies, including atherosclerotic aor-
tic aneurysms and Marfan syndrome [14]. In addition, this 
abnormal aortic stiffness is predictive of progressive aortic 
dilation [15–20]. Similar abnormalities of aortic stiffness 
have been described in the setting of BAV using a variety of 
non-invasive techniques. To date, however, velocity-encoded 
magnetic resonance imaging (VENC-MRI) has been used 
sparingly in the study of aortic stiffness in BAV, and further 
there is scant data on the impact of BAV morphology on 
aortic stiffness.

Aortic pulse wave velocity (PWV) measurements 
obtained from velocity-encoded magnetic resonance imag-
ing (VENC-MRI) is a promising non-invasive technique 
to determine aortic stiffness, particularly considering that 
these measurements do not depend on knowledge of central 
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arterial pressure or geometrical assumptions that may limit 
other alternative measurement tools [15, 21–24].

In this study, we sought to assess aortic stiffness from 
VENC-MRI derived PWV measurements in patients with 
BAV, and to determine if there are differences in aortic stiff-
ness among the BAV phenotypes.

Methods

Patient population

100 consecutive patients with BAV, and 45 normal con-
trols, were included in this retrospective study which was 
approved by the local Institutional Review Board with a 
waiver of individual informed consent. Diagnosis of BAV 
was defined as partial or complete fusion of 2 aortic valve 
leaflets, with or without a central raphe [1]. Exclusion crite-
ria included fusion of more than 2 leaflets (unicommisural), 
or concomitant aortic diseases, such as coarctation or Mar-
fan syndrome. Classification of the severity of aortic ste-
nosis and regurgitation was based on composite evaluation 
by Doppler echocardiography as: none, mild, moderate, 
or severe. Normal controls all had normal trileaflet aortic 
valves without any identified cardiac or aortic abnormalities.

MR imaging

The MRI studies were performed using a 1.5-T MRI scan-
ner (Avanto; Siemens Medical Solutions, Erlangen, Ger-
many). ECG-triggered, free breathing black blood pre-
pared HASTE (Half Fourier Acquisition in Steady State) 
images were acquired in 40 axial slices with the following 
scan parameters: TE = 20 ms, TR = 800 ms, refocusing flip 
angle = 160°, slice thickness = 6 mm, FOVx = 240–360 mm, 
FOVy = 300–380 mm; typical matrix size = 124 × 192, and 
typical acquired spatial resolution = 2.4 × 1.8 mm.

In order to classify the BAV phenotypes, balanced 
steady-state free precession (SSFP) cine images were 
acquired across the face of the aortic valve: TE = 1.2 ms, 
TR = 2.4  ms, flip angle = 70°, slice thickness = 6  mm, 
FOVx = 240–360  mm, FOVy = 300–380  mm; typi-
cal matrix size = 124 × 192, and typical acquired spatial 
resolution = 2.4 × 1.8 mm.

To measure through-plane flow in the mid-ascending 
and mid-descending thoracic aorta, VENC-MRI images 
were acquired using a breathhold, retrospectively ECG-
gated gradient echo pulse sequence at the level of the 
pulmonary trunk. The scan parameters were as followed: 
TE = 3.1 ms, TR = 5.0 ms, flip angle = 30°, slice thick-
ness = 6 mm, FOVx = 240–360 mm, FOVy = 300–380 mm; 
typical matrix size = 128 × 256, and typical acquired 

spatial resolution = 2.3 × 1.3  mm; temporal resolu-
tion = 25–35 ms depending on heart rate, and velocity 
encoding = 200 cm/s.

Image analysis

Pulse wave velocity

VENC-MRI images were analyzed using dedicated cardio-
vascular image analysis software (Argus, Siemens Medical 
Solutions, Erlangen, Germany). In each image, the mid-
ascending and mid-descending aorta were contoured, and 
the volume flow rate at these two locations was computed in 
all phases of the cardiac cycle. From the resulting flow-time 
curves, the arrival of the foot of the flow wave was measured 
as the point of interception of the linear extrapolation of the 
steep early systolic slope and the baseline (Fig. 1).

The path length between the mid-ascending and mid-
descending thoracic aorta, corresponding to the same levels 
as the VENC-MRI image, was derived from multiplanar 
reconstructions of the axial HASTE images in an oblique 
sagittal view. These images were analyzed using dedicated 
image analysis software (3D, Siemens Medical Solutions, 
Erlangen, Germany).

PWV was calculated according to the following formula:

where Δx was the aortic path length between the mid-
ascending and mid-descending thoracic aorta, and Δt was 
the time delay between the arrival of the foot of the flow 
wave at these levels [21, 25].

BAV phenotypes

The 3 BAV morphologic subtypes were classified using a 
cine-SSFP across the face of the aortic valve. The fusion 
of cusps, right and non-coronary cusps was categorized as: 
right and left coronary cusp fusion (R-L fusion), right and 
non-coronary cusp fusion (R-NC fusion), and left and non-
coronary cusp fusion (L-NC fusion), respectively (Fig. 2).

Intra and inter‑observer reproducibility

Intra-observer and inter-observer reproducibility were deter-
mined using 20 randomly selected BAV patients and 20 ran-
domly selected normal controls. The data were reanalyzed 
by the same observer four weeks after the initial analysis, 
and by a second independent observer blinded to the initial 
results.

PWV =
Δx

Δt
(m∕s)
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Statistical analysis

Continuous variables were presented as mean values and 
corresponding standard deviations, whereas categorical 
data were summarized as numbers and percentages. Patient 
characteristics relative to the morphologic subtypes of BAV 
and normal controls were compared using Chi square test 
and analysis of variance (ANOVA), where appropriate. The 
analysis of covariance (ANCOVA) was used to demonstrate 
the difference in PWV between BAV patients and normal 
controls, and PWV between the phenotypes, all adjusted for 
age.

Intra-observer and inter-observer reproducibility for PWV 
measurements was determined as the mean differences, and 
a Bland–Altman method plot was generated to demonstrate 
the agreement between the PWV measurements by the same 
and different observers [26]. A p value of less than 0.05 was 
considered statistically significant. All statistical analyses 
were performed using the SAS software Version 9.3 (SAS 
institute, Cary, North Carolina).

Results

BAV phenotypes

Image quality was good for all image types acquired in all 
patients—thus, no patients were excluded on this basis. 
BAV phenotypes were distributed as follows: 76 R-L, 23 

R-NC, and 1 L-NC fusion. As only 1 patient in our popula-
tion exhibited the L-NC phenotype, a rate of occurrence 
consistent with previous studies [2, 22], the L-NC pheno-
type was excluded from further analysis. Mean age was not 
significantly different between the remaining patient groups 
(R-L, R-NC) and normal controls (49.0, 49.6, and 49.3 years, 
respectively; p = NS). The mid-ascending and mid-descend-
ing aortic diameters were larger in BAV patients compared 
to normal controls, but there was no difference between the 
R-L fusion and R-NC fusion subgroups. Baseline character-
istics are summarized in Table 1.

Pulse wave velocity

PWV was significantly greater in BAV patients compared 
to normal controls, adjusting for age (9.16 ± 5.86 vs. 
3.83 ± 0.81 m/s; p < 0.0001). Within the 2 BAV phenotype 
subgroups, PWV was significantly greater in patients with 
R-NC fusion, as compared to those with R-L fusion phe-
notypes (12.27 ± 6.47 vs. 7.97 ± 4.89 m/s, respectively; 
p < 0.001) (Fig. 3). The presence of aortic stenosis and aor-
tic regurgitation did not differ significantly between these 2 
BAV phenotypes.

Intra and inter‑observer reproducibility

There was good intra-observer and inter-observer reproduc-
ibility for the PWV measurements. The mean PWV ± SD 
values were 6.41 ± 4.15 and 6.45 ± 4.22 m/s (r = 0.99) for 

Fig. 1   Measurement of flow in the mid-ascending and mid-descend-
ing aorta from VENC-MRI. Through-plane velocity encoded 
magnetic resonance imaging at mid-ascending (red circle) and 
mid-descending thoracic aorta (blue circle). Corresponding flow 

measurement at mid-ascending (red line) and mid-descending tho-
racic aorta (blue line). The arrival of the foot of the pulse wave was 
measured as the point of interception of the linear extrapolation of the 
steep early systolic slope and the baseline
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the first observer in the initial and repeated analyses, respec-
tively. Mean PWV was 6.55 ± 3.89 m/s (r = 0.98) for the 
second observer. Using the Bland–Altman method, intra-
observer mean differences for two measurements of PWV 
were 0.04 ± 0.23 (p = 0.24), and inter-observer mean differ-
ences were 0.14 ± 0.84 (p = 0.29), respectively (Fig. 4).

Discussion

This study, which involves the largest cohort of BAV 
patients studied with MRI to date, has identified significantly 
increased aortic stiffness in BAV patients compared to nor-
mal controls. Further, this is the first to demonstrate that 
patients with the R-NC fusion phenotype exhibited a greater 
abnormality of aortic stiffness than patients with R-L fusion, 
emphasizing the importance of aortic valve morphology.

Aortopathies in the setting of BAV

In addition to the morphologic and functional abnormali-
ties of valves in BAV, there also is an intrinsic pathology 
of the aortic wall, manifested by a range of abnormalities 
including coarctation of the aorta, interrupted aortic arch, 
and hypoplastic aorta, as well as potentially lethal complica-
tions such as aortic aneurysm, dissection, and rupture [27, 
28]. The extent of aortic dilation in BAV has been demon-
strated to be beyond that attributable to coexistent valvar 
lesions, consistent with the hypothesis that intrinsic aortic 
wall pathology is in large part responsible for aortic dilation 
[29, 30]. Moreover, progressive aortic dilation can occur 
despite normal valve function in BAV patients [16, 31, 32].

The underlying common developmental defect leading 
to both intrinsic valvar and aortic pathologies has been 
described in prior studies [28, 33–38]. One animal study 
suggested the involvement of neural crest cells in the 

Fig. 2   Identification of the BAV morphologic subtypes from cine-
SSFP images. Fusion between right and left coronary cusps (R-L 
fusion)—systole (Top) and diastole (Bottom). Fusion between right 

and non-coronary cusps (R-NC fusion)—systole (Top) and diastole 
(Bottom). Fusion of left and non-coronary cusps (L-NC fusion)—sys-
tole (Top) and diastole (Bottom)
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Table 1   Characteristics of 
patients with BAV and controls

Continuous data represent as mean ± SD
Categorical data represent as number of patients, and percentages in parenthesis
BAV bicuspid aortic valve, R-L fusion right and left cusp fusion, R-NC fusion right and noncoronary cusp 
fusion, ACEI angiotensin converting enzyme inhibitor, ARB angiotensin receptor blocker
*,**Define a pair with p < 0.05
+ According to the formula: √ [height (cm) × weight (kg)/3600]

Patients with BAV Controls
(n = 45)

p value

R-L fusion
(n = 76)

R-NC fusion
(n = 23)

Age (years) 49.0 ± 13.9 49.6 ± 17.2 49.3 ± 15.7 0.68
Male/female 54 (71)/22 (29)* 17 (57)/13 (43) 24 (53)/21 (47)* 0.046
Height (cm) 173.9 ± 12.4 176.1 ± 10.8 172.8 ± 10.5 0.537
Weight (kg) 87.8 ± 18.9 86.8 ± 16.8 88.9 ± 17.0 0.489
Body surface area (mm2)+ 2.0 ± 0.3 2.1 ± 0.2 2.1 ± 0.3 0.885
Systolic blood pressure (mmHg) 123 ± 17 129 ± 18 121 ± 17 0.605
Diastolic blood pressure (mmHg) 74 ± 10 78 ± 12 75 ± 12 0.478
Heart rate (beats/min) 67 ± 12 69 ± 12 70 ± 11 0.098
Medications
 Betablocker 44 (57.9) 15 (65.2)* 14 (31)* 0.230
 Calcium blocker 6 (7.9) 2 (8.7) 5 (11.1) 0.093
 ACEI 20 (26.3) 6 (26.1) 4 (9.0) 0.924
 ARB 6 (7.9) 2 (8.7) 4 (9.0) 0.753

Diameter of mid-ascending aorta (cm) 3.9 ± 0.7* 4.1 ± 0.6** 2.9 ± 0.5*,** < 0.001
Diameter of mid-descending aorta (cm) 2.3 ± 0.4 2.2 ± 0.4 2.2 ± 0.4 0.098
Aortic stenosis 20 (26.3)* 7 (30.4)* 0 (0)*,** 0.002
Aortic regurgitation 42 (55.3)* 16 (69.6)* 0 (0)*,** < 0.0001

Fig. 3   PWV in normal 
controls, BAV patients with 
R-L fusion phenotype, and 
R-NC fusion phenotype. The 
PWV (mean ± SD) in normal 
controls, and BAV patients 
with R-L fusion phenotype and 
R-NC fusion phenotype were 
3.85 ± 0.89, 7.97 ± 4.89 and 
12.27 ± 6.47 m/s, respectively. 
Circle, mean and whiskers, and 
95% confidence intervals
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development of the aortic valve and ascending aorta [33]. 
Disruption of fibroblast growth factor 8 expression was 
related to great vessel and coronary artery abnormalities, 
as well as BAV [34]. Histological characteristics of abnor-
mal aortic pathologies, including Erdheim’s cystic medial 
necrosis, premature medial smooth muscle cell apopto-
sis, fragmented elastin, increased ground substances, and 
elevated matrix metalloproteinase, have been described in 
BAV patients [28, 35–37].

Aortic PWV is a robust and well-accepted measure of 
arterial stiffness [15]. Increased aortic stiffness has been 
established in various aortopathies such as atherosclerotic 
aortic aneurysm and Marfan syndrome [14]. Though there 
is increasing evidence of abnormal aortic stiffness in the 
BAV population, limited data exists from MRI [16–19, 
39]. Using VENC-MRI, PWV can be derived without 
estimates of central arterial pressure, and without any 
geometric assumptions regarding the aortic path, both of 
which are limitations of alternate PWV measurement tech-
niques. Furthermore, errors resulting from these geometric 
assumptions of aortic path length may be more pronounced 

in the setting of BAV where tortuous, aneurysmal aortas 
may be present [40].

One previous MRI study demonstrated increased PWV in 
20 patients with BAV, compared to age-matched control sub-
jects, and clearly supported the concept that BAV pathology 
is not confined only to the valve itself, but also involves the 
aorta [21]. However, this study presented no data comparing 
among different valvar morphologies.

Effects of different BAV phenotypes

The majority of prior studies assessing valvar dysfunc-
tion and aortic dilation have not differentiated among the 
different BAV phenotypes [2, 41, 42]. However, several 
recent studies have elucidated the impact of different val-
var morphologies on the severity of valvular stenosis and 
regurgitation, freedom from valve intervention, associated 
coarctation, and aortic dilation [4, 9–11, 17, 43–45]. In two 
studies, BAV patients with R-NC fusion exhibit an increased 
incidence of aortic stenosis and regurgitation, and decreased 
freedom from valvar intervention [4, 9, 38], findings that 

Fig. 4   Intra-observer and inter-observer reproducibility of PWV 
measurements. The correlation of PWV measurements in the same 
observer and between two independent observers, respectively. 

Bland–Altman plot of the PWV measurements in the same observer 
and between two independent observers, respectively
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suggest R-NC fusion may represent a more severe form of 
BAV. Conflicting data existed regarding pathology of aorta 
among different phenotypes. R-NC phenotype established 
aortic dilation involving ascending aorta, whereas R-L phe-
notype involved predominately root dilation [11–13, 46, 47]. 
One study demonstrated greater diameter of ascending aorta 
in R-NC phenotype [45], while other two studies revealed 
the contrary result [12, 13].

Our study demonstrated significantly increased aortic 
stiffness in BAV patients with R-NC fusion compared to 
R-L fusion, irrespective of the severity of aortic stenosis, 
aortic regurgitation, or aortic size. Although the underlying 
mechanism for this finding is unclear, one potential contribu-
tor might be genetic differences between BAV phenotypes. 
An alternative explanation might be that differences in blood 
flow hemodynamics caused by the phenotypic variations in 
valve morphology could lead to variations in wall shear 
stresses [46–48]. R-NC phenotype revealed eccentric pos-
terior flow, higher systolic flow angle and higher in-plane 
wall shear stress [46–48].

There was only one study evaluating the association of 
valve phenotypes and aortic stiffness, however local stiff-
ness was measured [17]. Differences in aortic diameter and 
stiffness were found to vary regionally between BAV phe-
notypes. Using transthoracic echocardiography, this study 
reported R-L patients to exhibit significantly greater aortic 
diameter and stiffness at the sinuses of Valsalva and aortic 
arch, relative to R-NC patients. However, differences in the 
ascending aorta, where maximal dilatation typically occurs 
in BAV patients, were not significant. Furthermore, this 
study did not use PWV as its measure of stiffness, instead 
relying on a local stiffness index which has not been as 
widely applied or validated as PWV, and requires knowledge 
of central aortic pressure (brachial cuff pressure was used 
as a surrogate). In contrast, PWV measurements using MRI 
represent an average stiffness between the mid-ascending 
and mid-descending thoracic aorta, and are not dependent 
on central, or other, pressure measurements.

Importance of abnormal aortic stiffness in BAV

Patients with BAV typically exhibit a larger ascending aorta 
diameter compared to the trileaflet aortic valve population, 
and a substantial number of BAV patients demonstrate aortic 
dilation independent of hemodynamically significant valvar 
dysfunction [29, 31, 32, 49]. Further, aortic dissection will 
develop in 5% of BAV patients during their lifetime [50]. 
Similarly, some aortopathies, such as Marfan syndrome, 
have seen abnormal aortic stiffness as an independent pre-
dictor of progressive aortic dilation [20]. Given the signif-
icance of aortic complications, it is clinically relevant to 
establish predictive parameters for the development of aortic 

dilation. Abnormal aortic stiffness and aortic sequelae such 
as dilation and dissection in BAV need further investigation.

Indications for aortic surgery alone in the absence of val-
var criteria for valve surgery in BAV patients have not been 
well-established. Considering that the aortic dilation in the 
BAV population can be attributed in part to collagen vascu-
lar diseases, as in Marfan syndrome, optimal surgical strat-
egy in this population may involve a smaller aortic diameter 
than in the general population, but remains controversial 
[51–55]. Moreover, aortic dilation and dissection are fre-
quent complications even after BAV replacement, therefore 
more aggressive concomitant aortic replacement has been 
recommended [56].

Clinical implication

BAV is increasingly recognized as a disease of the aortic 
valve, entire aortic root, and ascending aorta contributing to 
both valvular and vascular sequelae. One-third of patients 
with BAV have significant complications during their life-
time [27] Consequently, patients with BAV require height-
ened assessment of valve function and aortic involvement. 
MRI or computed tomography (CT) is considered the pre-
ferred assessment tool for the aorta according to ACC/AHA 
and ESC guidelines [57]. In addition to morphologic evalua-
tion, the PWV measurements described in this study provide 
a novel role for MRI in the assessment of vascular function. 
More aggressive aortic involvement of the R-NC phenotype, 
as manifested in our study by the greater abnormality of 
aortic stiffness, suggests aortic PWV as a novel parameter of 
aortic pathology. Future studies assessing the direct impact 
of this pronounced abnormal aortic stiffness on progressive 
aortic dilation, development of complications, and clinical 
outcomes will further clarify the utility of VENC-MRI PWV 
measurements.

Conclusions

Abnormal aortic stiffness as measured by VENC-MRI PWV 
in patients with BAV has been clearly established in this 
study. In addition, the R-NC phenotype has significantly 
greater alterations in aortic stiffness lending further evidence 
to consider it a more malignant form of BAV. VENC-MRI 
determined PWV measurements represent a further comple-
mentary parameter in diagnostic strategies for BAV, and may 
help direct better targeted therapeutic options.
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