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h i g h l i g h t s g r a p h i c a l a b s t r a c t 

• Subaortic stenosis can significantly worsen 
the performance of the aortic valve.

• Membrane thickness and orifice size are 
crucial factors in disease severity.

• Membrane can increase leaflet fluttering, 
potentially leading to blood damage.

• A critical membrane size was identified, 
above which the impact becomes signifi
cant.

• In-vitro studies can help understand the 
complex effects of subaortic stenosis.
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Background: Subaortic stenosis is an aortic disease characterised by the presence of a membrane located 
at the aortic valve inlet, that causes a sudden reduction of the inflow lumen. The membrane develops 
as a tissue growth of variable thickness that can cause a major increase in the pressure gradient. In this 
case, when diagnosed, it is removed by surgical resection.
Methods: To investigate the haemodynamic alteration introduced by subaortic membranes, an in vitro 
study was designed and performed. Stiff and flexible membranes were implanted at the inlet of a 
bioprosthetic control valve. These mock membranes had different radial and angular alignment, modelling 
concentric and eccentric orifice positions. For each configuration, a range of different membrane 
extensions was studied, progressively reducing the orifice area at the inlet of the control valve.
Results: Analysis of the hydrodynamic performances indicates that the detrimental effect of subaortic 
membranes becomes significant when the membrane orifice areas reduce below 75% of the unobstructed 
inflow lumen. Video analysis of the valve leaflets dynamics indicates that, together with a worsening 
in the systolic pressure gradient, the presence of subaortic membranes increases cusps fluttering. As the 
membrane orifice area reduces, leaflets experience faster oscillation frequencies at decreasing amplitudes.
Conclusions: The fibromuscular or thin nature of the membrane has a significant role on the severity of 
the pathology, with higher stiffnesses generally producing worse hydrodynamics. The orifice dimension 
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and position are also important on the systolic performance and can determine potential structural 
degradation and haematic damage.
© 2025 AGBM. Published by Elsevier Masson SAS. This is an open access article under the CC BY license 

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Subaortic stenosis represents about 6.5% of adults’ congenital 
heart disease [1]. Although it can be associated with several types 
of anatomic lesions, it is most commonly caused by the presence 
of a membrane positioned at the inflow of the aortic valve (in the 
75-85% of the all cases [2]). This subaortic membrane (SAM) can 
assume the form of a discrete thin layer or of a thick fibromuscular 
ridge. SAM often occurs in the first decade of life, but it usu
ally remains undiagnosed due to the absence of symptoms. When 
symptomatic, SAM is commonly diagnosed by 2D Doppler echocar
diography examination of the flow within the left ventricular out
flow tract (LVOT) [3]. If untreated, it can cause increased LVOT 
pressure gradient, left ventricular disfunction, and aortic regurgi
tation, becoming life trethening [4]. In these cases, the therapy 
consists in surgical resection of the membrane, that is associated to 
a high rate of pathology recurrence (18%) [5] and mortality of 3% 
[6]. The timing of intervention remains an open issue, with some 
groups advising to operate immediately to avoid further pathology 
progression, and other suggesting intervention only when specific 
conditions occur [3]. ACC/AHA guidelines recommend surgical in
tervention when the instantaneous peak of gradient of the LVOT 
echocardiographic Doppler exceeds 50 mmHg or the mean gra
dient is above 30 mmHg [7]. Regarding pathogenesis, there are 
two main hypotheses, the first one classifies SAM as a congenital 
disorder caused by genetic factors [8], the second identifies some 
haemodynamic factors as trigger of the pathology. This second hy
pothesis is supported by the established association of SAM with 
the presence of left ventricle abnormalities, which cause unphysi
ological blood flow [9,10]. Echocardiography has been widely used 
to evaluate the preoperative conditions of SAM patients, which 
are typically characterised by high mean and peak LVOT gradients, 
marked subaortic acceleration, and transition to turbulence [6,11]. 
Computational fluid dynamics studies have also been attempted to 
evaluate the role of haemodynamic factors in SAM [3,12]. However, 
the haemodynamics alteration introduced by SAM and their impli
cations remain poorly understood. In particular, it is still unclear 
the effect of SAM type, shape and position on the aortic valve ef
ficiency and the role of SAM on the leaflet fluttering and blood 
damage potential.

In this context, our study aims to investigate the haemodynam
ics associated with SAM by means of in vitro tests. In particular, 
the alterations in the fluid dynamic behaviour of a bioprosthetic 
aortic valve, introduced by the presence of different SAM config
urations were assessed and compared, aiming to clarify the main 
pathological haemodynamic mechanisms affecting patients.

2. Methods

2.1. Test cases

A Carpentier-Edwards PERIMOUNT Magna Ease aortic valve (Ed
wards Lifesciences Corp, Irvine, CA, USA) of size 27 mm was se
lected as control case for this study. The valve was used to repre
sent healthy valve performance, and then tested with different SAM 
conditions, simulated by introducing under the valve a subaortic 
membrane.

To simulate the cases of thick fibromuscular ridge SAM and dis
crete thin layer SAM, membranes were obtained from a sheet of 

Fig. 1. The different shapes and setting of the subaortic membrane experimentally 
reproduced in the study.

ethylene-vinyl acetate foam 180 μm thick and with a Young’s mod
ulus of approximately 4 N/mm2, and from a nitrile rubber 80 μm 
thick and with a Young’s modulus of approximately 5 N/mm2

(evaluated from standard uniaxial tests) [13], respectively. The two 
solutions offer very different flexural resistance, with the mem
branes obtained from the nitrile rubber sheet being more repre
sentative of the discrete thin SAM layer (called flexible), and the 
membranes obtained from the ethylene-vinyl acetate foam repro
ducing a behaviour closer to thick fibromuscular ridge SAM (called 
stiff).

To simulate different grades of obstruction, the membranes 
were laser cut to present, in the unloaded configuration, mem
brane orifice of areas (MOA) equal to 75%, 67%, 58% and 50% of 
the stent orifice area. To analyse the main SAM configurations ob
served clinically [14--16], membranes were cut as circular holes 
and positioned concentric to the valve (Concentric configuration), 
or obtained from the intersection of the stent orifice area with an 
identical profile, positioned eccentrically. For this case, the con
figuration with the orifice centre of area at a minimum distance 
from one of the leaflets base (Eccentric leaflet configuration) and 
from one of the valve commissures (Eccentric commissure configu
ration) were considered. Membranes were positioned 8 mm below 
the leaflet base, in compliance with the usual mean distance [17].

All analysed configurations are described in Fig. 1.

2.2. Hydrodynamic tests

In vitro tests were performed to evaluate the hydrodynamic 
function of the Perimount Magna Ease with and without the 
subaortic membrane. For this purpose, a ViVitro Pulse Duplicator 
system (ViVitro Labs, Victoria, Canada) was used, mounting in mi
tral position a Regent mechanical mitral valve (Abbott Cardiovas
cular, Plymouth, MN, USA) of size 29 mm. The system is equipped 
with Mikro-Cath pressure catheters (Millar, Houston, TX, USA), that 
record pressure in the atrial, ventricular and aortic chambers. As 
illustrated in Fig. 2, an electromagnetic flow probe with circular lu
men of 28 mm diameter (Carolina Medical Electronics, East Bend, 
NC, USA) is positioned 35 mm below the membrane. A smooth, ta
pered section, positioned at the membrane inlet, gradually narrows 
the LVOT diameter from 28 mm to 24.6 mm, which corresponds 
to the inner valve diameter. The aortic chamber at the outflow 
of the valve includes a mock glass root with Valsalva sinuses and 
replicates physiological aortic compliance by Windkessel effect. In 
compliance with the standard ISO584 [18], tests were conducted 
at normal heartbeat of 70 bpm (cardiac cycle lasting 857 ms), 
with systole occupying 35% of the whole cycle. Each setup was 
tested at six cardiac outputs (CO) of 2, 3, 4, 5, 6, 7 l/min, apply
ing a normotensive mean aortic pressure of 100 mmHg. The test 
fluid was phosphate-buffered saline solution at room temperature 
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Fig. 2. Sketch of the experimental setup. 

(Reynolds’ number in the range 15,000-50,000, depending on the 
CO). This test fluid was selected to ensure consistency and reliabil
ity throughout the testing process, as substances commonly added 
to better replicate the physical properties of blood (e.g., glycerol) 
can adversely affect the mechanical response of valve tissue upon 
exposure [19].

For each test, the chambers pressures and the aortic flow curves 
were recorded for ten consecutive cycles, and used to calculate 
the hydrodynamic performance. In particular, systolic performance 
were assessed from the pressure gradient (ΔP ) and the effective 
orifice area (E O A). ΔP is calculated as the mean value of the 
pressure difference across the aortic valve during positive systolic 
differential pressure period, and the E O A, representative of the 
vena contracta cross section at the aortic valve outflow, is estimated 
in square centimetres from the Gorlin’s formula [20]:

E O A = qv RM S

51.6
√

ΔP
ρ

(1)

where ΔP is expressed in millimetres of mercury, qv RM S is the 
root mean square forward flow during the positive differential 
pressure period, expressed in millilitres per second, and ρ is the 
density of the test fluid, expressed in grams per cubic centimetre.

Native and bioprosthetic valves are typically characterised by 
complete coaptation and negligible leakage when the valve is fully 
closed. Hence, diastolic performance were assessed in terms of 
closing regurgitant volume (CRV), corresponding to the regurgitant 
volume associated with the dynamics of the valve closure during 
a single cycle. This was estimated as the integral of the flow curve 
during the valve closing period.

The ventricular energy loss was taken as an indicator of the 
global valve performance, evaluated as sum of forward and closing 
energy loss (ElossF + ElossC ), obtained from equation:

Eloss = 0.1333

t f∫

ts

Δp ·qv(t)dt (2)

where ts and t f are the start and finish instants of each phase, 
Δp and qv are the instantaneous pressure drop and flow rate, 

expressed in millimetres of mercury and millilitres per second, re
spectively.

2.3. High frame rate video analysis

For each configuration, high frame rate (HFR) videos of five con
secutive cardiac cycles were recorded from the valve outflow at a 
standard CO of 5 l/min, to observe the valve dynamics in the dif
ferent scenarios. The videos were recorded with a HFR of 250 fps, 
using a led external light and a Sony RX0 II camera set on the 
top of the aortic chamber, perpendicular to the valve orifice. These 
were used to determine the projected dynamic valve area (PDVA) 
[21--23], defined as the instantaneous planimetric projection of the 
area encompassed within the valve leaflets on a plane orthogonal 
to the valve axis. This is commonly used as an estimate of the ge
ometric orifice area (GOA) [24], although it strictly corresponds to 
the envelope of the GOA at the different cross sections within the 
valve area.

PDVA curves were analysed to estimate the frequency and am
plitude of fluctuations, which are indicators of abnormal leaflet 
fluttering. In fact, the phenomenon has been associated with valve 
regurgitation, calcification and fatigue [21,24,25].

To analyse the HFR videos, a code was specifically written 
in Matlab (MathWorks, USA). Videos frames were processed by 
extracting the instantaneous planimetric projection area encom
passed by the leaflets, by means of region growing technique. The 
resulting curves of the projected area varying in time, obtained for 
five consecutive cycles, were mediated to obtain the PDVA curves. 
The process is summarised in Fig. 2.

To evaluate leaflet fluttering, the systolic portion of each PDVA 
curve was identified as the region where the curve maintained 
non-zero values. To minimise the influence of valve opening and 
closing dynamics, the initial and final segments of this region were 
excluded, retaining only the central two-thirds of the systole for 
analysis. This selected segment of the PDVA curve was then de
composed into a sum of eight sinusoidal functions using the Curve 
Fitter Tool in MATLAB R2024a, employing a ``Sum of Sine'' re
gression model with eight terms. Among the resulting sinusoidal 
components, the one exhibiting the highest correlation with the 
PDVA peaks was selected as representative of the oscillation dom
inant frequency and amplitude (with reference to the right panel 
in Fig. 3, these correspond to ω/2π and 2a, respectively).

3. Results and discussion

Fig. 4 summarises the hydrodynamic performance determined 
for each test. Expectedly, the control configuration with no mem
brane (black line) is associated with the best systolic performance, 
characterised by the lowest ΔP and the highest EOA. Stiff mem
branes, modelling the presence of a subaortic thick fibromuscular 
ridge, (top row) exhibit a progressive worsening in systolic perfor
mance with the reduction of the MOA. Looking at the different ori
fice shapes and positions, for the stiff membranes, concentric con
figurations (continuous lines) generally perform better than equiv
alent eccentric configurations at low C O s. As the C O increases, 
eccentric configurations catch up, eventually becoming superior to 
the concentric at larger membrane orifices. The alignment of the 
orifice in the eccentric configurations does not produce relevant 
effect, with the leaflet alignment marginally superior for smaller 
membrane orifices and the commissural configuration becoming 
more favourable with smaller membrane sizes. Still, these differ
ences are minor, and systolic performance for the thick membranes 
are well clustered based on the membrane orifice size, indepen
dently of the configurations.

In the case of flexible membranes, at low C O s the worsening in 
systolic performance with the reduction of the MOA is very similar 
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Fig. 3. Schematic sequence of operation performed to obtain PDVA curves and frequency and amplitude of leaflet fluttering. 

Fig. 4. From the left: ΔP , E O A, C R V and Energy loss are reported for all the test cases, where error bars represent the standard deviation. 

to that observed for stiff membranes. However, it is substantially 
less severe as the C O increases. This is probably due to the ability 
of the membrane to deform under the effect of the larger trans
membranal pressures generated by faster ejection flows. However, 
the improvement in systolic performance over stiff membranes is 
far more marked for concentric configurations, where the entire 
membrane orifice edge is free to deform. For eccentric configura
tions, where part of the membrane orifice is defined by the LVOT 
wall, and therefore remains identical for the stiff and flexible cases, 
the differences are reduced. The leaflet alignment is marginal but 
consistently favourable compared to the commissural alignment.

In terms of closing performance, stiff membranes present sim
ilar CRV values for all configurations, although the regurgitant 
volume with the smallest membrane orifice appears lower. This 
behaviour could be associated with the smaller EOA, that reduces 
the liquid volume encompassed by the open leaflets, which re
turns to the ventricle during coaptation. Moreover, smaller mem
brane orifices may result in some obstructive behaviour also for 
the backflow. These effects can be observed also for the flexible 
membranes, where the progressive reduction of CRV with the ori
fice is more apparent.

In general, the effect of the membrane size on the CRV is 
less obvious than the reduction in systolic performance, and has 
a marginal contribution to the overall efficiency. As a result, the 

global performance quantified through the energy losses shows 
similar trend to the EOA and ΔP curves sequence.

Fig. 5 summarises the variations introduced by the SAM on the 
hydrodynamic performance at a standard physiological C O of 5 
l/min, as the MOA reduces. The effect of the membrane on the 
ΔP starts becoming relevant when the MOA reduces below 75%. 
In particular, in the case of the stiff membrane, eccentric config
urations have a negligible effect up to this membrane dimension, 
while the central orifice results in slightly larger ΔP and smaller 
EOA. As the MOA reduces further, the concentric configuration be
comes somewhat more advantageous, although all curves remain 
well clustered. In the case of flexible membranes, on the contrary, 
the concentric configuration results significantly superior for all 
membrane dimensions, and becomes substantially more efficient 
than all other configurations at small MOAs. Flexible membrane ec
centric configurations appear inferior to stiff membrane configura
tions for medium-large orifices, becoming better performing when 
the MOA reduces below 60%. In general, their overall efficiency is 
comparable to that of stiff membrane configurations.

In terms of CRV, flexible membranes are consistently better than 
stiff membranes. However, as mentioned above, the contribution of 
this component to the overall valve performance is small compared 
to the systolic parameters, so it does not significantly affect the 
total energy loss.
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Fig. 5. Δ P , E O A, C R V and Energy loss performance at CO 5 l/min, where error bars represent the standard deviation. 

Fig. 6 reports the PDVA for the different MOAs, averaged over 
five cardiac cycles at a C O of 5 l/min and normalised over the 
internal stent cross section. In the same figure, a bar chart of the 
fluttering frequencies and amplitudes estimated for the different 
MOAs is represented. As mentioned above, the analysis of fluttering 
is particularly interesting, as the phenomenon has been associated 
with early leaflet calcification, blood damage and fatigue failure 
[25--27].

All PDVA curves are characterised by an initial peak of similar 
value, followed by a reduction in the projected area at decreas
ing MOA. Hence, after the peak, one or more leaflets may move 
to an intermediate semi-open configuration, depending on the size 
and alignment of the membrane orifice. Still, it is essential to ob
serve that for all cases the valve experiences a full opening at 
the early systole, thus reducing the consequences of the loss of 
motility, which may otherwise induce remodelling of fibrous con
nective tissue and commissural fusion [28]. This leaflet opening 
mechanism has also been reported in other clinical studies, where 
increased leaflet fluttering associated with a subaortic membrane 
is attributed to a focused jet created by the membrane, which im
pinges directly on the leaflets [12].

Frequency of the control valve resulted equal to 24.41 Hz, 
which is consistent with the cycle of vibration determined by Lee 
et al. 2021 (26.03 Hz) for a pericardial bioprosthetic valve of equiv
alent diameter [21].

In general, the PDVA analysis supports the findings from the hy
drodynamics assessment, confirming that the stiff membrane pro
duces larger changes than the flexible membrane. In particular, the 
presence of the stiff membrane causes a rapid PDVA reduction in 
the first milliseconds after the initial peak, reduction that starts 

earlier and becomes steeper as the MOA decreases (from 75% to 
50%). This jump is absent in the control case and in all flexible 
membrane configurations.

MOA reductions are also associated with increase in fluttering. 
In the case of stiff membranes, the oscillation frequencies increase 
of over two folds within the analysed range. Expectedly, the max
imum frequency for the concentric and eccentric commissure con
figurations is achieved for the smallest MOA of 50% (reaching 51 
Hz and 58 Hz, respectively). Interestingly, for the eccentric leaflet 
configuration, minimum fluttering amplitude is observed for an 
intermediate MOA of 67%. This is associated with a maximum os
cillation frequency (51 Hz), although the PDVA is very smooth. For 
further reductions in the membrane orifice, a progressive increase 
in amplitude is observed, associated with a reduction in fluttering 
frequency. This is due to the fact that, as the MOA reduces below 
67%, the membrane focuses the systolic jet on a single leaflet, leav
ing the other two in a semi-open configuration.

In the case of flexible membranes, fluttering frequencies are 
generally slower than with stiff membranes at similar amplitudes. 
The oscillatory behaviour of eccentric configurations is less depen
dent on the MOA, except for the smallest orifice in the eccentric 
leaflet configuration, which is characterised by very little oscilla
tions at higher frequencies. As for the stiff membrane, one of the 
eccentric leaflet configurations produces a smooth PDVA, charac
terised by minimum fluttering at high frequencies (43 Hz). How
ever, this is achieved for the smallest MOA of 50%.

The findings were obtained using a PBS solution, which may 
introduce some systematic differences in the hydrodynamic per
formance. However, employing a blood-equivalent fluid could ad
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Fig. 6. Top: mean PDVA instantaneous value over five cardiac cycles at CO5 l/min. Bottom: frequency (thin bar) and amplitude (thick bar) of the leaflet fluttering computed 
from the PDVA curve for each studied case. The percentages indicate the area of the outflow free from the obstruction.

versely affect the consistency and reliability of the results, by caus
ing progressive leaflet stiffening across the testing process [19].

In general, it is interesting to observe some correspondence in 
the trend determined for the fluttering oscillation and the CRV. An 
association between fluttering and valve regurgitation has already 
been suggested in the literature [25], although the mechanism for 
the phenomenon is not described. Our study suggests that large 
oscillation may be an index/cause of higher turbulence, which can 
perturb the physiological vortical structures that, in healthy con
ditions, facilitate a prompt closing [29,30]; hence cause increased 
CRV. As mentioned above, the contribution of this loss to the over
all efficiency is normally negligible, but the implications in terms 
of blood damage from shear-induced thrombocyte activation may 
be of some concern [26].

The findings of this study have important clinical implications 
for the management of patients affected by SAM. Specifically, the 
presented results suggest that surgical decision should not rely 
solely on the mean gradient, but must also consider the membrane 
orifice area and morphology. Patients presenting with an eccen

tric subcommissural fibromuscular SAM appear to be at higher 
risk and should be treated at an earlier stage to prevent aortic 
valve degeneration and more complex delayed surgical procedures. 
A comprehensive assessment of the membrane characteristics may 
guide timely surgical interventions and improve patient outcomes.

4. Conclusion

This work analyses the haemodynamic alteration introduced by 
SAMs. The disease was simulated by introducing flexible and stiff 
membranes under a Perimount control valve, designed to repro
duce various degrees of obstruction with different radial and an
gular position. Results indicate that the hydrodynamic alterations 
at the aortic root are significantly influenced by a number of fac
tors, including the fibromuscular of thin nature of the membrane, 
its extension and its shape. The MOA results the dominant param
eter, with the systolic performance worsening as this decreases. In 
particular, the presence of the membrane is felt significantly only 
when the MOA reduces below 75%. For smaller orifices, the gradi
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ent of trans-LVOT pressure difference increases as the membrane 
extends. The effect is stronger for membranes with lower deforma
bility, such as fibromuscular rims. An important role is also played 
by MOA position, especially in the case of thin membranes: con
centric orifices present better performance compared with the ec
centric positions, and orifices positioned below one of the leaflets 
are generally slightly more favourable that orifices positioned be
low commissures. The study has also shown that the presence of 
SAMs is associated with a substantial increase in fluttering of the 
aortic leaflets, whose oscillation frequency generally increases with 
MOA reduction. This is an indicator of the potential presence of tur
bulence, which can promote valve and aortic tissue degradation as 
well as blood damage. Moreover, the effect appears to be associ
ated to some increase in valve regurgitation during closing. Finally, 
the study highlights the role of in vitro investigations in providing 
a controlled environment for studying pathological aspects that are 
difficult to isolate clinically, ultimately enhancing our understand
ing of complex physiological processes.
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