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Abstract 

Purpose: This paper proposes a model to measure the cardiac output and stroke volume at 

different aortic stenosis severities using a fluid-structure interaction (FSI) simulation at rest and 

during exercise.  

Methods: The geometry of the aortic valve is generated using echocardiographic imaging. An 

Arbitrary Lagrangian-Eulerian mesh was generated in order to perform the FSI simulations. 

Pressure loads on ventricular and aortic sides were applied as boundary conditions.  

Results: FSI modeling results for the increment rate of cardiac output and stroke volume to heart 

rate, were about 58.6% and -14%, respectively, at each different stenosis severity. The mean 

gradient of curves of cardiac output and stroke volume to stenosis severity were reduced by 57% 

and 48%, respectively, when stenosis severity varied from healthy to critical stenosis.  

Conclusions: Results of this paper confirm the promising potential of computational modeling 

capabilities for clinical diagnosis and measurements to predict stenosed aortic valve parameters 

including cardiac output and stroke volume at different heart rates. 
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 1. Introduction 

It is undoubtedly true that cardiac disease still remains the principal cause of death 

worldwide, in spite of advances in prevention, diagnosis and even therapies [26]. Three percent 

of individuals 65 years and older are affected by aortic valve stenosis, the greatest morbidity of 

cardiac valve diseases [24]. Aortic valve stenosis causes cardiac output reduction as an explained 

failure of the heart [8]. Therefore, assessing aortic valve stenosis parameters and its effects on 

cardiac function is important for diagnosis of related diseases. Currently, invasive and non-

invasive methods are typically used to detect aortic valve stenosis. Existing clinical methods to 

measure aortic valve stenosis including angiography, catheterization, magnetic resonance 

imaging (MRI), and ultrasound need the attainability of large scale and costly equipment [23] 

that involve difficulties and are associated with risks [23]. Since it is very challenging to assess 

required parameters for such diseases from a specified subject clinically, computational methods 

show promising potential to simulate and evaluate the aortic valve’s function. This study focuses 

on the aortic stenosis severity and its effects on cardiac output and stroke volume using a finite 

element (FE) based fluid-structure interaction (FSI) method.  

FSI simulations are well suited to heart valve modeling due to concurrent prediction of structural 

deformation and hemodynamics. Bahraseman et al. [2], [3] have previously predicted cardiac 

output and stroke volume for a healthy subject by coupling Echo-Doppler measurements with 

FSI models during exercise and used this combination to predict hemodynamics [2]. There have 

been recent studies on applying FSI modeling techniques to cardiovascular applications [11]. For 

concurrent FSI at fluid-solid interface boundaries, the fluid velocity is equal to the structural 

time-dependent deformation and the forces on the solid are induced through flow conditions [11-

32]. Donea et al.  [10] used an Arbitrary-Lagrange-Euler (ALE) mesh to discretize governing 

equations in their transient FSI modeling. According to the presented literature review, there is 

limited application of FSI to study aortic valve disease and its progression [15]. It can be crucial 

and helpful to clinicians if the effects of parameters such as heart rate (e.g., due to exercise) on 

the performance of aortic valve with stenosis assessed numerically. 

 



 

 

In this study, the cardiac output and stroke volume have been investigated numerically during 

exercise in the presence of aortic stenosis. A two-dimensional FSI simulation has been applied. 

Different severities of aortic valve stenosis have been considered and classified as: Healthy, 

Normal, Mild, Moderate, Severe and Critical.  For each condition, the distance between leaflet 

tips was specified in the simulation. The boundary conditions were considered based on the 

calculation of brachial pressures and also the changes in brachial, Aortic and left ventricular 

pressures. The model represented a natural aortic valve as the increasing systolic pressure 

initiated valve opening and, sequentially, blood flow was ejected through the aorta artery. As 

ventricular systolic pressure lowered, when systole is ended, the aortic valve closes. Combining 

non-invasive pressure measurements with the FSI modeling results in calculation of cardiac 

output and stroke volume depending on different severities. The two-dimensional model 

geometry was acquired by Echo-Doppler and boundary conditions were calculated from 

measurements on a subject. Consequently, these estimations were specific to the subject. 

Material properties were taken from the literature due to non-availability in a clinical setting. 

Model verification was carried out by comparing numerical results to measurements from 

echocardiography (ECG).  



 

 

 2. Material and Methods  

2.1 Overview 

Figure 1 demonstrates the current study’s workflow for numerical simulation and validation. The 

authors have previously explained and validated the subject-specific 2D FSI model in depth [3]. 

A brief overview of the model combined with clinical procedure is presented here.  

2.2 Combined clinical and numerical approach 

Hemodynamic data recorded during rest and exercise for a 33 year old healthy male, with normal 

cardiovascular function with his informed consent, was obtained according to protocols approved 

ethically by the Department of Cardiovascular Imaging (Atherosclerosis research center, Tehran, 

Iran). The volunteer was found to have normal cardiovascular performance during the physical 

examination. This was determined from bicycle exercise exams and Doppler ECG. Systolic and 

diastolic pressures of the brachial artery were measured at different heart rates (Fig. 2). The 

Mean Arterial pressure was calculated based on the Equation 1 [29]:   

MAP =  DBP + (
1

3
+ 0.0012HR) ∙ (SBP − DBP)                                           (1) 

where MAP is the Mean Arterial Pressure, DBP the Diastolic Blood Pressure and SBP the 

Systolic Blood Pressure. Moreover, an increased valve stiffness leads toward smaller orifice 

areas as well as a greater pressure drop across valves [29].  

Equations 2 and 3 are applied to calculate the Aortic pressure from brachial pressure [27]. Park 

et al. [27] obtained these relations by comparing brachial pressure (acquired by Oscillometry) to 

the Aortic pressure acquired using an invasive method.  

𝐴𝑜𝑟𝑡𝑖𝑐 𝑠𝑦𝑠𝑡𝑜𝑙𝑖𝑐 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 ≈  𝐵𝑟𝑎𝑐ℎ𝑖𝑎𝑙 𝑠𝑦𝑠𝑡𝑜𝑙𝑖𝑐 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 +  2.25                         (2) 

𝐴𝑜𝑟𝑡𝑖𝑐 𝑑𝑖𝑎𝑠𝑡𝑜𝑙𝑖𝑐 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 ≈  𝐵𝑟𝑎𝑐ℎ𝑖𝑎𝑙 𝑑𝑖𝑎𝑠𝑡𝑜𝑙𝑖𝑐 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 –  5.45                   (3)      

where all pressures were measured in mmHg. The difference between left ventricular systolic 

pressure to aortic systolic pressure was assumed to be 5 mmHg on average. This was obtained by 

solving the full Navier-Stokes equation (i.e. accounting for convective, transient and viscous 

components [22].  



 

 

The computer aided design (CAD) model of the aortic valve employed in the FSI modeling of 

this paper is presented in Fig. 3 and its dimensions are provided in Table 1. Utilizing the resting 

para-sternal long-axis view, dimensions were shown based on T-wave (The T wave represents 

the repolarization of the ventricles) of ECG at the peak T-wave time (maximum opening area). 

The two cusps have been considered as homogenous, isotropic, and to have a linear stress-strain 

behavior [13], [14]. Moreover, blood is assumed to be an incompressible and Newtonian fluid 

[5]. Properties of the blood are presented in Table 2 [17], [20].   

The Dirichlet pressure boundary condition was applied to the inflow boundary of the aortic root 

at the left ventricular side (Fig. 3). Furthermore, second order Lagrangian elements were applied 

for the mesh generation with a total of 7001 elements. The Comsol Multi-Physics 4.3 solver was 

employed to solve the time-dependent FSI model using finite element analysis [12], [13]. 

2.3 Stenosis Simulation 

The bowl-shaped leaflets of the natural aortic valve prevent the valve from excessive opening 

under high physical pressure [30]. A virtual spring was used in the form of Equation 4 to impede 

excessive opening in our two-dimensional model [7]: 

𝑓𝑠 = −𝑘 ∙ (𝑑 − 𝑑0)                                                            (4)                                                                                     

In Equation 4, 𝑓𝑠  is force, 𝑑 is the displacement and 𝑘 is a diagonal stiffness matrix. The k value 

in the modeling was given a large value (10
9
) to effectively prevent excessive opening. The 

term d0, is an optional pre-deformation that was regarded as zero in this situation. This is owing 

to the spring foundations being connected to the leaflets when the leaflets tip position is at its 

peak. And at this time pre-deformation is equal to zero.  Aortic valve stenosis severity was 

classified as either Normal, Mild, Moderate, Severe or Critical (Table 3). Using data from 

literature [4], the relationship between the aortic valve’s orifice radius and stenosis severity was 

derived. These radii are provided in Table 3. Stenosis was modelled as a restriction of the 

maximum opening radius. For each stenosis severity, the aortic valve opened up to its 

corresponding orifice radius. This was achieved by using the virtual spring (Equation 3). Due to 

the spring’s large stiffness value, it provides an exact radius of openings for each severity of 

stenosis. Subsequently, all stenosed orifice radii were confirmed during post-processing. The 

aortic valve radius was considered a constant for each severity of stenosis across all the heart 

http://en.wikipedia.org/wiki/Repolarization
http://en.wikipedia.org/wiki/Ventricular_system


 

 

rates of the simulation. The process is pretty similar to gap functions used for contact modelling, 

with the difference that in contact modelling you use the force to prevent ‘penetration’, whereas 

here we don’t want to exceed a certain separation distance.  



 

 

 3. Results  

3.1 Cardiac output changes at various severities of stenosis 

The cardiac output values at different heart rates are demonstrated in Fig. 4 where different 

stenosis stages are considered during rest and exercise. As provided in Table 3 and Fig. 4, the 

increase in cardiac output owing to exercise shows a moderate decline when the stenosis severity 

is increased. This increment fluctuates from 58.4% to 60.0%, with an average value of 58.9%.  

3.2 Stroke volume changes at various severities of stenosis 

The amount of overall decrease in stroke volume owing to exercise shows a moderate increase 

when the stenosis severity is increased, Fig. 5. This value fluctuates from 7.1% to 9.0% with an 

average value of 8.3%, Table 3.  

3.3 Cardiac output changes to heart rate at different stenosis severities 

The mean gradient of cardiac output to heart rate shows a noticeable decrease as the stenosis 

severity increased (Fig. 6). As provided in Table 4, this gradient changed from -36 to -83 

𝑚𝑙 𝑚𝑖𝑛 ∙ 𝑏𝑝𝑚⁄ , and its mean value is -56 𝑚𝑙 𝑚𝑖𝑛 ∙ 𝑏𝑝𝑚⁄ .  

3.4 Stroke volume changes with heart rate at different stenosis severities 

Figure 7 shows that absolute amount of mean slope of stroke volume changes with heart rate 

with a decrease when the stenosis severity is increased. This value changes from -0.052 to -0.100 

ml/beat.bpm, and its mean value is -0.077 ml/ beat.bpm, Table 3. As provided in Table 4 and 

(Fig. 4), the absolute amount of mean slope of cardiac output changes to stenosis severity shows 

a significant increase when the heart rate is increased. This value changes from -91 to -147 

ml/min, and its mean value is -122 ml/min. The change in stroke volume changes with stenosis 

severity shows a moderate decrease when the heart rate is increased (Table 3 and Fig. 5). This 

value changes from -0.92 to -0.87 ml/beat, and its mean value is -0.91 ml/beat.    

3.5 Cardiac output changes to mean arterial pressure at different stenosis severities 

The cardiac output values at different mean arterial pressures are demonstrated in Fig. 8 where 

different stenosis stages are considered during rest and exercise. As provided in Table 3 and Fig. 

8, the cardiac output is increased for all stenosis severities when the mean arterial pressure is 

increased. The mean slope of cardiac output changes to mean arterial pressure (𝑚𝑙/

𝑚𝑖𝑛. 𝑚𝑚𝐻𝑔) shows a noticeable decrease as the stenosis severity is increased, Table 3. This 

value changed from -19.7 to -8.5(𝑚𝑙/𝑚𝑖𝑛. 𝑚𝑚𝐻𝑔). 

 



 

 

3.6 Stroke volume changes to mean arterial pressure at different stenosis severities 

Figure 9 shows the stroke volume values at different mean arterial pressures considering various 

stenosis stages during rest and exercise. As provided in Table 3 and Fig. 9, the stroke volume is 

slightly decreased for all stenosis severities when the mean arterial pressure is increased. The 

mean slope of stroke volume changes to mean arterial pressure shows a decrease as the stenosis 

severity increased, Table 3. This changed from -0.42 to -0.22(𝑚𝑙/𝑏𝑒𝑎𝑡. 𝑚𝑚𝐻𝑔). 

 

 

 

  



 

 

 4. Discussion 

4.1 Study findings 

FSI modeling is employed to predict changes in cardiac output and stroke volume during 

exercise through a stenosed aortic valve. To the best of authors’ knowledge, it is the first time 

that an FSI simulation tool is utilized to obtain a numerical estimation of a stenosed aortic valve 

during exercise. The simulation’s results predict that with increasing heart rate during the left 

ventricular ejection phase: 

 Cardiac output ranged from 58.4% to 60% regardless of stenosis severity.  

 Stroke volume decreases by 14% from a healthy condition to critical severity of stenosis;  

 The mean gradient of cardiac output changes to stenosis severity decreases by 57% from 

healthy to critical severity of stenosis; 

 The mean gradient of stroke volume changes to stenosis severity decreases by 48% from 

healthy to critical severity of stenosis.  

The results of the subject specific 2D fluid–structure interaction model have been validated 

against clinical data measured from a volunteer [3]. The parameters obtained reliably for the 

subject through clinical measurements were reported. Hence, the predicted mean velocity, 

cardiac output and stroke volume were validated against the respective Echo-Doppler results, 

under conditions of increasing exercise. The current study presents a simplified model that 

estimates cardiovascular performance at disease stages for a wide range of time-dependent and 

variable boundary conditions, including different severities of aortic stenosis and increasing heart 

rates. 

4.2 Clinical application and reliability 

It has been proven that Catheterization-Thermodilution is the golden standard to evaluate cardiac 

performance like cardiac output and stroke volume [23]. Yet, it is associated with risks including 

cardiac arrhythmia, heart failure, and even death due to its invasive method [23]. Moreover, the 

patient and physician are probably exposed to damaging radiation by Thermodilution [23]. 

Exercising while catheterization is not common practice because of a range of technical 

problems. However, non-invasive measurements of patient cardiac function during an exercise 

protocol are possible by using numerical simulation [2]. 



 

 

Numerical simulation also predicts cardiac output without limitations associated with inter- and 

intra-observer variability associated with Echo-Doppler for stenosed aortic valves. Additionally, 

personal expertise and the image capture ability of the echocardiologists do not influence results 

from numerical simulations [3]. Therefore, the credibility of numerical methods to predict 

cardiac output and stroke volume is maintained. Our FSI model validation was performed using 

clinical measurements [3] for the self-same subject from which the model parameters were 

obtained. Hence, the results of applying the stenosis to the model are reliable. 

The presented numerical approach would also be capable of predicting the severity of stenosis by 

recording the cardiac outputs of subject at two or three different heart rates and calculating the 

mean gradient of cardiac output to the specific heart rate. 

Predicting the effect of aortic stenosis severity on cardiac function is vital in assessing stenosis 

severity progression. Furthermore, such predictions would equip physicians to estimate the 

disease progress. Moreover, the effect of increasing heart rate (e.g. due to exercise) on the 

cardiac function at different stenosis severities can be predicted. However, the non-invasive 

method of our study as well as merits of being frugal and simple, mean this method would avoid 

current invasive and very costly techniques associated with some risks for both patient and 

physician. This should be noted that further clinical investigations are necessary to practically 

develop our proposed model.    

The curves in Fig. 4- Fig. 9 are interpolations of numerical results at different heart rates or 

different stenosis severities. Our numerical results are validated with literature using the healthy 

stage. This study demonstrates that it is feasible to make very specific predictions of changes in 

hemodynamics if aortic stenosis were to develop/worsen for a subject. As shown in our second 

paper [2], this could be extended to include hemodynamics and leaflet stress. Potentially 

equipping clinicians with further information to aid their decision on when, or how best, to 

intervene with progressive stenosis on a patient by patient basis. 

4.3 Comparison to literature 

To the best of the authors’ knowledge, there are no published numerical results to compare the 

cardiac function over the different severities of stenosis during exercise. In this paper, patient 

specific cardiac output was predicted at a range of heart rates induced by exercise. There are only 



 

 

a few models available describing in vitro approaches for the stenosed aortic valve [16], [25], 

[28] which do not consider the exercise and stenosis stages parameters in their modeling. The 

hemodynamic behavior of the stenosed aortic valve is highly depending on severity of stenosis. 

There are several research studies that have been focused on treatment of stenosed aortic valve 

[18], [19]. Our results show that exercise (increasing in heart rate) did not influence the cardiac 

output over the different severity of stenosis. This is in agreement with the previous clinical 

research [1]. Bache et al. [1] clinically studied cardiac performance of 20 patients with the 

problem of stenosed aortic valves. They did not categorize their results in terms of the stenosis 

severity. They reported mean cardiac output of 5400 ml/min at a heart rate of 79 bpm for the 

whole subjects at rest stage. They also measured mean cardiac output of 8500 ml/min at heart 

rate of 112 bpm under exercise condition for all patients. Their findings qualitatively agree with 

our findings, however, further quantitative comparison would require a breakdown of their 

findings according to severity of stenosis.  

4.4 Limitations & future trends 

The main limitations of the current study are as follows. 

1. Mechanical properties of both fluid and solid were simplified. 

2. The single diameter of ascending area was considered constant. 

3. The simulation was performed on a 2D model rather than a 3D model. 

4. Statistical and generalized data were applied for clinical determination of hemodynamic 

parameters. 

5.  Park et al. [27] examined 84 patients who showed no significant stenosis and were 

negative for ergonovine provocation test. The patients consisted of 57 females and 27 

males. They excluded the subjects with heart problems such as: brachial and central 

systolic pressure problems, significant valvular heart disease, significant cardiac 

arrhythmia and significant valvular heart disease. It should be noted that although 

measuring brachial pressure provides limitations in terms of determining aortic pressure, 

it has been found to be a valid approximation. Furthermore, it enables FSI models to use 

subject specific blood pressure leading to predictions specific for that individual. Based 

on Park et al. [27], the central systolic pressure can be estimated from brachial systolic 

pressure and observed biases seem to remain within the practical range. However, use of 



 

 

the brachial diastolic pressure is doubtful in clinical practice because of their large biases 

[27]. We assumed their reported data for our simulation. For future research, central 

systolic and diastolic pressure could be measured for each patient specifically by the 

oscillometric method.  

6. This study has ignored compliance of the aortic root, which could alter predictions related 

to a pressure drop across the valve. However, this is unlikely to alter the qualitative 

conclusions from this study following comparisons across stenosis grade. Further, there is 

experimental evidence suggesting that compliance of the aortic root does not have a 

major role in modulating pressure drops across the valve [9]. Using an in vitro 

experiments mock up with a compliant aortic root, with or without valve sinuses, De 

Paulis et al. [9] found that when the cardiac output was increased above 5 L/min, the 

pressure drop significantly increased only in the sample without sinuses. 

7. Although homogenous stenosis is a simplification, a methodology to assess stenosis 

computationally is provided. The subsequent stage is to develop the model for site-

specific stenosis. The orifice radius of aortic valve for each level of stenosis severity was 

derived based on that reported in the literature [4]. It was considered constant when heart 

rate was increased due to the exercise.  

8. The assumption of rigid aortic walls was a model limitation which enabled a better 

simulation time (important clinically). This limitation might contribute to the model 

estimations being lower/higher than the real values measured. However, any bias 

introduced would likely remain constant across stenosis severity grades; thereby, not 

altering the conclusions from this study. Furthermore, in terms of effect of exercise and 

subsequently increased systolic pressure, Christie et al. [6] clinically studied and reported 

no considerable change in aortic diameter with exercise.   

Despite the model limitations, some advantages were obtained including: 

 Excellent agreement with clinical measurements and the general literature [3];  

 The FSI model at the healthy stage has already led to a good cardiac output correlation 

with Doppler-derived values (r = 0.999), in addition a good correlation (r = 0.94) 

achieved for stroke volume [3]; 

 The short solution time for a 2D FSI model that can potentially be translated into clinical 



 

 

applications. Moreover, the solution time can be enhanced with advance computer 

hardware; 

 That variability can be included in the model and analyzed [21], while, a range of values 

for statistical comparison would not be predicted with experimental studies. 

The ultimate rationale for calculating cardiac output in patients with aortic stenosis during 

exercise is to find relationship between cardiac output and stenosis severity at different 

stages. With further investigations with a larger number of subjects, useful subject specific 

(age, sex, etc.) information for physicians including cardiac output and the probable severity 

of stenosis can be calculated. Granted, echocardiography may not be perfectly accurate, but it 

is unlikely to be less accurate than a 2D FSI model, which involves many assumptions and 

simplifications. However, echocardiography alone does not have the capability to change 

boundary conditions and assess probable different situations.   

  



 

 

 5. Conclusion 

We have performed two-dimensional fluid-structure interaction modeling of a stenosed aortic 

valve to predict cardiac output and stroke volume, during exercise. The numerical model is 

developed based on a subject specific case and solved through the finite element method. The 

results agree with the reported values in the literature. The method requires to be validated by 

more testing, including independent measurements of cardiac output and stroke volume. The 

benefit of using a two-dimensional simulation is the quick solution time, less than 15 minutes, 

can be utilized in clinical application.  
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Tables: 

Table 1. Geometric parameters of the aortic valve. 

(I) (II) (III) (IV) (V) (VI) (VII) 

Ascending 

aorta radius 

after 

sinotubular 

junction 

(mm) 

Aortic side 

radius 

 (mm) 

Leaflet’s 

thickness 

(mm) 

Valve’s 

height 

(mm) 

Leaflet’s 

length 

(mm) 

Ventricular 

side radius 

(mm) 

Maximum 

radius of 

normal 

aortic root 

(mm) 

11.75 11.5 0.6 20.36 16.6 11.1 16.65 

 

 

Table 2. Mechanical properties 

Viscosity 

(Pa.s) 

Density           

(kg/m
3
) 

Young’s 

modulus     

(N/m
2
) 

Poisson 

ratio 

3.5 x 10
-3

 1056 6.8 x 10
6
 0.49 

  



 

 

Table 3. Hemodynamic changes to different severity of aortic stenosis.  

Perce

ntage 

of 

stenos

is 

Percentage of 

area full opening 

Perce

ntage 

of 

diame

ter of 

full 

openi

ng 

Incr

ease 

in 

card

iac 

outp

ut 

over 

the 

exer

cise 

(%)  

Decr

ease 

in 

stro

ke 

volu

me 

over 

the 

exer

cise 

(%) 

Mean 

slope of 

cardiac 

output 

change

s to 

heart 

rate 

(ml/mi

n.bpm) 

Mean 

slope of 

stroke  

volume 

changes 

to heart 

rate 

(ml/bea

t.bpm)   

Mean 

slope of 

cardiac 

output 

changes 

to mean 

arterial 

pressure 

(ml/min.

mmHg) 

Mean 

slope of 

stroke  

volume 

changes 

to mean 

arterial 

pressure 

(ml/beat.

mmHg)   

0 

(healt

hy) 

100 100 60 7.1 -83 -0.100 -19.7 

-0.42 

20 

(norm

al) 

80 90 58.1 9.0 -65 -0.095 -15.4 

-0.40 

30 

(mild) 

70 84 58.4 9.0 -58 -0.083 -13.8 

-0.35 

40 

(mode

rate) 

60 78 58.7 8.1 -50 -0.072 -11.9 

-0.30 

50 

(sever

e) 

50 71 58 7.9 -44 -0.060 -10.4 

-0.25 

60 

(critic

al) 

40 63 58.4 8.1 -36 -0.052 -8.5 

-0.22 

 

 



 

 

Table 4. Hemodynamic changes of stenosed aortic valve to heart rate. 

Heart rate (bpm) 98 106 114 125 136 147 153 159 169 

Mean gradient of cardiac output 

changes to stenosis severity (ml/min) 

-91 -

100 

-

109 

-

116 

-

125 

-

135 

-

134 

-

140 

-

147 

Mean gradient of stroke volume 

changes to stenosis severity 

(ml/beat) 

-

0.92 

-

0.94 

-

0.96 

-

0.93 

-

0.92 

-

0.92 

-

0.88 

-

0.88 

-

0.87 

 

 

  



 

 

Figure captions: 

 

Fig. 1. Workflow 



 

 

  

Fig. 2. (a) Interpolated curves for ventricular systolic pressure (VSP), Aortic systolic pressure 

(CSP), brachial systolic pressure (BSP), (b) brachial diastolic pressure (BDP) and Aortic 

diastolic pressure (CDP). 



 

 

 

Fig. 3. I) Ascending aorta radial after sinotubular site; II) Aortic side radial; III) Leaflet 

thickness; IV) Valve height; V) Leaflet length; VI) Ventricular side radial; VII) Maximum radius 

of normal aortic root. 



 

 

 

Fig. 4. FSI prediction of cardiac output changes at various severities of stenosis. 

 

Fig. 5. FSI prediction of stroke volume changes at various severities of stenosis. 



 

 

 

Fig. 6. FSI prediction of cardiac output changes to heart rate at different stenosis severities.  

 

Fig. 7. FSI prediction of stroke volume changes with heart rate at different stenosis severities.  



 

 

 

Fig. 8. FSI prediction of cardiac output changes to mean arterial pressure at different stenosis 

severities.  

 

Fig. 9. FSI prediction of stroke volume changes to mean arterial pressure at different stenosis 

severities. 

 


