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Abstract 1 

Prosthetic Mechanical Valves (PMV) are the elective choice in Mitral Valve (MV) replacement, 2 

because of their reliability and easiness of implantation. However, these prostheses can suffer 3 

from complications, the major one being Prosthetic Mitral Valve Thrombosis (PMVT). In these 4 

cases, Transthoracic Doppler Echocardiogram (TDE) is the standard diagnostic work-up for 5 

diagnosis of valve malfunction. The American Society of Echocardiography (ASE) indicates the 6 

possible TDE-derived indexes, which can help in identifying insurgence of MV replacement 7 

complications. Unfortunately, in some cases, it is not possible to detect PMVT based on these 8 

criteria. In these cases, we speak of Doppler Silent Thrombosis (DST) and only more accurate 9 

and invasive analyses, such as fluoroscopy, allow for a correct diagnosis. 10 

In this work, Computational Fluid Dynamic (CFD) models were implemented to simulate valve 11 

fluid dynamics in different clinical scenarios in order to improve the reliability of PMVT diagnosis 12 

based on TDE. In detail, seven mechanical valve configurations, associated to different potential 13 

thrombotic conditions (symmetric and asymmetric stenosis), were designed and tested using 5 14 

pathological transmitral velocity profile, extracted from real TDE images; to obtain the flow rate 15 

profiles, each TDE velocity profile was scaled to yield a Mean Flow Rate (MFR) of 4, 5 and 6 16 

l/min, respectively. As a result, 105 (7x5x3) synthetic cases, accounting for different velocity 17 

profiles, MFRs and valve configurations, were simulated. TDE-derived indexes were calculated 18 

according to the ASE guidelines were extracted. Advanced statistical methods were applied to 19 

propose a new diagnostic algorithm for detecting PMVT. 20 

Our results showed that there isn't any significant difference between symmetric and asymmetric 21 

stenosis, probe location and flow rate waveform and confirmed that the single modality diagnostic 22 

is not able to predict thrombosis in a relevant number of cases, referable to mild and mild-severe 23 

stenosis cases. To overcome the problem, a novel multi-parametric discrete score (MPDS) based 24 

on the designed diagnostic algorithm was attained and tested; the Percentage of Stenosis (POS) 25 

was predicted with an accuracy rate of 90.5%. Even more interestingly, the error rate of 9.5% is 26 

related to 4 false positive cases corresponding to mild stenosis (POS=15%) which were 27 

erroneously classified as mild-severe stenosis. No false negatives were obtained. Our results 28 

suggest that a reliable estimation must take into account the mean flow rate as well as the 29 

transmitral velocity profile in order to provide a correct diagnosis. 30 

Keywords: Prosthetic Mechanical Valve Thrombosis – Computational Fluid Dynamic – 31 

Transthoracic Doppler Echocardiography – Linear Discriminant Analysis. 32 
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Nomenclature:  1 

MV: mitral valve 2 

ASE: American society of echocardiography 3 

TDE: Transthoracic doppler echocardiogram 4 

DST: doppler silent thrombosis 5 

PMVT: prosthetic mitral valve thrombosis 6 

PMMV: prosthetic mechanical mitral valve 7 

MPDS: multi-parametric discrete score 8 

MPG: mean pressure gradient 9 

MFR: mean flow rate 10 

VTI: velocity time integration 11 

∆Pmax: Maximum transvalvular pressure gradient  12 

CFD: computational fluid dynamics 13 

TAR: test accuracy rate 14 

TER: test error rate 15 

TER-FN: test error rate-false negatives 16 

EOA: Effective Orifice Area 17 

POS: Percent of Stenosis 18 

LDA: Linear Discriminant Analysis 19 

 20 

  21 
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Introduction 1 

More than 100 million people worldwide suffer from valvular heart disease which is a growing 2 

problem in both developed and developing countries because of degenerative valve disease and 3 

rheumatic heart disease, respectively [1,2]. Most frequently, valvular diseases affect the Mitral 4 

Valve (MV) [3], with a 1.8% incidence on the whole population in industrially developed countries 5 

[1]. 6 

If untreated, MV diseases lead to heart dysfunction and in severe cases, to heart failure or death. 7 

Hence, MV diseases are typically treated through surgery. 8 

MV repair is the procedure of choice in the US [4]. Out of 106,000 operations monitored yearly on 9 

the mitral or aortic valve, the frequency of MV repair constantly increased [5-7]. Yet, when the 10 

preservation of valve is not viable Mitral Valve MV replacement is needed [8,9]. In Europe, 11 

approximately 50,000 valve replacement operations are performed annually [10].   12 

Most frequently, Prosthetic Mechanical MV (PMMV) are used in MV replacement, because of 13 

their excellent durability [11]. However, these devices can suffer from complications, the major 14 

one being Prosthetic MV Thrombosis (PMVT), which is potentially fatal and has an incidence rate 15 

of 0.4% to 6% per patient per year [12]. 16 

Based on current guidelines and standards, Transthoracic Doppler echocardiogram (TDE)  is the 17 

initial noninvasive routine diagnostic work-up for PMVT diagnosis. These guidelines also suggest 18 

some TDE-derived indexes for assessing the severity of PMVT, complemented by the 19 

corresponding normality ranges: maximum pressure gradient across the valve (∆Pmax <16 20 

mmHg), Mean Pressure Gradient (MPG <5 mmHg), maximum velocity (Vmax <190 cm/s), Velocity 21 

Time Integration (VTI < 20 cm) and Effective Orifice Area (EOA > 2.0 cm2). These TDE-derived 22 

indexes are always measurable, but in some cases do not allow to detect PMVT. These cases 23 

are classified as Doppler Silent Thrombosis (DST), which results in PMMV malfunction and may 24 

end in fatal stroke [13, 14]. We hypothesized two possible causes for DST:  25 

i) TDE-derived parameters are affected by uncertainty, owing in particular to the variability 26 

in the positioning of the probe; 27 

ii) even in absence of uncertainty, the listed TDE-derived parameters do not account for 28 

some feature, e.g., trans-mitral time-dependent flow rate, that has great influence on the 29 

transvalvular flow.  30 



5 
 

On this basis, this work aimed to 1) investigate the reasons underlying DST and 2) build a novel 1 

diagnostic algorithm to improve the reliability of PMVT diagnosis based on TDE. 2 

To this purpose, a high throughput Computational Fluid Dynamics (CFD) study was developed, 3 

which allowed to systematically investigate a broad range of scenarios relevant to PMVT, under 4 

fully controlled conditions. In each scenario, every relevant feature was known a priori and the 5 

corresponding transvalvular flow field was quantified in terms of time-dependent pressure and 6 

velocity fields, with precision as well as space- and time-resolution that could not be allowed for 7 

by real experiments. 8 

 9 

Materials and methods 10 

CFD domain 11 

PMMV Models – The 3D geometry of a Sorin Bicarbon Fitline Bileaflet PMMV (LivaNova PLC, 12 

London, United Kingdom), characterized by size 25 mm and maximum opening angle equal to 13 

60˚, was modeled in Ansys Design Modeler (ANSYS® Academic Research Mechanical, Release 14 

15). Seven different valve configurations were considered: one optimally functioning configuration 15 

(Sym60_60), and six stenotic configurations obtained by tilting one or both PMMV leaflets. The 16 

stenotic configurations, categorized in three stenotic levels, representing moderate, mild-sever 17 

and severe stenosis with a symmetric (Sym) or asymmetric (Asym) configuration of the leaflets 18 

(Table 1). The three stenotic levels were also characterized by a Percentage of Stenosis (POS) 19 

equal to 15%, 50% and 75%, respectively, where  20 

 21 
POS = (1 − EOA

EOA(Sym60_60)
 ) × 100   (Eq. 1) 22 

  23 
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 2 

 3 

Valve Configuration1 EOA (𝒎𝒎𝒎𝒎𝟐𝟐), POS (%) schematic 

Sym60_60 239.5,0 
   

Sym50_50 

205/15 
    

Asym60_35 
  

Sym35_35 

114.6/50 
    

Asym0_57 
        

Sym20_20 

60/75 
      

Asym0_35 
         

Sym50_50, Sym35_35 and Sym20_20: stenotic symmetric configurations where the leaflets 4 

opening angles are 50˚, 35˚ and 20˚, respectively. Asym60_35, Asym0_57 and Asym0_35: 5 

stenotic asymmetric configurations where the first number is the opening angle of the right leaflet 6 

and the second number is the opening angle of the left leaflet. The opening angles of the Asym 7 

configurations were chosen in order to have the same EOA as the Sym configurations. 8 

 9 

Test Bench model – The geometrical model of PMMV is immersed in a fluid domain mimicking a 10 

test bench that is available at our Lab [15], which was used to run a preliminary experimental 11 

campaign on the PMMV (Supplementary material A). This choice was made so to allow for testing 12 

the reliability of the CFD model vs. experimental evidence. The 3D model of the test bench (Figure 13 

1), was generated in Ansys Design Modeler (ANSYS® Academic Research Mechanical, Release 14 

15). It comprises the valve housing, the atrial and ventricular chambers, an inlet conduit 15 

transversal to the atrial chamber and an outlet conduit, corresponding to the piston-pump 16 

Table 1: Seven valve configurations were considered, including one normal and 
three stenotic pairs. EOAs and the corresponding POS are reported. 
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connection in the experimental set-up. A flow straightener made of porous material is located at 1 

the inlet of the atrial chamber, where the flow enters transversally with respect to the main flow 2 

direction through the valve. 3 

 4 

Figure 1: 3D model of the test bench where the different components are shown. The valve 5 

housing and leaflets are zoomed in. The leaflets here represent Sym20_20 configuration. 6 

 7 

Numerical set-up 8 

CFD transient analyses were run by means of Fluent software (ANSYS® Academic Research 9 

Mechanical, Release 15). The walls of the fluid domain and the PMMV were assumed rigid and 10 

a no-slip condition was applied at the walls and at the PMMV leaflets surface. The porous material 11 

filling the flow straightener was modeled as an effective porous media with permeability and 12 

inertial coefficients (2.13× 10−10 𝑚𝑚2 and 172271 𝑚𝑚−1, respectively) derived from experimental 13 

characterizations. The working fluid was modeled as Newtonian and incompressible, with 14 

isothermal rheological properties of blood at 37°C (with density of 1060 kg/m3 and dynamic 15 

viscosity of 0.003 Pa.s). At the outlet of the domain, a zero-constant pressure condition and at 16 

the inlet, five different flow rate profiles were imposed. These five flow rate profiles were generated 17 

based on transmitral time-dependent velocity profiles, obtained at Centro Cardiologico Monzino 18 

IRCCS (Milan, Italy), through TDE on five PMMV recipients, characterized by different 19 

hemodynamic conditions (Figure 2). These specific flow rate profiles were selected in order to 20 
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cover a reasonably wide spectrum of diastolic hemodynamic conditions in terms of i) number of 1 

flow rate peaks (i.e., one peak only or two peaks), ii) time-delay between the two flow rate peaks, 2 

if present, and iii) slope of the waveform during the acceleration and deceleration phases. 3 

 4 

Figure 2: TDE images of velocity profiles from five cases of PMMV recipients. 5 

 6 

In order to create the flow rate profiles, each TDE velocity profile was scaled to yield a Mean Flow 7 

Rate (MFR) of 4, 5 and 6 l/min, respectively. As a result, 15 flow rate profiles (i.e., 3 MFR x 5 8 

transmitral velocity profile) were generated. Then, every single valve configurations were 9 

simulated with every single flow rate profiles, resulting in 105 simulations (i.e., 15 flow rate profiles 10 

x 7 valve configurations).  11 

CFD data processing   12 

Every 1 ms over the simulated diastolic time, two variables were extracted: 13 

• Transvalvular pressure gradient – two planes parallel to the valve orifice plane (normal 14 

vector is in y direction) were positioned 10 mm upstream (πup) of the valve and 7 mm 15 

downstream (πdown) of the valve (Figure 3). Over each plane, the area-weighted average 16 

of static pressures was computed and subsequently, Pup(t) and Pdown(t) were obtained for 17 

the whole diastolic time. Then the time-dependent transvalvular pressure gradient was 18 

calculated as ΔP(t)=Pup(t)-Pdown(t). Furthermore, MPG and ∆Pmax were computed as: 19 

MPG = 1
N ∫ ∆P(t)tED

o dt ≅ 1
N
∑ ∆P(ti).∆tiN
i=1      (Eq. 2) 20 

 21 
 22 

∆Pmax = max{∆P(ti)}        (Eq. 3) 23 
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 1 
where tED is the time-extent of the simulated diastolic phase and N is the number of time-2 

steps at which data were extracted. 3 

• Axial Vmax in the central and lateral region of the valve - To this purpose, multiple 1 mm-4 

thick slices (Figure 3) on a plane which passes through the middle of valve housing (Figure 5 

4) were defined. Slices were labeled as lateral or central according to their location with 6 

respect to the leaflet free edges. For each slice, the Vmax normal to the valvular plane (in 7 

Y direction) was extracted. Then, the VTI was calculated as: 8 

 9 

VTI = ∫ Vmax(t)tED
o dt        (Eq. 4) 10 

 11 

Moreover, at each time-step, a virtual equivalent of TDE ΔP measurement was obtained 12 

through the simplified Bernoulli formula, and the TDE-like estimation of MPG and ∆Pmax 13 

was calculated as: 14 

 15 

MPGTDE = 1
N
∑ 4 ∙ Vmax2 (ti)N
i=1       (Eq. 5) 16 

 17 
 18 

∆Pmax _TDE = 4 ∙ max{Vmax(ti)}2       (Eq. 6) 19 

 20 

Among the VTI, MPGTDE and ∆Pmax-TDE values obtained for the different slices, the highest lateral 21 

and central values were selected. It is worth mentioning that the central values were always 22 

highest compared to the lateral ones. 23 

 24 
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 1 

Figure 3: Orifice divisions for SAC57 configuration. Left) Lateral orifice division. Right) Central 2 

orifice division. 3 

 4 

Definition of a new multi-parametric discrete score for PMVT diagnosis 5 

A multi-parametric discrete score (MPDS) was defined through statistical classification of the 6 

doppler-like measures yielded by CFD simulations. The MPDS is an estimator of POS, which was 7 

built through the Linear Discriminant Analysis (LDA) [16,17] of four TDE-derived indexes: MFR, 8 

VTI, MPG and ∆Pmax. The  LDA classifier is aimed at diagnosing the POS of a new patient by 9 

classifying him/her in one of four classes. The LDA model was trained using the data yielded by 10 

the simulations with the flow rate profiles of PMMV recipients 1-3 (Training Dataset, consisting of 11 

data from 63 simulations). The MPDS was then validated vs. the data yielded by the remaining 12 

simulations, i.e., those with the flow rate profiles of PMMV recipients 4 and 5 (Test Data Set, 13 

consisting of data from 42 simulations). Of note, the size of the training dataset (63 cases) may 14 

be limited for the LDA model; however, it is above the lower acceptable threshold [16, 18, 20] or 15 

close to [16, 19] what suggested by literatures. All statistical computations were performed with 16 

R statistical software (R Foundation for Statistical Computing, Vienna, Austria) [21]. Further 17 

details are provided in Supplementary material B. 18 

 19 

Results 20 

The CFD results in terms of velocity contours are exemplified in Figure 4. Detailed numerical data 21 

are provided in Tables 2 to 7. All the cases corresponding to a stenotic condition not diagnosed 22 
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by any of the indexes routinely used in clinics, due to the fact that the value falls within the 1 

normality range, are identified with an asterisk. In detail, Tables  2 and 3 show the maximum 2 

pressure drop as calculated with the Bernoulli formula applied to the central orifice (∆pmax-TDE) and 3 

the corresponding velocity time integration (VTI), respectively. Tables 4 and 5 allow to compare 4 

the mean pressure gradient (MPG) calculated with the Bernoulli formula using the maximum 5 

velocity value in the central orifice (MPGTDE - central) and the maximum pressure gradient as 6 

calculated directly with the CFD simulations (MPG). Evident strong linear correlation (with 7 

coefficient of determination R-squared equal to 0.994) was found between MPGTDE (central) and 8 

MPG (Figure 5a).  9 

Furthermore, in order to measure the agreement between the two methods, Bland-Altman plot of 10 

the difference between MPG and MPGTDE and against their average was utilized [22]. Bland-11 

Altman analysis (Figure 5b) highlighted a mean bias equal to -1.9 mmHg between the two 12 

measurements. This value is consistent with the intra- and inter-operator variability previously 13 

reported for peak velocity measurements through Doppler ultrasound [23]. The 95% Limit of 14 

Agreement (LOA) interval was (-5.6 mmHg to 1.8 mmHg); all the points in the scatterplot were 15 

within the LOA, with the exception of those obtained for MPG≥30 mmHg, i.e., of those 16 

corresponding to clinical conditions were the diagnosis is not affected by measurement errors.  17 

Tables 6 and 7 provide a comparison between the estimated values obtained by sampling from 18 

the central and lateral jets; Table 6 shows the mean pressure gradient (MPG) calculated with the 19 

Bernoulli formula using the maximum velocity value in the lateral orifice (MPGTDE - lateral), while 20 

Table 7 provides the difference between the two (Table 4 vs. Table 6). 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 

 29 

 30 

 31 

 32 

 33 
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 1 

Figure 4: Space distribution of velocity magnitude at peak diastolic flow rate for the SS35 2 

configuration with flow rate profile extracted from PMMV recipient 1 and MFR of 5 l/min. a) 3 

Symmetry plane of the valve housing and leaflets, where data are exemplified. b) contour map of 4 

velocity magnitude on the plane as seen in 2D.  5 

 6 

 7 

 8 

 9 

 10 

 11 
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 1 

  Figure 5: a) Regression line of MPG vs. MPGTDE.  b) Bland-Altman plot of the differences 2 

between MPG and MPGTDE against their average. 3 

 4 
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Table 3:  VTI (cm) 

ca
te

go
ry

 

Case & 
configuration 

MFR (L/min) 

4 5 6 

Tr
ai

ni
ng

 d
at

as
et

 

C
as

e 
1 

 

Sym60_60 25.0 31.1 37.1 
Sym50_50 30.3* 37.3* 44.3* 
Asym60_35 30.5* 36.4* 42.4* 
Sym35_35 44.1* 54.8 66.8 
Asym0_57 49.8* 61.8 73.9 
Sym20_20 73.7 91.7 109.6 
Asym0_35 82.5 102.3 122.9 

C
as

e 
2 

 

Sym60_60 25.9 31.7 37.4 
Sym50_50 32.4* 39.2* 46.0* 
Asym60_35 32.9* 39.1* 45.0* 
Sym35_35 45.0* 56.0 66.7 
Asym0_57 49.2* 61.3 73.1 
Sym20_20 74.0 91.8 109.5 
Asym0_35 82.1 103 121.6 

C
as

e 
3 

 

Sym60_60 27.2 32.9 38.8 
Sym50_50 35.9* 43.7* 51.2* 
Asym60_35 37.6* 43.0* 47.9* 
Sym35_35 47.8* 58.5 69.7 
Asym0_57 50.9 62.9 74.1 
Sym20_20 76.7 94.4 112.6 
Asym0_35 83.3 104.4 123.8 

Te
st

 d
at

as
et

 C
as

e 
4 

 

Sym60_60 27.3 33.6 39.7 
Sym50_50 33.8* 41.4* 48.5* 
Asym60_35 36.6* 45.5* 53.7 
Sym35_35 47.4* 60.0 70.6 
Asym0_57 53.0 66.0 78.6 
Sym20_20 79.0 98.3 117.3 
Asym0_35 88.2 109.7 132.5 

C
as

e 
5 

 

Sym60_60 28.6 35.2 41.8 
Sym50_50 35.7* 44.0* 52.6 
Asym60_35 39.4* 48.2* 57.5 
Sym35_35 50.8 63.0 74.5 
Asym0_57 55 68.5 81.9 
Sym20_20 83.4 103.2 123.1 
Asym0_35 91.7 114.7 137.5 

Table 2:  ∆Pmax-TDE (mmHg) 

ca
te

go
ry

 

Case & 
configuration 

MFR (L/min) 

4 5 6 

Tr
ai

ni
ng

 d
at

as
et

 

C
as

e 
1 

 

Sym60_60 2.2 2.7 3.2 
Sym50_50 3.3* 4.1* 4.9* 
Asym60_35 3.3* 4.2* 5.1* 
Sym35_35 3.4* 4.6* 6.3* 
Asym0_57 3.9* 6.1* 8.7* 
Sym20_20 9.0* 13.9* 19.9 
Asym0_35 10.4* 16.0 22.8 

C
as

e 
2 

 

Sym60_60 2.7 3.5 4.1 
Sym50_50 4.1* 5.3* 6.4* 
Asym60_35 4.3* 5.5* 7.0* 
Sym35_35 6.0* 9.2* 13.2* 
Asym0_57 8.3* 12.7* 18.0 
Sym20_20 19.0 29.3 41.7 
Asym0_35 21.6 33.1 46.9 

C
as

e 
3 

 

Sym60_60 4.4 6.8 10.0 
Sym50_50 7.7* 11.4* 16.0 
Asym60_35 8.6* 13.0* 18.6 
Sym35_35 16.0 24.9 35.3 
Asym0_57 21.6 33.1 46.8 
Sym20_20 50.2 77.2 110.4 
Asym0_35 56.3 86.3 122.6 

Te
st

 d
at

as
et

 C
as

e 
4 

 

Sym60_60 3.1 3.9 4.8 
Sym50_50 4.7* 6.0* 7.2* 
Asym60_35 4.8* 6.1* 7.4* 
Sym35_35 5.6* 8.5* 12.2* 
Asym0_57 7.7* 11.8* 16.6 
Sym20_20 17.4 26.9 38.3 
Asym0_35 19.9 30.4 43.1 

C
as

e 
5 

 

Sym60_60 4.3 5.8 7.8 
Sym50_50 7.0* 9.6* 12.5* 
Asym60_35 7.7* 10.5* 14.1* 
Sym35_35 12.1* 18.8 26.7 
Asym0_57 16.7 25.5 35.8 
Sym20_20 38.3 59.1 84.2 
Asym0_35 43.2 65.9 93.9 

Table 2: Maximum pressure drop calculated by the 
Bernoulli formula for the central orifice in the 
105 analyzed scenarios. Asterisks indicate 
stenotic condition cases with ∆Pmax-TDE 

values in the normality range. 

Table 3: Velocity time integration measured in 
the central orifice in 105 analyzed 
scenarios. Asterisks indicate stenotic 
condition cases with VTI values in the 
normality range.  
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Table 4: MPGTDE(mmHg) - Central 

ca
te

go
ry

 

Case & 
configuration 

MFR (L/min) 

4 5 6 

Tr
ai

ni
ng

 d
at

as
et

 

C
as

e 
1 

 

Sym60_60 0.7 1.1 1.6 
Sym50_50 1.1* 1.6* 2.3* 
Asym60_35 1.3* 1.9* 2.8* 
Sym35_35 2.2* 3.5* 5.0 
Asym0_57 2.9* 4.4* 6.3 
Sym20_20 6.2 9.7 13.9 
Asym0_35 7.9 12.2 17.5 

C
as

e 
2 

 

Sym60_60 1.4 2.1 3.0 
Sym50_50 2.2* 3.2* 4.4* 
Asym60_35 2.5* 3.9* 5.4 
Sym35_35 4.2* 6.6 9.4 
Asym0_57 5.3 8.1 11.6 
Sym20_20 11.7 18.0 25.7 
Asym0_35 14.5 22.9 32.0 

C
as

e 
3 

 

Sym60_60 2.1 3.1 4.3 
Sym50_50 3.4* 5.1 7.2 
Asym60_35 3.9* 5.9 8.1 
Sym35_35 6.3 9.6 13.7 
Asym0_57 7.6 11.7 16.8 
Sym20_20 17.0 26.2 37.4 
Asym0_35 20.7 32.5 46.0 

Te
st

 d
at

as
et

 C
as

e 
4 

 

Sym60_60 1.0 1.6 2.2 
Sym50_50 1.5* 2.3* 3.2* 
Asym60_35 1.8* 2.8* 4.0* 
Sym35_35 3.1* 4.8* 6.8 
Asym0_57 3.9* 6.1 8.6 
Sym20_20 8.6 13.4 19.1 
Asym0_35 10.8 16.7 24.4 

C
as

e 
5 

 

Sym60_60 2.5 3.8 5.4 
Sym50_50 3.8* 5.8 8.4 
Asym60_35 4.6* 7.0 10.0 
Sym35_35 7.8 12.1 17.1 
Asym0_57 9.6 14.8 21.3 
Sym20_20 21.5 33.1 47.4 
Asym0_35 26.6 41.5 59.9 

Table 5: MPG(mmHg) 

ca
te

go
ry

 

Case & 
configuration 

MFR (L/min) 

4 5 6 

Tr
ai

ni
ng

 d
at

as
et

 

C
as

e 
1 

 

Sym60_60 0.5 0.8 1.2 
Sym50_50 0.8* 1.3* 1.8* 
Asym60_35 1.0* 1.5* 2.1* 
Sym35_35 1.8* 2.8* 4.0* 
Asym0_57 2.5* 3.8* 5.4 
Sym20_20 5.8 8.9 12.7 
Asym0_35 6.6 10.0 14.3 

C
as

e 
2 

 

Sym60_60 1.0 1.5 2.2 
Sym50_50 1.5* 2.3* 3.3* 
Asym60_35 1.8* 2.8* 3.9* 
Sym35_35 3.3* 5.1 7.3 
Asym0_57 4.5* 6.9 9.7 
Sym20_20 10.6 16.3 23.2 
Asym0_35 11.9 18.3 26.1 

C
as

e 
3 

 

Sym60_60 1.4 2.2 3.2 
Sym50_50 2.1* 3.3* 4.7* 
Asym60_35 2.6* 4.0* 5.7 
Sym35_35 4.8* 7.3 10.5 
Asym0_57 6.3 9.8 14.0 
Sym20_20 15.2 23.4 33.5 
Asym0_35 17.1 26.3 37.5 

Te
st

 d
at

as
et

 C
as

e 
4 

 

Sym60_60 0.7 1.1 1.6 
Sym50_50 1.1 1.7 2.4 
Asym60_35 1.3* 2.1* 2.9* 
Sym35_35 2.5* 3.8* 5.5 
Asym0_57 3.4* 5.2 7.3 
Sym20_20 7.9 12.2 17.3 
Asym0_35 8.9 13.7 19.5 

C
as

e 
5 

 

Sym60_60 1.8 2.8 4.0 
Sym50_50 2.7* 4.1* 5.9 
Asym60_35 3.2* 5.0 7.2 
Sym35_35 6.0 9.3 13.3 
Asym0_57 8.1 12.5 17.7 
Sym20_20 19.2 29.7 42.4 
Asym0_35 21.6 33.1 47.4 

Table 4: Mean Pressure Gradient calculated by the 
Bernoulli formula for the central orifice in 
the 105 analyzed scenarios. Asterisks 
indicate stenotic condition cases with 
MPGTDE values in the normality range 

 

Table 5: Mean Pressure Gradient calculated directly 
from CFD simulations in the 105 
analyzed scenarios. Asterisks indicate 
stenotic condition cases with MPG values 
in the normality range 

 

Table 6: Mean Pressure Gradient calculated by 
the Bernoulli formula for the lateral orifice 
in the 105 analyzed scenarios. Asterisks 
indicate stenotic condition cases with 
MPGTDE values in the normality range 

Table 7: Difference between central and lateral 
Mean Pressure Gradient calculated by the 
Bernoulli formula in the 105 analyzed 
scenarios 
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 1 

Table 6: MPGTDE(mmHg) - Lateral 

ca
te

go
ry

 

Case & 
configuration 

MFR (L/min) 

4 5 6 

Tr
ai

ni
ng

 d
at

as
et

 

C
as

e 
1 

 

Sym60_60 0.6 1.0 1.3 
Sym50_50 0.9* 1.4* 2.0* 
Asym60_35 1.1* 1.6* 2.3* 
Sym35_35 2.2* 3.1* 4.4* 
Asym0_57 2.6* 3.9* 5.1 
Sym20_20 6.0 9.3 13.3 
Asym0_35 6.6 10.0 14.2 

C
as

e 
2 

 

Sym60_60 1.3 1.9 2.6 
Sym50_50 1.8* 2.7* 3.7* 
Asym60_35 2.1* 3.2* 4.5* 
Sym35_35 3.7* 5.8 8.2 
Asym0_57 4.8* 7.1 10.0 
Sym20_20 11.1 17.2 24.5 
Asym0_35 12.0 18.0 26.3 

C
as

e 
3 

 

Sym60_60 2.0 2.9 3.9 
Sym50_50 2.6* 4.0* 5.4* 
Asym60_35 3.2* 4.7* 6.6 
Sym35_35 5.4 8.3 11.9 
Asym0_57 7.1 10.1 14.9 
Sym20_20 16.1 24.9 35.5 
Asym0_35 17.2 26.1 37.6 

Te
st

 d
at

as
et

 C
as

e 
4 

 

Sym60_60 0.9 1.4 1.9 
Sym50_50 1.3* 2* 2.7* 
Asym60_35 1.6* 2.4* 3.3* 
Sym35_35 2.8* 4.3* 6.2 
Asym0_57 3.5* 5.3 7.4 
Sym20_20 8.3 12.8 18.3 
Asym0_35 9 13.8 19.2 

C
as

e 
5 

 

Sym60_60 2.2 3.3 4.6 
Sym50_50 3.1* 4.7* 6.6 
Asym60_35 3.8* 5.7 8 
Sym35_35 6.9 10.6 15.2 
Asym0_57 8.3 12.9 18.7 
Sym20_20 20.4 31.5 45.1 
Asym0_35 21.7 32.9 46.5 

 Table 7: difference between lateral and 
central MPGTDE(mmHg) 

ca
te

go
ry

 

Case & 
configuration 

MFR (L/min) 

4 5 6 

Tr
ai

ni
ng

 d
at

as
et

 

C
as

e 
1 

 

Sym60_60 0.1 0.1 0.3 
Sym50_50 0.2 0.2 0.3 
Asym60_35 0.2 0.3 0.5 
Sym35_35 0.0 0.4 0.6 
Asym0_57 0.3 0.5 1.2 
Sym20_20 0.2 0.4 0.6 
Asym0_35 1.3 2.2 3.3 

C
as

e 
2 

 

Sym60_60 0.1 0.2 0.4 
Sym50_50 0.4 0.5 0.7 
Asym60_35 0.4 0.7 0.9 
Sym35_35 0.5 0.8 1.2 
Asym0_57 0.5 1.0 1.6 
Sym20_20 0.6 0.8 1.2 
Asym0_35 2.5 4.9 5.7 

C
as

e 
3 

 

Sym60_60 0.1 0.2 0.4 
Sym50_50 0.8 1.1 1.8 
Asym60_35 0.7 1.2 1.5 
Sym35_35 0.9 1.3 1.8 
Asym0_57 0.5 1.6 1.9 
Sym20_20 0.9 1.3 1.9 
Asym0_35 3.5 6.4 8.4 

Te
st

 d
at

as
et

 C
as

e 
4 

 

Sym60_60 0.1 0.2 0.3 
Sym50_50 0.2 0.3 0.5 
Asym60_35 0.2 0.4 0.7 
Sym35_35 0.3 0.5 0.6 
Asym0_57 0.4 0.8 1.2 
Sym20_20 0.3 0.6 0.8 
Asym0_35 1.8 2.9 5.2 

C
as

e 
5 

 

Sym60_60 0.3 0.5 0.8 
Sym50_50 0.7 1.1 1.8 
Asym60_35 0.8 1.3 2.0 
Sym35_35 0.9 1.5 1.9 
Asym0_57 1.3 1.9 2.6 
Sym20_20 1.1 1.6 2.3 
Asym0_35 4.9 8.6 13.4 
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MPDS estimator – As it is mentioned before, LDA statistical method was applied to the Training 1 

Dataset (cases 1-3 in Tables 2-7) and resulted in the following four linear formulas: 2 

    3 

 4 

   5 

 6 

 7 

where x1, x2, x3 and x4 stand for MPG, MFR, ∆Pmax and VTI, respectively. In order to predict the 8 

POS of a new clinical case, d0, d15, d50 and d75 are computed and the case is assigned to the class 9 

which provides the highest dk value (see Supplementary material B for details).  10 

The accuracy of the MPDS was assessed by building the confusion matrix obtained when 11 

applying the estimator to the Test Data Set (cases 4-5 in Tables 2-7). Details about the confusion 12 

matrix are provided in Supplementary material C. Finally, the Test Accuracy Rate (TAR, Eq.8), 13 

Test Error Rate (TER, Eq.9) and Test Error Rate resulted from False Negatives (TER-FN, Eq.10) 14 

were computed as: 15 

 16 

TAR = 100 ∙ sum of diagonal entries
sum of all entries

        (Eq.8) 17 

 18 

TER = 100 ∙ sum of nondiagonal entries from lower triangle of the matrix
sum of all entries

    (Eq.9) 19 

 20 

TER − FN = 100 ∙ sum of nondiagonal entries from upper triangle of the matrix
sum of all entries

   (Eq.10) 21 

 22 

In 38 out of the 42 simulations considered in the Test Data Set, MPDS could correctly predict the 23 

POS (TAR=90.5%). In the remaining 4 cases, a mild stenosis (POS=15%) was predicted, even 24 

though data were from simulations replicating a normally functioning valve, leading to 4 false 25 

positives. No false negatives were obtained (TER-FN=0) and TER was equal to 9.5%.  26 

In order to assess the impact of each input on the predictive capability of the MPDS, four variants 27 

of the MPDS were built. For each variant, only one of the four TDE-like input indexes was dropped: 28 

𝑑𝑑0 = −0.9316986𝑥𝑥1 + 13.77693𝑥𝑥2 + 0.2215885𝑥𝑥3 − 0.4482709𝑥𝑥4 − 26.62383 

𝑑𝑑15 = −1.289555𝑥𝑥1 + 11.03022𝑥𝑥2 + 0.2897787𝑥𝑥3 − 0.1339049𝑥𝑥4 − 23.61330 

𝑑𝑑50 = −2.389458𝑥𝑥1 + 3.426175𝑥𝑥2 + 0.5059285𝑥𝑥3 − 0.7534648𝑥𝑥4 − 25.81930 

𝑑𝑑75 = −3.534935𝑥𝑥1 − 10.42962𝑥𝑥2 + 0.7215817𝑥𝑥3 − 2.212473𝑥𝑥4 − 61.32403 

(Eq. 7) 
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the exclusion of MFR or VTI dramatically impacted POS estimation, as highlighted by the 1 

confusion matrixes reported in Tables 9 and 10, respectively (further details are reported in 2 

Supplementary material C). When only MFR was excluded, TAR decreased to 76.2%, TER 3 

increased to 23.8% and in two cases the POS was underestimated, which resulted in TER-4 

FN=4.8%. The estimation was even worse when VTI is excluded, where TAR decreased to 47.6%, 5 

while TER and TER-FN increased to 52.4% and 11.9%, respectively. 6 

The combined effect of multiple inputs on the predictive capability of the MPDS was assessed by 7 

generating 6 further variants of the MPDS, each one obtained by dropping two TDE-like input 8 

indexes at a time (Supplementary material C). A spectrum of losses in predictive capability was 9 

obtained. The lowest loss in predictive capability was observed when excluding both MPGTDE and 10 

∆Pmax-TDE (Table 6 in Supplementary material C). When either VTI or MFR was dropped together 11 

with either MPGTDE or ∆Pmax-TDE, the accuracy of the MPDS decreased, mostly due to an increase 12 

in false negative rate (Tables 7 to 10 in Supplementary material C). The greatest loss in predictive 13 

capability was recorded when dropping both VTI and MFR (Table 11 in Supplementary material 14 

C).  15 

 16 

Table 8: Confusion matrix on the Test Data Set comparing the predicted POS vs. the true POS 17 

values.  18 

 
True POS status 

0 15 50 75 

Predicted 
POS status 

0 2 0 0 0 

15 4 12 0 0 

50 0 0 12 0 

75 0 0 0 12 
 19 

 20 

 21 

 22 

 23 

 24 
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Table 9: Confusion matrix on the Test Data Set obtained when excluding the MFR from the MPDS 1 

estimator. 2 

 
True POS status 

0 15 50 75 

Predicted 
POS status 

0 1 0 0 0 

15 5 10 2 0 

50 0 2 9 0 

75 0 0 1 12 
 3 

 4 

Table 10: Confusion matrix on the Test Data Set obtained after excluding the VTI from the MPDS 5 

estimator. 6 

 
True POS status 

0 15 50 75 

Predicted 
POS status 

0 0 0 0 0 

15 5 6 3 0 

50 1 6 4 2 

75 0 0 5 10 
 7 

 8 

Discussion 9 

In this paper DST was investigated by simulating different transvalvular flows and valve 10 

configurations; the data obtained were used to set a novel diagnostic multi-parametric discrete 11 

score based on a linear combination of TDE-derived indexes, which currently represent the gold 12 

standard for diagnosing PMVT. 13 

Impact of results on our initial working hypotheses - Our results prove that single modality 14 

diagnostic leads to suboptimal detection of PMVT. According to data in Tables 2 to 6, none of the 15 

considered TDE-derived indexes can robustly detect the occurrence of stenosis in a standalone 16 

mode. In a relevant number of simulated cases replicating a stenotic condition, indicated with the 17 

(*) symbol in Tables 2 to 6, the values of the TDE-derived indexes fell in the normality range,  18 
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even in some of the configurations characterized by POS equal to 50% (e.g., Table 4). Instead, 1 

the MPDS proved able to predict the valve POS without any false negatives and with very high 2 

accuracy. 3 

This outcome did not depend significantly on the valve configuration (symmetric vs. asymmetric). 4 

It has been argued in the past that an asymmetric stenosis can prevent from a correct PMVT 5 

diagnosis, while being a more severe condition than symmetric stenosis [24, 25]. Instead, in this 6 

study we showed that the difference between the two conditions (Sym and Asym, results reported 7 

in Tables 2 to 6) is minor. This evidence strongly suggests that i) asymmetric stenosis per se 8 

cannot prevent from detecting PMVT and ii) the area of the stenosis, and not its configuration 9 

(symmetric or asymmetric) is relevant to the correct detection of PMVT.  10 

Also, MPGTDE values obtained when mimicking different TDE probe locations, i.e., at the central 11 

or at the lateral jets, highlighted negligible differences. These differences exceeded 3-5 mmHg 12 

only in those cases where the values of MPGTDE were up to 10 times higher than the threshold (5 13 

mmHg) both in the central and in the lateral jets (Table 7). Hence, these differences could not 14 

impact on diagnosis. These evidences suggest that TDE probe location cannot be the cause of 15 

DST.  16 

Potential clinical relevance of the MPDS - The MPDS is based on LDA and linearly combines 17 

TDE-derived indexes, thus being conformal to standard clinical routine. Of note, we demonstrated 18 

that MFR information plays a key role and must be used for a correct prediction. Due to the 19 

difficulties of obtaining reliable flow rate data in mitral position, our suggestion is to estimate the 20 

MFR by measuring the stroke volume by the standard Doppler method, i.e., through the continuity 21 

equation and by measuring the LV outflow tract diameter in the parasternal long axis view and 22 

the LV outflow tract  Doppler integral in the 5 Chamber view. Even more interestingly, VTI and 23 

hence the trans-mitral flow rate waveform plays a crucial role. In this work, 5 different pathological 24 

velocity profiles were simulated, with or without the A peak, and the results show that the POS 25 

estimation is affected by these data.  26 

It may be argued that the approach herein proposed could be replaced by the direct analysis of 27 

the POS. In line of principle, POS could be directly estimated by obtaining the open geometry of 28 

the prosthetic leaflets through medical imaging, in light of the fact that disc opening may predict 29 

the result of thrombolysis in mitral prosthetic valve thrombosis [24]. However, even though the 30 

complete echocardiographic imaging of prosthetic heart valve includes the use of multiple views 31 

with attention to determine the type of prosthesis [13], mitral prosthetic disc opening and closing 32 
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angles can be identified in 77% of patients by trans-thoracic echocardiography [25]. This 1 

percentage increases to 100% when using transesophageal echocardiography, which is however 2 

an invasive procedure. Cine-fluoroscopy could be a further alternative; yet, in this case radiations 3 

would be a disadvantage and only 2D images would be available on a plane whose position with 4 

respect to the anatomy of the patient would not be precisely known. As a result, the information 5 

yielded by cine-fluoroscopy could be insufficient to assess the 3D configuration of the prosthetic 6 

leaflets. 7 

Summarizing, the approach herein proposed could provide more complete and reliable 8 

information on the impact of prosthetic leaflet diastolic motion on the trans-mitral hemodynamics, 9 

without the need for invasive imaging acquisitions nor for the use of radiations. 10 

Limitations  11 

In the present study we developed a novel MPDS to classify the severity of POS prosthetic mitral 12 

valve recipients, ultimately aiming to improving PMVT detection. The MPDS was based on a LDA 13 

model, which was identified by exploiting the data from CFD simulations of blood fluid dynamics 14 

through a mechanical heart valve within an in vitro setup. The use of CFD as a mean to 15 

systematically analyze the role of different factors in detecting PMVT and in DST allows for some 16 

advantages, which were summarized in the Introduction section, but contextually introduces some 17 

simplifying assumptions. Some of these are worth some considerations in light of the goals of the 18 

present study. In particular, standard values were set for blood density and viscosity. However, 19 

as far as density is concerned, this choice is supported by the small variability in blood density 20 

(range: 1.0239 g/cm3 - 1.0773 g/cm3) observed in different red blood cells suspensions with of 21 

highly variable hematocrit (range: 14.2% - 85%) [28]. As far as viscosity is concerned, its effect 22 

on the trans-mitral pressure drop was expected to be negligible, because the trans-valvular 23 

pressure drop is associated mostly to the energy loss due to the abrupt flow expansion as the 24 

blood flow advances from the valve orifice to the ventricular chamber. Such effect, though, 25 

depends on density and not on viscosity, as shown by the well-known Borda-Carnot equation. 26 

The negligible effect of changes in blood viscosity was also verified by running a series of extra 27 

simulations under the assumption that blood viscosity is equal to 4 cP (Appendix D). 28 

Moreover, as previously mentioned in the Materials and Methods section, the size of the training 29 

dataset, despite being acceptable, is rather limited and should be increased to have a sounder 30 

identification of the LDA model. Similarly, the size of theTest Data Set should be increased so to 31 

have a sounder verification of the predictive capability of the MPDS. 32 
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Finally, the whole study was focused on the Sorin Bicarbon Fitline Bileaflet (size 25 mm). This 1 

specific device was chosen because of its widespread use [26, 27]. Yet, the MPDS in its current 2 

version could be applied only to the detection of PMVT in recipients of this specific device. Hence, 3 

at its current stage, our study should be considered a proof of concept. For the approach herein 4 

proposed to be an applicable clinical tool, the study should be extended at least to a reasonably 5 

wide subset of the many prosthetic valves available in the market, identifying the LDA model for 6 

each considered device. 7 

 8 

  9 
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Supplementary material A: Validation of CFD simulations vs. in vitro experiments 1 

The CFD simulated scenarios, presented in the manuscript, were reproduced in an experimental 2 

setup to test the reliability of the numerical results. Three Patient specific flow waveforms, 3 

extracted from five PMMV recipients (Table A.1), and three valve configurations (one normal and 4 

two stenotic) were considered. Then, the fluid velocities were measured by using Continuous 5 

wave Doppler machine.   6 

The tests were performed using a modified version of an in-vitro system previously designed and 7 

exploited by our group [15] (Figure A.1). The PMMV (Bicarbon Fitline 25mm) was placed in a 8 

mitral valve holder downstream of an atrial chamber with open-to-air preload reservoir and 9 

upstream from a ventricular chamber. The leaflets of the PMMV were immobilized using acrylic 10 

glue in three configurations: N60, SS35, SA57.  11 

 12 

Figure A.1: Scheme of the in-vitro system. 13 

 14 

The flow across the valve was driven by a volumetric pump which was connected to the ventricular 15 

chamber. The pump was programmed to reproduce three patient-specific diastolic flow 16 

waveforms corresponding to velocity profiles of cases 1, 2 and 3 used in CFD simulations at MFR 17 

of 5 L/min. As the study was focused on the diastolic phase only, the systolic portion of the flow 18 

waveform was simplified to a sinusoidal curve enabling transition of the fluid from the ventricular 19 

chamber back to the atrial chamber and preload reservoir (valve leaflets were immobilized). The 20 

diastolic time remained as in the original waveform, whereas the systolic waveform curve was 21 

scaled to obtain 2 s long cardiac cycle. Long systole (~ 3 times longer than diastole) ensured 22 
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decoupling of the dynamic effects in the two phases. The working fluid was 3.5cp glycerine 1 

solution. 2 

Reproduction of the imposed flow curves was verified by flow rate measurement with a transit-3 

time flowmeter (HT110R, Transonic System, Inc., Ithaca, NY, USA), equipped with a 1’’ probe 4 

placed at the inflow tube between preload reservoir and the atrial chamber.  5 

For each flow waveform and each valve configuration at three probe positions (27 combinations) 6 

velocity profiles were acquired using Continuous wave Doppler mode of an ultrasound machine 7 

(CX50 equipped with X5-1 probe, Philips, Eindhoven, The Netherlands) along three interrogation 8 

lines which were axial with respect to the valve and corresponded to central and two lateral valve 9 

orifice areas (Figure A.1). MPGTDE, Vmax, VTI and ∆Pmax were computed from the experimentally-10 

derived velocity profiles.  11 

Six representative measurements were confronted with CFD-derived indexes (Table A.1). 12 

Representative snapshots of TDE velocity profiles and their comparison with the expected ones 13 

(used in CFD simulations) are presented in Table A.2. Overall good agreement was found 14 

between the experimental and CFD-derived echocardiographic indexes. The computationally 15 

simulated scenarios can be assumed equivalent with the experimentally obtained ones and 16 

therefore the methodology used to extract virtual TDE-derived indexes from CFD simulation can 17 

be considered reliable in wide range of flow waveform morphologies and PMMV configurations. 18 

Slight differences between experimental and computational outcomes can be explained by the 19 

differences between the expected and measured velocity curves. E.g. if higher/lower velocity peak 20 

was measured a higher/lower ∆Pmax was obtained in respect to the corresponding computational 21 

result.  22 

 23 

 24 

 25 

 26 

 27 
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Table A.1: Comparison between experimentally (Exp.) and computationally (Comp.) obtained 1 
echocardiographic indices. 2 

  3 

Case Configuration Probe 
Position 

MPG 
(mmHg) Vmax (m/s) VTI (cm) ∆Pmax (mmHg) 

Exp. Comp. Exp. Comp. Exp. Comp. Exp. Comp. 

1 SS35 
Central 2.3 3.5 1.3 1.1 43.4 54.8 7.2 5.3 

Lateral 1.4 3.1 1.2 1.1 32.3 52.1 5.5 4.8 

2 N60 
Central 2.4 2.1 1.2 1.0 33.6 31.7 5.5 4.0 

Lateral 1.9 2.3 1.3 0.9 31.6 29.9 7.2 3.0 

3 SA57 
Central 9.8 11.7 2.8 3.1 57.1 58.7 31.9 38.7 

Lateral 10.8 10.1 2.7 2.9 58.5 62.9 29.7 33.1 
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Table A.2: Measured vs. Expected velocity profiles. 1 
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Supplementary material B: the Multi-Parametric Discrete Score 1 

We applied the LDA statistical method to the Training Dataset to train the MPDS classifier to well 2 

separate the 4 stenosis classes with POS=0%, 15%, 50% and 75%. Then, MPDS was used to 3 

predict the stenosis class of Test Dataset. The MPDS classifier is a linear combination of the four 4 

discriminating variables, namely MPG, MFR, VTI and ∆Pmax.  5 

To clarify the functionality of the MPDS classifier, we explain it in the form of pairwise “log odds 6 

ratio”. For instance, for a given patient, the MPDS classifier predicts the level of stenosis equals 7 

to 0% if the three pairwise “log odds ratio” (conditional on the values of MPG, MFR, ∆Pmax and 8 

VTI) between 0% and 15%, between 0% and 50%, and between 0% and 75% are all positive. 9 

If one can assume that the discriminating vector (MPG, MFR, ∆Pmax and VTI) is Normal distributed 10 

in each stenosis class, then all the pairwise log odds ratio of predicting level i for POS (as opposed 11 

to each j≠i) are linear functions of MPG, MFR, ∆Pmax and VTI and the classification rule results in 12 

the following explicit formula. 13 

For simplicity, the four discriminating variables MPG, MFR, ∆Pmax and VTI are denoted by x1, x2, 14 

x3, x4, respectively. Moreover, the following statistics are observed on the Training Dataset and 15 

are involved in the MPDS classifier formula: 16 

• 𝑥̅𝑥𝑘𝑘 = (𝑥̅𝑥1𝑘𝑘, 𝑥̅𝑥2𝑘𝑘, 𝑥̅𝑥3𝑘𝑘, 𝑥̅𝑥4𝑘𝑘)′ is the row vector of the group-specific sample mean of the four 17 

variables in the stenosis class POS=k% for k=0, 15, 50, 75. 18 

• 𝑠𝑠k is the sample covariance matrix of x in the kth stenosis class. 19 

• 𝑠𝑠pooled is the pooled covariance: 20 

 21 

𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = (𝑛𝑛0−1)𝑠𝑠0+(𝑛𝑛15−1)𝑠𝑠15+(𝑛𝑛50−1)s50+(𝑛𝑛75−1)s75
𝑛𝑛0+𝑛𝑛15+𝑛𝑛50+𝑛𝑛75−4

    (Eq.B.1) 22 

 23 

where nk is the sample size of the kth stenosis class in the Training Dataset (here n0=9 and n15 = n50 24 

= n75 =18). 25 

Finally, let pk be the prior classification probability that a randomly chosen observation comes from 26 

the class POS=k%. 27 

Hence, for a patient with a discriminant vector 𝑥̅𝑥𝑘𝑘, the MPDS classifier assigns that patient to the 28 

class k if the linear discriminant score:  29 
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𝑑𝑑𝑘𝑘(𝑥𝑥) = 𝑥̅𝑥𝑘𝑘′  𝑠𝑠−1𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  𝑥𝑥 −  1
2

 𝑥̅𝑥𝑘𝑘′  𝑥̅𝑥𝑘𝑘′  𝑠𝑠−1𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑥̅𝑥𝑘𝑘 + ln𝑝𝑝𝑘𝑘   (Eq.B.2) 1 

is the largest among all the classes. For instance, for a patient with given discriminant vector 𝑥̅𝑥𝑘𝑘, 2 

if 𝑑𝑑15(𝑥𝑥) is greater with respect to 𝑑𝑑0(𝑥𝑥), 𝑑𝑑50(𝑥𝑥) and 𝑑𝑑75(𝑥𝑥), then the MPDS assigns that patient 3 

to stenosis level 15%. 4 

The parameters 𝑥̅𝑥𝑘𝑘 and 𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 of the MPDS classifier computed on the training set are as 5 

follows:  6 

𝑥̅𝑥0 = �
2.156
5.000
4.400
32.578

� 𝑥̅𝑥15 = �
3.678
5.000
7.378
39.728

� 𝑥̅𝑥50 = �
7.511
5.000
15.450
59.244

� 𝑥̅𝑥75 = �
20.667
5.000
43.700
97.772

� 7 

 8 

𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = �

42.32 2.68 122.89 50.08
2.68 0.76 5.42 8.49

122.89 5.42 417.09 106.78
50.08 8.49 106.78 132.02

� 9 

Finally, we chose a non-informative classification prior that assigns equal probabilities to all 10 

classes of POS, i.e. pk =0.25 for all k=0, 15%, 50%, 75%. In this way we didn’t include any 11 

information about the prevalence of the valvular disease in the population 12 

  13 
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Supplementary material C 1 

Here we report the complete list of the confusion matrices on the Test Data Set and of the 2 

corresponding values of Test Accuracy Rate (TAR), Test Error Rate (TER) and Test Error Rate 3 

resulted from False Negative (TER-FN). 4 

When dropping single inputs of the MPDS, the confusion matrices reported in Tables C.1-C.4 5 

were obtained. The associated values of TAR, TER and TER-FN are summarized in Table C.5.  6 

Table C.1: Confusion matrix on the Test Data Set for the MPDS without MPGTDE. 7 

 
True POS status 

0 15 50 75 

Predicted 
POS status 

0 2 0 0 0 

15 4 11 0 0 

50 0 1 12 0 

75 0 0 0 12 
  8 

Table C.2: Confusion matrix on the Test Data Set for the MPDS without ∆Pmax-TDE. 9 

 
True POS status 

0 15 50 75 

Predicted 
POS status 

0 2 0 0 0 

15 4 11 0 0 

50 0 1 12 0 

75 0 0 0 12 
 10 

Table C.3: Confusion matrix on the Test Data Set for the MPDS without MFR. 11 

 
True POS status 

0 15 50 75 

Predicted 
POS status 

0 1 0 0 0 

15 5 10 2 0 

50 0 2 9 0 

75 0 0 1 12 
    12 
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Table C.4: Confusion matrix on the Test Data Set for the MPDS without VTI. 1 

 
True POS status 

0 15 50 75 

Predicted 
POS status 

0 0 0 0 0 

15 5 6 3 0 

50 1 6 4 2 
75 0 0 5 10 

 2 

Table C.5: Effect of neglecting single TDE-derived indexes on the predictive capability of the MPDS. 3 

included excluded TAR (%) TER (%) TER-FN (%) 

MPGTDE, ∆Pmax-TDE, 
MFR, VTI --- 90.5 9.5 0 

∆Pmax-TDE, MFR, VTI MPGTDE 88.1 11.9 0 

MPGTDE, MFR, VTI ∆Pmax-TDE 88.1 11.9 0 
MPGTDE, ∆Pmax-TDE, 

VTI MFR 76.2 23.8 4.8 

MPGTDE, ∆Pmax-TDE, 
MFR VTI 47.6 52.4 11.9 

 4 

When dropping two inputs of the MPDS at a time, the confusion matrices reported in Tables C.6- 5 

C.11 were obtained. The associated values of TAR, TER and TER-FN are summarized in Table 6 

C.12.  7 

Table C.6: Confusion matrix on the Test Data Set for the MPDS without MPGTDE and ∆Pmax-TDE. 8 

 
True POS status 

0 15 50 75 

Predicted 
POS status 

0 2 0 0 0 

15 4 11 0 0 

50 0 1 12 0 
75 0 0 0 12 

  9 

 10 

 11 
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Table C.7: Confusion matrix on the Test Data Set for the MPDS without ∆Pmax-TDE and VTI. 1 

 
True POS status 

0 15 50 75 

Predicted 
POS status 

0 0 0 0 0 

15 6 8 2 0 

50 0 4 8 0 

75 0 0 2 12 
  2 

Table C.8: Confusion matrix on the Test Data Set for the MPDS without MPGTDE and MFR. 3 

 
True POS status 

0 15 50 75 

Predicted 
POS status 

0 0 0 0 0 

15 6 9 1 0 

50 0 3 9 0 
75 0 0 2 12 

  4 

Table C.9: Confusion matrix on the Test Data Set for the MPDS without VTI and ∆Pmax-TDE.  5 

 
True POS status 

0 15 50 75 

Predicted 
POS status 

0 0 0 0 0 

15 5 7 3 0 

50 1 5 7 0 
75 0 0 2 12 

  6 

Table C.10: Confusion matrix on the Test Data Set for the MPDS without VTI and MPGTDE. 7 

 
True POS status 

0 15 50 75 

Predicted 
POS status 

0 0 0 0 0 

15 5 8 3 0 

50 1 4 9 3 
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75 0 0 0 9 
Table C.11: Confusion matrix on the Test Data Set for the MPDS without MFR and VTI. 1 

 
True POS status 

0 15 50 75 

Predicted 
POS status 

0 0 0 0 0 

15 5 8 3 0 

50 1 4 5 3 

75 0 0 4 9 
 2 

Table C.12: Effect of neglecting two TDE-derived indexes at a time on the predictive capability of the 3 
MPDS. 4 

included excluded TAR (%) TER (%) TER-FN (%) 

MFR, VTI MPGTDE, 
∆Pmax-TDE 88.1 11.9 0 

∆Pmax-TDE, VTI  MPGTDE, 
MFR 71.4 28.6 2.4 

MPGTDE, VTI  ∆Pmax-TDE, 
MFR 66.7 33.3 4.8 

MPGTDE, MFR  ∆Pmax-TDE, VTI 57.4 42.6 7.1 

∆Pmax-TDE, MFR  MPGTDE, VTI 61.9 38.1 14.3 

MPGTDE, ∆Pmax-TDE MFR, VTI 52.4 47.6 14.3 
 5 

 6 

  7 
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Supplementary material D 1 

All of the CFD simulations were setting standard values for blood viscosity (µ=3cp) and density 2 

(ρ=1060 kg/m3), under the hypothesis that changes in these two parameters could be small and 3 

could have negligible effects on computational results. Here we report the results from an extra 4 

series of CFD simulations, which were run to verify the effects of changing blood viscosity. In 5 

particular, upon increasing blood viscosity to 4 cp simulations were run again for each the four 6 

prosthetic valve configurations, imposing an inlet flow rate with mean value of 5 l/min and 7 

waveform consistent with recipient 3. Tables D.1-D.4 show that the change in blood viscosity had 8 

no or minor impact on the results, suggesting that our initial hypothesis on blood rheological 9 

properties should not affect our results. 10 

 11 

Table D.1: Maximum pressure drop calculated 
by the Bernoulli formula (∆Pmax-TDE) for the 
central orifice for case 3 with MFR of 5lit/min. 

 ∆Pmax-TDE (mmHg) 

Case & 
configuration 

MFR = 5lit/min 
Blood viscosity (cp) 

3 4 

C
as

e 
3 

 

Sym60_60 6.8 7.0 
Asym60_35 13.0 13.2 
Asym0_57 33.1 38.8 
Asym0_35 86.3 87.4 

 12 

Table D.2: Velocity time integral (VTI) 
measured in the central orifice for case 3 with 
MFR of 5lit/min. 

Table 2:  VTI (cm) 

Case & 
configuration 

MFR = 5lit/min 
Blood viscosity (cp) 

3 4 

C
as

e 
3 

 

Sym60_60 32.9 33.0 
Asym60_35 43.0 43.6 
Asym0_57 62.9 63.1 
Asym0_35 104.4 105.5 

 13 

 14 
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 1 

Table D.3: Mean Pressure Gradient (MPGTDE) 
calculated by the Bernoulli formula for the 
central orifice for case 3 with MFR of 5lit/min. 

 Table 3: MPGTDE(mmHg) - Central 

Case & 
configuration 

MFR = 5lit/min 
Blood viscosity (cp) 

3 4 

C
as

e 
3 

 

Sym60_60 3.1 3.1 
Asym60_35 5.9 5.9 
Asym0_57 11.7 11.8 
Asym0_35 32.5 33.2 

 2 

Table D.4: Mean Pressure Gradient (MPGTDE) 
calculated with the Bernoulli formula at the 
lateral orifice for case 3 with MFR of 5lit/min. 

  Table 4: MPGTDE(mmHg) - Lateral 

Case & 
configuration 

MFR = 5lit/min 
Blood viscosity (cp) 

3 4 

C
as

e 
3 

 

Sym60_60 2.9 2.9 
Asym60_35 4.7 4.8 
Asym0_57 10.1 10.5 
Asym0_35 26.1 26.2 

 3 

 4 
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