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2. Abstract and key terms 

Abstract 

Clinical indicators of heart function are often limited in their ability to accurately 

evaluate the current mechanical state of the myocardium. Biomechanical modeling has 

been shown to be a promising tool in addition to clinical indicators. By providing a 

patient-specific measure of myocardial active stress (contractility), biomechanical 

modeling can enhance the precision of the description of patient’s pathophysiology at 

any given point in time. In this work we aim to explore the ability of biomechanical 

modeling to predict the response of ventricular mechanics to the progressively 

decreasing afterload in repaired tetralogy of Fallot (rTOF) patients undergoing 

pulmonary valve replacement (PVR) for significant residual right ventricular outflow 

tract obstruction (RVOTO). We used nineteen patient-specific models of patients with 

rTOF prior to pulmonary valve replacement (PVR), denoted as PSMpre, and patient-

specific models of the same patients created post-PVR (PSMpost) – both created in our 

previous published work. Using the PSMpre and assuming cessation of the pulmonary 

regurgitation and a progressive decrease of RVOT resistance, we built relationships 

between the contractility and RVOT resistance post-PVR. The predictive value of such 

in silico obtained relationships were tested against the PSMpost, i.e. the models created 

from the actual post-PVR datasets. Our results show a linear 1-dimensional 

relationship between the in silico predicted contractility post-PVR and the RVOT 

resistance. The predicted contractility was close to the contractility in the PSMpost model 

with a mean (± SD) difference of 6.5 (± 3.0) %. The relationships between the 

contractility predicted by in silico PVR vs. RVOT resistance have a potential to inform 

clinicians about hypothetical mechanical response of the ventricle based on the degree 

of pre-operative RVOTO. 
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1. Introduction 

After initial repair of tetralogy of Fallot (TOF) pulmonary regurgitation (PR) and/or 

residual right ventricular outflow tract obstruction (RVOTO) detrimentally affect 

ventricular mechanical properties in the long-term. A chronic right ventricular (RV) 

volume and/or pressure overload leads to RV dilatation and/or hypertrophy. At the 

extent of the myocardial ability to compensate, the RV remodeling become pathologic 

and RV systolic and/or diastolic function may deteriorate. To avoid decompensated RV 

remodeling or to allow the RV to reverse-remodel back to normal size, patients 

undergo a pulmonary valve replacement (PVR). Timing of PVR is critical.  PVR is 

ideally performed as late as possible because of the limited lifespan of an implanted 

valve32, but before the myocardium undergoes significant irreversible changes. The 

ability to most accurately evaluate the current mechanical state of the myocardium and 

subsequently predict optimal timing of PVR is a subject of ongoing research. The 

sensitivity and specificity of the current clinical guidelines for PVR are limited and in 

practice  post-PVR RV reverse-remodeling occurs in only 60% of patients33. The level 

of PR, RV dilatation (end-diastolic volume typically indexed to body surface area), and 

RV ejection fraction are often considered as the main clinical indicators for PVR3,13. A 

recent observational cohort study has demonstrated that greater RV hypertrophy and 

higher levels of RV systolic pressures are strongly associated with irreversible 

remodeling and/or sudden death in tetralogy of Fallot patients after surgical repair 

(rTOF)41. It is therefore important to understand both the independent and combined 

effect of RV dilation and hypertrophy triggering factors (PR and RVOTO, respectively) 

on the evolution of RV mechanics. 

Biomechanical modeling has been shown to be a promising tool for modeling 

“in silico” (a new term that has been coined to contrast to “in vivo”) myocardial function. 



 5 

The short-term models (capturing single or a few cardiac beats) have been shown to 

be useful in  predicting short-term effects of Cardiac Resynchronization Therapy28,31,38. 

Biomechanical modeling has also been proposed to assess the effect of pulmonary 

vasodilatation therapy in Fontan patients with early-stage heart failure35. 

In our recently published retrospective study15 we demonstrated the ability of a 

biomechanical model to provide information about the current mechanical state of the 

myocardium in late rTOF patients prior to and immediately after PVR, while using the 

clinical data obtained pre- and post-PVR. In the present work we would like to explore 

the ability of these patient-specific models created from the pre-PVR data (PSMpre) to 

predict the response of ventricular mechanics to PVR. Specifically, we aim to build a 

relationship between the myocardial contractility predicted in silico using PSMpre, while 

decreasing the RVOT resistance (and subsequently decreasing RV-to-PA pressure 

difference, in clinical medicine often incorrectly called the pressure gradient). This will 

simulate the reduction of RVOTO during PVR when the valve is implanted. The 

predictive capability of such an in silico PVR will be assessed by comparing the 

predicted RV contractility with the contractility in the patient-specific models post-PVR 

(PSMpost) as reported in our previous work15, where PSMpost and the associated 

contractility values were obtained when using the catheterization data measured after 

the actual PVR. 

 

2. Materials and Methods 

2.1 Patient-specific biomechanical models pre- and post-PVR 

The creation of PSMpre and PSMpost of the studied cohort has been reported 

previously15. Here, we provide only a brief description. We used a biomechanical 

model of the RV cavity with simplified geometry (spherical ventricle with inner radius 𝑅 
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and wall thickness 𝑑). The model developed by Caruel et al.5 has been previously 

employed in various clinical studies24,36. The constitutive mechanical properties of the 

myocardium are preserved as in the full 3D heart model9.  

The overall tissue-level mechanical behavior of the myocardium is described by 

a rheological model of Hill-Maxwell type17 that allows to represent an active contractile 

component (actin-myosin unit) and a visco-elastic component (collagen-rich 

elements). The active behavior of the myocardium is modeled within A.F. Huxley’s 

sliding filament theory20,22. The myosin filaments within a sarcomere unit are 

considered as an element that produces active stress (𝜏!) and active stiffness (𝑘!) at 

certain sarcomere extension (𝑒"#$) with the following system of differential equations4,9:  

 &
𝑘̇! =	−(|𝑢| + 𝛼0𝑒̇"#$0)𝑘! + 𝑛%(𝑒"#$)𝑘%|𝑢|&
𝜏̇! =	−(|𝑢| + 𝛼0𝑒̇"#$0)𝜏! + 𝑒̇"#$𝑘! + 𝑛%3𝑒"#$4𝜎%|𝑢|&,

 (1) 

   

where 𝑢(𝑡) is an electrical activation function that is related to intracellular calcium 

kinetics and induces contraction (when 𝑢 > 0) or relaxation (when 𝑢 < 0) of the 

myocardium. The parameter 𝛼 is a bridge destruction rate upon rapid change in length 

in the sarcomere9. The function 𝑛%3𝑒"#$4 	∈ [0,1]	 is the representation of the Frank-

Starling law that gives the fraction of recruited myosin heads at a given sarcomere 

extension (𝑒"#$)9. The parameters 𝜎% and 𝑘% are the active stress and stiffness 

developed by the sarcomere during systole under optimal fiber extension (𝑒"#$), when 

𝑛% = 1, reflecting the inotropic state36. The parameter 𝜎% will be further referred to as 

contractility. The elastic part of passive behavior of the myocardium is modeled by the 

constitutive law inspired by Holzapfel and Ogden16,18 in the form of the hyperelastic 

potential:  

 𝑊' =	𝐶%𝑒(!(*!+,)
" + 𝐶.𝑒(#(*$+/)

" , (2) 
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where 𝐶# , 𝑖 ∈ {0,1,2,3} are material constants that account for the passive behavior of 

the ventricle under imposed preload pressure. The calibration of 𝐶# to the given end-

diastolic pressure (EDP) and volume provides the patient-specific end-diastolic 

pressure volume relationship (EDPVR). The overall dynamics of the system are given 

by a Lagrangian formulation, where 𝑒 is Green-Lagrange strain tensor and 𝐽/,1 are the 

reduced invariants of the right Cauchy-Green strain tensor (𝐶), that accounts for 

transversely isotropic behavior of the myocardium (for details see18,9,5). 

The viscous part of the passive behavior is given by viscous pseudo-potential:  

 𝑊2 =
𝜂
2 𝑡𝑟(𝑒̇

.), (3) 

where 𝜂 is a viscous damping parameter.  

The ventricular cavity model was coupled with inlet and outlet valves to control 

the inflow from the tricuspid valve (TV) and outflow through the right ventricular outflow 

tract (RVOT). Both TV and RVOT were represented by a system of diodes with forward 

and backward resistances that allowed simulation of the required forward and 

backward flows in the corresponding compartments (Figure 1). Thus, by increasing the 

resistance to forward flow (𝑅"3456  and 𝑅"347685 	for TV and RVOT, respectively) we can 

simulate valvular stenosis of a given grade. Likewise, by decreasing the backward 

resistances (𝑅$9!:56  and 𝑅$9!:7685 for TV and RVOT, respectively) we can model valvular 

regurgitation. The pressures in the atrium, ventricle and pulmonary artery (𝑃9;, 𝑃76 and 

𝑃<=, respectively) are coupled with a ventricular volume change 𝑉̇ (inflow or outflow of 

blood) as described by Sainte-Marie et al.37 
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⎩
⎪⎪
⎨

⎪⎪
⎧𝑉̇ = 	

(𝑃9; −	𝑃76)	
𝑅"3456 +	

(𝑃<= −	𝑃76)	
𝑅$9!:7685 	 , when	𝑃76 ≤	𝑃9;

𝑉̇ = 	
(𝑃76 −	𝑃9;)	

𝑅$9!:56 +	
(𝑃<= −	𝑃76)	

𝑅$9!:7685 	 , when	𝑃9; ≤	𝑃76 	≤ 	𝑃<=

𝑉̇ = 	
(𝑃<= −	𝑃76)	

𝑅"347685 +	
(𝑃9; −	𝑃76)	

𝑅$9!:56 	 , when	𝑃76 	≥ 	𝑃<=	

 (4) 

The circulation system is represented by a two-stage Windkessel model39, as is also 

depicted in Figure 1.  

 

Figure 1. Reduced-order model of the right ventricle (RV) with inner radius 𝑅 and wall thickness 𝑑. The 

ventricle is coupled to tricuspid valve (TV) and RV outflow tract (RVOT) via a system of diodes with 

forward and backward resistance (𝑅%&'() , 𝑅*+,-() 	and 𝑅%&'.)/(, 𝑅*+,-.)/(, respectively). The pulmonary circulation 

is represented by a Windkessel model with resistance and capacitance of proximal and distal arteries 

(𝑅0'&1, 𝐶0'&1, and 𝑅2345, 𝐶2345, respectively). 𝑃.) and 𝑃.6 are pressure in the RV and right atria, 

respectively. 𝑃76 and 𝑃2345, and 𝑃84 are pressure in the proximal and distal pulmonary artery, and venous 

system, respectively. 

In the present study, we will use PSMpre and PSMpost of nineteen rTOF patients 

created in our previous work15. These models are given by the patient-specific 

parameters characterizing the circulation (proximal and distal resistance and 

capacitances 𝑅>, 𝑅?, 𝐶?); the heart geometry and function (myocardial passive 

stiffness, active contractility), and RVOT mechanics (RVOT forward and backward 
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resistances 𝑅"347685, 𝑅$9!:7685). The detailed model calibrations are described in our 

previous work15. We remark that the ethical approvals in the study15, in which the 

patient-specific models were created, were granted by the Institutional Review Boards 

of UT Southwestern Medical Center Dallas (STU-2020-0023) and UT Austin (IRB 

2020-06-0128). 

 

2.2. Post-PVR in silico prediction of contractility  

The pre-PVR patient-specific models PSMpre were used to predict in silico the RV 

contractility after PVR. We assumed no PR after PVR (therefore we increased the 

backward RVOT resistance 𝑅$9!:7685 to a large value). Sequentially, the RVOT resistance  

𝑅"347685 was decreased to its minimum (representing no RVOTO assumed after PVR). 

For each value of 𝑅"347685 the ventricular contractility was recalibrated in the model to 

preserve pulmonary artery peak systolic pressure (PA PSP). This is in line with our 

observations made in this cohort15 and another  study using clinical data29 and is 

detailed in Section 3.1. The RVOT pressure difference for the corresponding decrease 

of the 𝑅"347685 resistance was calculated by subtracting PA PSP from the simulated RV 

pressure. The in silico decrease of RVOT pressure difference was plotted against the 

corresponding values of in silico predicted contractility. The contractility in PSMpost 

reported previously15 (see Section 2.1) was used to validate the in silico predicted 

contractility for a measured value of RVOT pressure difference post-PVR.  
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2.3. Statistical analysis  

The changes in post-PVR RV and PA PSP were evaluated via the Wilcoxon signed-

rank test at	𝑝 < 0.050. The difference between the in silico predicted post-PVR 

contractility and the contractility in PSMpost was quantitatively evaluated via a Bland-

Altman plot analysis. In addition, the in silico predicted contractility and the contractility 

in PSMpost were multiplied by the ratio of myocardial wall thickness over ventricular 

chamber radius – rescaled in accordance with the Laplace law. Pearson's correlations 

were built between the rescaled in silico predicted contractility, rescaled contractility in 

PSMpost and the post-PVR RV peak systolic pressure (RV PSP) at 𝑝<0.050.  

 

3. Results 

3.1. RV and PA peak systolic pressures in patient-specific models pre- and post-PVR  

Patients were divided into 2 groups according to the level of RVOTO: low- and high-

RVOTO groups based on RV-to-LV systolic pressure ratio. RVOTO was defined as 

low if the ratio of RV to LV peak systolic pressures was < 50% and high if the ratio was 

≥ 50%. All patients from the low-RVOTO group had at least moderate PR (regurgitation 

fraction >30%), while the high-RVOTO patients had at least mild PR (regurgitation 

fraction >20%). There were n=9 patients with low-RVOTO and n=10 patients with high-

RVOTO. Complete clinical and hemodynamic characteristics of this patient cohort can 

be found in the supplementary material of published work15. 

Figure 2 shows RV PSP and PA PSP pre- and post-PVR in the low- and high-

RVOTO groups. RV PSP showed insignificant post-PVR change (𝑝=0.133) and a 
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significant decrease (𝑝=0.004) in low-RVOTO group and high-RVOTO group, 

respectively. In the low-RVOTO and high-RVOTO groups the median change of PA 

PSP was 2.0 and 1.0 mmHg, respectively. The analysis of pressure data in our patient 

cohort therefore showed an insignificant change of PA PSP post-PVR (𝑝=0.326 for all 

patients). 

 

 

Figure 2. A: right ventricular (RV) peak systolic pressure pre- and post-PVR. B: pulmonary artery (PA) 

peak systolic pressure pre- and post-PVR. Central line inside the boxplots is the median, bottom and 

top edges of the boxes show 25th and 75th percentiles, respectively, the whiskers connect the most 

extreme data points not considered as outliers. Low-/High- RVOTO: low/high right ventricular outflow 

tract obstruction patient groups.  

 

3.2. In silico prediction of right ventricular contractility  

Figures 3 and 4 show the in silico prediction of RV contractility for a sequential 

decrease of RVOT resistance (𝑅"347685) in 4 patients from high- and 2 patients from low-

RVOTO groups, respectively. In silico predictions of contractility for the remaining 
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patients can be found in the Supplementary Figures S1 and S2. With a decreasing 

level of 𝑅"347685, the RV contractility was decreasing along a line for all studied patients, 

creating a 1D patient-specific trajectory within the RV contractility-RVOT pressure 

difference space. The mean (± SD) in silico predicted contractility at 0 mmHg RVOT 

pressure difference for all patients was 36 (±) 9 kPa. Note that the range of healthy RV 

contractility was assumed to be 38-48 kPa15.  

Figure 5A shows a Bland-Altman plot of the difference between the in silico 

predicted contractility post-PVR and data-estimated contractility in PSMpost for the 

measured RVOT pressure difference post-PVR.  

The mean (±SD) absolute difference between the in silico predicted contractility 

and the contractility in PSMpost in the low- and high-RVOTO group was 4.0 (± 2.6) kPa 

and 3.1 (±2.1) kPa, respectively. Pearson’s correlation (R2) for the in silico predicted 

contractility and for the contractility in PSMpost (both multiplied by the ratio of myocardial 

wall thickness over ventricular chamber radius according to Laplace’s law) was 0.902 

(𝑝 = 0.000) and 0.910 (𝑝 = 0.000), respectively (Figure 5B). Figure 5C shows Pearson’s 

correlation for the in silico predicted contractility at 0 mmHg pressure difference and 

the contractility in pre- and post-PVR patient-specific models rescaled in accordance 

with the Laplace’s law in relation to the RV PSP. 𝑅. for all values of contractility 

(orange, and blue points and black stars in Figure 5C) is 0.954 (𝑝 = 0.000). For the 

contractility at 0 mmHg pressure difference alone (black stars in Figure 5C), 𝑅. is 0.850 

(𝑝 = 0.000).  
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Figure 3. In silico prediction of right ventricular (RV) contractility post-PVR (black points) for selected 

patients from high right ventricular outflow tract obstruction (RVOTO) group. Filled blue and orange 

points are the contractilities in the pre- and post-PVR patient-specific models. Orange stars in patients 

#2 and #6 are additional post-PVR data-estimated contractility, where post-PVR pressures were 

acquired ∼2 hours earlier than the final post-PVR pressure measurement (filled orange points). Healthy 

RV contractility was assumed to be 38-48 kPa15.  
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Figure 4. In silico prediction of right ventricular (RV) contractility post-PVR (black points) for selected 

patients from low right ventricular outflow tract obstruction (RVOTO) group. Filled blue and orange points 

are the contractilities in the pre- and post-PVR patient-specific models.  

 

Figure 5. Quantitative difference between the contractility from in silico prediction and that from the 

post-PVR patient-specific models for a measured post-PVR right ventricular (RV) outflow tract pressure 

difference. A: Bland-Altman plot, solid horizontal line is the mean of the difference between the in silico 

predicted and contractility in the patient-specific model, top and bottom dashed horizontal lines are the 

limits of agreement at 95% prediction interval (±1.96 times standard deviation). B: Pearson’s correlation 

for in silico predicted and the contractility in patient-specific model, while both are multiplied by the ratio 

of myocardial wall thickness over ventricular chamber radius (rescaled contractility) and measured RV 

peak systolic pressure post-PVR at 𝑝<0.05. C: Pearson’s correlation between the rescaled contractility 

and RV pressure. Orange and blue points are the pre- and post-PVR contractilities in the patient-specific 

models, respectively. Black stars are the in silico predicted contractility at zero mmHg RVOT pressure 

difference, 𝑅9 = 0.954, 𝑝 = 0.000.  
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4. Discussion  

In this work we evaluated the predictive value of patient-specific biomechanical models 

created from patients’ data prior to PVR in previously reported study15 to establish 

model-predicted (in silico) changes in RV contractility post-PVR. We used an 

assumption that PA PSP was preserved post-PVR as it showed little or no variation in 

clinical data15,29. We therefore gradually decreased the RVOT resistance and re-

calibrated the contractility to maintain PA PSP for each patient to represent the set of 

in silico predicted contractilities. We used the data-estimated contractility in PSMpost, 

also created in the previous study15, to validate the in silico predicted contractility. For 

the majority of patients, the in silico predicted contractility fell close to the RV 

contractility in PSMpost. The mean (±SD) error in low- and high-RVOTO groups 

corresponded to 5.0 (± 4.0) % and 4.0 (± 3.0) % with respect to pre-PVR contractility, 

respectively. The difference between the in silico predicted contractility and the 

contractility in PSMpost on individual patient basis varied from negative (negative part 

of y-axis on Bland-Altman plot denoting the in silico predictions underestimating the 

contractility in PSMpost) to positive (positive part of y-axis, the in silico predictions 

overestimating the contractility from patient-specific models). These errors could be 

explained by the measurement uncertainties in the catherization pressure signals. In 

addition, different preload pressures imposed during the in silico PVR prediction vs. 

the preload used in the patient-specific models could have contributed to the 

discrepancy presented in the Bland-Altman plot: the in silico prediction did not assume 

any preload change from the pre-PVR RV end-diastolic pressure (EDP), while the 

actual post-PVR patient-specific models directly used the measured post-PVR 

pressures. However, as only a mild decrease of EDP post-PVR was observed, we 
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expect that its effect on the post-PVR contractility will be small compared to that given 

by the decrease in RVOTO. We also evaluated the difference between the in silico 

predicted contractility values and the contractility in PSMpost rescaled with respect to 

the Laplace’s law (Wall stress directly proportional to Pressure * chamber radius / wall 

thickness). Pearson’s correlations between the rescaled contractility and measured RV 

pressure post-PVR – using either the in silico prediction or the contractility in PSMpost 

– showed almost identical strong correlations (Figure 5B). This suggests that the effect 

of the variation present in Bland-Altman plot is small with respect to the global 

mechanical properties of the ventricle for a given ventricular geometry.  

We observe linearity of the relationship between the in silico predicted 

contractility and the RVOT resistance. In addition, these 1D relationships predict the 

contractility at 0 mmHg RVOT pressure difference to be in the range of healthy RV 

contractility15 in all patients. In accordance with Laplace’s law we plotted the rescaled 

in silico predicted contractility at 0 mmHg RVOT pressure difference against the pre-

PVR PA PSP and combined that correlation with previously published Laplace’s 

correlations of pre- and post-PVR data-estimated contractility in PSMpre and PSMpost , 

respectively15. The combined correlation revealed a strong overall relationship. The 

return to a completely unobstructed RVOT may not be possible in some patients due 

to the residual RVOT gradient of at least 10-15 mmHg (as a result of placing a stented 

bioprosthesis). Nevertheless, the in silico predicted contractility at hypothetically 

minimal RVOT resistance also follows the Laplace’s law of ventricular wall stress 

generation. This further strengthens the physiological relevance of the in silico 

predicted relationship between the contractility vs. RVOT resistance post-PVR for a 

given ventricular geometry. 
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Although the model used in this study is rather complex and nonlinear in various 

aspects (e.g. passive and active behavior of myocardium), the final finding is a nearly 

linear relationship between the in silico predicted contractility and the RVOT resistance 

throughout a wide range of the resistance values. As shown in Figure 2, there is an 

insignificant change of PA PSP post-PVR. With the systolic PA pressure waveform 

being rather flat and PA PSP being close to PA end-systolic pressure (ESP), the 

pressure change between the start and end of ejection is nearly preserved post-PVR 

as well as the amount of ejected blood (stroke volume, SV). This was also observed in 

the clinical study of Lurz et al.29, which suggested that the SV undergoes insignificant 

change immediately after PVR.  

We can approximate SV by 

 𝑆𝑉 = 76	<A<+<=	<A<
7:;<
=>?@ ∗ 𝑡'B'!;, (5) 

where 𝑡'B'!; stands for time of ejection. In the previous work15 we demonstrated that 

model-derived contractility 𝜎% is proportional to RV PSP via the Laplace law: 

 𝑅𝑉	𝑃𝑆𝑃 = 2𝜎% ∗
C
4
	, (6) 

where ℎ and 𝑟 are ventricular wall thickness and chamber radius, respectively.  

Assuming that SV is relatively unchanged immediately after the RVOTO release, by 

combining Eqs. (5) and (6) the linearity between 𝜎% and RVOT resistance (𝑅"347685) 

becomes apparent: 
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 2𝜎% ∗
C
4
=	

A6∗	7:;<
=>?@

;ABACD
+ 𝑃𝐴	𝑃𝑆𝑃. (7) 

We hypothesize that the linearity between the in silico predicted contractility and 

the RVOT resistance observed in the current cohort of patients is determined by the 

preservation of SV immediately post-PVR. A larger cohort of patients containing both 

RVOTO and PR should be studied to elucidate if the preservation of the SV post-PVR 

and if the observed linearity consistently happens. Nevertheless, the contractility itself 

accounts for nonlinear active constitutive behavior of the myocardium and in the 

present modeling approach is an inherently patient-specific index of the inotropic state 

of the myocardium and our results support its prognostic significance. 

It should be recognized that there are other mechanical models that could 

provide the representation of the internal myocardial stress. For example, a lumped-

parameter model of the heart and circulation as in CircAdapt is an alternative patient-

specific approach for modeling the stress-strain relationship of the myocardium and 

the interaction between ventricles and the vascular tree1,26,27. Even though CircAdapt 

models contain the interaction between the two ventricles and are fast in computation 

time (real time or close to real time), their micromechanical formulation does not 

account for sarcomere-level kinetics but is in the form of phenomenological myofiber-

level stress-strain relationship. The family of 3D finite element models30,19,9,31 allows 

the investigation of regional wall mechanics (e.g. contractility7,2), see also review 

articles8,42 and references therein. However, these are computationally expensive 

approaches, which limits their practical applicability in the investigation of large cohorts 

of patients in clinical settings. In the current work we ran 7 simulations per patient to 

establish the in silico relationships. This would be hardly achievable with a 3D model. 
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Overall, the in silico predicted relationship between the contractility and RVOT 

resistance demonstrates an immediate response of RV active mechanical properties 

to the varying afterload pressure. Our results suggest that after PVR the RVOT 

pressure difference and myocardial contractility will follow a nearly linear relationship 

(1D line). The linearity of pressure vs. contractility relationship could be used to inform 

about evolution of RV mechanics at a given level of RVOTO post-PVR and 

subsequently assist in planning the patient’s intervention. Should the goal be to reduce 

the myocardial stress to a larger extent, the surgical procedure might be preferential 

as opposed to the percutaneous procedure that is known to typically result in a higher 

level of residual RVOT difference. The current workflow, however, cannot provide the 

exact estimate of post-PVR physiology. The level of RVOT resistance decrease may 

depend on a number of factors (e.g. actual morphology of RVOTO, type of prosthetic 

valve used, initial type of repair). Possibly, patient-specific computational fluid 

dynamics simulations on the RVOT and PA could contribute to predict the decrease of 

the RV-to-PA pressure difference10,11,40. This is, however, out of scope of the current 

work.  

The complete validation of the in silico predicted relationship between the post-

PVR contractility and  RVOT resistance is limited due to the limitation of the study15, in 

which the only post-PVR measured pressures were available. In addition, the number 

of patients used in the present study is relatively small to draw universal conclusions 

regarding the response of RV mechanics to decreased RVOT pressure difference. 

Therefore, a detailed study with extended cohort of patients and simultaneous 

acquisition of pressure-volume data during the intervention (e.g. by a conductance 

catheter) is a natural follow-up to the present paper. The current modeling approach 

predicts an instantaneous change of ventricular mechanics at a given geometry in 
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response to different levels of RVOTO whereas the long-term effect of PVR on the 

mechanical and morphological properties remain unknowable. In the future we 

propose to combine our prediction of immediate response to PVR with a kinematic 

growth theory framework12,14,21,23 or machine learning approach34, which could include 

some distinct features obtained from advanced image data analysis constrained by a 

biomechanical model6. In particular, it will be interesting to study the morphological 

change of the ventricular cavity to mechanical unloading at several points along the 

predicted (1D) line, where a given change of intraventricular pressure with respect to 

pre-PVR could be considered as a stress-based unloading stimuli25. 

Biomechanical modeling has a potential to provide an insight into the evolution of RV 

mechanics. We have demonstrated the ability of the model to predict the mechanical 

response of the ventricle under progressive recovery of RV ESP through decreasing 

levels of RVOTO. Our results show a linear relationship between contractility and the 

level of RVOTO post-PVR. This step could contribute to the optimal clinical 

management for individual patients. The future objective would be to suggest what 

type of intervention (e.g. type or size of prosthesis, or percutaneous vs. surgical 

approach) would be the best for a given patient and combine with our ventricular-

mechanics prediction. In the current paper we demonstrated the approach on the 

cohort of tetralogy of Fallot patient with pulmonary valve pathology and right ventricular 

overload. This type of model-derived predicted outcome may have relevant application 

even in other valvular pathologies (e.g. aortic valve pathologies). 
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Supplementary figures: 

 

 

Supplementary Figure S1. In silico prediction of right ventricular (RV) con- tractility post-PVR (black 

points) for the patients from high right ventricular outflow tract obstruction (RVOTO) group. Filled blue 

and orange points are the contractilities in the pre- and post-PVR patient-specific models, respectively.  
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Supplementary Figure S2. In silico prediction of right ventricular (RV) con- tractility post-PVR (black 

points) for the patients from low right ventricular outflow tract obstruction (RVOTO) group. Filled blue 

and orange points are the contractilities in the pre- and post-PVR patient-specific models, respectively.  

 


