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a b s t r a c t 

Background and objective: Assessing the severity of pulmonary regurgitation (PR) and identifying op- 

timal clinically relevant indicators for its treatment is crucial, yet standards for quantifying PR remain 

unclear in clinical practice. Computational modelling of the heart is in the process of providing valuable 

insights and information for cardiovascular physiology research. However, the advancements of finite el- 

ement computational models have not been widely applied to simulate cardiac outputs in patients with 

PR. Furthermore, a computational model that incorporates both the left ventricle (LV) and right ventricle 

(RV) can be valuable in assessing the relationship between left and right ventricular morphometry and 

septal motion in PR patients. To enhance our understanding of the effect of PR on cardiac functions and 

mechanical behaviour, we developed a human bi-ventricle model to simulate five cases with varying de- 

grees of PR severity. Methods: This bi-ventricle model was built using a patient-specific geometry and a 

widely used myofibre architecture. The myocardial material properties were described by a hyperelastic 

passive constitutive law and a modified time-varying elastance active tension model. To simulate realistic 

cardiac functions and the dysfunction of the pulmonary valve in PR disease cases, open-loop lumped pa- 

rameter models representing systemic and pulmonary circulatory systems were designed. Results: In the 

baseline case, pressures in the aorta and main pulmonary artery and ejection fractions of both the LV and 

RV were within normal physiological ranges reported in the literature. The end-diastolic volume (EDV) of 

the RV under varying degrees of PR was comparable to the reported cardiac magnetic resonance imaging 

data. Moreover, RV dilation and interventricular septum motion from the baseline to the PR cases were 

clearly observed through the long-axis and short-axis views of the bi-ventricle geometry. The RV EDV 

in the severe PR case increased by 50.3% compared to the baseline case, while the LV EDV decreased by 

18.1%. The motion of the interventricular septum was consistent with the literature. Furthermore, ejection 

fractions of both the LV and RV decreased as PR became severe, with LV ejection fraction decreasing from 

60.5% at baseline to 56.3% in the severe case and RV ejection fraction decreasing from 51.8% to 46.8%. Ad- 

ditionally, the average myofibre stress of the RV wall at end-diastole significantly increased due to PR, 

from 2.7 ±12.1 kPa at baseline to 10.9 ±26.5 kPa in the severe case. The average myofibre stress of the 

LV wall at end-diastole increased from 3.7 ±18.1 kPa to 4.3 ±20.3 kPa. Conclusions: This study established 

a foundation for the computational modelling of PR. The simulated results showed that severe PR leads 

to reduced cardiac outputs in both the LV and RV, clearly observable septum motion, and a significant 

increase in the average myofibre stress in the RV wall. These findings demonstrate the potential of the 

model for further exploration of PR. 

© 2023 The Author(s). Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Pulmonary regurgitation (PR) is a medical condition character- 

zed by dysfunction of the pulmonary valve, leading to a back- 
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ow of blood into the right ventricle (RV) during diastole. A slight 

mount of PR was reported in 40–78% of individuals with normal 

ulmonary valves [1] . Mild-to-moderate PR is commonly observed 

n patients with pulmonary hypertension [2–4] , while severe PR is 

 frequent complication in patients who have undergone repaired 

ulmonary valve procedures [5,6] , particularly in cases of tetral- 

gy of Fallot (TOF), which is a congenital heart defect occurring in 

ome infants [7–9] . 
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Severe PR can result in significant RV overload, bi-ventricle dys- 

unction, arrhythmias, and associated morbidity and mortality [10–

2] . Therefore, evaluating the severity of PR is crucial for clinical 

ecision-making and treatment planning. Currently, the two pri- 

ary techniques for assessing PR are cardiac magnetic resonance 

CMR) imaging and Doppler echocardiography, as they are capa- 

le of quantifying volumes of ventricles and flow [1,11,13,14] . Nev- 

rtheless, establishing standardized quantification measures for PR 

emains a challenge, and limitations and technical difficulties in 

maging techniques continue to hinder accurate measurement and 

ssessment of the impact of PR on cardiac functions [1,10,14–17] . 

Recent advancements in continuum mechanics, finite element 

FE) method, high-performance computing, and clinical imaging 

echniques have enabled the development of computational mod- 

ls for accurately simulating and predicting the mechanical be- 

aviours of the heart [18–24] . For instance, Wang et al. [20] created 

 FE model of the human left ventricle (LV) from CMR imaging data 

nd incorporated a passive material model proposed by Holzapfel 

nd Ogden [25] with a rule-based myofibre structure. Baillargeon 

t al. [21] developed the Living Heart Project, which simulated the 

ehaviour of a human heart with all four chambers in a whole car- 

iac cycle. Their model included an active stress component dur- 

ng systole, added to the total Cauchy stress via a phenomenolog- 

cal representation of active contraction [18,26–28] . Additionally, 

hey adopted a lumped parameter system to provide a natural cou- 

ling of pressures between the four chambers, and their simulated 

ong-axis shortening and pressure-volume loops were consistent 

ith clinical observations. Moreover, Sack et al. [22] constructed 

nd validated subject-specific biventricular FE swine heart mod- 

ls in healthy and diseased states. They reported reference stress 

nd strain values at multiple time points in one cardiac cycle, 

nd their simulated stroke volume, ejection fraction, and strains 

greed well with experimental data. Their computational model is 

idely regarded as one of the most sophisticated computational 

odels of the heart. Guan et al. [24] used a similar FE computa- 

ional model of a bi-ventricle porcine heart to demonstrate that 

heet-normal active contraction enhanced ventricular contraction. 

hey further investigated the effects of myofibre structure, includ- 

ng fibre rotation angle and dispersion, on cardiac passive and ac- 

ive responses [29,30] . Wisneski et al. [31] recently utilised the 

dvanced four-chamber human heart model developed by Bail- 

argeon et al. [21] to investigate the impact of aortic stenosis on 

yofibre stress. The degree of aortic stenosis was achieved by ad- 

usting the resistance of the aortic valve. Additionally, they devel- 

ped patient-specific LV models to investigate the effect of low- 

ow and low-gradient aortic stenosis on LV biomechanics [32] , and 

bserved globally reduced LV stress compared to stress in an ideal- 

zed LV geometry. For further reading on advancements in compu- 

ational heart modelling, comprehensive reviews can be found in 

23,33–35] . 

Despite the advancements in FE computational models, they 

ave not been widely applied to simulate cardiac motion and 

unctions in patients with PR. Few computational models have 

een developed to simulate cardiac stress in PR patients and 

valuate outcomes of TOF. For example, Tang et al. [36] intro- 

uced an RV/LV/Patch model to simulate cardiac stress and eval- 

ate the effect of patch materials on RV functions. Later, Tang 

t al. [37] adapted their model to incorporate different zero-load 

iastole and systole geometries to reflect zero-stress sarcomere 

ength changes in active contraction, providing more accurate car- 

iac stress calculations. More recently, Tang et al. [38] employed 

heir model to study the mechanical stress and strain characteris- 

ics between PR patients after TOF repair and healthy individuals, 

uggesting that cardiac stress could be used as a potential indica- 

or to evaluate TOF outcomes. Gusseva et al. [39] used a reduced- 

imensional RV model with simplified spherical geometry to pre- 
2 
ict ventricular mechanics after TOF. These studies highlight the 

otential of computational modelling in PR studies, yet additional 

mprovements are required to obtain more precise simulation and 

rediction of the complex three-dimensional (3D) cardiac motion 

uring a complete cardiac cycle. Specifically, the utilisation of up- 

o-date constitutive laws, active tension models, myofibre struc- 

ures, and dynamic responses is necessary. 

Furthermore, the LV and RV are interdependent structures that 

hare a common wall called the interventricular septum and are 

ituated within the pericardium. A computational model that takes 

nto account both the LV and RV can be valuable in assessing the 

nteraction between the LV and RV pressures and volumes, as well 

s septal motion in PR conditions. Méndez et al. [40] demonstrated 

he usefulness of assessing septal wall motion from CMR imaging 

n evaluating hemodynamic status in patients with congenital and 

cquired heart disease in routine clinical practice. They concluded 

hat abnormal septal motion warrants an additional emphasis on 

onfirming and determining the severity of right-sided pressure 

nd volume overload. Naeije and Badagliacca [41] reported that 

V pressure and volume overload affect LV function, which may in 

urn affect RV function, with the clinical relevance of these obser- 

ations being explored. Mauger et al. [42] found that RV dilation, 

V reduction, and septal-lateral flattening were all associated with 

ncreased PR volume by analysing a biventricular atlas, suggesting 

hat relationships between LV and RV morphometry and wall mo- 

ion in PR patients have important clinical applications. However, 

he interaction between the LV and RV in PR conditions has not 

een thoroughly studied from a computational modelling perspec- 

ive. 

To address the aforementioned deficiencies, we propose the fol- 

owing FE human bi-ventricle model and simulate five cases with 

arying degrees of PR severity to analyse its effect on cardiac mo- 

ion and functions. Building on our previous research on compu- 

ational LV modelling [30] , we incorporate a patient-specific bi- 

entricle geometry and tune backflow from the main pulmonary 

rtery to the RV to achieve realistic cardiac performance under dif- 

erent degrees of PR. We present comparisons of the simulated re- 

ults with experimental studies and clinical observations, includ- 

ng ejection fractions of both the LV and RV, cardiac stress, and 

ressure ranges of the main pulmonary artery and aorta. RV di- 

ation in PR cases is further compared with reported CMR data. 

dditionally, we compare long-axis and short-axis views of the bi- 

entricle geometry as well as septal motion with the literature. In 

ummary, this study introduces a 3D dynamic bi-ventricle model 

oupled with open-loop circulatory systems to investigate the ef- 

ect of PR on the cardiac functions of the LV and RV as well as

heir interaction. Our model shows promise for predicting and as- 

essing the impact of PR on cardiac functions. 

. Methods 

The 3D human bi-ventricle model described herein is composed 

f the following components (see Fig. 1 ): a patient-specific bi- 

entricle mesh, a commonly used myofibre structure, an up-to- 

ate passive myocardium constitutive law, a modified active ten- 

ion model for active contraction, an open-loop lumped parame- 

er model for systemic circulation, and an open-loop lumped pa- 

ameter model for the pulmonary circulation. The geometry of 

he patient-specific bi-ventricle is obtained through a process de- 

cribed in a previous study [43] that includes both the LV and RV. 

he study was approved by the National Research Ethics Services, 

nd written consent was obtained before the CMR study. An in- 

ouse developed Matlab code is utilised to extract the endocardial 

nd epicardial surfaces of the bi-ventricle based on CMR scans dur- 

ng early diastole when the cavity pressures are at their lowest. 

he geometry is meshed by ICEM (ANSYS, Inc. PA USA), as shown 
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Fig. 1. A schematic illustration of the human bi-ventricle model. The bi-ventricle mesh (a) consists of 173,974 linear tetrahedral elements and 35,841 nodes, while the 

myofibre structure (b) is described by a rule-based method where the myofibre angle varies from −60 ◦ at the epicardium to 60 ◦ at the endocardium. In addition, the bi- 

ventricle cavities are coupled with systemic and pulmonary circulations that are represented by lumped parameter models (c). In this figure, LV refers to the left ventricle, 

Ao represents the aorta, SA stands for the systemic arteries, SV denotes the systemic veins, RV represents the right ventricle, MP is used for the main pulmonary artery, PA 

refers to the pulmonary arteries, and PV denotes the pulmonary veins. The unidirectional flow in the model is symbolized by the Diode symbols, whereas the pulmonary 

and aortic valves are denoted by the Diode symbols Pv and Av, respectively. The model also includes a PR valve, which regulates the absence of pulmonary regurgitation. In 

a non-pathological state, the PR valve remains closed, and the flow occurs only from the RV to the pulmonary arteries. R Ao represents the resistance of the aortic valve, and 

R SA denotes the resistance of the systemic arteries. R SV represents a trivial resistance that allows the flow to drain in the systemic circulation. R MP represents the resistance 

of the pulmonary valve in a healthy condition, while R PA denotes the resistance of the pulmonary arteries. R PV represents a trivial resistance that enables the flow to drain 

in the pulmonary circulation. C Ao represents the compliance of the aorta, while C SA represents the compliance of the systemic arteries. C MP denotes the compliance of the 

main pulmonary artery, and C PA represents the compliance of the pulmonary arteries. It is important to note that in this model, the severity of the pulmonary regurgitation 

is regulated by the resistance R L MP . When this resistance is reduced, there will be an increased retrograde flow of blood from the pulmonary arteries back to the RV, which 

corresponds to a greater degree of pulmonary regurgitation. 
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n Fig. 1 (a), which consists of 173,974 tetrahedral elements and 

5,841 nodes. The corresponding myofibre architecture in Fig. 1 (b) 

s generated using a rule-based method [44] . In this model, the fi- 

re rotation angles linearly vary from −60 ◦ at the epicardium to 

0 ◦ at the endocardium, which is consistent with previous findings 

20,45] . 

The LV and RV cavities are first enclosed using two-dimensional 

riangular surface elements as introduced in previous studies 

21,22] so that they can be defined as fluid-filled cavities in 

BAQUS. Next, the LV and RV cavities are connected to simplified 

pen-loop lumped parameter systems representing the systemic 

irculation and the pulmonary circulation, respectively, as shown 

n Fig. 1 (c). The bi-ventricle model is coupled with the lumped 

arameter systems through the interaction of LV and RV cavity 

ressures, allowing the lumped parameter systems to provide ac- 

urate cavity pressures. Additional information regarding the rela- 

ionship between pressure, volume, compliance, and resistance can 

e found in the supplementary materials. As shown in Fig. 1 (c), 

here is an additional PR valve controlling the one-way leakage 

rom the main pulmonary artery to the RV. Under normal condi- 

ions, the flow occurs only from the RV to the main pulmonary 

rtery when the RV cavity pressure exceeds the pressure in the 

ain pulmonary artery. Conversely, when the RV cavity pressure 

s lower than the pressure in the main pulmonary artery, no flow 
3 
an return to the RV cavity. However, in PR cases, the additional 

R valve is included to allow unidirectional flow from the main 

ulmonary artery back to the RV cavity when the pressure in the 

ain pulmonary artery exceeds that of the RV. In this study, the 

esistance R L 
MP 

is adjusted to achieve varying degrees of PR sever- 

ty. Specifically, five cases are examined: 

• R L 
MP 

= 10 0 0 MPa · s / m 

3 for the baseline case; 

• R L 
MP 

= 60 MPa · s / m 

3 for the mild case; 

• R L 
MP 

= 35 MPa · s / m 

3 for the moderate 1 case; 

• R L 
MP 

= 25 MPa · s / m 

3 for the moderate 2 case; 

• R L 
MP 

= 15 MPa · s / m 

3 for the severe case. 

.1. Passive constitutive law 

The orthotropic hyperelastic model proposed by Holzapfel and 

gden [25] , also known as the HO model, has been widely utilised 

n the computational cardiology community [22,32,46,47] . An im- 

ortant characteristic of this model is its incorporation of the mi- 

rostructure of the myocardium. It introduces a local orthonormal 

oordinate system defined by the unit fibre direction f 0 , sheet di- 

ection s 0 , and sheet-normal direction n 0 . The strain energy func- 

ion of the HO model is based on the invariants of the right 
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Fig. 2. Comparison of the active tension produced by the modified four-piece time 

function and the original three-piece time function [48] , in relation to experimental 

data obtained from [49] . 
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auchy-Green deformation tensor C = F T F , where F is the deforma- 

ion gradient tensor. The invariants I ( 1, 4f, 4s, 8fs ) are calculated by 

 1 = trace (C ) , I 4f = f 0 · (Cf 0 ) , I 4s = s 0 · (C s 0 ) , I 8fs = f 0 · (C s 0 ) . 

(1) 

he strain energy function can be expressed as: 

= �g + �aniso , (2) 

here �g is the strain energy of the ground matrix, and �aniso 

ccounts for the strain energy associated with the fibre direction 

nd the sheet direction, as well as their interactions. Specifically, 

g = 

a g 

2 b g 
{ exp [ b g (I 1 − 3)] } , 

aniso = � I 4f 

aniso 
+ � I 4s 

aniso 
+ � I 8fs 

aniso 
, (3) 

here 

I 4f 

aniso 
= 

a f 
2 b f 

{ exp [ b f (I 4f − 1) 2 ] − 1 } H(I 4f − 1) , 

I 4s 

aniso 
= 

a s 

2 b s 
{ exp [ b s (I 4s − 1) 2 ] − 1 } H(I 4s − 1) , (4) 

I 8fs 

aniso 
= 

a fs 
2 b fs 

[ exp (b fs I 
2 
8 fs ) − 1] , 

n which a ( g, f, s, fs ) , b ( g, f, s, fs ) are constant material parameters, 

(·) is the Heaviside step function to ensure that only stretched 

bres can bear the load, e.g., H(I 4f − 1) = 1 when I 4f − 1 > 0 , other-

ise H(I 4f − 1) = 0 . The passive Cauchy stress tensor ( σ p ) derived

rom the strain energy function is 

p = F 
∂�

∂F 
− pI = 2 J −1 [ φ1 ( ̄B − 1 

3 

Ī 1 I ) + φ4 f ( ̂ f 0 � ˆ f 0 − 1 

3 

Ī 4 f I ) 

+ φ4 s ( ̂ s 0 � ˆ s 0 − 1 

3 

Ī 4 s I ) 

+ 

1 

2 

φ8 fs ( ̂ f 0 � ˆ s 0 + ̂

 s 0 � ˆ f 0 − 2 

3 

Ī 8 fs I )] − pI , (5) 

here J = det (F ) , φi = ∂ ψ dev /∂ ̄I i , i ∈ (1 , 4 f , 4 s , 8 fs ) , ψ dev is the de-

iatoric part of the strain energy function, Ī i are invariants calcu- 

ated from the deviatoric part of the right Cauchy-Green tensor 
¯
 = J −2 / 3 C , B̄ = J −2 / 3 FF T is the deviatoric part of the left Cauchy-

reen tensor, ˆ f 0 and 

ˆ s 0 are the unit vector in the current config- 

ration of the fibre direction and the sheet direction, respectively, 

p is a Lagrange multiplier to ensure the incompressible constraint, 

nd I is the second-order identity tensor. 

.2. Active tension model 

The active tension ( T a ) generated by myofibres during myocar- 

ial contraction is determined through a well-established time- 

arying elastance model [22,26,31] , i.e., 

 a (t, l) = 

T max 

2 

Ca 2 0 

Ca 2 0 + ECa 2 50 (l) 
( 1 − cos ( ω(t, l) ) ) , (6) 

here T max is the maximum isometric active tension, Ca 0 is the 

eak intra-cellular calcium, t is the time, and the length-dependent 

alcium sensitivity ( ECa 50 ) is given by 

Ca 50 (l) = 

Ca 0max √ 

e B (l−l 0 ) − 1 

, (7) 

n which B and Ca 0max are constants, l 0 is the minimum sarcomere 

ength to produce active stress, and l is the deformed sarcomere 

ength 

 = l r 
√ 

2 E ff + 1 , (8) 
4 
here l r is the stress-free sarcomere length, and E ff = 

1 
2 (f 0 · (Cf 0 ) −

) is the Lagrange strain in the myofibre direction. The time func- 

ion after onset of contraction in Eq. (6) is 

(t, l) = 

⎧ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎩ 

2 π t 
t 0 

for 0 � t � t Iso , 

π + 

(t−t 0 )(π−2 πt Iso /t 0 ) 
t 0 −t Iso 

for t Iso < t � t 0 , 

π t−t 0 + t r 
t r 

for t 0 < t � t 0 + t r , 

0 for t > t 0 + t r , 

(9) 

here t Iso = 0 . 05 s, t 0 is the time to peak tension, and t r is the

uration of relaxation, i.e., 

 r (l) = ml + b, (10) 

here m and b are constants. It is worth noting that the piece- 

ise time function, denoted as ω(t, l) , in this study is composed 

f four pieces of linear functions, as opposed to the conventional 

hree-piece time function [18,22,24] . The original three-piece time 

unction was proposed by T ̈o zeren [48] to account for the effect of 

ctivating calcium ions on fibre contraction. Fig. 2 displays a com- 

arison of the active tension generated by the two different time 

unctions as well as experimental data obtained from [49] . The cur- 

ent modification of ω(t, l) enhances the ascent rate of the active 

ension during the isovolumetric contraction phase, resulting in a 

educed isovolumetric contraction time. Additionally, by utilising 

he original three-piece time function, the ejection time of the bi- 

entricle model is found to be 0.12 s. However, the ejection time is 

xtended to 0.16 s by incorporating the modified four-piece time 

unction. The supplementary materials provide more information 

bout the original time function. 

Following the active stress approach [21,22] , the total Cauchy 

tress can be expressed as follows 

= σ p + σa , (11) 

here σ p is the passive stress defined in Eq. (5) and σa is the ac- 

ive stress, i.e., 

a = T a ̂ f � ˆ f . (12) 

iven this total Cauchy stress, the dynamics of the bi-ventricle are 

overned by 

 

 

 

 

 

 

 

∇ · σ = 0 , within the bi-ventricle wall domain , 

σ · n = −P n , on the endocardial surface , 
σ · n = 0 , on the epicardial surface , 
u θ = 0 and u z = 0 , on the LV basal plane , 
u z = 0 , on the RV basal plane , 

(13) 
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Table 1 

Values of parameters utilised in the passive and active models. 

Passive constitutive law [30] 

a g b g a f b f a s b s a fs b fs 
(kPa) - (kPa) - (kPa) - (kPa) - 

LV 0.1731 5.1207 1.9344 0.2199 0.2143 0.0005 0.2665 2.5505 

RV 0.3917 5.1207 4.400 0.2199 0.4850 0.0005 0.6031 2.5505 

Active tension model [30] 

m b l 0 B Ca 0 Ca 0 max T max l r 
(s μm 

−1 ) (s) ( μ m) ( μm 

−1 
) ( μM) ( μM) (kPa) ( μm) 

LV 1.0489 -1.429 1.58 4.750 4.35 4.35 130 1.85 

RV 1.0489 -1.429 1.58 4.750 4.35 4.35 90 1.85 
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here n is the unit vector normal to the endocardial or epicardial 

urface, P is the pressure within the LV or RV cavity, u θ and u z 
re the displacement along the θ-axis and the z-axis (which corre- 

pond to the long axis direction of the heart) of the global cylinder 

oordinate system, respectively. In order to address the fact that 

he RV wall is thinner and more deformable than the LV wall, we 

ave taken a cautious approach by limiting the long-axis displace- 

ent of the RV basal plane, which is consistent with the method- 

logy used by Quarteroni et al. [33] and Guan et al. [24] . However,

o ensure that the LV basal plane undergoes realistic expansion and 

ontraction, we have further imposed a θ-axis constraint, which 

as been adopted by Thekkethil et al. [50] . It is important to note

hat in this study, the term “RV wall” refers to the RV-free wall, 

hile the term “LV wall” encompasses both the septum wall and 

he LV-free wall. The utilisation of the global cylinder coordinate 

ystem facilitates us to characterize the even radial expansion and 

ontraction of the basal plane of the LV. This enables the preser- 

ation of its circular shape and relatively uniform wall thickness, 

articularly in the septum region. 

.3. Implementation 

The bi-ventricle model described above is solved using the FE 

ethod via ABAQUS 2018 (Dassault Systemes, Johnston RI, USA). 

he constitutive models are implemented through the ABAQUS VU- 

AT user subroutine. The fluid cavity and fluid exchange modulus 

rovided by ABAQUS are further used to implement the lumped 

arameter circulatory systems. 

The duration of a single cardiac cycle is taken to be 0.9 s, cor- 

esponding to a heart rate of 67 beats per minute. The simulation 

f 5 consecutive cardiac cycles requires approximately 80 hours to 

un on a Linux workstation equipped with 8 cores of 2.3 GHz CPU 

Intel(R) Xeon(R) CPU E5-2699 v3) and 128 GB of memory. In the 

esults section, we present the outcomes of the third cycle, which 

ere found to be convergent. The values of the parameters used 

n the passive and active models are listed in Table 1 , which have

een adopted from a prior investigation [30] . 

The values of end-diastolic pressure (EDP), end-systolic pressure 

ESP), end-diastolic volume (EDV), and end-systolic volume (ESV) 

re determined by the pressures and volumes of the LV and RV, 

espectively. Several cardiac function indicators are computed fol- 

owing studies in [17,51,52] . Specifically, the ejection fraction (EF) 

s calculated by 

F = (EDV - ESV)/EDV . (14) 

he PR volume (PRV) is determined as the increment in the vol- 

me of the LV during diastole when the pressure of the RV drops 

53] . The PR fraction (PRF) is calculated as the retrograde flow di- 

ided by the net antegrade flow [5,51] , i.e., 

RF = PRV/(RVEDV - RVESV - PRV) . (15) 
5 
he RV end-diastolic volume indexed by the body surface area 

RVEDVi) is calculated as 

VEDVi = RVEDV/BSA , (16) 

here the body surface area (BSA) is 1 . 55 m 

2 for the bi-ventricle

eometry (obtained through email communication with the data 

older). 

. Results 

Simulated pressures for the aorta, the main pulmonary artery, 

he LV cavity, and the RV cavity in the baseline case are shown 

n Fig. 3 . Specifically, as shown in Fig. 3 (a), the aortic pressure of

he baseline case is from 69.2 mmHg to 109.6 mmHg, which agrees 

ell with the normal range of the aortic pressure from 70.0 mmHg 

o 120.0 mmHg [54,55] . As shown in Fig. 3 (b), our simulated pul- 

onary pressure is from 6.1 mmHg to 27.8 mmHg, which is com- 

arable with the normal range of the pulmonary pressure from 

 mmHg to 25 mmHg [56–58] . In Fig. 3 (c, d), the maximum pres-

ures recorded in the LV and RV are 110.5 mmHg and 29.0 mmHg, 

espectively. The ejection phases of the LV and RV at baseline have 

een indicated by the vertical lines in Fig. 3 . Specifically, the ejec- 

ion phase of the LV at baseline spans from 0.43 s to 0.59 s, 

hereas the ejection phase of the RV takes place between 0.41 s 

nd 0.60 s. It is noteworthy that the ejection time of the RV is 

onger compared to that of the LV, a finding that has been reported 

y Hirschfeld et al. [59] . 

In addition, Fig. 3 presents the pressure profiles of the four 

R disease cases in the aorta, main pulmonary artery, LV cavity, 

nd RV cavity. Overall, there is a substantial alteration in the pres- 

ure profiles from the baseline case to the disease cases. Specif- 

cally, the RV pressure and pulmonary pressure increase as a re- 

ult of PR, while the LV pressure and aortic pressure decrease. In 

ig. 3 (a), it can be observed that the aortic pressure continues 

o decrease from the baseline case to the severe case. The max- 

mum aortic pressure of the severe case is 92.2 mmHg, which is 

5.9% lower than the maximum aortic pressure of the baseline case 

109.6 mmHg). Similarly, the minimum aortic pressure of the se- 

ere case is 61.5 mmHg, which is 11.1% lower than that of the 

aseline case (69.2 mmHg). This reduction in aortic pressure is pri- 

arily caused by the decrease in the peak pressure of the LV cav- 

ty, as illustrated in Fig. 3 (c). The maximum LV pressure of the 

evere case is 92.5 mmHg, which is 16.3% lower than the max- 

mum LV pressure of the baseline case. Contrary to the changes 

bserved in the LV pressure, as depicted in Fig. 3 (d), there is a

ignificant increase in RV pressure from the baseline case to the 

evere case. The maximum RV pressure of the severe PR case is 

2.5 mmHg, which is 46.6% higher than that of the baseline case 

29.0 mmHg). This increase in the RV pressure leads to an increase 

n the peak pressure of the main pulmonary artery. As shown in 

ig. 3 (b), the maximum pulmonary pressure of the severe case is 

1.8 mmHg, which is 50.4% higher than that of the baseline case. 

he largest backflow in the severe case causes the pressure of the 

ain pulmonary artery to drop quickly to its minimum at the time 

.24 s, even though its peak pressure is the highest. It is notewor- 

hy that the pulmonary valve opens the earliest in the severe case 

ecause of its lowest pulmonary pressure and highest RV pres- 

ure. In addition, the earliest opening of the pulmonary valve in 

he severe case results in the longest ejection phase from the time 

.25 s to 0.60 s, which is 84.2% longer than that of the baseline

ase. 

The PV loops of the LV and RV for the five cases are depicted in

ig. 4 . In the baseline case, the simulated LV EDV is 115.6 mL, and

he LV ESV is 45.6 mL, resulting in an EF of 60.5%. This EF value

alls within the reported normal range of 50% to 65% for healthy 

ndividuals [60–62] . Additionally, the simulated EDV and ESV of the 
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Fig. 3. Simulated pressure waveforms in a whole cardiac cycle of five cases with varying degrees of pulmonary regurgitation are shown in the aorta (a), the main pulmonary 

artery which is referred to as Pulmo (b), the left ventricle which is referred to as LV (c), and the right ventricle which is referred to as RV (d). It should be noted that the 

onset of systole occurs at 0.4 s. Additionally, the ejection phase of the LV of the baseline case is marked by the two vertical dashed lines in (a, c), while the ejection phase 

of the RV of the baseline case is marked by the two vertical lines in (b, d). 

Fig. 4. Simulated pressure-volume loops for five cases with varying degrees of pulmonary regurgitation in the left ventricle (LV) (a) and the right ventricle (RV) (b). 
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V for the baseline case are 132.5 mL and 63.8 mL, respectively, 

ith an EF of 51.8%, which is consistent with the reported range of 

2.3Ø6.2% (N = 365) by Pfisterer et al. [63] . 

As illustrated in Fig. 4 , varying degrees of PR severity greatly 

lter the PV loops of both the LV and RV. The PV loop of the LV

hifts leftwards from the baseline case to the severe case, while the 

V loop of the RV shifts rightwards. This phenomenon occurs due 

o the increasing dilation of the RV caused by PR. The RV dilation 

or patients with PR has been well-documented in numerous stud- 

es [9,16,17] . In our simulations, the RV EDV is the largest in the 

evere case, whereas the LV EDV is the smallest and experiences 

he most squeezing. Specifically, the RV EDV in the severe case in- 
6 
reases by 50.3% compared to that of the baseline case, whereas 

he LV EDV in the severe case decreases by 18.1% compared with 

he baseline. Another observation is that all LV PV loops exhibit 

imilar shapes, with the isovolumetric contraction and relaxation 

eriods clearly marked by the vertical lines at ED and ES, respec- 

ively. However, the shapes of the RV PV loops in the disease cases 

iffer from that of the baseline case as well as the LV PV loops. 

pecifically, the isovolumetric relaxation period disappears, and RV 

olume increases as pressure drops at the onset of diastole. More- 

ver, the isovolumetric contraction period shortens and eventually 

isappears. These characteristics of the RV PV loop have been ob- 

erved in patients with PR in previous studies [64–66] . 
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Table 2 

Cardiac pump functions of the left ventricle (LV) and the right ventricle (RV) simulated for five cases of different degrees 

of pulmonary regurgitation. 

Ventricles Cases EDP (mmHg) ESP (mmHg) EDV (mL) ESV (mL) EF PRV (mL) PRF 

LV 

Baseline 9.2 106.5 115.6 45.7 60.5% - - 

Mild 9.2 102.8 112.6 45.1 59.9% - - 

Moderate 1 9.1 104.3 110.0 44.6 59.5% - - 

Moderate 2 9.1 101.8 102.7 44.1 58.6% - - 

Severe 9.1 91.6 94.7 41.4 56.3% - - 

RV 

Baseline 4.6 27.7 132.5 63.8 51.8% - - 

Mild 6.2 31.4 145.5 71.1 51.1% 9.3 14.3% 

Moderate 1 7.5 33.8 156.4 78.5 49.8% 15.3 24.4% 

Moderate 2 10.0 37.0 175.0 93.1 46.8% 22.2 37.2% 

Severe 15.3 41.8 196.1 104.4 46.8% 30.8 50.6% 

EDP = end-diastolic pressure; ESP = end-systolic pressure; EDV = end-diastolic volume; ESV = end-systolic volume; EF = 

ejection fraction; PRV = pulmonary regurgitation volume; PRF = pulmonary regurgitation fraction. 

Fig. 5. Simulated end-diastolic volume of the right ventricle indexed by the body 

surface area (RVEDVi) versus pulmonary regurgitation (PR) fraction, compared with 

magnetic resonance imaging (MRI) data from [51,52] . The blue dashed line (RVEDVi 

= 1 . 77 × PRF + 78.0, R = 0.79, p < 0.001) is the linear regression of data from [51] . 

The orange dashed line (RVEDVi = 1 . 68 × PRF + 84.2, R = 0.47, p < 0.001) is the lin- 

ear regression of data from [52] . Linear regression of our result is RVEDVi = 0 . 84 ×
PRF + 82.5 with R = 0.99 and p < 0.001. (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this ar- 

ticle.) 
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The cardiac pump functions of the LV and RV for the five cases 

re summarized in Table 2 , including EDP, ESP, EDV, ESV, EF, PRV, 

nd PRF. The LV EDP remains relatively stable, but the RV EDP in- 

reases significantly. Specifically, the RV EDP of the severe case is 

32.6% higher than that of the baseline case. On the other hand, 

he LV ESP of the severe case drops by 20.0% from the baseline 

ase, while the RV ESP increases by 50.9%. Regarding the EF val- 

es, both the LV and RV EFs decline in disease cases, consistent 

ith findings in previous studies [67,68] . The LV EF decreases by 

.9% from 60.5% in the baseline case to 56.3% in the severe case, 

nd the RV EF decreases by 9.7% from 51.8% in the baseline case to 

6.8% in the severe case. Notably, the RV EFs for the moderate PR-2 

ase and the severe case are the same, despite the severe case hav- 

ng a 12.1% larger RV EDV than the moderate PR-2 case. Further- 

ore, the four PR disease cases exhibit PRVs of 9.3 mL, 15.3 mL, 

2.2 mL, and 30.8 mL, and PRFs of 14.3%, 24.4%, 37.2%, and 50.6%, 

espectively. 

The simulated RVEDVi with respect to PRF is plotted in Fig. 5 

ith a comparison with CMR data reported by Harrild et al. 

51] and Lee et al. [52] . The RVEDVi values for the five PR cases

all within the range of the reported CMR data. For instance, the 

VEDVi for the severe case is 126.5 mL/m 

2 , which falls within the 

ange of 110.0 mL/m 

2 to 215.3 mL/m 

2 reported by Lee et al. [52] .

t should be noted that the CMR data are based on 41 and 66 
7 
atients, respectively, in the studies conducted by Harrild et al. 

51] and Lee et al. [52] . 

The long-axis and short-axis views of the bi-ventricle geometry 

an be found in Fig. 6 , showing LV and RV shapes and myofibre

tress distributions in the five cases at ED and at ES, respectively. 

n the long-axis views at ED as shown in Fig. 6 (a), an evident in-

rease in the RV cavity can be observed as PR becomes severe. This 

nlargement is attributed to the elevated backflow (PRV) and pres- 

ure within the RV cavity. Additionally, the motion of the inter- 

entricular septum can be observed, which has a right convexity 

n the baseline case [40] . With the increase of PRV, the septum 

ulges towards the LV, causing the squeeze of the LV. In Fig. 6 (b),

he short-axis views at ED reveal that the shape of the LV cross- 

ectional cut plane is almost circular in the baseline case, but it 

ransforms into a flattened D-shape in the severe PR case. Quan- 

itatively, the distance between the septum and the LV free wall 

t ED reduces by 28.0% in the severe case, while the distance be- 

ween the septum and the RV free wall increases by 29.4%, com- 

ared to the baseline case. While the shapes of the LV, septum, 

nd RV undergo significant alterations at ED in the severe PR case, 

he changes in the shapes of the bi-ventricle are modest at ES. The 

eptum is not clearly bulging toward the LV, from the long-axis 

iews at ES as shown in Fig. 6 (c). However, from the short-axis 

iews at ES as shown in Fig. 6 (d), RV dilation and the flattening 

f the LV cross-sectional cut plane can again be observed when PR 

ecomes severe. At ES, the distance between the septum and the 

V free wall is reduced by 5.7% in the severe case, while the dis- 

ance between the septum and the RV free wall is increased by 

9.6% compared to the baseline case. The motion of the septum 

nd the flattening of the LV cross-sectional cut plane in the short- 

xis views have been reported in patients with PR or RV overload 

40–42,69,70] . 

To further quantitatively measure the motion of the septum, we 

mploy the Menger curvature [71] . Fig. 7 (a) shows the selection of 

hree points ( C 1 , C 2 , C 3 ) from the long-axis cut plane (in the mid-

le of the bi-ventricle geometry) and two points ( C 4 , C 5 ) from the

hort-axis cut plane (at the equator plane of the bi-ventricle ge- 

metry). Specifically, C 1 is chosen at the midpoint of the septum at 

he base, C 2 at the intersection of the long-axis and short-axis cut 

lanes, C 3 near the apex, and C 4 and C 5 near the junctions of the 

eptum and the LV free wall. These points enabled us to measure 

he curvature of the septum from both the long-axis and short- 

xis views. The Menger curvature of the septum from the long-axis 

iew is calculated by 

4 A 

| C 1 − C 2 || C 2 − C 3 || C 3 − C 1 | , (17) 

here A is the area of the triangle spanned by the three points and 

 · | is the Euclidean distance. The Menger curvature of the septum 
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Fig. 6. Long-axis views, obtained through half cuts along the bi-ventricle geometry’s long-axis, showing the left and right ventricular shapes and myofibre stress ( σff) 

distribution for five cases of different degrees of pulmonary regurgitation at end-diastole (ED) (a) and at end-systole (ES) (c). The dashed lines in (a, c) denote the position 

of the short-axis cut planes. Short-axis views, generated through cross-sectional cuts at the bi-ventricle geometry’s equator plane, are shown at ED (b) and at ES (d). 

Fig. 7. Five points (a) selected from the septum’s midline on both long-axis and short-axis cut planes for Menger curvature determination. The long-axis and short-axis 

Menger curvature of the septum at end-diastole (ED) and at end-systole (ES) for five cases with varying degrees of pulmonary regurgitation are shown in (b). 

8
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Table 3 

Globally averaged myofibre stress ( ̄σ ff) and myofibre stretch ( λf ) in the left ventric- 

ular wall (LV wall) and the right ventricular wall (RV wall) for five cases of different 

degrees of pulmonary regurgitation. 

Positions Cases σ̄ ff (kPa) λ̄f 

ED ES ED ES 

LV wall 

Baseline 3.7 ±18.1 37.7 ±31.4 1.18 ±0.07 0.92 ±0.03 

Mild 3.8 ±18.5 36.9 ±31.4 1.18 ±0.07 0.92 ±0.03 

Moderate 1 3.8 ±18.7 36.1 ±31.4 1.18 ±0.07 0.92 ±0.02 

Moderate 2 3.8 ±19.2 35.4 ±31.7 1.17 ±0.08 0.92 ±0.03 

Severe 4.3 ±20.3 31.6 ±32.0 1.17 ±0.09 0.92 ±0.03 

RV wall 

Baseline 2.7 ±12.1 24.6 ±28.4 1.12 ±0.07 0.94 ±0.06 

Mild 3.7 ±14.5 30.2 ±30.1 1.15 ±0.08 0.96 ±0.07 

Moderate 1 5.0 ±17.3 34.8 ±32.1 1.16 ±0.09 0.98 ±0.08 

Moderate 2 7.3 ±21.4 42.6 ±36.3 1.18 ±0.10 1.01 ±0.11 

Severe 10.9 ±26.5 50.5 ±41.7 1.21 ±0.11 1.03 ±0.12 

Results are presented with standard deviations. ED = at the end of diastole; ES = 

at the end of systole. The RV wall is the RV-free wall, and the LV wall includes 

both the septum wall and the LV-free wall. The stress and stretch are volumetric- 

averaged over the LV wall or RV wall, respectively. 
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f the short-axis view is calculated as 

4 A 

| C 4 − C 2 || C 2 − C 5 || C 5 − C 4 | . (18) 

he computed long-axis and short-axis Menger curvature of the 

eptum are shown in Fig. 7 (b). At ED, the long-axis Menger cur- 

ature increases by 61.5% from 0.013 at the baseline case to 0.021 

t the severe case. The short-axis Menger curvature decreases by 

5.2% from 0.029 at the baseline case to 0.013 at the severe case. 

t ES, the long-axis Menger curvature decreases by 28.6% from 

.007 at the baseline case to 0.005 at the severe case, and the 

hort-axis Menger curvature decreases by 29.5% from 0.061 at the 

aseline case to 0.043 at the severe case. 

The spatial distribution of myofibre stress in all five cases at 

D and ES is presented in Fig. 6 . In the baseline case at ED, as

llustrated in Fig. 6 (a, b), the endocardial surface of the LV ex- 

ibits a green colour (corresponding to approximately 9 kPa) in- 

icative of myofibre stress, while the epicardial surface shows a 

yan-blue colour (approximately 3 kPa), consistent with the results 

eported in [72] . Notably, as PR becomes severe, there is a substan- 

ial increase in the myofibre stress on the endocardial surface of 

he RV at both ED and ES, as depicted in Fig. 6 (a, c). Additionally,

ig. 6 (d) demonstrates that the elevation in the myofibre stress of 

he RV wall is more pronounced in the thinner part of the RV wall.

The globally averaged myofibre stress ( ̄σff) and myofibre stretch 

 λf ) at ED and ES are obtained by computing the average over all

lements of the LV or RV wall, weighted by the volume of the ele-

ents. For instance, the average myofibre stretch is calculated as 

f = 

∑ n 
i =1 (λ

i 
f 
) V 

i 

∑ n 
i =1 V 

i 
, (19) 

here λi 
f 
= 

√ 

2 E i 
ff

+ 1 is the myofibre stretch at the centroid of i th 

lement, E i 
ff

is the Lagrange strain in the myofibre direction at the 

entroid of i th element, V i is the volume of i th element, n is the

otal number of elements occupied by the LV wall or RV wall. Sim- 

larly, the averaged myofibre stress is computed using the Cauchy 

tress. 

The values of the globally averaged myofibre stress ( ̄σff) and 

yofibre stretch ( λf ) at ED and at ES are summarized in Table 3 .

he averaged LV myofibre stress increases by 16.2% from 3.7 kPa 

o 4.3 kPa at ED, while the averaged RV myofibre stress increases 

y 303.7% from 2.7 kPa to 10.9 kPa. A previous study by Tang 

t al. [38] showed comparable mean principal stress of the RV in a 

ealthy group of 3.00 kPa and in a PR group of 7.31 kPa. Addition- 
9

lly, in Fig. 6 (a), the myofibre stress on the endocardial surface 

f the RV in the severe case is significantly higher than that of 

he LV. At ES, the averaged LV myofibre stress decreases by 16.2% 

rom 37.7 kPa to 31.6 kPa, while the averaged RV myofibre stress 

ncreases by 105.3% from 24.6 kPa to 50.5 kPa. The decrease of the 

V myofibre stress and the increase of the RV myofibre stress as 

R becomes severe can be clearly observed in Fig. 6 (c). The aver- 

ged LV myofibre stretches change slightly at both ED and ES. In 

ontrast, the averaged RV myofibre stretches increase by 8% at ED 

rom 1.12 to 1.21 and by 10% at ES from 0.94 to 1.03. 

. Discussion 

Our study demonstrated the benefits of employing a 3D com- 

utational bi-ventricle model to simulate PR, which enables the 

chievement of realistic bi-ventricle cardiac motion and functions 

y utilising updated myocardial constitutive laws, myofibre struc- 

ure, and simplified open-loop lumped parameter models repre- 

enting the systemic and pulmonary circulations. For the baseline 

ase, the simulated pressures in the aorta and main pulmonary 

rtery as well as the EF of both the LV and RV were all within the

ormal ranges reported for healthy individuals [54–57,60,63] . To 

imulate different degrees of PR severity, four disease cases were 

esigned. Our simulated RVEDVi for these cases agreed well with 

MR data published in the literature [51,52] , as shown in Fig. 5 .

urthermore, the motion of the septum and the shapes of the LV 

nd RV cut planes were comparable with those reported in pre- 

ious studies [40–42,70] . The comparison of the results obtained 

rom this model with previously reported physiological ranges en- 

bled us to examine the impact of PR on cardiac functions from a 

omputational modelling perspective. 

It is important to identify an optimal and easily obtained in- 

icator for assessing the severity of PR and evaluating treat- 

ent for patients who have undergone RV outflow tract surg- 

ries, particularly after TOF repair [13,17,73] . Previous studies have 

emonstrated the correlation between PR severity and RV dila- 

ion, especially the close relationship between PRF and RVEDVi 

9,10,16,17,51,67] . This relationship has led to the use of RV vol- 

me obtained by CMR scans as a standard for determining the 

eed for pulmonary valve replacement in patients with severe PR 

17,74] . Our model obtained a nearly linear relationship between 

VEDVi and PRF, which is consistent with these studies. However, 

t is noteworthy that the PRV for different degrees of PR in our 

imulations was not as large as reported by Wald et al. [17] , who

uggested that PRV provides a more accurate reflection of PR sever- 

ty than PRF. They reported a median PRV of 19 mL/m 

2 (range 0 

 63 mL/m 

2 ) and a PRF of 29% (range 0–58%), considering a body 

urface area of 2.05 m 

2 
. Nevertheless, due to the considerable vari- 

tion in normal RV EDV across different individuals (ranging from 

13 to 225 mL) [75,76] , further research is needed to determine the 

eliability of PRV as an indicator of PR severity. Similarly, the ratio 

f PR duration to the diastolic duration and the ratio of diastolic 

nd systolic time-velocity integrals may serve as useful measures. 

owever, their correlation with PR severity is moderate and war- 

ants further investigation as shown by Mercer-Rosa et al. [14] . 

The presence of PR can be easily identified by examining the 

V loop of the RV. A normal PV loop for either the RV or the LV

ypically features two vertical lines representing the isovolumetric 

ontraction and isovolumetric relaxation, indicating that the pul- 

onary valve and the aortic valve fully close without any leak- 

ge. In contrast, in cases of PR, the isovolumetric relaxation pe- 

iod disappears due to dysfunction of the pulmonary valve. Thus, 

s shown in Fig. 4 (b), the vertical line representing the isovolu- 

etric relaxation was replaced by an oblique, slanting line, indi- 

ating backflow from the pulmonary arteries to the RV. The iso- 

olumetric contraction period was also shortened and might dis- 
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ppear altogether when PR becomes severe. These features of the 

V loop of the RV have been observed in patients with PR [64–66] ,

s well as in the PV loop of the LV in patients with aortic regur-

itation [77–79] . Moreover, the LV PV loop shifted leftward from 

he baseline case to the severe case, while the RV PV loop shifted 

ightward. This was mostly because of the changes in the volume 

f the LV and RV resulting from RV dilation and LV compression. In 

ddition, cardiac outputs (EF) of the LV and RV were both reduced 

n cases of PR, as previously reported in the literature [67,68,80] . 

pecifically, the LV EF decreased by 6.9% from the baseline case to 

he severe case, while the RV EF decreased by 9.7%. 

The significant dilation of the RV due to severe PR led to a con- 

iderable deformation of the septum, resulting in a notable com- 

ression of the LV. This motion of the septum at ED was clearly 

isible in both the long-axis and short-axis views, as illustrated 

n Fig. 6 (a, b). Specifically, in the long-axis views, the septum 

as forced to bulge towards the LV in severe PR cases. Mean- 

hile, in the short-axis views, the LV cross-sectional cut plane that 

ad a circular profile in the baseline case was flattened to a D- 

haped profile in the presence of PR disease. These observations 

re consistent with previous studies [40–42,69,70] . As the short- 

xis scans can be easily accessed through CMR, the motion of the 

eptum might serve as a readily-obtained indicator for assessing 

R severity, which has been proposed in [40,81] . Furthermore, we 

alculated the Menger curvature of the septum, which can be eas- 

ly obtained from three points and may have clinical utility. It is 

orth noting that the Menger curvature can measure two curva- 

ures from the long-axis cut planes and short-axis cut planes, re- 

pectively, as the clinical implications of long-axis curvature and 

hort-axis curvature may differ. Our computed Menger curvature 

evealed that a 50.6% PRF led to a 43.9% decrease in the short-axis 

urvature of the septum and a 61.5% increase in the long-axis cur- 

ature. 

Previous research has suggested a significant increase in RV 

all stress due to severe PR [10,74,82] . Our simulation results sup- 

ort this finding, as the severe case demonstrated average myofi- 

re stress of the RV at ED which was 303.7% higher than that of 

he baseline case. Such a substantial increase in myofibre stress 

ould result in higher intramyocardial pressure, which could im- 

ede coronary flow and reduce the perfusion of the RV wall. The 

mpeding phenomenon of the intramyocardial pressure on coro- 

ary flow has been studied in the literature [83–87] . Additionally, 

he RV EDP of the severe PR case was 223.4% higher than that of 

he baseline case. This increase can be attributed to the backflow 

rom the main pulmonary artery to the RV, which causes signifi- 

ant RV overload. 

. Model limitations and future perspectives 

While our study demonstrated potential in simulating PR, sev- 

ral limitations must be addressed in future research. Firstly, it 

hould be noted that although our model incorporates patient- 

pecific geometry, it cannot be strictly classified as a patient- 

pecific model. This is because the validation is based on phys- 

ological ranges in the literature rather than patient-specific ex- 

erimental data. The lack of experimental data highlight a need 

or computational modelling studies to improve the translation of 

linical imaging measurements into patient-specific computational 

odels [23] . Additionally, our simulated results may be affected 

y variations in patient-specific geometry and a more realistic ar- 

angement of myofibres. Future work could involve the reconstruc- 

ion of additional patient-specific hearts to investigate the impact 

f different geometries on simulation results. 

Secondly, our model can be further improved by replacing the 

urrent open-loop lumped parameter systems with more advanced 

odels. Several sophisticated models have been developed, such 
10 
s those discussed in [39,88,89] , which offer refined techniques for 

ynthesizing clinical inputs and representing circulatory systems. 

hese advanced models can enhance the accuracy and reliability 

f PR simulations. Additionally, one-dimensional flow models can 

e integrated to incorporate the wave propagation phenomenon. 

nother important consideration is the inclusion of a realistic 3D 

ulmonary valve, composed of three equally sized semilunar cusps. 

he importance of computational heart valve models and their 

linical impact can be found in a review [90] , and various related 

omputational models can be found in studies such as [91–94] . 

owever, incorporating the pulmonary valve into simulations can 

e challenging, as it requires more detailed fluid-structure interac- 

ion analysis. 

Lastly, we acknowledge the limitations of the boundary condi- 

ions employed in our model. The boundary conditions only re- 

trict the long-axis displacement of the RV basal plane. Addition- 

lly, we have imposed a θ-axis constraint on the LV basal sur- 

ace to prevent unrealistic deformation of the septum. However, 

hese simplified boundary conditions do not fully represent the 

omplex physiological conditions of the heart, particularly in light 

f the presence of the pericardium and upper chambers. Asner 

t al. [95] have discussed such simplified boundary conditions and 

roposed novel boundary conditions that introduce data-driven 

oundary energy terms. Moreover, Pfaller et al. [96] have demon- 

trated that using a parallel spring and dashpot acting in the nor- 

al direction to the epicardium as pericardium boundary condi- 

ions can result in more realistic cardiac mechanics simulations. 

. Conclusion 

In this study, we developed a 3D computational human bi- 

entricle model to investigate the effect of varying degrees of PR 

everity on cardiac functions, mechanical behaviour, and the in- 

eraction of the LV and RV. Our model incorporated a patient- 

pecific bi-ventricle geometry, commonly used myofibre structure, 

nd up-to-date passive and active models for myocardial mechan- 

cal properties. Additionally, we included open-loop systemic and 

ulmonary circulations in the bi-ventricular model and introduced 

ow leakage from the pulmonary arteries back to the RV to simu- 

ate PR disease cases. The baseline case was validated against nor- 

al physiological ranges for healthy subjects reported in the litera- 

ure, including both the LV and RV ejection fractions and pressures 

f the main pulmonary artery and aorta. Furthermore, our simu- 

ated RV end-diastolic volumes in PR disease cases were compara- 

le to reported CMR data. We also observed RV dilation secondary 

o PR at end-diastole in the long-axis and short-axis views of the 

i-ventricle geometry, with RV end-diastolic volume increasing by 

0.3% from the baseline to the severe PR case. Severe PR resulted 

n reduced ejection fractions for both the LV and RV and signifi- 

antly elevated myofibre stress in the RV wall. Finally, the motion 

f the interventricular septum was consistent with the literature 

nd quantitatively measured by the Menger curvature of the sep- 

um. The agreement of our simulated results with reported data 

emonstrates the success of our model development and its appli- 

ability to diseased hearts with PR and beyond. In conclusion, our 

odel provides a computational means to investigate and better 

nderstand the impact of PR on cardiac motion and functions. Fur- 

her simulations and adaptations of our model can be applied to 

he clinical assessment of PR and medical decision-making for the 

reatment of patients with severe PR. 
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