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ABSTRACT 24 

The role played by the right ventricular (RV) dysfunction has long been underestimated in clinical practice. 25 

Recent findings are progressively confirming that when the RV efficiency deteriorates both the right and the 26 

left circulation is (significantly) affected, but studies dedicated to a detailed description of RV hemodynamic 27 

role still lack. In response to such a gap in knowledge, this work proposes a numerical model that for the first 28 

time evaluates the effect of isolated RV dysfunction on the whole circulation. 29 

Lumped parameter modelling was applied to represent the physio-pathological hemodynamics. Different 30 

grades of impairment were simulated for three dysfunctions i.e., systolic, diastolic, and combined systolic and 31 

diastolic. 32 

Hemodynamic alterations (i.e., of blood pressure, flow, global hemodynamic parameters), arising from the 33 

dysfunctions, are calculated and analysed. Results well accord with clinical observations, showing that RV 34 

dysfunction significantly affects both the pulmonary and systemic hemodynamics. Successful validation 35 

against in vivo data proved the clinical potentiality of the model i.e., the capability of identifying the degree of 36 

RV impairment for given hemodynamic conditions. 37 

This study aims at contributing to the improvement of RV dysfunction recognition and treatment, and to the 38 

development of tools for the clinical management of pathologies involving the right heart. 39 

 40 

 41 

A. Index Terms 42 

Biventricular circulation, Numerical analysis, Right ventricle, Ventricular dysfunction, 0D model 43 
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INTRODUCTION 45 

Left ventricular systolic and diastolic dysfunctions have been studied extensively and are described as main 46 

causes of heart failure (HF)1–3, whereas less attention has been paid to systolic and diastolic dysfunctions of 47 

the right ventricle (RV). In the literature, the role played by RV has been largely underestimated compared to 48 

the left ventricle (LV) and, in the past, it was wrongly believed that RV could not affect cardiac output (CO) 49 

and systemic pressures4–6. Nowadays the importance of RV has been recognized, and its role in the cardiac 50 

hemodynamics has been highlighted7,8. Actually, the circulatory system is a closed-loop where the function of 51 

both ventricles is crucial. Therefore, not infrequently, impairment of one of the two ventricles precipitates 52 

impairment of the other9. Although LV dysfunction is most common, a recent study reported that RV 53 

myocardial infarction is not an infrequent problem, with an estimated occurrence of about 20-50% among 54 

patients with inferior myocardial infarction10. Unfortunately, the limited information about RV dysfunction 55 

effects does not allow to easily distinguish RV from LV dysfunctions, whereas it is evident that early diagnosis 56 

of RV myocardial infarction reduces the risk of death, cardiogenic shock, ventricular tachycardia and 57 

fibrillation, and atrioventricular block10. 58 

In the present study, we implemented a lumped parameter model of the complete circulation in order to analyse 59 

for the first time the consequences of isolated RV dysfunction on global cardiovascular conditions. We are 60 

aimed at highlighting to what extent RV (dys)functional properties impact blood pressures and flows, so that 61 

the understanding of the “forgotten ventricle”7 physiopathology improves, and an easier clinical management 62 

of ventricular dysfunction will be gained in the future. The paper is structured as follows. In Section 2 we 63 

introduce the numerical model and describe the simulations performed to analyse the different forms of right 64 

ventricular dysfunction. In Section 3 we report the results of the numerical analysis. First, we focus on flow 65 

and pressure waveforms in specific districts of the cardiovascular system, as well as on some global indexes 66 

related to the performance of the ventricles. Second, we setup the model in order to compare the outputs with 67 

clinical results of patients affected by right ventricular dysfunctions. In Section 4 some comments to the results 68 

are drawn and the limitations of the model are considered. Finally, conclusions on the present problem are 69 

reported in Section 5. 70 
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METHODS 71 

In order to carry out an extensive analysis of different degrees of right ventricular dysfunction, we developed 72 

a lumped parameter (0D) model able to reproduce the entire cardiovascular system. This choice represents the 73 

best cost/benefit option since 0D models provide reliable results in terms of pressure and flow waves with low 74 

computational cost11–14. 75 

Hemodynamic model 76 

The circulation was simulated considering the scheme of Fig. 1. It comprises the systemic and pulmonary 77 

circulations, the four heart chambers, and valves. To simulate the conduit vascular networks, we reproduced 78 

the small resistance to flow due to blood viscosity (R) and the compliance due to vessel elasticity (C); whereas 79 

the vascular beds were represented considering only the dissipation effects (represented by R). The heart was 80 

represented by the elastance model15, employing a time-varying elastance (𝐸(𝑡)) to reproduce the myocardial 81 

activity16. 𝐸(𝑡) was simulated via a ‘two-Hill’ function which accounts for contractile (𝑔1) and relaxation (𝑔2) 82 

phases of the cardiac cycle as  83 𝐸(𝑡) = 𝑘 ( 𝑔11+𝑔1) ( 11+𝑔2) + 𝐸𝑚𝑖𝑛         (1) 84 

where 𝑘 is a factor to guarantee that max(𝐸(𝑡)) = 𝐸𝑚𝑎𝑥, 𝐸𝑚𝑎𝑥 being the maximum contraction force and 85 𝐸𝑚𝑖𝑛 the ventricular stiffness. 86 

The two functions 𝑔1 and 𝑔2 are defined through the following expressions 87 𝑔1 = (𝑡−𝑡𝑜𝑛𝑠𝑒𝑡𝜏1 )𝑚1
           (2) 88 

and 89 𝑔2 = (𝑡−𝑡𝑜𝑛𝑠𝑒𝑡𝜏2 )𝑚2
,           (3) 90 

where 𝜏 is the relative appearance in time within the heartbeat, 𝑡𝑜𝑛𝑠𝑒𝑡 is the time-shift for the atrial contraction, 91 

and 𝑚 a suitably coefficient that controls the elastance steepness. 92 

From Eq. (1), the pressure within each chamber (𝑝(𝑡)) reads 93 𝑝(𝑡) = 𝐸(𝑡)(𝑉(𝑡) − 𝑉𝑝=0),          (4) 94 𝑉(𝑡) and 𝑉𝑝=0 being the chamber volume and the unstressed volume at zero pressure, respectively. 95 
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Last, the presence of the valves was considered with linear resistance effects when they are open. Detailed 96 

equations of all the elements that compose the lumped model are reported in the Supplementary Information. 97 

The resulting system of ODE equations was run exploiting the built-in MATLAB® function ode15s, solving 98 

a closed-loop system for 30 cycles, allowing the system to converge. Results were extracted after reaching the 99 

periodic steady state. 100 

Healthy case 101 

First, the model was set up to reproduce the physiological hemodynamics of a representative healthy person. 102 

1) Numerical simulation 103 

The model of Fig. 1 was calibrated to meet the hemodynamics of an average adult of 75 Kg and body surface 104 

area (BSA) of 1.9 m2, having an heart rate (HR) of 75 bpm, a cardiac output (CO) of 6.5 L/min, and a perfusion 105 

pressure of 97 mmHg16. Moreover, a sensitivity analysis to verify the influence of parameters on the model 106 

was carried out (as reported in the Supplementary Information). 107 

2) Parameters’ values 108 

To properly calibrate the model, the methodology proposed in Comunale et al.17 was used to represent the 109 

physiological hemodynamics. For the systemic circulation, systemic vascular resistance (SVR) was computed 110 

as 𝑆𝑉𝑅 = 𝑃𝑝𝑒𝑟𝑓/𝐶𝑂, where 𝑃𝑝𝑒𝑟𝑓 is perfusion pressure, i.e., the mean pressure that perfuses the systemic 111 

organs. The systemic vascular resistance has three components: the arterial, venous, and vascular bed 112 

resistances. The arterial (𝑅𝑎𝑟𝑡) and venous (𝑅𝑣𝑒𝑛) resistances represent the flow resistance in the large vessels, 113 

and they are 5%𝑆𝑉𝑅 and 3%𝑆𝑉𝑅, respectively. The larger dissipation effect was considered in the small 114 

vessels simulated by the vascular bed resistance (𝑅𝑣𝑏) which is 92%𝑆𝑉𝑅. The arterial compliance was then 115 

computed as 𝐶𝑎𝑟𝑡 = 𝜏/𝑅𝑣𝑏, with 𝜏 the time constant of the circulation (𝜏 = 0.81 𝑠18), and the venous 116 

compliance as 𝐶𝑣𝑒𝑛 = 30 ⋅ 𝐶𝑎𝑟𝑡19. For the pulmonary circulation, the value of the pulmonary vascular 117 

resistance (PVR) was taken from the literature20 (𝑃𝑉𝑅 = 0.06 𝑚𝑚𝐻𝑔 ⋅ 𝑠/𝑚𝐿), and we assumed the same 118 

distribution of the systemic circulation among pulmonary arterial, venous and vascular bed resistances, i.e., 119 𝑅𝑎𝑟𝑡 = 5%𝑃𝑉𝑅, 𝑅𝑣𝑒𝑛 = 3%𝑃𝑉𝑅, and 𝑅𝑣𝑏 = 92%𝑃𝑉𝑅. Finally, the arterial and venous pulmonary 120 

compliances were taken from Tanaka et al.21 (𝐶𝑝𝑢𝑎 = 6.7 𝑚𝐿/𝑚𝑚𝐻𝑔, 𝐶𝑝𝑢𝑣𝑒 = 15.8 𝑚𝐿/𝑚𝑚𝐻𝑔). For the 121 

heart, values from Mynard et al.16,22 were used. Notice that for the healthy simulation adjustment of the 122 
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unstressed volume (𝑉𝑝=0) of Eq. (4) was required to meet the desired hemodynamics. These values were then 123 

kept constant when simulating right ventricular dysfunction. Finally, valve parameters were set to simulate the 124 

resistance observed in the healthy condition. All the heart parameters are reported in Supplementary Table S1. 125 

Dysfunctional cases 126 

Starting from the healthy configuration, we defined the alterations required to simulate the RV dysfunction. 127 

1) Numerical simulation 128 

The dysfunction of the ventricle is due to pathologies that can affect both/either the contractility of the 129 

myocardial fibers and then their capability to eject blood i.e., systolic dysfunction, and/or the ventricular 130 

passive mechanism of filling i.e., diastolic dysfunction. Accordingly, we analysed the global hemodynamics 131 

considering the following scenarios: i) isolated right ventricular systolic dysfunction, ii) isolated right 132 

ventricular diastolic dysfunction, and iii) combined systolic and diastolic dysfunction. 133 

As mentioned in the Introduction, few data are available to date for modelling the impairment of the right 134 

ventricle. In this work, the following assumptions were hence made: 135 

- RV dysfunction is caused by the same types of impairments that affect LV i.e., systolic dysfunction is mainly 136 

determined by a reduction in RV contractile force whereas diastolic dysfunction is mostly due to increased 137 

ventricular stiffness. Thus, the parameters of the dysfunctional right heart were determined in analogy with 138 

those usually adopted for the LV impairment; 139 

- secondary mechanisms due to the primary RV dysfunction e.g., adaptation mechanisms such as the variations 140 

of the systemic vascular resistance, were excluded to avoid additional mechanisms in the evaluation of the 141 

pathological hemodynamics given by a primary RV dysfunction. 142 

Specific descriptions of the mechanisms of ventricular impairment are briefly described in the following. 143 

Isolated systolic dysfunction 144 

Systolic dysfunction (SD) refers to the ventricle’s inability to pump the adequate amount of blood due to 145 

impaired myocardial function, increased afterload, structural abnormalities, or the combination of the previous 146 

diseases23. SD is here reproduced through a reduction of the maximal contraction force, 𝐸max𝑅𝑉, together with 147 

an increase in systolic times (controlled by 𝜏1𝑅𝑉 and 𝜏2𝑅𝑉 of Eq. (2)-(3)). Indeed, it has been shown that the 148 
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myocardial performance index (MPI), i.e., the ratio between the atrioventricular closure opening time (TCO) 149 

and the ejection time (ET), increases with systolic impairment24,25. 150 

Isolated diastolic dysfunction 151 

Diastolic dysfunction (DD) refers to the ventricular inability to fill its cavity due to decreased distensibility, 152 

delayed relaxation, and abnormal filling. For DD, there are three patterns of impaired filling, which represent 153 

progressively worse diastolic dysfunction23,26. In the present work, we focused on the most life-threatening 154 

condition (grade III of diastolic dysfunction) i.e., the restrictive filling. In this stage of DD, the ventricular wall 155 

stiffness (𝐸𝑚𝑖𝑛𝑅𝑉) largely increases whereas the tricuspid filling deceleration time (𝑚2𝑅𝑉) decreases27. 156 

Combined diastolic and systolic dysfunction 157 

Combined diastolic and systolic dysfunction (CD) results from the combination of SD and DD, and it was 158 

reproduced by superimposing the two previous dysfunctions. The same grade of impairment p was adopted 159 

for both SD and DD for sake of simplicity in order to analyse the relative weight of each of them on the 160 

resulting hemodynamics. 161 

2) Parameters’ Values 162 

Once the parameters reproducing the hemodynamics of a representative healthy person were determined, we 163 

introduced the percentage of impairment (p) in the range 0% (healthy condition) - 100% (complete 164 

dysfunctional condition) to simulate the RV dysfunction. Particularly, we defined the value of the parameters 165 

in the presence of a complete (systolic/diastolic) dysfunctional ventricle (p=100%) and we varied linearly all 166 

the parameters involved. To simulate the systolic dysfunction, 𝐸max𝑅𝑉 was reduced to zero when the 167 

ventricular contractility is fully compromised, whereas 𝜏1𝑅𝑉 and 𝜏2𝑅𝑉 were increased from 0.215 s and 0.362 168 

s (p=0%) to 0.430 s and 0.723 s (p=100%), respectively. In the DD case, we increased 𝐸min𝑅𝑉 from 0.035 169 

mmHg/mL to 0.140 mmHg/mL and 𝑚2𝑅𝑉 from 21.9 to 87.6, similarly to other works focused on the LV 170 

dysfunction28. Analogously, to simulate CD, 𝐸max𝑅𝑉 was reduced, 𝜏1𝑅𝑉 and 𝜏2𝑅𝑉 were increased, and 𝐸min𝑅𝑉 171 

and 𝑚2𝑅𝑉 were increased as defined above. It is worth noting that with the percentage of 100% the ventricle 172 

loses any contractility and/or compliance property, making the right ventricle a totally passive chamber with 173 

no pumping or suction function. This condition is rarely met in clinical practice because of its extreme severity, 174 

and it was here considered to obtain a full description of the pathophysiology. 175 
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See the Supplementary Information (section Time-varying elastance) and the Supplementary Fig. S3 for the 176 

description and the graphical representation of the time-varying elastances for the different dysfunctions. 177 

Clinical case 178 

To compare model predictions and a real scenario, the in vivo investigation of Browning et al.29 was considered. 179 

In this study, patients are affected by pulmonary arterial hypertension (PAH) and DD i.e., they suffer from a 180 

condition that matches our definition of combined RV dysfunction since PAH is known to be associated with 181 

severe systolic dysfunction30. To setup the model, we identified the degree of impairment as follows. First, 182 

knowing that the systolic functionality alters ventricular performances i.e., EF31, we determined the systolic 183 

dysfunction required to obtain the EFRV reduction reported by the authors29. Second, we tuned the degree of 184 

diastolic dysfunction to minimize the difference between the predicted results and measured data29. 185 

 RESULTS 186 

Table 1 reports the comparison between the outputs of the healthy simulation and in vivo reference data. The 187 

model well represents the global hemodynamic variables, with both volumes and pressures within the 188 

physiological ranges. As shown in Fig. 2, the computed pressures, flows, and volumes waveforms are 189 

representative of familiar waveforms seen in these territories. The left heart is characterized by higher flow 190 

peaks than the right side, and LV exhibits a pressure almost 6 times greater than that in the RV, both having a 191 

stroke volume of about 80 mL. 192 

Fig. 3 shows the pressures and flows estimated in various districts of the vascular circuit for the three RV types 193 

of dysfunction. In the first column, SD outputs are presented. As p increases, the right atrial (RA) pressure 194 

increases. The exacerbation of the impairment also flattens the late-systolic peak (v-wave) and emphasizes the 195 

end-diastolic peak (a-wave), despite the unaltered right atrial functionality. On the other hand, RV pressure 196 

exhibits a marked reduction of the systolic peak and an increase of the diastolic pressures. On the contrary, the 197 

pulmonary arterial pressure (PPuA) substantially reduces on the whole heartbeat. Both the two pressures curves 198 

have flattened profiles as the pathology worsens and the systolic phase increases according to E(t) displayed 199 

in Supplementary Fig. S3a. The increase in Pra is offset by the increase in the diastolic Prv, resulting in a 200 

reduction of the E wave. Such a reduction is partly compensated by an increase of the A wave on the tricuspid 201 

valve flow (Qtv) (Fig. 3a4). From an impairment of 70% E wave completely disappears, and the A wave reaches 202 
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a peak of about 600 mL/s, double compared to the healthy case (300 mL/s), whose maximum is observed for 203 

p=80%. The loss of contractility affects also the flow across the pulmonary valve (Qpv) (Fig. 3a5). Qpv abruptly 204 

lessens at systolic peak and, for a complete SD, Qpv shows an almost constant waveform. 205 

The outputs due to DD are reported in the second column of Fig. 3. According to E(t) function, the shape of 206 

all the variables during the cardiac cycle remains unaltered for the different grades of p. The simulated 207 

pressures in the right atrium and in the pulmonary artery exhibit a positive and negative shift with p increasing, 208 

respectively. Consistently, Prv decreases during systole and increases during diastole as DD increases. The 209 

flow between RA and RV (Qtv), due to their pressure variations, shows higher peaks for both the E and A 210 

waves., The former results to be characterized by an increasing flow deceleration and the latter by an increasing 211 

flow acceleration (Fig. 3b4). At the same time, the peak of Qpv reduces, but the ejection time of the ventricle 212 

slightly increases. Interestingly, for severe DD (p>60%), the pulmonary valve opening is anticipated at the 213 

end of diastole i.e., atrial contraction is causing pressure to rise above pulmonary arterial pressure, such that 214 

the pulmonary valve opens before the onset of ventricular systole (Fig. 3b5). 215 

Finally, the results provided by the CD case are reported in the third column of Fig. 3. The diastolic dysfunction 216 

mostly affects the output variables during the diastole, whereas the systolic dysfunction influences the results 217 

during the whole cardiac cycle since the increment of the ejection time has an effect also in the early-diastole. 218 

Fig. 4 reports the pressure-volume (PV) loops for RV (subscript 1) and LV (subscript 2) for the three 219 

dysfunctions considered. When SD is imposed on the right ventricle, RV end-systolic volume (ESV) increases 220 

and so does the RV end-diastolic volume (EDV). However, ESV increases more than EDV, resulting in a 221 

reduction of the stroke volume (SV = EDV-ESV). The impaired pumping activity causes a reduction in RV 222 

systolic pressures that, considering the volume increase, shifts the RV PV loops in downward/rightward 223 

direction. For the worst pathological condition, RV completely loses the ability to eject blood and the PV loop 224 

collapses in a line, as expected when the ventricle becomes a passive chamber (Fig. 4a1). The impairment of 225 

RV affects also LV, that shows a reduction of both the volumes and pressures (Fig. 4a2). The diastolic 226 

dysfunction has an effect on RV PV loops opposite to that due to SD (Fig. 4b1). Both RV ESV and RV EDV 227 

reduce of about 30% and 20%, respectively. The inability to fill the cavity significantly increments the end-228 

diastolic pressures (EDPs) and at the same time reduces the systolic pressures, causing the shrinking of the 229 

loops with leftward/downward shifts. The effects on the LV are similar to the SD case, although the 230 
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leftward/downward shift of the loops for p>60% is lower (Fig. 4b2). In the presence of the combined 231 

dysfunction, the pressure-volumes of RV move downward such that the systolic dysfunction shift is 232 

counterbalanced by the diastolic one (Fig. 4c1). Also LV PV loops are affected by both systolic and diastolic 233 

dysfunction with PV loops in intermediate positions with respect to the SD and DD cases (Fig. 4c2). 234 

Fig. 5 presents the mean central venous pressure (CVP), the cardiac index (defined as CI = CO/BSA), and the 235 

ejection fraction (EF) of both the ventricles. The quantities are compared to in vivo reference values, whose 236 

normal physiological ranges are indicated by grey areas. All the types of dysfunction determine an increase in 237 

CVP (Fig. 5a). SD is outside the physiological ranges for severe impairments (p>80%), DD oversteps for 238 

moderate dysfunction (p>40%), and CD goes beyond the ranges for p>30%. All the dysfunctions depress the 239 

ventricular functionality resulting in hypoperfusion (Fig. 5b). In the early stage of impairment, SD determines 240 

a lower CI reduction than DD. For p>70% CI is outside the physiological ranges for both SD and DD, however, 241 

for SD, CI plummets. On the other hand, the combination of dysfunctions speeds the overstepping of the ranges 242 

(p>40%). The response in terms of EF highlights the role of RV contractility (Fig. 5c). EFRV is estimated about 243 

55% in the whole range of DD impairment. Conversely, SD causes a significant EF reduction (from 55% to 244 

15% for p=0% and p=100%, respectively), and in the CD case, the loss of contractility determines an EF 245 

decrement up to p=70%. For more severe CD impairment EF is almost constant. As already pointed out for 246 

the PV loops, RV dysfunction causes a diminution of LV performance for all types of dysfunction (Fig. 5d). 247 

Generally, LV results to be less compromised by the RV impairment than what RV itself is, and EF is lower 248 

than the in vivo threshold only for severe impairments in the SD and CD cases, reaching values of about 50%. 249 

On the other hand, in the DD case, EFLV worsens of about 8%, remaining within physiological ranges. 250 

Finally, in Table 2 we report the comparison between the numerical results and the in vivo data of Browning 251 

et al.29 for RV EDV, RV ESV, EFRV, and CI. The best match between clinical measurements and model 252 

prediction is found for a systolic and diastolic impairment of 67% and 20%, respectively i.e., CD with different 253 

degree of systolic and diastolic dysfunctions. In that case, the model outputs consistently estimate the indexes 254 

reported in Browning et al. 29, with differences within the measurement error. 255 
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DISCUSSION 256 

The importance of the right ventricle has often been underestimated in the clinical practice and research4,6,7,32,33. 257 

A recent review even highlights that “the perception of the right ventricle has fluctuated between an essential 258 

and a nonessential ventricle”7. Actually, observing for example that patients with a Fontan circulation (i.e. who 259 

do not have a sub-pulmonary ventricle) survive into adulthood with quite a good life quality one might presume 260 

that RV is nonessential indeed. However, in vivo evidences are pointing out that the RV plays a key role in the 261 

onset and progression of a number of diseased conditions as well as in exercise capacity34. So, in order to 262 

contribute to improve the knowledge of right ventricular (dys)function effects on the complete circulation 263 

hemodynamics, we studied the isolated RV dysfunction by physically based numerical simulations. 264 

We built up a lumped parameter model of both the right and left circulation that proved its capability to 265 

reproduce the physiological condition with pressures, flows, and global hemodynamic variables in a very 266 

satisfying agreement with literature data of healthy subjects20,35–39. In particular, hemodynamics of the right 267 

side is found to be well represented in all its characteristics, right heart flow waveforms included40. 268 

A large number of information worth of discussion emerges from model simulations when RV dysfunction is 269 

taken into account. We first recall that our model includes for the first time prolonged cardiac time intervals 270 

among the mechanisms that drive the isolated systolic dysfunction (SD) condition. Indeed, the variation of 271 

systolic time with the rate of impairment, which is peculiar to the ventricular systolic dysfunction24,25, emerged 272 

as crucial in order to obtain results in accordance with clinical evidences. In particular, the increase in 273 

ventricular end-diastolic pressure and the reduction in the systolic one, well known for the left ventricular 274 

failure31,41, has been recently reported also in the case of RV systolic impairment42. This result is clearly 275 

represented by the model in presence of right systolic dysfunction. Such pressure behaviour can be seen as a 276 

consequence of the impairment of contractility, which causes blood accumulation in RV as well as congestion 277 

in RA and in systemic veins, with an obvious reduction in the amount of ventricular blood ejected. In this 278 

condition, RA is forced to increase its pressure to overcome the pressure into the ventricle and open the 279 

tricuspid valve, while Ppua decreases4,43. At the same time, the computed Qtv E wave disappears due to the 280 

reduction of the tricuspid pressure gradient, in part compensated by the increase of the A wave. Notice that a 281 

similar atrioventricular valve flow is known in left ventricular disfunction44
. Hence, we can speculate that it is 282 

the impairment of the right/left systolic function the pathologic condition that leads to such a right/left 283 
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atrioventricular flow behaviour. We also observed that, importantly, when the contractile activity is absent 284 

(p=100%), the model captures the nearly constant Prv and Qpv. Such a result is somehow expected since in 285 

absence of any contractile ventricular activity the model reproduces the passive conduit behaviour in which 286 

the blood flows from RA into PuA. Thus, the nonfunctional RV leads to condition similar to the spontaneous 287 

evolution of the Fontan circulation, as highlighted in Saran et al.45. However, in the simulated case, RA 288 

function is maintained and therefore RA effectively ‘takes over’ as the main right-sided pump. 289 

For what the isolated diastolic dysfunction (DD) is concerned, model results suggest that when the right 290 

ventricle suffers from restrictive filling the ejection fraction EFRV is almost preserved. In other words, the 291 

ventricle exhibits the well-known features of heart failure with preserved ejection fraction (HFpEF) i.e., of the 292 

pathology that is usually attributed to LV33. Such an evidence seems quite interesting since it might help in 293 

answering some of the questions left open in Gorter et al.33 about “the determinants of RV dysfunction in 294 

HFpEF”.While it is true that EFRV is substantially maintained, on the other hand DD results to alter pressures 295 

and flows. In this sense, it is worth noting that model predictions for severe impairment show the appearance 296 

of a secondary peak in Qpv at late diastole which, according to Gatzoulis et al.46 for Tetralogy of Fallot patients, 297 

could be ascribed to atrial contraction. Notice that the debate about the aetiology of such a secondary peak in 298 

Qpv is still open47. Among possible explanations47, we here recall the one that ascribes the peak appearance to 299 

the atrial, ventricular, and pulmonic pressure state in restrictive filling, which forces the ventricle to behave 300 

like a ‘passive conduit’46. Indeed, since the model assumes isolated dysfunction and does not account for 301 

adaptive processes, the ventricular stiffness does seem to be the actual leading cause of the diastolic flow peak 302 

occurrence.  303 

Finally, in the combined systolic and diastolic dysfunction (CD) the effects of the two previous dysfunctions 304 

sum, and both their footprint can be easily recognised in CD simulations’ results. However, the superposition 305 

of SD and DD follows a non-linear behaviour, so that CD hemodynamics exhibits an overall worst 306 

performance. 307 

The hemodynamic alterations visible in calculated PV loops (Fig. 4) can also be commented and compared to 308 

clinical evidences. In the SD scenario the reduction of the end-systolic pressure and the increment of the 309 

volume correspond to the ventricular response reported in Monnet et al.48, and the computed EDPVR increase 310 

well compares to that typically occurring in diastolic dysfunction49. In the CD case, the right ventricle attempts 311 
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to dilate for the lower contractility due to SD, but the increased passive stiffness due to DD opposes this volume 312 

dilation. For p≥80%, the increased stiffness prevails so that the RV EDV reduces, resulting also in a slight 313 

increment of ventricular performance (Fig. 5b-d). Focusing on the LV PV loops, the computed shift is always 314 

downward/leftward in all the investigated cases i.e., LV work reduces. Obviously, since the left ventricle 315 

mechanical functionality is fully maintained, such a ventricular work reduction results from the entanglement 316 

between the LV and the suffering RV, which progressively drops the SV50. Notice also that the effect of RV 317 

systolic dysfunction on LV is more severe in the CD than in the SD case. This result is not surprising since the 318 

loss of the passive action of the right myocardium, expressed by its relaxation, worsens the ventricular working. 319 

For what CVP and CI are concerned (Fig. 5a-b), clinical limits usually associated to potential ventricular 320 

disease51,52 are found to be overpassed for all the three different types of reproduced dysfunction, although for 321 

different degrees. Such an occurrence strengthens the idea that the correct functioning of the right ventricle 322 

during the whole cardiac cycle is of crucial importance in assuring overall physiological hemodynamic 323 

conditions. Passing now to EF, we observe that, as expected from PV loops’ evidences, our results confirm the 324 

strong interaction between the two ventricles. In particular, the computed EF behaviour suggests that both 325 

EFRV and EFLV have to be evaluated in right diseases (e.g., Tetralogy of Fallot). Indeed, van der Ven et al.50 326 

recently pointed out that the role of LV in Tetralogy of Fallot can not be neglected, despite LV parameters are 327 

not considered in current guidelines for the assessment of the  most appropriate timing of intervention50. 328 

Finally, the comparison between the numerical simulation with the in vivo clinical data of Browning et al.29 329 

(Table 2) is illustrative for the potential of the model as predictive tool to be applied to real scenarios. The 330 

model’s ability to reproduce the hemodynamic indexes seems to be particularly promising. Indeed, the 331 

differences between simulated and observed outputs are more than acceptable, for example the computed CI 332 

is 2.4 L/min/m2 versus the measured 2.5 L/min/m2. Notice that such a result is even more remarkable when 333 

considering that we did not account for the alterations connected to the ventricular pathologies that may 334 

enhance the model predictions. In other words, the dysfunction model here proposed seems to be effectively 335 

representative of the real pathological mechanisms governing the depressed/stiffened ventricle. 336 

The diagnosis and treatment of diseased conditions might hence benefit from the application of the model 337 

thanks to its ability in determining flow and pressure changes as a result of RV dysfunction. For example:  338 
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1) Isolated right ventricular dysfunction: Uhl disease, right ventricular dysplasia, post-surgical right 339 

ventricular dysfunction. This condition is rare, and the knowledge of heart chambers physiopathology as well 340 

as the clinical evolution assessment are hardly feasible. The present model may help to grade the correct 341 

ventricular dysfunction. 342 

2) Pulmonary arterial hypertension. In this case, the pulmonary arterial pressure is augmented. The 343 

associated right heart hemodynamics can be due to the increased afterload or associated with a percentage of 344 

RV dysfunction. Distinguishing between these two cases is still a clinical challenge and a suitably 345 

implementation of the model assigning augmented pulmonary artery pressure conditions may help to identify 346 

the patients at higher risk to develop right HF. 347 

3) Cor pulmonare. Left HF usually affects RV function due to the increase of left atrial pressure and the 348 

pulmonary arterial pressure. Similarly to setting 2), the RV dysfunction model, implemented with the LV 349 

impairment, may be appropriate to recognize the hemodynamics due to the left HF or associated to primitive 350 

right HF (bi-ventricular failure). This distinction is particularly important when a left ventricular assist device 351 

(VAD) is required. In the case of induced right HF, the right ventricular function recovers, partially or 352 

completely, after the left VAD implantation. Conversely, when the right ventricular dysfunction occurs, 353 

usually a bi-VAD is the best clinical option. 354 

Finally, study limitations and possible future improvements can be summarized. Cardiac valve flow was 355 

modelled according to a simple linear flow/pressure gradient relationship, which is likely the reason why Qao 356 

and Qmv (E/A ratio) are found to have peaks somehow higher than physiological ones39. The inclusion of valve 357 

dynamics is expected to overcome this issue (Mynard et al.22). Moreover, neither physiological compensatory 358 

mechanisms e.g., ventricular remodelling and venous constriction, nor secondary diseases e.g., tricuspid valve 359 

insufficiency53, were accounted for in the model since we aimed at highlighting primary RV dysfunction effects 360 

alone. However, the inclusion of the above mechanisms/conditions in the model is quite easily feasible. Last 361 

but not least, further development can arise from taking into account sex differences in model parameter values 362 

and/or cardiovascular functional response i.e., differences that has been recognised as pivotal in both healthy 363 

and pathological hemodynamics17,54–56.. 364 
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CONCLUSIONS 365 

Our study highlights the effect of RV (dys)function on the overall hemodynamics. The 0D circulation model 366 

seems to correctly simulate the pressures and flows in both the pulmonary and systemic circulations. Changes 367 

in RV functions lead to significant modifications of the overall hemodynamics, affecting also LV output due 368 

to a decreased preload. To the best of our knowledge, there is not such a previous engineering work aimed at 369 

understanding the hemodynamic implications of the development of RV impairment. In addition, the model 370 

matches clinical data of patients presenting RV diseases, providing a first step towards the set up and the 371 

assessment of a numerical tool able to support clinicians to improve the knowledge and the understating of the 372 

role played by RV on the blood circulation with potential future benefits in the diagnosis and treatment of RV 373 

pathologies. 374 
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FIGURES 537 

 538 

Fig. 1. Circulation model composed of: left ventricle (LV), systemic arteries, vascular bed, and veins, right 539 

ventricle (RV), right atrium (RA), pulmonary arteries, bed, and veins, left atrium (LA) and heart valves (     ). 540 

 541 

 542 

 543 

Fig. 2. Hemodynamic waveforms of the healthy condition. a) Pressures, b) flows, and c) pressure-volume (PV) 544 

loops. Subscripts: lv, left ventricle; Ao, aortic and arterial vessels; sr, systemic vascular bed; rv, right ventricle; 545 

PuA, pulmonary arteries; pr, pulmonary vascular bed; Aov, aortic valve; Mv, mitral valve; Pv, pulmonary 546 

valve, and Tv, tricuspid valve. The LV presents with flow peaks which are higher than the RV, exhibiting an 547 

LV pressure almost 6 times greater than the RV estimated one, both having a stroke volume of about 80 mL. 548 

 549 

 550 
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 551 

Fig. 3. Pressures and flows for a heartbeat in the dysfunctions. a) systolic dysfunction, b) diastolic dysfunction 552 

and c) combined dysfunction. Pra, RA pressure (subscript 1); Prv, RV pressure (subscript 2); PPuA, PuA pressure 553 

(subscript 3); QTv, tricuspid valve flow (subscript 4); QPv, pulmonary valve flow (subscript 5). Black solid line, 554 
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healthy configuration (p=0%); coloured lines; the corresponded degree of RV impairment, p, from 10% to 555 

100%.  556 

 557 

Fig. 4. Pressure-volume loops for RV (subscript 1) and LV (subscript 2). a) systolic dysfunction; b) diastolic 558 

dysfunction, and c) combined systolic and diastolic dysfunction. Black solid line, healthy configuration 559 

(p=0%); coloured lines; the corresponded degree of RV impairment, p, from 10% to 100%. 560 

 561 
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 562 

Fig. 5. Comparison at various rates of impairment between the different types of dysfunction (symbols) and in 563 

vivo reference data (grey area). □, systolic dysfunction, ∆, diastolic dysfunction, and ○, combined systolic and 564 

diastolic dysfunction. a) CVP, mean pressure in the central veins and in vivo data52, b) CI, cardiac index and 565 

in vivo data52, and EF, ejection fraction for c) RV (EFRV) and in vivo data57, and d) LV (EFLV) and in vivo 566 

data58. 567 
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TABLES 569 

Table 1. Comparison of the healthy condition outputs with in vivo reference data given as a mean, with range 570 

or standard deviation in parentheses. 571 

Parameters Units Model Reference 

CO [𝐿 𝑚𝑖𝑛⁄ ] 6.2 6.5 (3.6-9.4)20 

Total vascular resistance 

SVR [𝑚𝑚𝐻𝑔 ⋅ 𝑠 𝑚𝐿⁄ ] 0.89 0.8 (0.5-1.1)20 

PVR [𝑚𝑚𝐻𝑔 ⋅ 𝑠 𝑚𝐿⁄ ] 0.06 0.06 (0.02-0.09)20 

Volume 𝐿𝑉𝑚𝑎𝑥 [𝑚𝐿] 144 150 ±3135 𝑅𝑉𝑚𝑎𝑥 [𝑚𝐿] 153 173 ±3935 𝐿𝐴𝑚𝑎𝑥 [𝑚𝐿] 111 97±2735 𝑅𝐴𝑚𝑎𝑥 [𝑚𝐿] 107 101 (37-177)36 𝐿𝑉𝑚𝑖𝑛 [𝑚𝐿] 62 47±1535 𝑅𝑉𝑚𝑖𝑛 [𝑚𝐿] 71 69±2235 𝐿𝐴𝑚𝑖𝑛 [𝑚𝐿] 72 44±1335 𝑅𝐴𝑚𝑖𝑛 [𝑚𝐿] 66 50 (15-92)36 

Pressure 

SBP [𝑚𝑚𝐻𝑔] 120 125±737 

DBP [𝑚𝑚𝐻𝑔] 66 73±537 

PuA (systolic) [𝑚𝑚𝐻𝑔] 18.3 22.5±1.038 

PuA (mean) [𝑚𝑚𝐻𝑔] 13.5 15.5±2.638 

E/A ratio 

Mitral [−] 4.6 0.6-2.639 

Tricuspid [−] 1.1 0.8-2.339 

 572 

  573 
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Table 2. Comparison of the CD condition outputs with in vivo reference data from Browning et al. 29.  574 

Parameters Units Reference 
CD 

psystolic=67% - pdiastolic=20% 𝑅𝑉𝑚𝑎𝑥 [𝑚𝐿] 181±17 172 𝑅𝑉𝑚𝑖𝑛 [𝑚𝐿] 123±17 112 𝐸𝐹𝑅𝑉 [%] 35±3 35 𝐶𝐼 𝐿 𝑚𝑖𝑛 𝑚2⁄⁄  2.5±0.2 2.4 
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Figures

Figure 1

Circulation model composed of: left ventricle (LV), systemic arteries, vascular bed, and veins, right 539
ventricle (RV), right atrium (RA), pulmonary arteries, bed, and veins, left atrium (LA) and heart valves ().

Figure 2

Hemodynamic waveforms of the healthy condition. a) Pressures, b) �ows, and c) pressure-volume (PV)
loops. Subscripts: lv, left ventricle; Ao, aortic and arterial vessels; sr, systemic vascular bed; rv, right
ventricle; PuA, pulmonary arteries; pr, pulmonary vascular bed; Aov, aortic valve; Mv, mitral valve; Pv,
pulmonary valve, and Tv, tricuspid valve. The LV presents with �ow peaks which are higher than the RV,
exhibiting an LV pressure almost 6 times greater than the RV estimated one, both having a stroke volume
of about 80 mL.



Figure 3

Pressures and �ows for a heartbeat in the dysfunctions. a) systolic dysfunction, b) diastolic dysfunction
and c) combined dysfunction. Pra, RA pressure (subscript 1); Prv, RV pressure (subscript 2); PPuA, PuA
pressure (subscript 3); QTv, tricuspid valve �ow (subscript 4); QPv, pulmonary valve �ow (subscript 5).
Black solid line, healthy con�guration (p=0%); coloured lines; the corresponded degree of RV impairment,
p, from 10% to 100%.



Figure 4

Pressure-volume loops for RV (subscript 1) and LV (subscript 2). a) systolic dysfunction; b) diastolic
dysfunction, and c) combined systolic and diastolic dysfunction. Black solid line, healthy con�guration
(p=0%); coloured lines; the corresponded degree of RV impairment, p, from 10% to 100%.



Figure 5

Comparison at various rates of impairment between the different types of dysfunction (symbols) and in
vivo reference data (grey area). , systolic dysfunction, Δ, diastolic dysfunction, and , combined systolic
and diastolic dysfunction. a) CVP, mean pressure in the central veins and in vivo data52, b) CI, cardiac
index and in vivo data52, and EF, ejection fraction for c) RV (EFRV) and in vivo data57, and d) LV (EFLV)
and in vivo data58.
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