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SUMMARY:  28 
This work introduces two computational models of heart failure with preserved ejection fraction 29 
based on a lumped-parameter approach and finite element analysis. These models are used to 30 
evaluate the changes in the hemodynamics of the left ventricle and related vasculature induced 31 
by pressure overload and diminished ventricular compliance.  32 
 33 
ABSTRACT:  34 
Scientific efforts in the field of computational modeling of cardiovascular diseases have largely 35 
focused on heart failure with reduced ejection fraction (HFrEF), broadly overlooking heart failure 36 
with preserved ejection fraction (HFpEF), which has more recently become a dominant form of 37 
heart failure worldwide. Motivated by the paucity of HFpEF computational models, two distinct 38 
computational models are presented in this paper to simulate the hemodynamics of HFpEF 39 
resulting from left ventricular pressure overload. First, an object-oriented lumped-parameter 40 
model was developed using a numerical solver. This model is based on a zero-dimensional (0D) 41 
Windkessel-like network, which depends on the geometrical and mechanical properties of the 42 
constitutive elements and offers the advantage of low computational costs. Second, a finite 43 
element analysis (FEA) software package was utilized for the implementation of a 44 
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multidimensional simulation. The FEA model combines three-dimensional (3D) multiphysics 45 
models of the electro-mechanical cardiac response, structural deformations, and fluid cavity-46 
based hemodynamics and utilizes a simplified lumped-parameter model to define the flow 47 
exchange profiles among different fluid cavities. Through each approach, both the acute and 48 
chronic hemodynamic changes in the left ventricle and proximal vasculature resulting from 49 
pressure overload were successfully simulated. Specifically, pressure overload was modeled by 50 
reducing the orifice area of the aortic valve, while chronic remodeling was simulated by reducing 51 
the compliance of the left ventricular wall. Consistent with the scientific and clinical literature of 52 
HFpEF, results from both models show (i) an acute elevation of transaortic pressure gradient 53 
between the left ventricle and the aorta and a reduction in the stroke volume and (ii) a chronic 54 
decrease in the end-diastolic left ventricular volume, indicative of diastolic dysfunction. Finally, 55 
the FEA model demonstrates that stress in the HFpEF myocardium is remarkably higher than in 56 
the healthy heart tissue throughout the cardiac cycle.  57 
 58 
INTRODUCTION:  59 
Heart failure is a leading cause of death worldwide, which occurs when the heart is unable to 60 
pump or fill adequately to keep up with the metabolic demands of the body. The ejection 61 
fraction, i.e., the relative amount of blood stored in the left ventricle that is ejected with each 62 
contraction is used clinically to classify heart failure into (i) heart failure with reduced ejection 63 
fraction (HFrEF) and (ii) heart failure with preserved ejection fraction (HFpEF), for ejection 64 
fractions less than or greater than 45%, respectively1-3. Symptoms of HFpEF often develop in 65 
response to left ventricular pressure overload, which can be caused by several conditions 66 
including aortic stenosis, hypertension, and left ventricular outflow tract obstruction3-7. Pressure 67 
overload drives a cascade of molecular and cellular aberrations, leading to thickening of the left 68 
ventricular wall (concentric remodeling) and ultimately, to wall stiffening or loss of compliance8-69 
10. These biomechanical changes profoundly affect cardiovascular hemodynamics as they result 70 
in an elevated end-diastolic pressure–volume relationship and in a reduction of the end-diastolic 71 
volume11.  72 
 73 
Computational modeling of the cardiovascular system has advanced the understanding of blood 74 
pressures and flows in both physiology and disease and has fostered the development of 75 
diagnostic and therapeutic strategies12. In silico models are classified into low- or high-76 
dimensional models, with the former utilizing analytical methods to evaluate global 77 
hemodynamic properties with low computational demand and the latter providing a more 78 
extensive multiscale and multiphysics description of cardiovascular mechanics and 79 
hemodynamics in the 2D or 3D domain13. The lumped-parameter Windkessel representation is 80 
the most common among the low-dimensional descriptions. Based on the electrical circuit 81 
analogy (Ohm’s law), this mimics the overall hemodynamic behavior of the cardiovascular system 82 
through a combination of resistive, capacitive, and inductive elements14. A recent study by this 83 
group has proposed an alternative Windkessel model in the hydraulic domain that allows the 84 
modeling of changes in the geometry and mechanics of large vessels—heart chambers and 85 
valves—in a more intuitive way than traditional electrical analog models. This simulation is 86 
developed on an object-oriented numerical solver (see the Table of Materials) and can capture 87 
the normal hemodynamics, physiologic effects of cardiorespiratory coupling, respiratory-driven 88 
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blood flow in single-heart physiology, and hemodynamic changes due to aortic constriction. This 89 
description expands upon the capabilities of lumped-parameter models by offering a physically 90 
intuitive approach to model a spectrum of pathologic conditions including heart failure15. 91 
 92 
High-dimensional models are based on FEA to compute spatiotemporal hemodynamics and fluid-93 
structure interactions. These representations can provide detailed and accurate descriptions of 94 
the local blood flow field; however, due to their low computational efficiency, they are not 95 
suitable for studies of the entire cardiovascular tree16,17. A software package (see the Table of 96 
Materials) was employed as an anatomically accurate FEA platform of the 4-chamber adult 97 
human heart, which integrates the electro-mechanical response, structural deformations, and 98 
fluid cavity-based hemodynamics. The adapted human heart model also comprises a simple 99 
lumped-parameter model that defines the flow exchange among the different fluid cavities, as 100 
well as a complete mechanical characterization of the cardiac tissue18,19. 101 
 102 
Several lumped-parameter and FEA models of heart failure have been formulated to capture 103 
hemodynamic abnormalities and evaluate therapeutic strategies, particularly in the context of 104 
mechanical circulatory assist devices for HFrEF20-24. A broad array of 0D lumped-parameter 105 
models of various complexities has therefore successfully captured the hemodynamics of the 106 
human heart in physiological and HFrEF conditions via optimization of two or three-element 107 
electrical analog Windkessel systems20,21,23,24. The majority of these representations are uni- or 108 
biventricular models based on the time varying-elastance formulation to reproduce the 109 
contractile action of the heart and use a non-linear end-diastolic pressure–volume relationship 110 
to describe ventricular filling25-27. Comprehensive models, which capture the complex 111 
cardiovascular network and mimic both the atrial and ventricular pumping action, have been 112 
used as platforms for device testing. Nevertheless, although a significant body of literature exists 113 
around the field of HFrEF, very few in silico models of HFpEF have been proposed20,22,28-31.  114 
 115 
A low-dimensional model of HFpEF hemodynamics, recently developed by Burkhoff et al.32 and 116 
Granegger et al.28, can capture the pressure-volume (PV) loops of the 4-chamber heart, fully 117 
recapitulating the hemodynamics of various phenotypes of HFpEF. Furthermore, they utilize their 118 
in silico platform to evaluate the feasibility of a mechanical circulatory device for HFpEF, 119 
pioneering computational research of HFpEF for physiology studies as well as device 120 
development. However, these models remain unable to capture the dynamic changes in blood 121 
flows and pressures observed during disease progression. A recent study by Kadry et al.30 122 
captures the various phenotypes of diastolic dysfunction by adjusting the active relaxation of the 123 
myocardium and the passive stiffness of the left ventricle on a low-dimensional model. Their 124 
work provides a comprehensive hemodynamic analysis of diastolic dysfunction based on both 125 
the active and passive properties of the myocardium. Similarly, the literature of high-dimensional 126 
models has primarily focused on HFrEF19,33-37. Bakir et al.33 proposed a fully-coupled cardiac fluid-127 
electromechanics FEA model to predict the HFrEF hemodynamic profile and the efficacy of a left-128 
ventricular assist device (LVAD). This biventricular (or two-chamber) model utilized a coupled 129 
Windkessel circuit to simulate the hemodynamics of the healthy heart, HFrEF and HFrEF with 130 
LVAD support33,37.  131 
 132 
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Similarly, Sack et al.35 developed a biventricular model to investigate right ventricular 133 
dysfunction. Their biventricular geometry was obtained from a patient’s magnetic resonance 134 
imaging (MRI) data, and the model’s finite-element mesh was constructed using image 135 
segmentation to analyze the hemodynamics of a VAD-supported failing right ventricle35. Four-136 
chamber FEA cardiac approaches have been developed to enhance the accuracy of models of the 137 
electromechanical behavior of the heart19,34. In contrast to biventricular descriptions, MRI-138 
derived four-chamber models of the human heart provide a better representation of the 139 
cardiovascular anatomy18. The heart model employed in this work is an established example of a 140 
four-chamber FEA model. Unlike lumped-parameter and biventricular FEA models, this 141 
representation captures hemodynamic changes as they occur during disease progression34,37. 142 
Genet et al.34, for example, used the same platform to implement a numerical growth model of 143 
the remodeling observed in HFrEF and HFpEF. However, these models evaluate the effects of 144 
cardiac hypertrophy on structural mechanics only and do not provide a comprehensive 145 
description of the associated hemodynamics.  146 
 147 
To address the lack of HFpEF in silico models in this work, the lumped-parameter model 148 
previously developed by this group and the FEA model were readapted to simulate the 149 
hemodynamic profile of HFpEF. To this end, the ability of each model to simulate cardiovascular 150 
hemodynamics at baseline will be first demonstrated. The effects of stenosis-induced left 151 
ventricular pressure overload and of diminished left ventricular compliance due to cardiac 152 
remodeling—a typical hallmark of HFpEF—will then be evaluated. 153 
 154 
PROTOCOL:  155 
1. 0D lumped-parameter model 156 
 157 
1.1. Simulation setup 158 
 159 
NOTE: In the numerical solver environment (see the Table of Materials), construct the domain 160 
as shown in Figure 1. This is composed of the 4-chamber heart, the upper body, abdominal, lower 161 
body, and thoracic compartments, as well as the proximal vasculature, including the aorta, the 162 
pulmonary artery, and the superior and inferior venae cavae. The standard elements used in this 163 
simulation are part of the default hydraulic library. Details can be found in the Supplemental 164 
Files.  165 
 166 
1.1.1. Navigate the hydraulics library to find the required elements: hydraulic pipeline, constant 167 
volume hydraulic chamber, linear resistance, centrifugal pump, check valve, variable area orifice, 168 
and the custom hydraulic fluid.  169 
 170 
1.1.1.1. Drop the hydraulic pipeline elements into the workspace.  171 
 172 
NOTE: These account for frictional losses as well as wall compliance and fluid compressibility in 173 
blood vessels and heart chambers. Through this block, the pressure loss is calculated using the 174 
Darcy-Weisbach law, whereas the change in diameter due to wall compliance depends on the 175 
compliance proportionality constant, the luminal pressure, and the time constant. Finally, fluid 176 
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compressibility is defined by the bulk modulus of the medium.  177 
 178 
1.1.1.2. Insert the constant volume hydraulic chamber elements to define wall compliance 179 
and fluid compressibility.  180 
 181 
NOTE: This block does not take into account pressure losses due to friction.  182 
 183 
1.1.1.3. Add the linear resistance elements to define resistance to flow.  184 
 185 
NOTE: This is independent of the geometrical properties of the vasculature, analogously to the 186 
resistive element used in electrical analog Windkessel models. Other blocks, such as the 187 
centrifugal pump, the check valve, the variable-area orifice, and the custom hydraulic fluid 188 
elements should be inserted to generate the desired pressure input to the system, model the 189 
effects of heart valves on blood flow, and define the mechanical properties of blood. Through 190 
these elements, the behavior of the cardiovascular system in both physiology and disease can be 191 
fully captured. The input signal for the centrifugal pump can be found in Figure S1A. 192 
 193 
1.1.1.4. Model the contractility of each heart chamber through the custom variable-194 
compliance compliance chamber element.  195 
 196 
NOTE: This accepts compliance as a time-varying user-defined input signal and is based on the 197 
time-varying elastance model (Figure S1B–D). 198 
 199 
1.1.2. Provide the parameters relative to each element, as shown in Table S1, also found in 200 
Rosalia et al.15  201 
 202 
1.1.3. Insert a Physical Signal (PS) Repeating Sequence element for each of the blocks that 203 
require a time-varying user-defined input signal: the LV pump, the variable-compliance 204 
compliance elements, and the variable-area orifice blocks.  205 
 206 
NOTE: Input signals utilized for this simulation can be found in Figure S1.  207 
 208 
1.1.4. Select the default ODE 23t implicit solver and run the simulation for 100 s to reach a 209 
steady state.  210 
 211 
2. The FEA model 212 
 213 
2.1. Simulation setup 214 
 215 
NOTE: The FEA Model utilizes a coupled electrical-mechanical analysis in sequence. In this model, 216 
the electrical analysis is conducted first; then the resulting electric potentials are used as the 217 
excitation source in the following mechanical analysis. Therefore, the simulation setup contains 218 
two work domains: the electrical (ELEC) and the mechanical (MECH) domains, that are predefined 219 
in the FEA simulation software (Table of Materials)18. Hence, the following section only describes 220 
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the analysis workflow. The FEA model uses the following user subroutines HETVAL, 221 
VUANISOHYPER, and UAMP for the electrical and mechanical material modeling18. 222 
 223 
2.1.1.  Navigate the ELEC domain to perform electrical analysis using the predefined 224 
temperature procedure in the Standard module. 225 
 226 
2.1.1.1. Use a single-analysis step named BEAT. Set the duration of the cardiac cycle to 227 
500 ms and apply an electrical potential pulse to a node set representing the sinoatrial (SA) node 228 
(node set: R_Atrium-1.SA_NODE). 229 
 230 
2.1.1.2. Review the default electrical waveform, which ranges from –80 mV to 20 mV over 231 
200 ms with the smooth step amplitude definition, as described in the model guide18. Use the 232 
default values of material constants in the electrical analysis to adjust the AV delay.  233 
 234 
2.1.1.3. Launch the Job module, and create a job named heart-elec.  235 
 236 
2.1.2. Once the electrical analysis setup is completed, navigate the MECH domain to perform 237 
the fluid cavity-based mechanical analysis.  238 
 239 
NOTE: The mechanical simulation is performed after the electrical analysis, and the resulting 240 
electric potentials are used as the excitation source for the mechanical analysis. The mechanical 241 
analysis contains multiple steps.  242 
 243 
2.1.2.1. Use the three main steps named PRE-LOAD, BEAT1, AND RECOVERY1. In the PRE-244 
LOAD step, review the boundary conditions of the pre-stressed state of the heart. Use 0.3 s as 245 
the step time to linearly ramp up the pressure in the fluid chambers.  246 
 247 
NOTE: The predefined fluid cavity pressure values are shown in Table S3. The pre-stressed state 248 
of the heart was already defined in the normal heart simulation setup, and the initial node 249 
conditions are provided in the external simulation files, as listed in Table S5. Recalculation of the 250 
zero-stress state using the inverse mechanical simulation is required whenever the boundary 251 
condition is modified, as explained in steps 3.2.2–3.2.4. 252 
 253 
2.1.2.2. In the BEAT1 step, use 0.5 s as the step time to simulate contraction. 254 
 255 
2.1.2.3. In the RECOVERY1 step, select 0.5 s for cardiac relaxation and ventricular filling 256 
for a heart rate of 60 bpm. 257 
 258 
2.1.2.4. Enable the subsequent steps, BEATX and RECOVERYX, to simulate more than one 259 
cardiac cycle to reach a steady state. 260 
 261 
NOTE: Three cardiac cycles will be sufficient to reach steady state. One cycle of the simulation is 262 
completed in ~8 h on a 24-core processor (3.2 GHz x 24). 263 
 264 
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2.1.2.5. Launch the Job module, and create a job named heart-mech, enabling the double 265 
precision option.  266 
 267 
2.2. Review simplified lumped-parameter Windkessel model 268 
 269 
NOTE: The mechanical domain of the FEA model has a blood flow model, which is based on a 270 
simplified lumped-parameter circuit and is created as a combination of surface-based fluid 271 
cavities and fluid exchanges as seen in Figure 218.  272 
 273 
2.2.1. Use the Windkessel representation mentioned in the above note to run the simulation. 274 
Review the blood flow model representation to adjust the values of the resistive and capacitive 275 
elements for flow resistances and structural compliances, respectively. 276 
 277 
2.2.2. Review the 3D finite element representation of four heart chambers, and ensure their 278 
geometrical positions are accurate.  279 
 280 
2.2.3. Check the heart assembly, and switch to the Interaction module to adjust the compliance 281 
and contractility values of each of the four heart chambers. 282 
 283 
NOTE: The default values in the Interaction module are configured to simulate an idealized 284 
healthy human heart beat cycle18. 285 
 286 
2.2.4. Review the following hydrostatic fluid cavities in the Interaction module, CAV-AORTA, 287 
CAV-LA, CAV-LV, CAV-PULMONARY_TRUNK, CAV-RA, CAV-RV, CAV-SVC, CAV-ARTERIAL-COMP, 288 
CAV-PULMONARY-COMP, and CAV-VENOUS-COMP (Table S3). 289 
 290 
2.2.5. Use the compliance chambers (CAV-ARTERIAL-COMP, CAV-PULMONARY-COMP, and CAV-291 
VENOUS-COMP) as cubic volumes as they represent the compliance of the arterial, venous, and 292 
pulmonary circulations.  293 
 294 
2.2.6. Attach three compliance cubic volumes to a grounded spring, and review the stiffness 295 
value to model the pressure-volume response in the arterial, venous, and pulmonary circulations. 296 
 297 
2.2.7. Check the following fluid exchange definitions between the hydrostatic fluid cavities: 298 
arterial-venous, venous-right atrium, right atrium-right ventricle, right ventricle-pulmonary 299 
system, pulmonary system-left atrium, left atrium-left ventricle, and left ventricle-aorta (Table 300 
S4). 301 
 302 
2.2.8. Adjust the viscous resistance coefficient to modify the blood flow model in each fluid 303 
exchange link (see Supplemental files for more information about the viscous resistance effect).   304 
 305 
2.3. Multiphysics simulation 306 
 307 
2.3.1. Locate the CAE database file in the working directory.  308 
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 309 
NOTE: The FEA Model in this protocol is delivered in the database and is named as LH-Human-310 
Model-Beta-V2_1.cae. 311 
 312 
2.3.2. Insert the input, object, and library files to the working directory to run the simulation. 313 
See Table S5 for the full list of input and library files.  314 
 315 
2.3.3. Launch the FEA model simulation software (see the Table of Materials). 316 
 317 
NOTE: Consult the software provider for compatibility with later versions18. 318 
 319 
2.3.4. Review the parts, assembly, and boundary conditions in both ELEC and MECH domains, 320 
as described in sections 2.2 and 2.3. 321 
 322 
2.3.5. First, run the electrical simulation job named heart-elec, as described in section 2.1.1.3. 323 
Visually inspect the electrical potential results to verify that the heart-elec simulation ran as 324 
expected. Then, ensure that the result file heart-elec.odb is in the working directory. 325 
 326 
2.3.6. Move to the second simulation phase by switching to the MECH domain. Review the 327 
values of the material constants used in the mechanical simulation to model the desired passive 328 
and active cardiac response. 329 
 330 
2.3.7. Ensure that the material library files for the mechanical analysis use the HYBRID- string 331 
name. To modify the material response of the heart chambers, adjust the appropriate hybrid 332 
material file, or replace the entire material response by defining a new material behavior in the 333 
Materials section in the CAE module.  334 
 335 
NOTE: Detailed information about the built-in constitutive laws can be found in the user guide18. 336 
 337 
2.3.8. In the PRE-LOAD step, set the pressures of the hydrostatic cavities to obtain the desired 338 
physiologic behavior. Use the built-in smooth amplitude option to ramp up from zero to the 339 
desired pressure level as described in step 2.1.2.1. 340 
 341 
2.3.9. Disable the pressure boundary conditions defined in 2.1.2.1 to run the blood flow model 342 
with a constant overall blood volume within the circulation system. Run the simulation job named 343 
heart-mech, as described in section 2.1.2.5. 344 
 345 
3. Aortic valve stenosis 346 
 347 
NOTE: Aortic stenosis is often a driver of HFpEF as it leads to pressure overload and ultimately, 348 
to concentric remodeling and compliance loss of the left ventricular wall. The hemodynamics 349 
observed in aortic stenosis often progress to those seen in HFpEF.  350 
 351 
3.1. The lumped-parameter model 352 
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 353 
3.1.1. Modify the input signal in the PS repeating sequence element relative to the aortic valve, 354 
located in the left ventricular compartment. Simulate a reduction of the orifice area equal to 70% 355 
compared to baseline (Table S6). 356 
 357 
NOTE: The input values will represent the orifice area of the stenotic valve during each heartbeat. 358 
The orifice area value can be easily adjusted by multiplying the start output values vector of the 359 
aortic valve PS element by a decimal value corresponding to the final orifice area with respect to 360 
its original value. In this work, a factor of 0.3 was used to achieve 70% constriction. 361 
 362 
3.2. The FEA model  363 
 364 
3.2.1. Modify the fluid exchange definition of the LINK-LV-ARTERIAL parameter.  365 
 366 
NOTE: This parameter possesses a viscous resistance coefficient tuned to the blood flow between 367 
the left ventricle and the aorta. The effective exchange area can be modified to adjust the blood 368 
flow and create the appropriate aortic stenosis model (Table S7). 369 
 370 
3.2.2. Locate the toolbox folder and copy the files inside that folder to the main working 371 
directory. 372 
 373 
3.2.3. Perform an inverse mechanical simulation by executing the toolbox files18. To this end, 374 
change the suction pressures of the left ventricle and left atrium to 6 mmHg in the fluid cavity to 375 
adjust their initial volumetric state for the aortic stenosis model. Execute the 376 
inversePreliminary.py function. 377 
 378 
NOTE: Recalculation of the zero-stress state using the inverse mechanical simulation is required 379 
whenever the boundary condition is modified. 380 
 381 
3.2.4. Once the inverse mechanical simulation is completed, run the post-processing functions: 382 
calcNodeCoords.py and straight_mv_chordae.py. Use the default values for the other flow 383 
parameters, and run a new mechanical simulation as described in section 2.1.2.5.  384 
 385 
4. HFpEF hemodynamics 386 
 387 
NOTE: To simulate the effects of chronic remodeling, the mechanical properties of the left heart 388 
were modified. 389 
 390 
4.1. The lumped-parameter model 391 
 392 
4.1.1. Modify the left ventricular diastolic compliance of the LV compliance element to mimic 393 
wall stiffening due to pressure-overload, using the value of end-diastolic compliance in Table S8. 394 
 395 
NOTE: Assume compliance to drop linearly from end-systole to end-diastole. 396 
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 397 
4.1.2. Increase the leak resistance of the LV pump to 18 × 106 Pa s m-3 (Table S8) to capture the 398 
elevated left ventricular pressures observed in HFpEF.  399 
 400 
4.2. The FEA model 401 
 402 
4.2.1. Edit the active material properties of the left ventricle geometry. Increase the stiffness 403 
component to tune the active tissue response affecting the stress components in the fiber and 404 
sheet directions in the constitutive model. 405 
 406 
4.2.1.1. Modify the material response of the left ventricle in the mech-mat-LV_ACTIVE file.  407 
 408 
NOTE: The magnitude of stiffness for the left ventricular chamber can be tuned to provide the 409 
appropriate diastolic compliance effects.  410 
 411 
4.2.1.2. Increase the stiffness parameters a and b in the anisotropic hyperelastic 412 
formulation to capture the increased stiffness response for the HFpEF physiology. 413 
 414 
4.2.1.3. In the PRE-LOAD step, set the fluid cavity pressures of the left ventricle and left 415 
atrium to 20 mmHg. 416 
 417 
4.2.1.4. Perform an inverse mechanical simulation to obtain the volumetric state of the 418 
left ventricle and atrium. Export the nodal coordinates from the heart-mech-inverse.odb file18. 419 
 420 
4.2.1.5. Execute the post-processing functions: calcNodeCoords.py and 421 
straight_mv_chordae.py, as described in step 3.2.4. Locate the new nodal input files in the 422 
working directory and perform a new mechanical simulation, as described in section 2.1.2.5. 423 
 424 
REPRESENTATIVE RESULTS:  425 
Results from the baseline simulations are illustrated in Figure 3. This depicts the pressure and 426 
volume waveforms of the left ventricle and the aorta (Figure 3A) as well as the left ventricular PV 427 
loop (Figure 3B). The two in silico models show similar aortic and left ventricular hemodynamics, 428 
which are within the physiologic range. Minor differences in the response predicted by the two 429 
platforms can be noticed during the ventricular emptying and filling phases, where non-linearities 430 
are better captured by the FEA model compared to the lumped-parameter platform. In 431 
physiology, such non-linear effects arise mainly as a result of the hyperelastic response of the 432 
heart tissue and are therefore more accurately reproduced by multidomain and high-order 433 
computational models18.  434 
 435 
Ventricular and aortic hemodynamics were obtained for aortic stenosis, as this often leads to left 436 
ventricular pressure overload and ultimately, to the development of HFpEF. Pressure and volume 437 
waveforms at a 70% reduction of the aortic valve orifice area are shown for both models in Figure 438 
4. Stenosis resulted in an elevated pressure gradient across the aortic valve. For the 70% stenosis 439 
considered in this work, peak transaortic pressure gradients of 41 mmHg and 54 mmHg were 440 
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obtained with the lumped-parameter (Figure 4A) and FEA (Figure 4B) models, respectively. This 441 
moderate variation likely arises as another consequence of the lack of a constitutive equation 442 
defining the material properties of the cardiac tissue in the lumped-parameter model, in which 443 
compliance is simply defined by an array of numerical values. This model therefore does not 444 
capture fluid-structure interactions, which are instead accurately represented by the FEA model. 445 
Nevertheless, the results from both models are consistent with the American Society of 446 
Echocardiography (ASE) and the European Association of Echocardiography (EAE) classifications 447 
of moderate aortic valve stenosis, which denote peak transaortic gradients of 40–65 mmHg for 448 
aortic constrictions of approximately 60–75%38-40.  449 
 450 
Left ventricular PV loops at baseline, 70% aortic stenosis, and of HFpEF following stiffening of the 451 
ventricular wall are summarized in Figure 5. Similar patterns can be observed in Figure 5A, 452 
depicting the results from the lumped-parameter model, and in Figure 5B, which shows the 453 
hemodynamics obtained via FEA. These PV loops are consistent with those in the scientific and 454 
clinical literature of HFpEF1,11,28,32. In particular, both models are able to capture the increase in 455 
the systolic left ventricular pressure due to the rise in afterload induced by aortic stenosis. 456 
Furthermore, the end-systolic volume is increased in the stenosis PV loop, leading to a drop in 457 
stroke volume. Upon remodeling and loss of left ventricular compliance, the end-diastolic 458 
pressure-volume relationship (EDPVR) becomes elevated, resulting in higher end-diastolic 459 
pressures and lower end-diastolic volumes. These phenomena, which are due to the inability of 460 
the left ventricle to relax and fill adequately, are successfully captured by the HFpEF PV loops in 461 
both the low- and high-dimensional models.  462 
 463 
As another indication for diminished diastolic function, the flow through the mitral valve is shown 464 
in Figure S2, which highlights both the early relaxation (E) and atrial contraction (A) phases. 465 
Compared to the normal and stenosis profiles, HFpEF flow is characterized by a slightly higher 466 
peak E-phase mitral flow and significantly diminished peak A-phase flow, highlighting that passive 467 
stiffening of the left ventricle results in an elevated E/A ratio, which is consistent with the 468 
scientific literature30. Finally, Figure 6 shows changes in the myocardium stress map in the normal 469 
and HFpEF hearts during both systole and diastole. The long-axis view of the left ventricle 470 
illustrates the volumetric averaged stress distributions and shows elevated stresses in the HFpEF 471 
heart due to the characteristic loss of ventricular compliance. From baseline values of (61.1 ± 472 
49.8) kPa and (0.51 ± 7.35) kPa for the healthy heart during peak-systole (t = 0.2 s) and end-473 
diastole (t = 1.0 s), respectively, the mean stress correspondingly increased to (97.2 ± 205.7) kPa 474 
and (2.69 ± 16.34) kPa in HFpEF, suggesting that the hemodynamic changes observed in HFpEF 475 
are rooted in profound structural changes affecting the failing heart.  476 
 477 
FIGURE AND TABLE LEGENDS:  478 
 479 
Figure 1: Domain of anatomically derived lumped-parameter model in the object-oriented 480 
numerical solver (see the Table of Materials), showing the four-chamber heart, the aorta, and 481 
the upper body, abdominal, lower body, and pulmonary circulations. Abbreviations: LV = left 482 
ventricle; RV = right ventricle; LA = left atrium; RA = right atrium; R1 = arterial resistance; R2 = 483 
venous resistance; C = compliance; IVC: inferior vena cava; SVC: superior vena cava. 484 
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 485 
Figure 2: Finite element analysis model of the human heart. (A) 3D representation of the finite 486 
element analysis model of the human heart. (B) Simplified lumped-parameter representation of 487 
the blood flow model in the model coupled with the structural fluid exchange models18. 488 
Abbreviations: LV = left ventricle; RV = right ventricle; LA = left atrium; RA = right atrium; Raortic = 489 
aortic valve resistance; Rmitral = mitral valve resistance; Rpulmonary = pulmonary valve resistance; 490 
Rtricuspid = tricuspid valve resistance; Carterial = systemic arterial compliance; Rsystem = systemic 491 
arterial resistance; Cvenous = systemic venous compliance, Rvenous = systemic venous resistance; 492 
Cpulmonary = pulmonary compliance; Rpulmonary-system = pulmonary resistance. 493 
 494 
Figure 3: Baseline simulations and pressure–volume waveforms for the lumped-parameter and 495 
finite element analysis models of the human heart. (A) Left ventricular pressure and volume 496 
waveforms and aortic pressure calculated by the lumped-parameter and FEA models at baseline. 497 
(B) Left ventricular PV loop obtained through both platforms at baseline. Abbreviations: FEA = 498 
finite element analysis; LV = left ventricular; PV = pressure–volume.  499 
 500 
Figure 4: Left ventricular pressure and volume waveforms and aortic pressure calculated at 70% 501 
reduction of the aortic valve orifice area. (A) Lumped-parameter model, (B) FEA model. 502 
Abbreviations: FEA = finite element analysis; LV = left ventricular.  503 
 504 
Figure 5: Left ventricular PV loops of the healthy heart, under acute stenosis-induced pressure 505 
overload, and of the HFpEF heart following chronic remodeling and stiffening. (A) Lumped-506 
parameter, (B) FEA models. Abbreviations: EDPVRH = end-diastolic pressure-volume relationship 507 
in the simulated healthy heart; EDPVRHFpEF: end-diastolic pressure-volume relationship in the 508 
simulated HFpEF physiology; PV – pressure–volume; FEA = finite element analysis.  509 
 510 
Figure 6: von Mises stress (avg: 75%) under physiologic conditions and of the HFpEF heart 511 
during peak-systole and diastole, as predicted by the FEA model. The color maps indicate stress 512 
levels in MPa. Higher stresses can be seen in HFpEF (92.7–2.7 kPa) compared to the healthy heart 513 
(61.1–0.5 kPa) during peak-systole (t = 0.2 s) and end-diastole (t = 1.0 s). 514 
 515 
Figure S1: Input signals for (A) centrifugal pump, (B) left ventricle, (C) right ventricle, (D) left and 516 
right atria for the lumped-parameter simulation. 517 
 518 
Figure S2: (A) Aortic and (B) mitral flow signals for the baseline, stenosis, and HFpEF profiles, 519 
obtained by FEA. Abbreviations: E = early relaxation phase; A = atrial contraction; FEA = finite 520 
element analysis; HFpEF = heart failure with preserved ejection fraction. 521 
 522 
Table S1. Geometric and mechanical parameters of baseline lumped-parameter simulation. 523 
 524 
Table S2. Extensive set of parameters of baseline lumped-parameter simulation. 525 
 526 
Table S3. Fluid cavities values in the mechanical finite element analysis (FEA) model18. 527 
 528 
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Table S4. Boundary conditions of fluid exchange links for the finite element analysis (FEA) 529 
model18. 530 
 531 
Table S5. The required simulation files for the finite element analysis (FEA) model18. 532 
 533 
Table S6. Parameters for the aortic-stenosis lumped-parameter simulation.  534 
 535 
Table S7. Fluid exchange link definitions in the finite element analysis (FEA) model18. 536 
 537 
Table S8. Parameters for the HFpEF lumped-parameter simulation. 538 
 539 
DISCUSSION: 540 
The lumped-parameter and FEA platforms proposed in this work recapitulated the cardiovascular 541 
hemodynamics under physiologic conditions, both in the acute phase of stenosis-induced 542 
pressure overload and in chronic HFpEF. By capturing the role that pressure overload plays in the 543 
acute and chronic phases of HFpEF development, the results from these models are in agreement 544 
with the clinical literature of HFpEF, including the onset of a transaortic pressure gradient due to 545 
aortic stenosis, an increase in the left ventricular pressure, and the reduction in the end-diastolic 546 
volume due to wall stiffening41. Furthermore, this FEA model was able to capture elevations in 547 
myocardial stress in HFpEF throughout the cardiac cycle. To ensure a correct setup of these 548 
simulations, the steps outlined in the protocol section above must be followed rigorously. For 549 
the lumped-parameter model, it is essential that the network of hydraulic elements is recreated 550 
correctly as shown in Figure 1 and that the prescribed values are provided as input parameters 551 
(Table S1 and Table S2). In addition, the solver block must be defined and connected to the 552 
network at any node.  553 
 554 
Functioning of the FEA model requires all the simulation files that are packaged with the solver18 555 
that are listed in Table S5. Omission of any of the prerequisite components might cause early 556 
termination of the simulation. For both platforms, it is critical to obtain the baseline simulation 557 
with the default input parameters prior to recreating the stenosis and HFpEF hemodynamic 558 
profiles. The original research article outlining the baseline simulation15and the documentation 559 
linked to the simulation in the Supplemental Files can be consulted for troubleshooting the 560 
lumped-parameter model. Similarly, this FEA framework contains the software documentation 561 
and toolbox folder for troubleshooting18. In the event of a simulation error, the user can invoke 562 
the simulation diagnostics by executing the relative plug-ins in the toolbox folder18. 563 
Hemodynamic results from the lumped-parameter model were analogous to those calculated via 564 
FEA in each of the simulated conditions and consistent with the clinical literature of HFpEF. The 565 
high-dimensional FEA platform allows the capture of the complex biomechanical behavior of the 566 
heart and provides an accurate description of cardiovascular hemodynamics, albeit at the 567 
expense of the elevated computational demand. However, in the lumped-parameter model, the 568 
runtime is reduced from several hours to few minutes, constituting a significant advantage over 569 
higher-order in silico models.  570 
 571 
In addition, by modeling a larger number of cardiovascular compartments, this lumped-572 
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parameter simulation allows the examination of blood flows and pressures at various sites of the 573 
cardiovascular tree and is therefore suitable for studies that extend beyond the heart chambers 574 
and the proximal vasculature. However, while being able to recapitulate global hemodynamics, 575 
this description fails to capture some minor effects of structural interactions and therefore lacks 576 
the accuracy typical of FEA representations. Analysis of the cardiac mechanics obtained in this 577 
study through the finite element approach corroborated those from previous investigations. 578 
Specifically, these mean stress values are in the same range as those predicted by growth models 579 
of the partially supported heart during chronic failure34,37. Compared to those models, the stress 580 
values found in these studies described herein were moderately higher due to the elevated level 581 
of aortic stenosis simulated to induce pressure overload. In addition, it was found that loss of left 582 
ventricular compliance in HFpEF has a major impact on endocardial stress.  583 
 584 
However, diastolic stiffness and its sensitivity were not parametrically investigated in this study. 585 
In fact, this parameter was tuned to capture the physiologically relevant hemodynamic profile of 586 
chronic left ventricular pressure overload. Extensive sensitivity analysis should be performed to 587 
fully characterize the effects of diminished diastolic compliance. This computational model 588 
further suggests that biomechanical changes of the cardiac structure in the HFpEF may be a major 589 
driver of remodeling and may thus have considerable implications in the HFpEF hemodynamics 590 
and disease progression. Integration of a dynamic growth model with the fluid-structure 591 
interaction of the FEA simulation may be considered in future work to more comprehensively 592 
capture the dynamics of cardiac remodeling and hemodynamic aberrations induced by pressure 593 
overload. Moreover, further studies of the effects of active relaxation similar to Kadry et al.30 and 594 
electrical conduction and contractility might be needed to simulate different phenotypes of 595 
diastolic dysfunction.  596 
 597 
The development of simulation platforms that are suitable for studies of HFpEF is largely 598 
underreported in the literature. In this context, this work provides a unique environment for 599 
studies of the HFpEF pathophysiology. The anatomically derived lumped-parameter model will 600 
allow rapid simulation of the effect that varying patient-specific hemodynamic parameters (e.g., 601 
vascular luminal area and compliance) play in the global hemodynamics for healthy and HFpEF 602 
conditions. In addition, FEA modeling permits detailed investigation of the effects of temporal 603 
changes in mechanical properties and excitability of the heart tissue as they change progressively 604 
during HFpEF. Furthermore, the proposed models have potential utility for the simulation of 605 
novel therapies for HFpEF, partly addressing the lack of reliable in vivo, in vitro, and in silico 606 
models of HFpEF, which may be responsible for the suspension of clinical trials due to inadequate 607 
device optimization42. Finally, future work may involve the integration of these models into a 608 
single simulation by replacing the simplified lumped-parameter description underlying the FEA 609 
approach with the numerical solver model. This may further enhance the accuracy of these 610 
models and further support computational studies of HFpEF and other cardiovascular conditions.  611 
 612 
In summary, two distinct computational models of HFpEF were described in this study. The ability 613 
of the developed platforms to describe baseline hemodynamics under physiologic conditions was 614 
first demonstrated. Then, the changes arising from aortic stenosis and ultimately from HFpEF due 615 
to left ventricular remodeling were investigated, demonstrating that the results were consistent 616 
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with those reported in the literature. Finally, the simulated hemodynamic conditions showed 617 
elevations in the cardiac wall stress in the HFpEF heart compared to physiologic conditions. In 618 
the context of the incredibly pressing healthcare challenge that HFpEF represents, these 619 
proposed platforms are among the first in silico descriptions that can provide insights into the 620 
hemodynamics and biomechanics of HFpEF. These computational models may be further used 621 
as a tool for the development of treatments for HFpEF, ultimately supporting translational 622 
research in the field.  623 
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Table S1: Geometric and mechanical parameters of baseline lumped-parameter simulation. 

 Density [kg m-3]1 Kinematic viscosity 
[mm2 s-1]1 

Bulk modulus 
[GPa]2 

Blood 1060 3.55 2.2 

 Diameter [cm]3-6 Length [cm]3-5,7-9 Compliance [m Pa-1] 

Left ventricle 4.4 7 0.002–1 × 10-6 

Right ventricle 4.8 5 1.8–5.5 × 10-5 

Left atrium 5 7.5 0.8–1.7 × 10-5 

Right atrium  5.6 5 1.9–2.3 × 10-5 

Ascending aorta 2.65 8.8 4.0 × 10-7 

Descending aorta 2.15 6.9 7.0 × 10-7 

Thoracic aorta 1.92 33.2 1.7 × 10-7 

Pulmonary artery 3 5 2.2 × 10-7 

Superior vena cava (SVC) 2.1 7.1 5.0 × 10-6 

Abdominal inferior vena cava 
(IVC) 

1.4 17 4.4 × 10-6 

Thoracic IVC 1.4 2.5 6.4 × 10-7 

 Area [cm2]10-13 Opening time [s] Closing time [s] 

Aortic valve 4 0.00 0.43 

Pulmonary valve 5 0.00 0.47 

Mitral valve 4.2 0.53 1.00 

Tricuspid valve 5 0.43 1.00 

 Resistance [Pa s m-

3]14,15 
Volume [L]14 Compliance [m Pa-1] 

Upper body  0.31–5.2 × 108 0.89 6.7 × 10-8 

Abdominal 0.15–2.3 × 108 2.02 3.6 × 10-8 

Lower body  0.40–4.7 × 108 0.51 4.1 × 10-8 

Pulmonary  0.50–5.0 106 0.55 6 × 10-7 

 
  



 

3 
 

Table S2: Extensive set of parameters of baseline lumped-parameter simulation. 

 Relative amount of trapped air 

Custom 
hydraulic 
fluid 

0.005 

 Laminar 
friction 
constant 
 
 

Aggregate 
equivalent 
length 
 [m] 

Internal 
surface 
roughness 
height [µm] 
 

Laminar flow 
upper 
Reynolds limit 
 

Turbulent 
flow 
upper 
Reynolds 
limit 
 

Specific 
heat 
ratio 
 
 

Hydraulic 
pipeline 

64 0 15 2000 4000 1.4 

 Viscoelastic time constant [s] Specific heat ratio 

Constant 
volume 
hydraulic 
chamber 

0.01 1.4 

Variable-
compliance 
compliance 
chamber 

0.01 1.4 

 

First 
approximating 
coefficient 
[Pa kg-1 m3]  

Second 
approximating 
coefficient 
[Pa s kg-1] 

Third 
approximating 
coefficient 
[Pa s2 kg-1 m-3] 

Fourth 
approximating 
coefficient 
[Pa s2 kg-1 m-3] 

Correction 
factor 
 
 

Pump 
design 
delivery 
[L min-1] 
 

Centrifugal 
pump 

326.8 3.104 × 104 1.097 × 107 2.136 × 105 0.8 130 

 Reference 
angular 
velocity  
[rpm] 
 

Reference 
density  
[kg m-3] 
 

Leak 
resistance 
[Pa m3 s-1] 
 
 

Drive shaft 
torque 
[N m] 
 

Torque-
pressure 
coefficient 
[N m Pa-1] 
 

Angular 
speed 
threshold 
for flow 
reversal  
[rad s-1] 

Centrifugal 
pump 

1770 1060 7 × 106 0.1 1 × 10-6 1 × 10-9 
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 Maximum 
passage area 
[m2] 

Crack 
pressure [Pa] 
 

Maximum 
opening 
pressure [Pa] 

Flow 
discharge 
coefficient 
 

Leakage 
 [m2] 
 

Laminar 
flow 
pressure 
ratio 
 

Check 
valve 

0.1 0.01 0.1 1 1 × 10-12 0.999 

 Flow discharge coefficient Minimum area Laminar flow pressure 
ratio 

Variable 
area 
hydraulic 
orifice 

1 1 × 10-15 0.999 
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Figure S1: Input signals for (A) centrifugal pump, (B) left ventricle, (C) right ventricle, (D) left and 
right atria for the lumped-parameter simulation. 
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Table S3: Fluid cavities values in the mechanical finite element analysis (FEA) model3. 
 

Boundary Name 
Pressure 
 (MPa) 

CAV-ARTERIAL-COMP 1.06 × 10-2 

CAV-VENOUS-COMP 2.66 × 10-4 

CAV-PULMONARY-COMP 1.06 × 10-3 

CAV-LV 5.33 × 10-4 

CAV-RV 2.66 × 10-4 

CAV-AORTA 1.06 × 10-2 

CAV-PULMONARY_TRUNK 1.06 × 10-3 

CAV-RA 2.66 × 10-4 

CAV-LA 5.33 × 10-4 

CAV-SVC 2.66 × 10-4 
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Table S4: Boundary conditions of fluid exchange links for the finite element analysis (FEA) 
model. 
 

Boundary Name 
Viscous Resistance 
Coefficient Value (1/mm2) 

Link-Aortic-Valve 112896 

Link-Body-Resistance 59965.5 

Link-Mitral-Valve 2359.04 

Link-Pulmonary-Resistance 4750 

Link-Pulmonary-Valve 423.47 

Link-Tricuspid-Valve 429.5 

Link-Venous-Resistance 429.5 
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FEA simulations were performed by the FEA simulation software. Table S5 shows the required 
model files to run the simulation. More details can be found in the User Guide3. 
 
Table S5: The required simulation files for the finite element analysis (FEA) model3. 
 

File Name Description 

LH-Human-Model-Beta-V2_1.cae FEA  simulation software GUI File 

nodes_AORTIC_ARCH.inp Initial nodal coordinates of aortic arch 

nodes_VENTRICLES.inp 
Initial nodal coordinates of right and left 
ventricles  

nodes_TRICUSPIDVALVE_MESH.inp Initial nodal coordinates of tricuspid valve 

nodes_PULMONARY_VALVE_CUT.inp Initial nodal coordinates of pulmonary valve 

nodes_R_ATRIUM.inp Initial nodal coordinates of the right atrium 

nodes_PULMONARY_TRUNK.inp 
Initial nodal coordinates of the pulmonary 
cavity 

nodes_MITRALVALVE_MESH.inp Initial nodal coordinates of the mitral valve 

nodes_L_ATRIUM.inp Initial nodal coordinates of the left atrium 

nodes_ASSEMBLY.inp 
Initial nodal coordinates of the assembly 
connections 

nodes_AORTIC_VALVE_CUT.inp Initial nodal coordinates of the aortic valve 

nodes_CHORDAE_TENDINEAE_MITRAL.inp 
Initial nodal coordinates of the MV chordae 
tendineae  

nodes_CHORDAE_TENDINEAE_TRICUSPID.inp 
Initial nodal coordinates of the TV chordae 
tendineae 

DF-Aortic_Arch.inp 
Discrete field file of the aortic arch for the 
fiber orientations 

DF-L_Atrium.inp 
Discrete field file of the left atrium for the 
fiber orientations 

DF-MITRALVALVE_MESH.inp 
Discrete field file of the mitral valve for the 
fiber orientations 

DF-Pulmonary_Trunk.inp 
Discrete field file of the pulmonary cavity for 
the fiber orientations 

DF-R_Atrium.inp 
Discrete field file of the right atrium for the 
fiber orientations 

DF-TRICUSPIDVALVE_MESH.inp 
Discrete field file of the tricuspid valve for the 
fiber orientations 

DF-Ventricles.inp 
Discrete field file of the ventricles for the fiber 
orientations 

mech-mat-ARTERY.inp 
Material definition input for the artery in 
mechanical simulation 

mech-mat-LA_ACTIVE.inp 
Material definition input for the active left 
atrium components in mechanical simulation 
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mech-mat-LV_ACTIVE.inp 
Material definition input for the active left 
ventricle components in mechanical 
simulation 

mech-mat-PASSIVE.inp 
Material definition input for the passive 
cardiac tissue components in mechanical 
simulation 

mech-mat-RA_ACTIVE.inp 
Material definition input for the active right 
atrium components in mechanical simulation 

mech-mat-RV_ACTIVE.inp 
Material definition input for the active right 
ventricle components in mechanical 
simulation 

mech-mat-VALVE.inp 
Material definition input for the valves in 
mechanical simulation 

elec-mat-L_Atrium.inp 
Material definition input for the left atrium in 
electrical simulation 

elec-mat-PurkinjeL.inp 
Material definition input for the Prukinje fiber 
in electrical simulation 

elec-mat-PurkinjeR.inp 
Material definition input for the Prukinje fiber 
in electrical simulation 

elec-mat-R_Atrium.inp 
Material definition input for the right atrium 
in electrical simulation 

elec-mat-Resistors.inp 
Material definition input for the conduction 
elements in electrical simulation 

elec-mat-Ventricles.inp 
Material definition input for the ventricles in 
electrical simulation 

standardU.dll 

FEA sImulation software library and 
subroutine files 

heart-elec-std.obj 

explicitU-D.dll 

heart-mech-xplD.obj 

libstandardU.so 

heart-elec-std.o 

libexplicitU-D.so 

heart-mech-xplD.o 

abaqus_v6.env 

calcNodeCoords.py 

FEA simulation software toolbox files 

inversePreliminary.py 

straight_mv_chordae.py 

genPartFile.py 

genAssemblyFile.py 
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The fluid flow between heart chambers is modeled using fluid exchange definitions. The fluid 
exchange module (FEA Simulation software) was employed to create the lumped-parameter 
model of blood flow depicted in Figure 2B. This model utilizes the conventional RC circuit analogy, 
which, in its simplest form, can be written as:  

i =
𝑉

𝑅
 (S1) 

  
where 𝑖 is current, V is voltage and R is resistance. In the hydraulic domain, Equation S1 can be 
rewritten as: 

Q =
∆𝑃

𝑅
 (S2) 

 
where Q represents the volume of blood per unit time, ∆𝑃 is pressure gradient across a conduit 
and R is resistance to flow. In the FEA model, fluid exchange is defined as fluid flow through 
porous media as per Darcy’s Law (Equation S3). Flow is assumed to be laminar, and it is 
characterized by viscous loss coefficients in the linear flow direction16:  

𝑄 =
−𝑘𝐴

𝜇

∆𝑃

𝐿
 (S3) 

where Q is the volumetric flow rate, k is the permeability of porous media, µ is the dynamic 
viscosity, A is the cross-sectional area, and L is the length over which pressure drop occurs. This 
can be simplified and rewritten as in Equation S4: 

∆𝑃 =
𝜌

𝛼𝐴
𝑄 (S4) 

where 1/α is equal to the viscous resistance coefficient Cv
16, yielding:  

∆𝑃 =
𝜌𝐶𝑣
𝐴

𝑄 (S5) 

In the FEA model, the viscous resistance coefficient Cv is implemented as an input parameter to 
calculate the flow and pressure drop between fluid cavities. 
 
Table S6: Parameters for the aortic-stenosis lumped-parameter simulation.  
 

 Area [cm2] Opening time [s] Closing time [s] 

Aortic valve 1.2 0.00 0.43 
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Table S7: Fluid exchange link definitions in the finite element analysis (FEA) model3. 
 

Fluid Exchange Name 

Effective Exchange Area 
(mm2) 

Normal 
Heart 

Aortic 
Stenosis  

LINK-ARTERIAL-VENOUS 441.15 441.15 

LINK-LA-LV 1039.8 1039.8 

LINK-LV-ARTERIAL 440 132 

LINK-PULMONARY-LA 434.9 434.9 

LINK-RA-RV 1722.2 1722.2 

LINK-RV-PULMONARY 434.9 434.9 

LINK-VENOUS-RA 441.15 441.15 
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Table S8: Parameters for the HFpEF lumped-parameter simulation.  
 

 
 

Diameter [cm] 
 

Length [cm] 
 

End-Diastolic 
Compliance [m 
Pa-1] 

Left ventricle 4.4 7 2.2 × 10-12 

 Area [cm2] Opening time [s] Closing time [s] 

Aortic valve 1.2 0.00 0.43 

 
 

Leak resistance 
[Pa m3 s-1] 

Centrifugal pump 18 × 106 

 

Figure S2: (A) Aortic and (B) mitral flow signals for the baseline, stenosis, and HFpEF profiles, 
obtained by FEA. Abbreviations: E = early relaxation phase; A = atrial contraction; FEA = finite 
element analysis; HFpEF = heart failure with preserved ejection fraction. 
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