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Abstract
Background: Basic science research in cardiopulmonary resuscitation (CPR) is limited by challenges in obtaining haemodynamic data from models

that simulate physiological processes. In this study, we assessed the morphology of the heart and lungs and calculated the ejection fractions of car-

diac chambers during CPR using a virtual simulation.

Methods: A finite element model of a complete thorax, including internal organs, thoracic rib cage, spine, musculature, and a generic material rep-

resenting soft tissues, was constructed from magentic resonance images of a man. Twelve chest compression simulations were performed with

forces ranging from F = 50 to 600 N. During compression, lung and heart volumes were assessed, and the ejection fraction of each cardiac chamber

was calculated.

Results: In our numerical simulations a compression depth of 5.06 cm was reached with a force of 450 N. At this depth, the right and left ventricular

ejection fractions were 34.0% and 14.4%, respectively, while the right and left atrial ejection fractions were 22.1% and 24.2%, respectively. The

cross-sectional area of the outflow tract decreased by 27.5% and 15.6% in the right and left ventricles, respectively. Lung volumes decreased by

193 cm3 and 169 cm3 in the right and left lungs, respectively, representing 11.2% of the total lung volume.

Conclusion: The right ventricle exhibited the highest ejection fraction among the cardiac chambers, and the left atrium showed a higher ejection

fraction than the left ventricle during CPR.

Keywords: Cardiopulmonary resuscitation, Haemodynamics, Finite element model
Sudden cardiac death is a leading cause of mortality in industrialised

countries, and despite substantial research investment, survival

rates for sudden cardiac death barely reach 10%.1,2 Basic science

research in cardiopulmonary resuscitation (CPR) is constrained by

the difficulty of obtaining data from models simulating haemodynam-

ics. Cardiac output during CPR is driven by two main mechanisms.

The cardiac pump theory posits that direct sternal compression

impacts the left ventricle, generating antegrade aortic flow and clos-

ing the mitral valve. By contrast, the thoracic pump theory suggests

that direct ventricular compression is unnecessary; rather, flow is

produced through the transmission of intrathoracic pressure over

Introduction
 the left chambers, which act as a single conduit.3 Cardiac output

relies on venous return to fill the heart chambers before each chest

compression, making it essential to preserve sternal recoil and tho-

racic biomechanics.4

Since the 1960s, evidence in the field of haemodynamics in

resuscitation science has primarily come from animal models.5 How-

ever, these results are not easily extrapolated to humans because of

anatomical and biomechanical differences, particularly with deep and

prolonged chest compression.6 The use of transoesophageal ultra-

sound has provided valuable haemodynamic data, enabling the

determination of transvalvular flow behaviour, detection of left ven-

tricular outflow tract obstruction, assessment of cardiac chamber

compressibility, and evaluation of left ventricular systolic function
na,

ns.
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through calculation of the ejection fraction. Nonetheless, transoe-

sophageal ultrasound does not provide a comprehensive view and

is technically challenging to perform.7–11

Mathematical models have been employed to study CPR haemo-

dynamics, although they are complex and visually non-intuitive.12

Recently, chest biomechanics during CPR were investigated in a

study of 216 virtually reproduced ribcages using a realistic finite ele-

ment model (FEM), which demonstrated that wider chests experi-

ence lower stress levels on the ribs and carry a lower risk of

fractures.13 However, data on changes in the global morphology of

intrathoracic organs during CPR remain limited.14 In the present

study, we used a virtual simulation based on FEM to assess the mor-

phology of intrathoracic organs and calculate the ejection fraction of

each cardiac chamber during a series of progressively deeper chest

compressions.

Methods

Geometry model and mesh generation

Geometric data were derived from high-resolution whole-body mag-

netic resonance images (Signa Hispeed LX; GE Medical System,

Milwaukee, WI, USA) obtained from the 3D Body Parts database

for anatomy.15,16 Slices were taken every 2 mm from an adult male

Japanese volunteer of 173 cm in height, 65.0 kg in weight, and with a

body mass index of 21.6 and a skin surface area of 1.69 m2. For

imaging, the volunteer lay on his back with hands and arms posi-

tioned at his sides. Using specialised software, three-dimensional tri-

angular surface meshes segmented into 51 different tissues and

organs were generated.

Each of these individual surface meshes, defining the boundary

of each organ, was imported into Gmsh software to create three-

dimensional tetrahedral meshes.17 A refined and physically consis-

tent model was then produced by eliminating any undesirable inter-

sections between elements. This study protocol was approved by

the Research Ethics Committee of the Pere Virgili Research Institute

(Ref 168/2018).

Fig. 1 in the Supplementary Materials presents the overall view of

the geometry model used. This model is shaped as a torso without a

head or hands, incorporating the most relevant thoracic organs.

Fig. 1Sb displays the subset of the geometry model representing

the rib cage, which was developed in our previous study.13 In the cur-

rent study, additional organs were incorporated into the geometry

model, including the skin surface, lungs, heart, major blood vessels

surrounding the heart, and a generic material representing the other

soft tissues within the chest.

The heart muscle in this model weighs 291 g, assuming a myo-

cardium density of qm = 1.055 g/cm3.18 The heart model excludes

valves and other internal heart structures, assuming instead that

the entire volume of the four heart chambers is filled with blood.

The ensemble of the volume meshes representing the internal

organs is encased by an additional tetrahedral mesh for the remain-

ing soft tissues. This geometry model was constructed as a contin-

uum, with each segment meshed and characterised according to

its specific tissue type. The computational mesh comprises a total

of 6,112,533 linear tetrahedrons.

Material constitutive models

Material constitutive models are often characterized by three key

parameters: Young’s modulus, Poisson’s ratio, and tensile strength.
Young’s modulus (E) quantifies a material’s stiffness by measuring

its resistance to deformation under tensile or compressive stress.

Poisson’s ratio (g) describes how a material deforms in directions

perpendicular to an applied load when stretched or compressed; it

typically ranges from 0 to 0.5, with higher values indicating lower

compressibility. Tensile strength (rY) is the maximum stress a mate-

rial can withstand under tension before breaking.

E, g, and rY, along with the mathematical models used for differ-

ent tissues, are presented in Table 1S of the supplementary material.

Further details on these tissues are available in a previous study.13

In this study, the values of E and rY for bone tissue were

adjusted to bring the compression force used in the simulation for

a CPR depth close to the 5-cm target into better alignment with prior

real-world data.19,20 Is important to note that the E values for bone

tissue used in previous work were overestimated because the model

did not account for internal organs or soft tissues, which contribute to

overall chest resistance to compression.21

Generally, adipose tissue and internal organs, including the lungs,

liver, pancreas, and thymus, have a E values within the

1 kPa � E � 10 kPa range.22–24 For the generic soft tissue material,

we assumedE = 5.0 kPa and aPoisson’s ratio of g = 0.4995. This value,

nearing the incompressibility limit of g = 0.5, allowed the soft tissue to

nearlypreserve its volume in thesimulations, ensuring that thecontinuity

condition was consistently applied across all material boundaries.

The E values reported in the literature for adult human heart tis-

sue vary widely, ranging from 5 kPa to 50 kPa.25 In this model, it is

assumed that the heart is in the diastolic phase during cardiac arrest,

thus setting E at 30 kPa for myocardial tissue based on previous find-

ings.26 Table 1S also shows that blood in this study was modelled as

a soft material with E = 3 kPa and Poisson’s ratio g = 0.35. However,

sections of the major blood vessels in the heart model (inferior and

superior vena cava, aorta, and pulmonary arteries) were modelled

with a higher Poisson’s ratio, g = 0.499, to reflect the increased rigid-

ity of the vessel walls.

Numerical simulation

In total, 12 simulations were conducted using the open-source soft-

ware Code Aster.27 Compression forces ranged from F = 50 to

600 N, with increments of 50 N. The compression force was applied

to a rounded 10-cm2 surface area above the skin, located on the

lower half of the sternum, as shown in blue in Fig. 1Sa. Chest com-

pression progressed linearly, reaching maximum depth at 0.6 s. The

compression depth was measured on the skin surface patch where

the force was applied. The patient was assumed to be in a supine

position, with no-displacement boundary conditions enforced on var-

ious skin surface patches along the back.

Volume and area assessment

In each simulation, the FEM software output the computed displace-

ment of each computational cell in response to the applied compres-

sion force. These displacements were then used to calculate the

area and volume changes in various organs. For area assessments,

slices were generated by defining cutting planes through specific

organs. An advantage of this approach is that area or volume

changes can be assessed even as the organ moves from its initial

relative position.

Measurements for the cross-sectional area (CSA) of the ventric-

ular outflow tract were taken at the aortic and pulmonary valve level.

To assess cardiac chamber volumes, the entire surface of the

endocardium was used, with the positions of the mitral and tricuspid
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Table 1 – Volumes (in cm3) of the whole heart, cardiac chambers, and lungs in the present model.

Whole Heart Left Ventricle Left Atrium Right Ventricle Right Atrium Myocardium Left Lung Right Lung

594 90 45 105 78 276 1465 1763
annuli defining the boundary between the atria and ventricles. The

reference uncompressed volumes of the intrathoracic organs are

presented in Table 1.

Ejection fraction calculation

The left ventricular ejection fraction (LVEF) and right ventricular ejec-

tion fraction (RVEF) were calculated from the end-diastolic volume in

the uncompressed geometry and the end-systolic volume at maxi-

mum compression, as follows:
Fig. 1 – (a) Compression depth achieved as a function of th

cage and external heart structure, with (b) the uncompres

compression forces of (c) F = 300 N and (d) F = 500 N. In (c, d

levels (DY) along the normal direction (aligned with the y-a
LVEF = (EDVLV � ESVLV)/EDVLV.

RVEF = (EDVRV � ESVRV)/EDVRV.

where EDVLV and ESVLV are the end-diastolic and end-systolic

volumes of the left ventricle, respectively, and EDVRV and ESVRV

are the end-diastolic and end-systolic volumes of the right ventri-

cle, respectively.

The left atrial ejection fraction (LAEF) and right atrial ejection

fraction (RAEF) were calculated as in previous studies, using the

maximum volume in the uncompressed geometry and minimum vol-
e applied force. (b–d) Side view from the right of the rib

sed reference state and the computed geometries for

), the heart surface is coloured to indicate displacement

xis in the model setup).

move_t0005


4 R E S U S C I T A T I O N P L U S 2 2 ( 2 0 2 5 ) 1 0 0 9 1 0
ume at the point of maximum compression of the right atrium and left

atrium, respectively28:
Fig

of

ch

sta

th

Fig

Le
LAEF = (VmaxLA � VminLA)/VmaxLA.
. 2 – Simulated compression of the heart. (a) Front view of t

normal backward displacement (DY). (b–d) Deformation

ambers plotted on the axial slice marked in (a), with comp

te), (c) F = 300 N, and (d) F = 500 N. In (c, d), colours indica

e colour scale in (a).

. 3 – Computed ejection fraction of the heart chambers durin

ft and right atria.
RAEF = (VmaxRA � VminRA)/VmaxRA.

where VmaxLA and VminLA are the maximum and minimum vol-

umes of the left atrium, respectively, and VmaxRA and VminRA

are the maximum and minimum volumes of the right atrium,

respectively.
he external heart surface, coloured to indicate levels

of the myocardium and compression of the heart

ression levels of (b) F = 0 (reference, uncompressed

te normal backward displacement levels as shown in

g chest compression. (a) Left and right ventricles. (b)
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Results

In this FEM simulation, a compression depth of 5.06 cm was

achieved with a compression force of 450 N. Fig. 1a displays the

computed chest compression depth as a function of the applied com-

pression force.

Fig. 1b–d shows the progressive compression of the heart due to

rib cage compression. It illustrates how the sternum, fixed at its

upper end, moves like a hinge, as previously described.29 The great-

est displacement occurred at the distal end, specifically the xiphoid

process. Fig. 2a, an anterior view of the heart, shows that the free

wall of the right ventricle experienced the most backward displace-

ment. The greatest compression of the heart occurred at an axial
Fig. 4 – (a) Variation of the cross-sectional area of the right a

depth. (b, c) Right and left ventricles in the uncompressed g

sectional area. (d) Cross-sectional area of the right ventric

Cross-sectional area of the right ventricular outflow tract d

F = 300 N, (g) F = 450 N, and (h) F = 600 N.
level between the fifth and sixth sternocostal joints. Fig. 2b–d shows

an axial slice of the four cardiac chambers, with Fig. 2d showing the

entire heart being displaced backward. At a chest compression depth

of 5.6 cm (F = 500 N), the backward displacement of the right ven-

tricle’s free wall reached 4.5 cm, while the septal wall and the left

ventricle’s lateral wall, positioned closer to the spinal column, exhib-

ited displacements of nearly 2.5 cm and 1.5 cm, respectively.

Fig. 3 presents the ejection fraction for each heart chamber as a

function of chest compression depth. At a depth of 5.06 cm, the

RVEF and LVEF were 34.0% and 14.4%, respectively, while the

RAEF and LAEF were 22.1% and 24.2%.

Fig. 4a depicts the variation of the CSA in the left ventricular out-

flow tract (LVOT) or the right ventricular outflow tract (RVOT) with

chest compression. At a depth of 5.06 cm, the CSA decreased by
nd left ventricular outflow tract with chest compression

eometry, showing the slice used to measure the cross-

ular outflow tract in the uncompressed geometry. (e–h)

eformed under compression forces of (e) F = 150 N, (f)

move_f0005
move_f0010
move_f0015
move_f0020
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Fig. 5 – (a) Lung volume variation with chest compression depth. (b) Slightly slanted front view of lungs and heart

under a chest compression force of F = 450 N, with surfaces coloured to show backward displacement levels (DY) as

indicated in the colour scale. (c) Lungs and heart in the axial slice marked in (b), with the cross-section of the

sternum also shown for reference.
�

27.5% and 15.6% in the RVOT and LVOT, respectively. In the

uncompressed geometry, as shown in Fig. 4d, the CSA shape of

RVOT is approximately circular. With chest compression, the

deformed RVOT became progressively more elliptical (Fig. 4e–h),

with the major axis lengthening and the minor axis shortening. At a

chest compression depth of 5.06 cm (F = 450 N), the decrease in

the minor axis relative to the original geometry was calculated as

(2.81 1.80)/2.81 = 0.36.

The present FEM simulations also characterised the lung volume

reduction, as shown in Fig. 5. At a compression depth of 5.06 cm, the

right lung volume decreased by 193 cm3 and the left lung by

169 cm3. This amounted to a total volume reduction of 362 cm3, or

11.2% of the total lung volume.

Discussion

This realistic FEM-based simulation has provided the first comprehen-

sive assessment of the morphological changes of a patient’s heart and

lungs during CPR, along with part of the haemodynamic assessment

data. As the sternum was displaced, a progressive deformation of

the cardiac chambers was observed, starting with those closest to

the sternum. The heart as a whole shifted backward, a phenomenon

previously observed in a study based on computed tomography

images.14 The extent of this backward movement may depend on

the relative distance between the lateral heart wall and the spine.

The size, position of the heart, and chest geometry may thus play a crit-
ical role in the ejection fraction of each cardiac chamber. The volume of

the ventricles and atria according to the body surface area of our model

are within the normal range described in the literature.30,31 Likewise the

heart weight in ourmodel falls within the standard deviation of themean

(330 ± 85 g) for an individual of the same size and weigth.32

Regarding heart position, the right and left ventricles are located

at the level of the fourth and sixth intercostal spaces, with the LVOT

positioned between the second and fourth intercostal spaces, con-

sistent with findings from computed tomography-based studies.33

From a biomechanical perspective, the force required to achieve

the 5-cm compression depth recommended in the guidelines aligns

with values from other studies based on real cases. Reported force

values to achieve a 53-mm compression depth range from 219 to

568 N.20 The force needed in this simulation was comparable to

mean values reported in previous studies, such as the 441 N

required for men at the onset of mechanical chest compression

and the 430 N for groups with a lower incidence of rib fractures.19,20

From a haemodynamic perspective, this simulation has enabled

the first precise calculation of ejection fractions for all cardiac cham-

bers during CPR. The normal mean LVEF value at rest is approxi-

mately 62%, while the RVEF averages around 52%.34 In this

simulation, the LVEF and RVEF achieved were roughly one-fifth

and two-thirds of these normal values, respectively. The literature

suggests that even with optimal CPR, cardiac output typically

reaches only 25–40% of pre-arrest levels.35

The RVEF was more than twice the LVEF, likely because the

right chambers, being closer to the sternum, undergo greater defor-

move_f0025
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mation. Reduced left ventricular contractility is frequently observed

during CPR using transoesophageal echocardiography.36,37 This

phenomenon is influenced by factors such as compression depth,

compression point, and the duration of cardiac arrest.38–41 For the

correct interpretation of these results, how the characteristics of

the myocardium may evolve over time should be taken into account.

When CPR is delayed by more than 7 min or continues for more than

30 min in prolonged cases, a ‘stone heart’ phenomenon has been

reported, where the ventricular walls stiffen, impeding left ventricular

compression.41,42 However, the right ventricle, with its thinner mus-

cular wall, remains more compressible.

Another notable aspect is that the LAEF is larger than the LVEF.

During CPR, significant changes in left atrial volume with minimal

changes in left ventricular volume have been reported.9,38 Ma

et al. described a ‘left atrial pump’ mechanism, where left atrial com-

pression is predominant.7 Some authors have proposed that the left

atrium is the main contributor to flow during CPR, with a pressure

gradient following the order: left atrium > left ventricle > aorta.9

An essential element of monitoring resuscitation manoeuvres is

assessing left and right ventricular outflow tract obstruction because

this has been linked to haemodynamic decline and reduced survival

rates.8,11 The values in our model align with the right ventricular out-

flow tract fractional shortening range reported by Catena et al.11

Regarding lung volume changes, the values in this model closely

resemble those reported by Cordioli et al., who observed a mean

lung volume decrease of 335 mL in a patient series.43 Anatomical

lung dead space is estimated to range from 150 to 200 mL.44 In

real-world patients, the tidal volume generated passively during

chest compression may reach 108 mL but typically remains well

below the anatomical dead space, contributing minimally to ventila-

tion.45,46 However, novel forms of passive ventilation using continu-

ous airway pressure have shown promising results in the early

minutes of resuscitation, and future FEM studies on lung volume

changes with various chest compression methods could yield valu-

able insights.47

The clinical implications of this three-dimensional simulation are

significant in basic resuscitation science, offering a unique perspec-

tive that is challenging to obtain with other models. Quantifying the

ejection fraction as a function of different chest compression tech-

niques, chest shapes, heart positions, cardiac dimensions, and

myocardial stiffness could enhance our understanding of CPR

haemodynamics and contribute valuable data for personalised

CPR approaches. Use a series of FEM-models with different charac-

teristics as it has been done previously will be useful to develop mod-

els to predict serious chest injuries to guide the best chest

compression depth balancing the risk and benefit especially in pro-

longed CPR.13

The primary limitation of this study is that it is based on a single-

patient simulation, making generalisation difficult. Additionally, the

geometry model lacks complete realism because heart valves are

not included. While the model shows reductions in heart chamber

volumes to assess the ejection fraction, assumptions regarding

blood flow or intrathoracic pressures are not yet feasible. Currently,

there are no data on the variation of Young’s modulus over the

course of cardiac resuscitation, representing a gap in the literature

that warrants further investigation.

In this model, a generic material represents all soft tissues and

organs not individually accounted for, including skin, pericardium,

muscles, tendons, adipose tissue, trachea, oesophagus, stomach,
and the major vessels and other digestive components within the

chest. Because these omitted tissues and organs do not share iden-

tical mechanical properties, this soft tissue approximation serves to

provide an estimated representation of their collective mechanical

effect.

Conclusion

This virtual simulation enabled a comprehensive assessment of the

relationship between the rib cage and key intrathoracic organs during

CPR. In this case, the right ventricle exhibited an ejection fraction more

than twice that of the left ventricle. The left atrium showed a higher ejec-

tion fraction than the left ventricle, suggesting its role in generating for-

ward flow, consistent with the left atrial pump mechanism. This

simulation has also provided insights into lung volume reduction during

chest compression, aligning with observations in real patients.
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